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Frontispiece

Optical images of the water tank showing: a) a violet-blue micro-LED array, developed via a transfer-printing method
and used as a Transmitter (Chapter 4). b) Three laser diodes (violet, blue, green) used for the characterisation of
various water samples (Chapter 1). c) The Fibrance fibre used as an underwater beacon (Chapter 5).



Abstract

This thesis delves into the deployment of I1I-nitride micro-LED and laser-based devices
for Underwater Wireless Optical Communications (UWOC), an emerging field with con-
siderable potential for underwater data transfer. UWOC offers a compelling solution
owing to the vast bandwidth available in the visible spectrum (hundreds of THz), the
substantial modulation bandwidth of micro-GaN-based devices (hundreds of MHz), and

¢

the underwater “window” characterised by low light attenuation at visible wavelengths.

Throughout this thesis, extensive experiments were conducted within a 1.5 m water
tank, employing various transmitters (7,’s) and receivers (R,’s). The results showcase
error-free data transmission rates in the gigabits per second (Gb/s) and megabits per
second (Mb/s) range, even in the presence of varying water turbidity levels and atten-
uation lengths (ALs). Notably, data rates of 4.92 Gb/s and 1.32 Gb/s were achieved
using a series-connected micro-LED array of 6 pixels, spanning distances of 1.5 m and
4 m, respectively, and achieved 15 Mb/s over 5.33 ALs.

Different underwater conditions, influenced by water turbidity, lead to distinct light
attenuation minima underwater. Consequently, I highlight the applicability of wave-
length division multiplexing (WDM) in real UWOC scenarios. Using transfer-printed

(TP) dual-colour micro-LED arrays, data rates of 200 Mb/s were demonstrated over 8.5
Als.

In most UWOC scenarios, establishing a reliable point-to-point underwater link is
challenging due to the unpredictable subsea environment and terrestrial weather condi-
tions. To mitigate this, I introduced the deployment of a diffusing fibre coupled with
a laser diode, functioning as a 7T, for omnidirectional data transmission (underwater
“beacon”). This approach circumvented the alignment restrictions between the T, and
R, and data at 5 Mb/s were successfully transmitted over 11.81 ALs, showcasing the

robustness of this solution.
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Chapter 1

Introduction

1.1 Introduction

The content of this thesis is focused on the deployment of novel light-emitting diode
(LED) and laser-based devices for high-speed underwater wireless optical communi-
cations (UWOC). Over the last decade, UWOC has attracted growing interest as an
alternative or supplement to acoustic and radio frequency (RF) technologies for data
transfer underwater. An increasing number of academic references has been reported
in peer-reviewed journals covering different theoretical and experimental aspects of this

field, the current state-of-the-art of which will be presented in Section 1.2.

Furthermore, some notable PhD theses focused on underwater beam propagation or
UWOC and underwater imaging are relevant to this dissertation. For instance, in 2012,
W. C. Cox from the North Carolina State University was amongst the first who simulated
the underwater channel via a Monte-Carlo method for various underwater environments
[1]. In 2013, B. M. Cochenour from the same US group, focused on the spatial and
temporal dispersion of an underwater beam in turbid water and their implications for
UWOC and imaging [2]. In 2015, L. J. Johnson from the University of Warwick detailed
the optical properties of water and how the variability of these can affect an underwater
communication link [3]. Although not focused on underwater data transfer, A. Mac-
carone’s work at Heriot-Watt University demonstrated, in 2016, single-photon imaging
in highly scattering water using time-of-flight and time-correlated single-photon counting
techniques [4]. The expertise presented in that work was of importance for character-
ising laboratory-based water samples and is relevant to the experimental setups used
throughout this thesis. Recently (in 2019), G. Giuliano from the University of Glasgow
studied the impact of solar background in an underwater optical communication chan-
nel, proposed potential solutions to overcome it and examined the viability of a hybrid

acousto-optic waveguiding system for underwater data transfer [5]. Lastly, in 2020, X.

1
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Sun from the King Abdullah University of Science and Technology explored UWOC in
non-line of sight (NLOS) configurations [6].

This thesis is divided into six chapters; Chapter 1 introduces the reader to the current
state-of-the-art of the UWOC field, mentions the background technologies deployed for
underwater data transfer, and describes the mechanisms of attenuation of light under-
water. Then, it closes with the experimental characterisation of the laboratory-based
water samples, enabling their comparison with real-world applications occurring in nat-

ural water.

Chapter 2 introduces the underlying physics of the devices used throughout this thesis
as transmitters and receivers. A brief description of the modulation schemes applied in

the experiments reported in the following chapters is also given.

Chapter 3 refers to deploying a novel blue gallium nitride (GaN) micro-LED array
as a transmitter in a 3x2 configuration. Both the high modulation bandwidth that a
micro-LED exhibits (up to 338.5 MHz) and the increased power demonstrated due to
the arrayed layout (up to 21 mW) were exploited for high-speed UWOC (on the order
of Gb/s) in turbid water. In this thesis, I will call “turbid” water any water sample with

added scattering agent.

The novelty in Chapter 4 is found in the deployment as transmitters of dual-colour
micro-LED arrays fabricated by a transfer-printing (TP) method. Those devices were
of different configurations; individually addressable violet-blue and blue-green micro-
LED arrays and connected in-series blue-green micro-LED arrays. As will be shown,
the flexibility of using different colours for underwater data transfer through wavelength
division multiplexing (WDM) is of paramount importance as the underwater conditions
(as per water turbidity) change. UWOC up to 200 Mb/s over highly turbid waters were

demonstrated.

The “point-to-point” layout for an underwater link between a transmitter and re-
ceiver is lifted in Chapter 5. A diffusing fibre (Corning®Fibrance®Light—Diffusing Fi-
bre), coupled to a green laser diode (LD), was deployed to transmit underwater data
in an omnidirectional way as an underwater “beacon”. A data rate of 5 Mb/s was
demonstrated over highly turbid underwater environments. Further study is presented
in the last section of the chapter by simulating the potential of the beacon concept (via

a concise MATLAB®script) for an increase in transmitted optical power and data rate.

Chapter 6 closes this thesis with conclusions and avenues for future work plans, and

an appendix summarises the publications arising from this work.
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1.2 State-of-the-art of UWOC

One can suggest that the basis of UWOC can be traced back to 1963, when Seibert
Duntley published his famous paper entitled “Light in the Sea” [7]. It was the first
time it was reported that the attenuation of light underwater “varies markedly with
wavelength”. Later, in 1971, he published the results of his ten-year research on studying
the optical properties of water by submerging incandescent lamps and lasers [8]. Then,
in 1977 in the US, an UWOC channel was proposed from shore to a submarine using
a blue-green laser [9]. Since then, and after the revolutionary work by Nakamura et
al. on inventing efficient blue InGaN LEDs [10], the UWOC technology has matured
remarkably. Upon the first UWOC Gb/s demonstration, which was reported by Hanson
and Radic in 2008 [11] (1 Gb/s over a 2 m water pipe using a 532 nm laser), a plethora
of research groups have reported data rates of tens of Gb/s over hundreds of metres

using laser-based transmitters or tens of metres using LED-based sources.

In general, the laser-based sources can be operated with a high current density and
output power. They emit coherent light of high directionality (owing to the stimulated
emission of radiation) and thus with a small divergence angle (=~ 0.01°), and can exhibit
high modulation bandwidth (> 1 GHz). Although the former suggests that the laser-
based transmitter (7,) should be constantly aligned with the receiver (R,), the later
characteristic render lasers suitable for establishing high-capacity underwater optical
links over relatively large distances. For instance, Chen et al. in [12] showed that
500 b/s can be transmitted over 144 m using a blue LD and a single-photon avalanche
photodiode (SPAD). In terms of information capacity, a remarkable data rate of 30 Gb/s
was reported over a 12.5 m piped underwater tap water link; the same data rate was

achieved over 2.5 m in a turbid-harbour underwater environment [13].

On the other hand, the emitted light of an LED-based transmitter is divergent (owing
to the LED spontaneous emission of radiation), suggesting that the alignment between
T, and R, can be relaxed. LEDs are also cost-effective when compared to lasers, less
power-demanding, and safer for the human eye. Thus, LEDs have been widely used for
Li-Fi purposes [14] and are suitable for Gb/s and Mb/s UWOC over tens of metres. For
example, a net data rate of 4 Gb/s over 2 m of tap water was achieved by Li et al. [15]
using a single “mini” LED (150 pum in dimensions) emitting at 484 nm. An LED was
used in [16], operating at 470 nm, for the demonstration of 500 kb/s over 50 m, and 7.5
Mb/s over 10 m. In Chapter 3 we used an array of micro-LEDs which were in-series
connected and of dimensions 60 pm and 80 ym and we reported data rates of up to 4.92

Gb/s, 3.22 Gb/s and 3.4 Gb/s over 1.5 m, 3 m and 4.5 m, respectively [17].
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A brief summary of some of the most notable results in UWOC from academic groups,

can be seen in Figure 1.1. For a more detailed survey of the domain, the reader is referred

to review papers, such as [18].
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FIGURE 1.1: Summary of the experimental work on UWOC showing achieved data

rates from LED- and laser-based source versus distance.

The results mentioned above refer to academic research. The need for fast underwater

communications for oceanographic research, the military, or oil/gas/energy companies

has increased over the last few years. The implementation and commercialisation of

the UWOC technology is one of the biggest challenges the field experiences. A few

companies worldwide offer commercial products using blue-green LEDs and lasers with

their performances ranging from few a Mb /s over tens of metres (e.g., 2.5 to 10 Mb/s over

up to 150 m, Sonardyne*) or most recently, 1 Gb/s over 100 m in deep sea by Trimatiz
Ltd [19]. Other companies focused on UWOC are BlueRobotics' and Shimadzut.

1.3 Technologies for underwater wireless communications

Wireless data transmission underwater is enabled through the deployment of primarily

three types of waves: sound waves (acoustic), electromagnetic waves (EM) at RF, and

“https://www.sonardyne.com/products/bluecomm-200-wireless-underwater-1link/

thttps://bluerobotics.com/
‘https://www.shimadzu.com/underwater/index.html


https://www.sonardyne.com/products/bluecomm-200-wireless-underwater-link/
https://bluerobotics.com/
https://www.shimadzu.com/underwater/index.html

Chapter 1. Introduction 5

optical EM waves (Figure 1.2). When designing an underwater communication chan-
nel, two significant trade-offs are simplicity versus cost and range versus data rate. In
general, the maximum bit rate of a communication link in free space or underwater can

mathematically be given by the Shannon-Hartley theorem as in [20]:

S
R = Avlog, <1 + N) , (1.1)

where R is the maximum achievable data rate (in bits/sec), Av is the channel bandwidth
(in Hz), S is the average received signal power over the entire bandwidth (in Watts), and
N is the total received noise over the entire bandwidth (in Watts). The S/N fraction
is the signal-to-noise ratio (SNR). Equation 1.1 denotes that maximum information
capacity requires high Av and large SNR. The latter implies that the carrier wave should
be propagated over the challenging underwater channel with minimum attenuation, low
ambient noise and high-enough temporal fidelity so that the carrier wave can be easily
demodulated at the receiver end. Equation 1.1 provides the theoretical upper limit for
a given available bandwidth and SNR. It is noted that the Shannon-Hartley theorem is
independent of how data is encoded in the carrier wave by the transmitter [21]. However,

different modulation schemes vary in how close the maximum data rate can be achieved.

Optical: up to Gb/s over tens of W
meters

FIGURE 1.2: Schematic illustration of the dominant technologies in the underwater

wireless communications field, along with their nominal operational range and data
rates. The background image is taken from [22].

The following subsections will briefly describe the advantages and challenges that
each of the technologies above exhibits, depending on the potential application in the

underwater environment.

1.3.1 Acoustic

Sound waves have been the traditional mode of communication between underwater

vehicles, especially for military applications. Although the acoustic channel is limited in
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FIGURE 1.3: Variation of the attenuation of acoustic waves underwater in dB/km. Plot
taken from [23].

data rate (on the order of kb/s), and thus it cannot support exchanges of large volume
data in real-time (such as a high-definition video), it provides a long operational range.
For instance, data transmission of 2.4 kb/s has been demonstrated over ~ 65 km between

an underwater vehicle and a ship on the sea surface [23].

The limitation in data rate arises from the intrinsic absorption of high acoustic fre-
quencies (> 100 kHz) via the viscous drag of the fluid and from the absorption of low
frequencies (on the order of a few kHz) by specific chemicals within the seawater, such
as boric acid and magnesium sulphate [24]. Both inherent attenuating features vary
significantly with temperature, pressure (or depth), and salinity [21]. The attenuation
(in dB/km) as a function of the acoustic wave frequency is plotted in Figure 1.3, where
it is shown that in a narrow band of low frequencies (< 10 kHz), the attenuation is low
(less than 1 dB/km). As such, limited-bandwidth data transmissions can be enabled
over large distances. However, acoustic waves are prone to multi-path propagation due
to surface and bottom reflections, especially in shallow waters. The latter, along with
the low speed of the acoustic carrier underwater® (=~ 1500 m/s) leads to significant com-
munication delay spreads (which can be as large as 50 — 100 ms [25]) and to inter-symbol
interference (ISI). In ISI, a signal, represented by a specific data symbol, interferes with
out-of-phased symbols [23, 25], rendering the demodulation of the original signal chal-
lenging.

$1t is noted that underwater the speed of sound is five orders of magnitude smaller than the speed
of light (a~ 225 x 10° m/s) in water.
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1.3.2 Radio frequency (RF) electromagnetic (EM) waves

RF EM waves, ranging between 3 Hz - 300 GHz, dominate the communications field
over free space. Typical examples include signals for satellite communications, television,
radio broadcasts, Wi-Fi, mobile phones, and Bluetooth. Hence, extending RF deploy-
ment to underwater environments is rational, especially since RF EM waves propagate
smoothly at the air-water interface [26]. RF waves exhibit advantages over acoustic,
including faster carrier propagation velocity and higher data rates. For instance, >3

Mb/s over <10 m in fresh water [26].

180 =T

150 =1

120 =T

90 -1

Attenuation (dB/m)

30 -+

; s ; i —>
1 10 100 1,000 10,000 100,000

1 1 J
L'.-l_'_' Frequency (kHz) | |

ELF VLF VHF UHF

FIGURE 1.4: Variation of the attenuation of RF underwater. Plot taken from [23].

The challenges with RF emerge when considering seawater as an electrical conduc-
tor due to its salinity. Although seawater’s conductivity is considerably smaller than a
metal’s, the EM field at RF decays exponentially with distance within a uniform con-
ductor [21], whilst the absorption coefficient (in m~!) of seawater in the RF regime is
proportional to the square root of the wave frequencyl, i.e., aseqwater = v/7 [23]. Such
a relation is plotted in Figure 1.4 where it is shown that the very and ultra-high fre-
quencies (VHF and UHF, respectively) are quickly attenuated in seawater (note that
the attenuation on y axis is in dB/m in contrast to dB/km for acoustic, previously).
On the contrary, a narrow frequency bandwidth (Av) between 3 Hz - 30 kHz that lies
at extremely and very low frequencies (ELF and VLF, respectively) seems adequate for
long operational ranges. Still, for such use, the design and size of the antenna should
be considered (note that 30 kHz corresponds to a wavelength of A = 10 km [28]). Addi-

tionally, according to Equation 1.1, a narrow Av implies a limited achievable data rate.

1[Contrastingly, Gfreshwater 1 essentially frequency-independent [25] and thus, RF is attractive for
data transmission in, e.g., lakes if the large operational power and antenna size are ignored. For instance,
a communication link was established in Loch Ness at 30 m depth between a surface vessel and a
submersible vehicle at a frequency which was believed to be 150 MHz [27].
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Consequently, the frequency-dependent data rates of RF render them impractical for

high-speed subsea wireless communications over modest distances.

1.3.3 Optical waves

UWOC is considered an alternative to acoustics and RF as light attenuation in water
is lowest in the visible region [29]. More precisely, the absorption coefficient in pure
water is about 0.003 m~! in the blue region between 460 - 480 nm [23]. The reason why
a reduced attenuation is exhibited in the visible spectrum is given in detail in a later

section (see Section 1.4.1.1).

For now, it is worth recalling from Section 1.3 that the large Av (hundreds of THz)
of the visible spectral region allows for data-transfer demonstrations underwater on the
order of Gb/s over tens of metres (e.g. 6.6 Gb/s over 55 m of tap water [30]). Other
advantages of optical waves over acoustic and RF include the reduced cost, unlicensed
visible spectrum, the establishment of stealthier and high-security communications, and
lower power requirements [31]. In the hundreds of THz regime, the conductivity of sea-
water is considered negligible [21]. Hence, the limitations for UWOC are associated with
the ambient light that can saturate the receiver and the attenuation of light attributed
to absorption and scattering underwater. Both phenomena considerably affect the light
propagation through the aquatic medium and, eventually, limit the achievable data rate.
The discussion on the challenges of light propagation underwater will be considered in

Section 1.4.

1.3.4 Summary

A brief description of the dominant background technologies in UWOC, and the trade-
off between the available Av and range, are summarised in Figure 1.5. For reference
and comparison, fibre optics are also included in the same graph as being the primary
and most popular means for high-speed tethered communications around the globe.
However, tethered platforms and underwater devices are impractical in the challenging
underwater environment and out of the scope of this thesis. A further comparison of
the key features of the background technologies is summarised in Table 1.1. Note that
Pr denotes the transmitted power. As discussed, the acoustic channel and the low-
frequency RF are extremely limited in bandwidth although they can have large range.
The relatively low attenuation window of optical waves in the blue-green region of the
EM spectrum allows for high bandwidth communications over moderate ranges (up to

hundreds of metres), depending on the water and system characteristics.
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FIGURE 1.5: The available Av against range for all the background technologies that
govern the UWOC domain. Image taken from [23].

TABLE 1.1: Comparison of the key features of the background technologies that govern
the UWOC field. Data taken from [3, 28, 32].

Parameters Acoustic RF Optical
Data rate kb/s ~ Mb/s ~ Gb/s
Max range km’s tens of m’s hundreds of m’s
Av 1 - 100 kHz 3 Hz - 300 GHz 430 - 750 THz
Pr tens of W tens of W mW to W
Security low high high
e Jow propagation ]
e ambient
velocity e seawater
_ noise
e temperature conductiv- )
Attenuation . e absorption
e pressure ity .
o e scattering
e salinity

1.4 Optical properties of water

Oceanographic researchers strongly rely on marine/underwater optics to characterise
water masses through their optical properties. How saline (and fresh) water ingredients
interact with light significantly determines the natural waters’ optical properties. Sea
substances can either be dissolved organic materials, i.e., particles of diameter < 0.4

pml [33], or particles of larger size of various kinds and concentrations.

I According to [33, 34], the discrimination between dissolved and particulate depends on the particle’s
diameter size, i.e., those of diameter size less than 0.4 pm (= 400 nm) are considered dissolved but larger
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C. D. Mobley, in his “Light and Water: Radiative transfer in natural waters” book,
classified the optical properties of water into two categories [29]: inherent and apparent
optical properties (IOPs and AOPs, respectively). IOPs do not depend on the ambient
light field but only on the medium’s properties, whereas AOPs depend on both IOPs
and the illumination’s geometrical/directional characteristics. Typical examples of IOPs
are the overall attenuation coefficient (c()\), in m~!), which is given as the sum of the
absorption and scattering coefficients (a(\) + b())), and the refractive index, m, of the
medium. The most common AOP is the diffuse attenuation coefficient, Ky (in m~1),
which describes how the downwelling (or downward) irradiance** (Ey, in W/m?) of the

sun is attenuated underwater with depth.

Variations in the quantities mentioned above have severe implications in underwater
optical propagation and, hence, in UWOC. Spatial and temporal dispersion of the beam
underwater can affect the encoded signals upon the optical carrier and, eventually, de-
grade the bandwidth of the underwater channel. Thus, when configuring the design,
modelling, and simulation of an underwater system comprising a transmitter and re-
ceiver, it is paramount to know the mechanisms that result in beam attenuation in the

water. In the following sections, these mechanisms will be described.

1.4.1 Inherent optical properties of water (IOPs)

As previously mentioned, absorption and scattering are the most common IOPs, as
they are the main physical processes that occur when electromagnetic waves propagate
through attenuating media, such as water. If a(A) and b(\) are known, then it is sufficient
to appreciate how light interacts with the medium. To begin with, a schematic in Figure
1.6 is given in an attempt to extract simple equations that will lead to defining a(\)
and b(A). It is assumed that a light beam of wavelength A and transmitted power Pr
is incident on an elemental volume of water AV with thickness Ar. Then, a fraction
of Pr is absorbed by the medium, denoted as P4, whilst another is scattered at an
angle 0 into a solid angle A, denoted as Pg. The remaining light passes through
the medium unaffected, and the received power, Pg, is collected and measured by a
photodetector. The energy throughout this process should be conserved, and as such,
Pr(\) = Pa(\) + Ps(A,0) + Pr(A). The absorption and scattering phenomena are

discussed next.

are particulates. This dividing line is empirically set to 400 nm as it is the working minimum that can
be observed through optical microscopy, i.e., via visible wavelengths.

**According to Jerlov in [35], the irradiance at a point of a surface is defined as the ratio of the
radiant flux (i.e., the time rate of radiant energy, F' = Q/t, in Watts) and the area of the infinitesimally
small surface under radiation. That is, Eq = dF/dA.
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FIGURE 1.6: Schematic of how an incident light beam interacts with a small volume
of water. Pr: incident (or transmitted power), P4: absorbed power by the volume of
water, Pg: scattered power, and Pg: received power.

1.4.1.1 Absorption

Absorption is the physical process in which the molecules (or the atoms) that constitute
the attenuating medium absorb incident photons’ energy via an electronic transition in
the medium. The absorbed energy can then be re-emitted radiatively or converted into
a non-radiant form, such as heat or chemical energy, e.g., the formation of new chemical
compounds [36]. Following the information shown in Figure 1.6, the absorptance, A(\),
is defined as the ratio of the absorbed power by the medium to the incident power,
i.e., A(\) = P4(\)/Pr()\). Then, the absorption coefficient per unit distance (m~!) can
be calculated by taking the limit as the thickness, Ar, becomes infinitesimally small
28, 29]:

A = 1 DA _ d40)

— = 1.2
Ar—0  Ar dr (1.2)

Absorption by pure water (molecular absorption)

Light absorption in pure water has been exhaustively studied and described in the lit-
erature (e.g. in [37, 38]). The behaviour of the pure water absorption coefficient (a,,)

as a function of the visible wavelengths is shown in Figure 1.7 (bottom).
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FIGURE 1.7: Variation of the water absorption coefficient against a broad range of
electromagnetic spectrum wavelengths (top). Figure taken from [34]. The water ab-
sorption coefficient variation magnified in the visible spectrum (bottom). Data taken
from [37].

Additionally, a representation of the power losses attributed to pure water absorption,
as the wavelength of radiation increases and shifts towards the infrared (IR), is shown
in Figure 1.8. Note that more than 99% of power is lost at, e.g., 30 m of propagation

distance when switching from violet-blue to red wavelength.
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FIGURE 1.8: Power losses for five visible wavelengths of an underwater channel due to
pure water absorption. Data taken from [37].
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Now, by taking into account the complex form of the medium’s refractive index,

n + im, both quantities, a and A, are mathematically related as follows [39]:

a=—-, (1.3)

where m, is the imaginary part of the refractive index, and A, the light wavelength.
While the real part, n, is associated with (elastic) scattering (see Section 1.4.1.2), m is
linked with the absorption coefficient. A quick investigation of Equation 1.3 shows that

short wavelengths are strongly absorbed within the water.

However, how the water molecule interacts with light is far more complicated and
cannot be described solely by a simple equation. The absorption bands of the medium
through which electromagnetic waves pass depend primarily on the frequency of light
whose electric field sets up oscillations and rotational vibrations of the molecule, ionises
atoms and breaks chemical bonds. In addition, the water molecule’s physical properties
(i.e., electron configuration, electrical and magnetic properties) along with its geomet-
rical parameters (i.e., the position of the atoms) should also be taken into account [38].
Details of the interactions between the water molecule and electromagnetic radiation,
under the scope of atomic and molecular physics, are beyond the scope of this thesis,
and the reader is advised, if interested, to refer to relevant textbooks, such as [38, 40].
Nonetheless, it is worth noting that the absorption of energetic photons in the ultraviolet
(UV), at around 100 nm (corresponding E,, = 12.4 V), is associated with a collective
excitation of all the electrons in the water molecule [39]. Moving further within the UV
regime, the dissociation of the H-OH and O-H bonds takes place at 240 nm (correspond-
ing E,;, = 5.11 €V) and 280 nm (corresponding E,;, = 4.4 eV) [38], respectively. These
mechanisms explain the highly peaked absorption bands of water in the UV. Similarly,
the interaction of IR light with the asymmetrical structure of the water molecule results
in an increased absorption in this spectral region, where vibrational and rotational tran-
sitions take place [38]. The highly peaked absorption bands in the UV and IR can be
seen in Figure 1.7 (top).

The “window” of reduced attenuation due to absorption in the visible wavelengths
(roughly between 300 — 700 nm) is thus attributed to the low-energetic photons within
that spectral area whose energy is not sufficient to boost the water molecule electrons

into higher energy levels [29].



Chapter 1. Introduction 14

Absorption by phytoplankton

The word phytoplankton originates from the Greek words “phyto”, which means plant,
and “plagktos”, which means wanderer or traveller. Indeed, phytoplankton are micro-
scopic marine algae, most of which are buoyant and float in the upper part of the oceans,
where sunlight can penetrate. Photosynthesis in phytoplankton is enabled through the
absorption of sunlight by chlorophylls, the primary constituents of phytoplankton. The
absorption peaks are primarily at 440 nm (blue) and secondarily at 675 nm (red) [41].
Precise measurements of absorption by phytoplankton and robust calculation of the
corresponding absorption coefficient are challenging due to the varied location, depth,
shape, size and concentration of the individual pigments. As a result of these varia-
tions, the minima in the absorption spectra of natural waters rich in phytoplankton are
shifted towards longer wavelengths (from blue to green) within the “window” of reduced

attenuation that was previously discussed [21].

Absorption by coloured dissolved organic matter (CDOM)

CDOM, also known as “gelbstoff” (or yellow substance), comprises dead plant tissues
and decaying marine matter. As a result, CDOM produces humic and fulvic acids whose
absorption peaks are around UV and blue allowing yellow and red colours to be distinct
[28]. The origin of gelbstoff can be from dissolved matter in the water or run-off soil
from nearby land. Therefore, coastal waters and waters near river estuaries are expected
to exhibit high concentrations of CDOM [34].

1.4.1.2 Scattering

Scattering is equally important to the absorption phenomena when predicting and de-
scribing underwater light propagation. It refers to the process whereby photons emitted
by a transmitter deviate from their original path to the receiver resulting in attenuation
of the optical signal. The photons’ multi-path propagation can limit the maximum data
rate due to the reduction of signal levels at the receiver side and by temporal pulse
stretching. This temporal dispersion is attributed to photons scattered multiple times
along their way to the receiver. Hence, they have travelled longer path lengths, which
requires more significant time. The time delay between the non-scattered detected pho-
tons and scattered ones induces ISI if the bit rate (or bit time) is comparable to the
pulse temporal spreading [11]. The beam deflection is attributed to the suspended par-
ticles (also known as scattering centres or scatterers) in the water, whilst the intensity
of the scattered light depends on the dimensions of these centres with respect to the

wavelength of radiation [40].
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Similarly to how absorptance was defined in Section 1.4.1.1, scatterance, B(A,#6),
is described as the ratio of the scattered to the incident power (as these quantities
are shown in Figure 1.6), i.e., B(\,0) = Ps(\,0)/Pr(\). Consequently, the scattering
coefficient, b(\,0) (in m~1), is given as [28, 29]:

AB(),0) B dB(\,0)
Ar—0  Ar - dr

. (1.4)

A discussion on scattering would be incomplete if the angular distribution of the
scattered light was not mentioned. Returning to the illustrated underwater processes in
Figure 1.6, a relation which incorporates the Pg(\,6) and Pr()) quantities along with

the angular distribution of scattering, can be expressed as [42]:

Ps(\,0) = Pr(N)B(, 0)drdS (1.5)
= B 0) = m. (1.6)

Equation 1.6 can be simplified by considering the definition of the scattered differential
intensity (dI(\,#)), that is, the scattered power (Ps(A,#)) divided by the given infinites-
imal solid angle, df2 [29, 42]. In other words, dI(\,0) = Ps(X,0)/dS (in W/sr). Also, by
taking into account the definition of downward (or incident) irradiance that was given
earlier (Section 1.4, footnote) [35], it yields that E; = Pr(\)/dA (in W/m?). Finally, the
relations mentioned above, along with the statement that the incident beam illuminates
an infinitesimal volume of water, dV = drdA, lead Equation 1.6 to a concise form as
follows [29, 42]:

dI(\,0)
EqdV

B(A0) = (1.7)
The angular distribution of scattering underwater is described by the form of (A, 6) (in
m~! sr7!) in Equations 1.6 and 1.7. 8(),0) is known as the volume scattering function
(VSF) and, physically, it is a measure of the scattered intensity (in the scattering angle

6) per unit incident irradiance per unit volume of water [29, 42].

Integrating the VSF over all directions (solid angles) yields the total scattered in-
tensity per unit irradiance per unit volume of water. More precisely, it provides a
quantification of how strongly that volume of water scatters, or in other words, the

water scattering coefficient, b(A\) (in m~1), can be calculated. That is [29]:
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4 T
b(\) = B(A,0)dQY = 271/ B(A, 0)sin(0)do. (1.8)
0 0
Scattering in natural waters has been categorised by Mobley based on the particulates’
size in the water with respect to the wavelength of radiation. The categories are itemised

as follows [29]:

e Molecular (or Rayleigh) scattering (<< \): scattering attributed to molecular

motions, sea salts and small-scale fluctuations in the medium’s density.

e Scattering by particles (> \): scattering by organic and inorganic particulates

whose scattering coefficient is typically ten times larger than Rayleigh scatterers.

e Scattering by turbulence (>> \): scattering caused by salinity and temperature
fluctuations resulting in deviations on the real part of the medium’s refractive

index (n).

Molecular (or Rayleigh) scattering

In molecular scattering (also known as Rayleigh or non-resonant scattering) events in
pure or/and sea water, the frequency of the incoming light is not resonant to any of the
atomic transitions of the molecule. As such, the photon’s energy is too small to excite
the molecule into a higher energy state. Despite that, the non-resonant electromagnetic
field interacts with the electron cloud of the atom in the ground state by setting the
cloud into vibration with a frequency equal to that of the incident light. Once the cloud
starts to vibrate around the positive nucleus of the atom, an oscillating dipole is formed
and immediately radiates (on the order of a femtosecond, 10~ s [43]) in some direction.
The resulting scattered light comprises a photon carrying the same amount of energy as

the incident photon. Therefore, the scattering is elasticit [45].

A quantification of the intensity of the scattered light was given by Lord Rayleigh
[46]. He proposed that for the case of N atomic oscillators of size smaller than the radi-
ation’s wavelength and distributed randomly in an isotropic medium (thus, comprised
of a wavelength-independent refractive index), the intensity of the scattered light varies
inversely proportional to the fourth power of the incident wavelength, i.e., I ~ 1/\%.
Considering the anisotropy of the water molecules, the intensity of the elastically scat-
tered light fluctuates more accurately according to ~ 1/A%32 [29]. As such, it becomes

clear that the intensity of the Rayleigh scattered light increases with frequency (decreases

H1f the scattered light consisted of a photon of energy either larger or smaller than that of the incident
photon (i.e., inelastically scattered light), then the process would be described by “Raman scattering”.
This process occurs in a time scale of 107" to 1072 s, on which more information can be found in [44].
Another inelastic process taking place in natural waters is fluorescence by phytoplankton, and CDOM
[36] that occurs on the order of 1072 to 1078 s [43].
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FIGURE 1.9: The absorption coefficient by pure water and the scattering coefficients of
pure and sea water versus wavelength. Graphs were plotted together for comparison;
scattering mostly contributes minimally to the overall attenuation. Image taken from

[2].

with wavelength) and that water’s atomic oscillator will respond more rigorously to the
driving frequency as this approaches the UV (where the water molecule’s electronic

resonances are [39]).

Closing this section, it is worth noting that scattering from the sea and pure water
is similar but slightly increased in seawater due to the presence of sea ions (e.g., Cl™,
Na™, etc.) [42], as is shown in Figure 1.9 (blue curves) [2]. However, the contribution
of molecular scattering (either by pure or seawater) to the overall attenuation, when
compared to the molecular absorption (red curve), is minimal at visible wavelengths as

can be seen in the same figure.

Scattering by particles

The previous description of molecular scattering was mainly based on the interaction
between the incident radiation and the water molecules on a submicroscopic scale. It
was also assumed that the medium (i.e., saline or pure water) was homogeneous, so the
small fluctuations in n due to random molecular motions were negligible, and practically

n could be considered constant.

However, the water-particle interface becomes substantial when discussing scattering
by large particles (of typical sizes larger than 2 pum) of organic or inorganic matter. The

inhomogeneities that light encounters when meeting the particle or passing through it
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allow the scattering process to be described macroscopically, i.e., via classical optics.
Scattered light by large particles can be linked to surface reflection, refraction, multiple
internal reflections, and diffraction [40]. Although diffraction is independent of the
particles’ composition, reflection and refraction are strongly determined by the particles’
refractive index [47], and both phenomena are well defined by Snell’s law. Thereby, the
real part of the water’s refractive index (i.e., n) that was introduced in the molecular

absorption description (Section 1.4.1.1) is associated with elastic scattering [45].

Scattering by turbulence

In free space, variations in n of the atmosphere due to temperature fluctuations or/and
the motion of the air due to winds and convection are known as turbulence. Atmospheric
turbulence in, e.g., astronomy makes stars twinkle. At the same time, in long-range free-
space optical communication links, it can cause the beam to wander at the receiver end,

which in turn can result in significant degradation of the channel.

By transferring the above concept underwater, it is noticed that although small varia-
tions in water’s n are unimportant, when it comes to judging the robustness of a UWOC
link over several tens of meters, the fluctuations in water’s n should be considered [36, 42].
The turbulence-induced scattering is owned to water temperature and salinity variations
[29]. Measurements on n of seawater samples as a function of wavelength, salinity, tem-
perature, and pressure, were performed by the authors in [48]. Their conclusions can be
summarised as follows; n decreases as the wavelength and temperature increase, and it
increases while increasing salinity or pressure. Despite this evidence, turbulence-induced
scattering will be considered negligible for this thesis, as the refractive index variation

due to turbulence can be on the order of 1076 [49].

1.4.2 Apparent optical properties of water (AOPs)

Section 1.4 stated that the AOPs of water differ from the IOPs in terms of the ambient
light field and the directional structure of the light rays. For instance, a radiometric
quantity, such as irradiance, can dramatically change in magnitude within a short pe-
riod when, e.g., the sun is instantly covered by a cloud on a sunny day. Ideally, though,
an AOP alters slowly with external environmental changes [29]. Such an AOP can be
a radiometric quantity that changes “smoothly” with depth variation. To be charac-
terised, various variables need to be considered [42], namely the atmospheric conditions,

irradiance distribution on the surface, angle of incidence, etc.

As mentioned before (Section 1.4), one of the AOPs of interest is the diffuse attenua-
tion coefficient, K4 (in m~!), which indicates how the downward irradiance (E;) diffuses

as a function of depth ({, in m) and wavelength. According to [29], K, is given as:
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1 dE4(¢, M)

CN de (1.9)

Kq(G,A) = — o

K4(¢,\), as an AOP, is similar to ¢(\) from the IOPs, as both variables quantify
power losses within a water volume. Their distinct difference, though, is that ¢(\) refers
mostly to a narrow, collimated beam propagating underwater, whereas K;(¢, \) regards
ambient downward irradiance that originates from all directions and strongly depends
on the directional structure of the ambient light field [29]. This is to say that c(\) fits
well with point-to-point or line-of-sight (LOS) links, whilst K;(¢, ) is more suitable in

non-line-of-sight configurations [42].

1.5 Optical water types

It was previously stated that the nature and concentration of suspended matter in
water shifts the minimum light attenuation towards longer wavelengths (see Section
1.4.1.1). This observation has an impact on UWOC that should not be overlooked,
as the robustness and reliability of an UWOC system depend strongly on whether the
encoded data are transmitted through water with minimum losses. As such, selecting
the optimum transmission wavelength is highly desirable when configuring what type
of transmitter and receiver should be used in the underwater channel. For instance,
Chapter 4 is inspired by the previous observation and is devoted to deploying a versatile
dual-colour device that enables data transmissions of up to 200 Mb/s via WDM over

turbid waters.
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FIGURE 1.10: Regional distribution of the Jerlov water types. Image taken from [50].
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For convenience, N. G. Jerlov classified natural waters into individual groups based
on their optical properties, as these can be quantified by K;((, A) of each body of water
[50]. The classification scheme includes the open ocean waters where power losses due
to absorption by phytoplankton are dominant. These types are labelled as I for the
clearest type of open ocean water, IA, IB, and III for the most turbid ones. On the
other hand, coastal waters (where DCOM and inorganic particles account for the beam
degradation) are categorised as 1, for the clearest type, up to 9 for the murkiest. The

regional distribution of the optical water types is illustrated in Figure 1.10.

Although the Jerlov classification was based on K;4(¢,A) (that is an AOP), Solenko
and Mobley in [51] calculated the c¢()) (that is an IOP) of all Jerlov water types as a
function of the light wavelength. They also showed in Figure 1.11 the variation of those

water bodies’ ¢(A) minima as the water turbidity increases.
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FIGURE 1.11: The variation of the attenuation coefficient versus wavelength for all
Jerlov water types. Data acquired from [51].

Inspired by Solenko and Mobley’s work, the following section details the character-
isation of the laboratory-based water samples used in this thesis by estimating their

attenuation coefficient.
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1.6 Laboratory-based water samples characterisation and

background theory

The feasibility of UWOC depends on the optical properties of the body of water over
which a communication link is established. As such, the first step before any UWOC
demonstration in our research was to characterise the laboratory-based water samples
of various turbidities used throughout this thesis. The characterisation was based on

estimating the c¢()\) (in m~!) of those water samples.

The following process was based on replicating methods used in past references, where
commercial antacid was used to simulate the scattering properties of natural ocean wa-
ters. More precisely, Maalox®antacid, whose particulate size is around 11 pm [52] and
which comprises aluminum hydroxide (Al(OH)3) and magnesium hydroxide (Mg(OH)3),
has been extensively reported as the most common simulated scattering agent. It has
been shown that the forward portion of its VSF, i.e., the angular distribution of scat-
tering at very small angles (less than 10°), is remarkably comparable to that of natural
waters [8, 53|. This statement is confirmed by examining Figure 1.12 where the VSF's of
four ocean water types (turbid harbour, coastal ocean, clear ocean and pure sea water)
are plotted along with Maalox antacid’s VSF at A = 514 nm%. Table 1.2 summarises

the optical properties of the water bodies shown in Figure 1.12.
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FIGURE 1.12: Volume scattering functions from [11, 53, 54] for four types of ocean
waters (solid curves, from top): turbid harbour, coastal ocean, clear ocean, and pure
seawater. The Maalox data are presented through the dashed curve. Figure taken from
[42].

H1n this work, S. Duntley reported that the attenuation in light’s optical power due to Maalox over
an underwater beam propagation of 5.5 m was estimated to be 98.3% of the initial optical power [8].
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TABLE 1.2: Optical properties of four ocean water types at A = 514 nm. Data taken

from [11, 54].
Water type a(m™) bm!) c(mt)
Pure sea water 0.0405 0.0025 0.043
Clear ocean®® 0.114 0.037 0.151

Coastal oceant1 0.179 0.219 0.298
Turbid harbour™** 0.266 1.824 2.19

For reference the corresponding Jerlov water types (at A = 525 nm) to Table 1.2’s pure
sea water and turbid harbour are Jerlov I and 7C, respectively, whilst clear and coastal
ocean fall between Jerlov IB and II [51]. It can be seen that while pure sea water exhibits
a relatively uniform VSF (due to the limited presence of scatterers in the water), the
angular dependence of the other three ocean types is highly peaked at very small angles,
although the magnitudes range over almost a factor of 100. The large forward peak
suggests that scattered photons are most likely to scatter into very small angles relative

to their propagation direction prior to scattering.

Three off-the-shelf laser diodes (LDs) were used to characterise the laboratory-based
water samples. These devices respectively operated at three different wavelengths, i.e.,
405 nm (violet, LD-F405E04), 450 nm (blue, OSRAM, PL450B), and 520 nm (green,
OSRAM, PL520). These colours were the same as the nominal central wavelengths of
this thesis’s LED- and laser-based devices. The in-house constructed laboratory-based
water tank, over which the LD beams were propagated, was of dimensions 1.5x0.35x0.35
m? and filled with 160 1 of tap water. The water tank was the main component for all the
experiments presented in this dissertation. Its walls were fitted with high transmittance
(91%) Pilkington Optiwhite™ glass, which was used in recent studies for single-photon
imaging in highly scattering underwater environments [4]. Furthermore, matt black
plastic sheets were placed at the bottom and around its walls to prevent reflections
coming from the tank’s walls, which would not occur in open waters and may lead to
signal distortion due to multipath beam propagation. The beams of the blue and green
LDs were collimated by two plastic aspheric lenses (Thorlabs, CAY033) placed in front
of the devices, whilst the violet was acquired with an embedded collimating lens. On the
other side of the tank, a power meter sensor of 9.7 x 9.7 mm? area (Thorlabs, S121C)
connected to a power meter (Thorlabs, PM100D) collected the transmitted powers of
each LD through different water turbidities induced by varying the Maalox content (or

concentration) in the water. Optical images of the underwater channels’ characterisation

$¥Bahamas (station 8, Tongue of the ocean, 1.6 km deep)
1 Catalina channel (station 11)
***San Diego harbour (station 2040)



Chapter 1. Introduction 23

are shown in Figure 1.13, where from 1.13a (clear tap water, no Maalox added) to 1.13c
(turbid water), there is a gradual increase of the scattering agent in the water and thus,

the beam attenuation becomes evident.
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FIGURE 1.13: Optical images of the water tank and the underwater channels’ char-
acterisation of three different colours: violet, blue, and green. In (a), no scattering
agent is added in the water; therefore, most of the photons reach the power meter sen-
sor almost unscattered. From (b) to (c), a gradual increase of the Maalox content in
the water occurs, and thus, attenuation effects through scattering are mainly optically
observed.

The variation in the received power (Pr) in mW for each wavelength, as a function
of the scattering agent content in 160 1 of tap water, is shown in Figure 1.14. The
Maalox content ranged from 0 ml (clear tap water) to maxima of 20 ml (or 0.0125% by
volume), 19 ml (or 0.0118%), and 18 ml (or 0.0112%) for the green, blue, and violet
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colours, respectively. It is demonstrated below that for Maalox contents < 14 ml, the
natural logarithm of Pg attenuates linearly with turbidity. At larger Maalox contents,
that linearity “breaks” as the power sensor collects multiple-scattered light, resulting in
light attenuation at a slower rate as the water turbidity increases. This observation will

be later analysed and explained.
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FIGURE 1.14: Received power vs Maalox content for 405 nm, 450 nm, and 520 nm over
the 1.5 m water tank. Note the logarithmic scale in y axis.

It is also worth commenting that the 405 nm beam undergoes heavier power losses for
all Maalox contents than those at 450 nm and 520 nm. A qualitative explanation of this
observation can be given through Rayleigh scattering, as the 405 nm light experiences
heavier scattering due to the inverse proportionality of the intensity of the scattered
light from water particles to the (fourth power of) the wavelength (see Section 1.4.1.2)
[40, 55]. Therefore, shorter wavelengths (e.g. 405 nm, violet) undergo stronger scattering

than longer ones (450 nm, blue, and 520 nm, green).

Another quantity here introduced is the unitless number of attenuation lengths (ALSs).
That is the product of ¢(\) and the propagation distance, z in m (i.e., ¢(\) - )1, For
the sake of the measurements of this section, the propagation distance equals the length
of the water tank (z = 1.5 m). Physically, 1 AL means that the the Pr (in Watts) falls to
1/e (= 0.37) of the transmitted power (Pr). For instance, assuming Pr = 100 W, then
at 1 AL, the received power would be Pr ~ 37 W (or —4.34 dB power losses). At 2 ALs,
the received power would be dropped to the 1/e? of the Pr, i.e., Pp ~ 13 W (or —8.86

11t should be clarified that the number of ALs differs from the definition of the attenuation length
(datten, in m). datten is defined as the propagation distance at which the Pg has fallen to 1/e of Pr, and
as such, from Equation 1.10 which is given later it can be derived that datten = 1/c(X).
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dB power losses), and so on. The AL term is commonly used in the UWOC community
as it allows the direct comparison of different system performances over various distances

and water qualities [56].

Figure 1.15 and 1.16 show the estimated attenuation coefficients for the optical beams
of the three LDs and the number of ALs as a function of the Maalox content, respec-
tively. As with the power loss measurements (Figure 1.14), we observe an increase of
¢(\) (and, hence, in ALs) as the turbidity of the water increases. The linearity “break”
that is also shown here at Maalox content above ~ 14 ml, allowed for a third order
polynomial (instead of a linear) fit to be performed for the curves in Figure 1.15, as this,
empirically, reflects more accurately the variations in ¢(\). As previously explained,
shorter wavelengths (405 nm) experience stronger attenuation. Also, as the water tur-
bidity increases, the maxima of the estimated attenuation coefficients and the number
of ALs (see Table 1.3) are larger for the violet colour and become smaller as the colour

of operation shifts towards longer wavelengths (blue and green).

7 T T T T T T T T T T T T T T T
B 405nm i 3
@ 450 nm T
64 A 520nm - ]
Polynomial Fit (405 nm) ” 3 ) o
Polynomial Fit (450 nm) | A
54 Polynomial Fit (520 nm) L2 /

Attenuation coefficient (m™*)

Attenuation coefficient (m™)

0 1 2 3
Maalox content (ml)
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0O 2 4 6 8 10 12 14 16 18 20

Maalox content (ml)

FiGURE 1.15: Left: The estimated attenuation coefficients of the laboratory water
samples, for each wavelength of operation of the three LDs, as a function of the Maalox
content with the third order polynomial fitting curves. Right: the variation of the
attenuation coefficients for up to 3 ml of the scattering agent. Note the logarithmic
scale of the y axis. The measurements were carried out over the 1.5 m long water tank.
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FIGURE 1.16: The variation of the number of ALs as the content of the scattering
agent in the 1.5 m long water tank increases.

TABLE 1.3: The maximum values of the estimated attenuation coefficients and number
of attenuation lengths for violet, blue, and green.

Wavelength (nm) | max ¢(\) (m™!) | max number of ALs
405 6.74 10.12
450 6.27 9.41
520 5.84 8.76

All the calculations above were made by considering only the IOPs of water, i.e.,
absorption and scattering or the attenuation coefficient, ¢(A). Then, the quantification
of the power losses of the underwater optical link for a given wavelength was estimated

following Beer’s law, where Pg, Pr, ¢()\), and z are combined in Equation 1.10%#:

Pr(z2) = Pp(z)e~cM7, (1.10)

At this point, it is worth noting that previous reports related to underwater beam
scattering due to Maalox have demonstrated that Equation 1.10 is valid under two
scenarios [57-60]: firstly, it is assumed that the alignment between transmitter and

receiver is perfect, and secondly, the detected photons are unscattered. More precisely,

HBeer’s law expression is a solution to the differential equation which describes the differential path
loss (in power or intensity) an optical beam undergoes while propagating through a medium of length z,
dP/dz = —cP. Then, by integrating both sides over Pr to Pgr, and 0 to z, respectively, Equation 1.10
vields: [;®dP/P = —c [} dz = In(Pr/Pr) = —cz = Pr = Pre™.
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the latter is met in waters of < 10 ALs where the detected signal attenuates as the

non-scattered light would [59], i.e., according to ~ e~

In more turbid underwater environments, such as of ALs > 15, the beam largely
diverges and is spatially distributed such that its scattering profile approaches that of a
diffuse source [57]. Consequently, as the turbidity of the water increases and scattering
becomes the dominant reason for power losses, Pr attenuates at a slower rate as the
multiple-scattered photons make their way back into the receiver’s field of view (FOV),
leading to a positive contribution to the overall received signal [42]. Thus, for the
multiple-scattering-dominated regimes, the calculation of Pgr via Equation 1.10 would
lead to an overestimation of the power losses and, therefore, to an underestimation of
the achievable range [57]. As such, Equation 1.10 needs to be reconsidered to account

for the collection of scattered light, and therefore, it can be rewritten as [59]:

Pp(cz) = Pr(cz)e™, (1.11)

where v = a + (1 — n)b, is the so-called system attenuation coefficient, or kgys [42, 57).

In the above expression for v, the Greek letter n is defined as the scattering factor
(0 < n < 1), which shows the percentage of the received scattered light relative to all
of the scattered light on its way to the receiver. Therefore, 1 is a complex function
encompassing the IOPs of water and system parameters (e.g. receiver FOV, aperture,
beam divergence and radius). Now, by briefly investigating ~y, it can be seen that if
1n — 0, the received signal is dominated by non-scattered light. Thus, optical losses can
be quantified through Equation 1.10. On the other hand, when n — 1, it is implied that,
practically, all of the scattered light is collected and Pg is attenuated by the absorption
coefficient, a. It is convenient, then, to introduce to Equation 1.11 the scattering albedo
(w = b/c) along with the number of ALs (c- z). Then, Equation 1.12 is as% [59]:

Pr(cz) = Pp(cz)et 9oz, (1.12)

It can now be deduced that a light beam’s attenuation through water is exponential by

¢ and v in low and multiple scattering regimes, respectively [42].

a+(1fn)b:>7:a+bfnb%'y:cfnb%'y:cfnwcéwz:(1777w)czg>

§§§'7 -
vz = (1 —w)ecz.
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1.7 Summary

This chapter provided a general introduction to the background technologies suitable
for underwater wireless communications: acoustic, radio frequencies, and optical waves.
It was discussed that although acoustic is the dominant technology due to the extensive
range it can achieve, the limitations in data rates render the optical waves an ideal
supplementary technology that can offer data rates up to Gbs/s over tens of metres. A
brief introduction to marine optics was then given, where the optical properties of water
and how these affect underwater beam propagation were discussed. The chapter closed
by categorising the natural water bodies into Jerlov water types and the characterisation
of the laboratory-based water samples (based on their attenuation coefficient) that will

be used throughout this thesis.
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Chapter 2

Relevant Semiconductor Device

Physics and Modulation Schemes

This chapter is dedicated to exploring the underlying physics of the transmitters (GaN
micro-LEDs and laser diodes, LDs) and receivers (e.g., a PIN photodiode, a Si photomul-
tiplier (SiPM), and a single-photon avalanche diode (SPAD) array) employed throughout
this thesis. Since most of these devices are based on semiconductors, a brief review of
relevant semiconductor physics will be given. The “backbone” of every semiconductor
diode, and as such of the GaN LEDs and LDs, is the p-n junction. A description of
its operational principles will therefore be mentioned. Finally, the modulation schemes
applied for encoding data on the optical carrier will be discussed, which were utilised in
the experiments presented in the following chapters. The modulation schemes predom-
inantly used were on-off keying (OOK) and orthogonal frequency division multiplexing
(OFDM).

2.1 Brief overview of semiconductor physics

2.1.1 Electrons in free-space

From quantum mechanics, it is fundamentally known that the energy atomic electrons
can take is quantised. That being said, and by recalling the wave-particle duality, their

energy and momentum over free space can be expressed as [1]:

w h
E=hf=h— =hw dp=~—=— =hk 2.1
f=ha=ho, andp =1 , (21)
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where k = 27/ is the wavenumber. Another useful expression that defines the energy
of a free electron and by considering the electron’s kinetic energy (E = %mv2, where

m =me = 9.01 x 10728 gr) and Equation 2.1 is:

2 2.2
- 2pm = % (2.2)
Since electrons exhibit both particle and wave characteristics, they can be described via
a travelling wave through a wavefunction, ¥(x,t), which is a solution to Schrédinger’s
equation. It is noted that W(z,t) is a complex function, and as such, it cannot represent
a real physical quantity. However, Max Born in 1926 postulated that the |¥(z,t)?dx
provides the probability of finding the electron within the x and x + dx range at a given
|2

time. In other words, |¥(z,t)|* is a probability density function [2].

When discussing the behaviour of an electron within a semiconductor crystal, it is
important first to mention the quantisation of its energy. For instance, in the isolated

hydrogen atom, the quantised electron energy is given as [1]:

13.6
where n is a positive integer (n = 1,2,3,...), also known as the quantum number.
Equation 2.3 implies that the electron’s energy can only have particular discrete values
according to n. A similar result can be acquired when solving Schrodinger’s equation for
the problem of a particle in the infinite potential well of width L in which the solutions

are wavefunctions representing standing waves. The total energy of the electron can

then be written as [2]:

h2n2n2

indicating, once again, the quantisation of energy according to n.

2.1.2 Electrons within a crystal
Energy band diagrams and energy gap

Within a crystal, a vast number of atoms (on the order of 10?2 in 1 cm?) are in close
proximity (on the order of few A). Consequently, the wavefunctions of their electrons
overlap, and the result of the electrons’ interaction is the splitting of their initial quan-
tised energy level into allowed and forbidden energy bands [2]. It should be noted,

though, that within an allowed band, no more than two electrons can occupy an energy
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level due to Pauli’s exclusion principle. The discrete energy levels within a band should
be large enough to accommodate the large number of electrons. The energy difference
between them is very small (on the order of 107! eV), so that the energy distribution
through the energy band can be considered quasi-continuous. At T = 0 K, the lowest
energy state is fully occupied by electrons in the lower band (the valence band), whilst
the upper band (the conduction band) is empty. The energy gap (E,) between the top
of the valence band and the bottom of the conduction band equals the width of the
forbidden energy band.

The width of the E; (in eV) essentially defines the material’s electrical and optical
properties and enables their categorisation into insulators and semiconductors (assuming
that metals fall into the latter). Generally, if a material’s E, is more than 3.5 eV, it is
customary to call the crystal an insulator. If the gap is less than 3.5 eV, the material
is usually characterised as a semiconductor [3]. The temperature dependency of the E,
is elucidated as follows; a temperature decrease results in a contraction of the crystal
lattice that strengthens the interatomic bonds between the crystal atoms, and as such,
the gap increases [4]. On the other hand, as the temperature increases, the crystal lattice
expands, and the interatomic bonds become weaker. Therefore, less energy (smaller E;)
is required for an electron to be transitioned to the conduction band. Typical values
of the Ey of three important semiconductors (Ge, Si, GaAs) at room temperature (300
K) and 0 K are shown in Table 2.1. The energy of the emitted photon upon radiative

transition from the conduction to the valence band is given as [1]:

where the energy and the wavelength are in eV and nm, respectively.

TABLE 2.1: The temperature dependence of E, of Ge, Si, and GaAs. Data taken from
[4].

Material | E, (300 K) (eV) | E4 (0 K) (eV)

Ge 0.67 0.75
Si 1.12 1.17
GaAs 1.42 1.51

Semiconductor materials can be divided into two categories based on their band
structure. These are semiconductors of direct and indirect bandgap. In the former case,
the conduction band minimum occurs at the same point (in k-space) as the valence band
maximum, which results in a high probability for a band-to-band radiative transition

upon absorption of a photon since the crystal momentum is conserved [5]. Due to this
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behaviour, direct bandgap semiconductors (such as GaAs and GaN) are suitable for
developing efficient LEDs and laser diodes [2]. On the other hand, in indirect bandgap
materials, the minima and maxima occur in different points in k-space and therefore, a
phonon (the quasiparticle of the crystal lattice vibrations) must be absorbed to supply
the missing crystal momentum [6]. Consequently, the probability for a band-to-band
transition in indirect bandgap materials (such as Si and Ge) is significantly low [5].
Figures 2.1a and 2.1b depict simplified schematics of the energy band structures of GaN
(direct semiconductor of E, = 3.2 eV [5]) and Si (indirect semiconductor of E, = 1.12

eV [6]), respectively.

Conduction
band

Valence
band

Valence
band

(a) (b)

FIGURE 2.1: Schematic energy band diagrams for (a) GaN and (b) Si.

Effective mass

Another important quantity when discussing the motion of an electron within a band
is the effective mass (m*). m* can be approximated through Newtonian principles if
the electron’s motion is likened to a travelling wavepacket within the crystal. Then, its
group velocity is given as vy = Z—"f = fli—j:, and by considering the w = FE/h relation in

Equation 2.1, the wavepacket group velocity is formed as [4]:

1dE

- -~ 2.6
Ug h dk’ ( )
where it is shown that the first derivative of energy with respect to the wavenumber is

related to the velocity of the wavepacket (or the particle).

A force due to an externally applied electric field or dopant ions in the crystal can be
considered an “external” force, F.,;. Its impact on the wavepacket’s momentum over dt

is described as:

dp  d(hk)
Fy = — = 2 2.
Pt dt (2.7)
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Since an expression for F,.; and vy has now been acquired (Equations 2.6 and 2.7), the

next step towards defining m* is to take into account Newton’s 2" law (3> F..y = m*dd%g)

and derive the group velocity in Equation 2.6 in time. As such:

duy _1d (dEY _ 1 &PE (k) .
dt — hdt\dk) h2dk? dt ’
—— S~
d2E dk* Feat
dk2 dt
From Equations 2.7 and 2.8, this yields:
1 2E\ " dv dv
Foor = | =— — =m*—L. 2.9
t (h2 dk:2> at " at (29)

From the above, it becomes evident that the second derivative of the energy with respect
to the wavenumber is inversely proportional to the effective mass of the wavepacket (or

the particle), i.e.:

1d’E 1

By inspecting Equation 2.10, one can be deduce the relative masses of the carrier(s) in the
crystal. For instance, in Figure 2.2 we illustrate two speculative energy band segments
of different curvatures. It can be seen that in the vicinity of the energy minima, the

curvature of b is larger than that of a, and thus, (d?E/dk?), > (d*E/dk?), = m} > m}.

E

FIGURE 2.2: Two energy band segments of different curvatures from which it can be
seen that m? > mj. Adapted from [4].

It is noted that although the above-simplified description is adequate to explain the m*
concept qualitatively, it concerns the one-dimensional E-k diagram. Within a three-

dimensional crystal (described by 3 k-vectors), though, further complications arise as
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the curvatures at the conduction band minimum may not be the same, and the carriers’

m* must be expressed as a tensor [7].

Carrier concentration

In a previous section (Section 2.1.2), we briefly mentioned the radiative transition of an
electron (upon thermally excitation or absorption of a photon of E,, > E,) from the
conduction to the valence band in a semiconductor. At this point, it is worth introducing
the notion of the hole, which can be conceived as a positively charged empty state created
when a valence electron is elevated into the conduction band [2]. The conductivity of a

semiconductor is, therefore, attributed to the drift of both electrons and holes.

A semiconductor can either be intrinsic, i.e., the number of thermally generated
electrons in the conduction band equals the number of holes in the valence band, or ex-
trinsic. The latter designates the variation of the semiconductor’s conductivity through
doping, i.e., the intentional addition of different types and concentrations of impurities
(or “foreign” atoms) in the crystal. Extrinsic semiconductors can either be n- or p-type
depending on whether their dopant atoms are donors (Np) or acceptors (IN4), respec-
tively. For instance, a group-V element, such as phosphorus (5 valence electrons), is a
donor impurity to group-IV elements, such as silicon (4 valence electrons). The fifth
valence electron of phosphorus acts as a donor electron weakly bound to the phosphorus
atom and can be easily freed into the conduction band upon thermal energy absorption.
Similarly, group-III elements as boron (3 valence electrons), act as acceptors in silicon.
Boron accepts an electron from an adjacent Si-Si bond to complete its own bond scheme.

Thereby, a hole is created that exists and wanders in the valence band [4].

The next step is determining the concentration or the number of carriers per unit
energy, N (FE), available for conduction. As discussed above, electrons can occupy energy
levels of quantised energy within the crystal. Determining the allowed density of states
as a function of energy will allow calculating the electrons’ (and holes’) concentration.
The density of states, g(E), is given in terms of states per unit energy per unit volume
and for the conduction and valence bands, it is proportional to g.(E) o< vE — E,. and
g(E) < VE, — E, respectively [2]. The Fermi-Dirac probability function, f(F), gives

the probability that an electron occupies a quantum state, i.e.:

CN@EBE) 1
J(B) =~ = = (2.11)

Here, Ey is the Fermi energy that does not have to correspond to an allowed energy level

and determines the electrons’ statistical distribution. The mathematical derivation of
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both quantities, g(E) and f(F), is a challenging task and can be found in any solid-state

physics/semiconductor devices textbook, such as Neamen'’s [2].

Under thermal equilibrium, the electrons (n) and holes (p) concentrations are given
by [4]:

n= [ sppsEa,
s (2.12)
p= / gu(E)[1 — f(E)]|dE.

—00

Equations 2.12 can be rewritten upon approximations in more convenient and readily

used forms:

n = Nce(Ef_EC)/k‘T’

p = Nve(EU_Ef)/kT, (213)

where N, and N, are the effective density of states functions in the conduction and
valence bands', respectively. As mentioned before, n = p = n; for an intrinsic semicon-
ductor, and therefore np = nZQ Equations 2.13 can now be further approximated and

written as [2]:

—(Ec—Ev)

) —(Be—Ev) 5,
n; = NeNye™ *#T = N N,e*T . (2.14)

2.1.3 The p-n diode

A light-emitting diode (LED) is a structure formed by a p-n diode, and this section will

summarise some of its electrical and optical characteristics.

Electrical characteristics

A p-n diode comprises adjacent layers of heavily doped p- and n-type material and can
consist of either the same semiconductor material, i.e., a homojunction, or different semi-
conductor materials, i.e., a heterojunction. When the junction is formed, the majority

carrier electrons from the n-region will start diffusing into the p-region and recombining

“ 3/2 S 3/2
TNC =2 (M) and N, =2 (2 mka) . At T = 300 K both quantities, N. and N,, are on

R h2
the order of 10*® cm™ for most semiconductors [2].
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with excess holes, leaving positively charged donor ions (Nz;) behind. Similarly, the ma-
jority carrier holes from the p-region will begin diffusing into the n-region, recombining

with excess electrons and leaving negatively charged acceptor ions (N} ) behind.

The charge density created by the net positive and negative charged ions implies the
existence of an electric field (Gauss’s law) and, therefore, a potential difference right
at the junction between the p- and n-type material. Its direction is from the positive
(n-region) to the negative charge (p-region). The “built-in” electric field causes some
electrons and holes to move in the opposite direction to the flow caused by diffusion. In
thermal equilibrium (no applied voltage or external electric field, nor light shining on the
device), the opposing flows from diffusion and electric field balance each other, depleting

the junction region of free charge carriers and, as such, it is called the “depletion region”.

The depletion region is highly resistive, and its resistance can be modified by applying
an external electric field. Suppose the external electric field is in the opposite direction
to that of the built-in field (forward bias), the resistance of the depletion region becomes
smaller. In contrast, if the external electric field is applied in the same direction as the
built-in field (reverse bias), then the resistance becomes larger. The built-in voltage
(Vi) produced across the depletion region is the voltage that must be overcome before
the diode conducts current. In other words, Vj,; is the potential barrier the electrons of
the conduction band in the n-region see when trying to move into the conduction band
of the p-region and the potential barrier the holes in the valence band of the p-region
see when trying to move into the valence band of the n-region. Mathematically, V;; is

given by Equation 2.15 as [8]:

kKT . [ NaN
V})i:eln< AQD), (2.15)

T

where £ is the Boltzmann constant, T is the temperature (in Kelvin), e is the elementary
charge, N4 and Np are the concentrations of acceptors and donors, respectively, and n;

is the intrinsic carrier concentration of the semiconductor.

The total current of an ideal p-n diode of area A is given by the Shockley diode

equation as:

I=1, (eeV/kT - 1) : (2.16)

where the reverse saturation current, I, of Equation 2.16 has been defined as:
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D, n? D,, n?
I;=eA| |22+ /=2 . 2.17
e < - D+ TnNA> (2.17)

Here, D, , and 7, ,, are the hole and electron diffusion constants and the hole and electron

minority-carrier lifetimes, respectively, and V is the applied voltage.

Under forward bias, the p- and n-type materials are connected to the positive and
negative bias, respectively. The potential barrier is reduced, allowing the injection of
the majority carrier electrons from the n-side across the depletion region into the p-
material, and the majority carrier holes from the p-side are injected across the depletion
region to the n-material. The applied voltage is much larger than the thermal voltage

(V >> kT/e), and Equations 2.16 and 2.17 can now be rewritten as [8]:

I=eA (, /&NA + 4 /D"ND) eV =Vei) /KT (2.18)
Tp Tn

The exponential part of Equation 2.18 denotes that when the applied voltage approaches
the built-in voltage, the current of the junction rapidly increases. The voltage at which
the exponential increase in current occurs is known as the turn-on voltage or threshold
voltage, V. For an ideal junction (where every electron that recombines with a hole in
the depletion region generates a photon), V;, can be approximated by the ratio of the

bandgap energy of the semiconductor and the elementary charge, i.e.:

E
Vip ~ ?9 (2.19)

Practically, LEDs and micro-LEDs (LEDs of diameter/dimensions < 100 pum) exhibit
parasitic resistances that result in deviation from the ideal Shockley equation. The para-
sitic resistance can be either series (R;) or parallel resistance (R,). E.g., in GaN devices,
the parasitic resistance can be attributed to factors including bandgap discontinuities,
low p-type GaN conductivity and poor Ohmic contacts. If Ry and R, are taken into

account then Equation 2.18 (in forward bias) becomes [8]:
- VIR o etvoIR)/(nkT), (2.20)
e
For the Shockley equation it was assumed that R, — oo, R — 0 and n = 1.

Under reverse bias, a positive voltage is applied to the n-region of the diode and
a negative voltage to the p-type material. As a result, the V4; and the width of the

depletion region increase, limiting the diffusion of the majority carrier electrons and
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holes. However, a small negative current is observed attributed to the drift currents
of the thermally generated minority carrier electrons in the p-region and the minority
carrier holes on the n-region. In the absence of parallel resistance, the drift current
component is essentially independent of V4; and is so small that it can be considered

negligible [9].

Optical characteristics

Electrons and holes in an LED-based device can recombine either radiatively or non-
radiatively. The former is clearly preferred (Figure 2.3c) and can be quantitatively

expressed by the bimolecular rate equation as [10]:

dn dp
R=—""—_"Y_ Bn 2.21
i ol P, (2.21)
where R denotes recombination, B is the bimolecular recombination coefficient (in
cm?/s) that is material dependent and n, p are the electrons and holes concentrations,

respectively. Thus, the intensity of luminescence is proportional to the recombination

rate or the carrier concentration.
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&b @? &b @
ehh I

FIGURE 2.3: Schematic illustration of the (a) SRH recombination, (b) Auger eeh and
ehh recombinations, and (c) radiative recombination. Taken from [10]. The vertical
axis in this schematic is energy.

In the unwanted non-radiative recombination processes, the energy released during
the electron-hole recombination is converted to heat (phonons). This is attributed to
defects in the crystal lattice, such as unwanted foreign atoms, dislocations, native defects,
etc., which generate energy levels within the bandgap, acting as traps (or deep levels).
The recombination via deep levels is known as Shockley-Read-Hall (SRH) recombination
and is illustrated in Figure 2.3 as process (a). SRH recombination can also occur at the

surface of the semiconductor. Surfaces can be considered as abrupt discontinuities from

Typical values of B in GaN micro-LEDs: for a 44 pm diameter 450 nm emitting device, Baso =
(0.33—1.5) x 107! cm? /s, whereas for a 54 yum diameter 520 nm emitting device, Bsao = (0.4—2)x 1072
3
cm® /s [11].
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the crystal lattice periodicity that result in the addition of electronic states within the

crystal’s bandgap [10].

Another non-radiative process is Auger recombination, as shown in Figure 2.3b. Two
types of Auger recombination are considered; one involves two electrons and a hole (eeh),
and the other involves an electron and two holes (ehh). During the former process,
the energy from an electron-hole recombination is dissipated to a free electron in the
conduction band (“hot” electron). In the latter, a hole is excited deep in the valence band
(“hot” hole). Subsequently, the hot electrons and holes lose their energy via multiple

phonon emission [10].

Radiative recombination can be characterised by its efficiency. Ideally, an LED would
emit a photon per injected electron. In reality, however, some photons emitted from
the active region do not leave the semiconductor die due to internal reflection or/and
reabsorption effects by the LED substrate and metallic contact. Two important optical
properties of the LED-based devices that define their efficiency are internal quantum
efficiency (IQE) and external quantum efficiency (EQE). IQE can be defined as the
ratio of the generated photons in the active region per second to the number of electrons

injected into LED per second, i.e. [12]:

IQF = ————~ 2.22
qp=—i2, (222
where Pj,: is the optical power emitted from the active region and I is the injected

current. The EQE gives the ratio of the number of photons emitted into free space per

second to the number of electrons injected into LED per second, i.e. [12]:

P/(hf)

EQE = I/e ’

(2.23)

where P is the optical power emitted into free space. Examples of IQE and EQE values
for GaN-based micro-LEDs have been reported in the literature and can reach peaks up
to 74% for IQE [13] and usually below 15% for EQE [14].

The spectral characteristics of an LED are strongly dependent on the spontaneous
emission of a photon upon “vertical” (in k-space) electron-hole recombination, as was
previously shown in Figures 2.1a and 2.3c. In practice, for 7' > 0 K, the photon energy
is not exactly equal to F, since electrons and holes also have thermal energy that forces
them to reside slightly above and below their band edges, E. and E,, as shown in Figure
2.4a. Consequently, the emitted photon energy will be slightly larger than E,.
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FIGURE 2.4: (a) “Vertical” (in k-space) electron-hole recombinations at the edges of
the conduction and valence bands and slightly above them. (b) Theoretical emission
spectrum of an LED. Both figures taken from [12].

The emission intensity of an LED (or the spontaneous emission rate) is given theoret-
ically by the product of the density of states, g(E) (proportional to \/m in a 1D
case, see Section 2.1.2) and the probability these states being occupied by a carrier (given
by the Fermi-Dirac distribution, f(E), as discussed in Section 2.1.2). The result of the
product is shown schematically in Figure 2.4b where f(F) has been approximated by
the Boltzmann distribution for simplicity. The spectrum of spontaneous emission fea-
tures an energy threshold of E,, a peak of E; 4+ (kT'/2) and an energy full-width at
half-maximum (FWHM) of AE = 1.8 kT, or a wavelength FWHM of [7, 12]:

_L8ET N

AN
he

(2.24)
Practically, the emission spectrum of a real LED device differs from the above theoretical
idealisation. Emission spectra of a 40 x 40 pm? micro-LED with a central emission
wavelength at ~ 435 nm, acquired by R. Ferreira in [15] and shown in Figure 2.5,
reveal a different behaviour that is not predicted above. As the injection current slightly
increases (up to 20 mA), there is a blue-shift of A,c.r due to crystal lattice defects,
piezoelectric effects or/and energy band misalignments. However, at 1 > 40 mA, \peqr
shifts towards longer wavelengths (red-shift) due to the E, decrease as the junction
temperature increases. Finally, the temperature rise increases A\, which agrees with
Equation 2.24.

2.1.4 Quantum well structures

What has been discussed in the previous section referred to p-n diodes whose minority
carriers recombine radiatively (and non-radiatively) after diffusion in the opposite con-
ductivity type of the junction. In the case of homojunctions (or homostructures, see

Figure 2.6a), the mean distance a minority carrier diffuses before recombination (i.e.,
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FIGURE 2.5: Emission spectra of a 40 x 40 pm? micro-LED under different currents.
Taken from [15].

the diffusion length, L, ,) can be significant (on the order of several ym’s) limiting the

carrier concentration, and thus, the radiative efficiency of an LED (see Equation 2.21).
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FIGURE 2.6: Schematic illustration of a forward biased (a) homojunction and (b) a
QW (or DH). Both figures taken from [8].

The latter can be mitigated using quantum wells (QWs or double heterostructures,
DHs). A single QW is formed by three layers of materials in such a way that the intrinsic
(i-type) middle layer of thickness Wppy has a smaller E, than the surrounding layers
(see Figure 2.6b). The outer layers can be doped for electrical injection. This bandgap
difference creates potential barriers where charge carriers are confined for recombination
in the intrinsic material. The width of the narrow i-region, where recombination occurs
(also known as active region), can be engineered down to a few nm’s and be comparable

to or smaller than the de Broglie wavelength [16]:

Wpra < AdeB = o) (2.25)
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In such a situation, the quantisation of the carrier energy in discrete values must be
taken into account?. p(2) in Equation 2.25 corresponds to the carrier momentum in the

growth, z, direction where the carriers are confined (free motion in the z, y plane).

Eu

\ 4

FIGURE 2.7: Schematic illustration of a QW structure, showing that the energy photon
from the E.; — Ej; optical transition is larger than Egy. E.j refers to the electron
and hole-confined energies.

A confined carrier in a QW can be approximated with the quantum mechanics problem
of a particle within an infinite potential welll (see in Section 2.1.1, Equation 2.4). By
solving Schrédinger’s equation for a QW of width Wpp, the energy of the carriers is

provided in integer multiples:

h2n2r2 hZn?
= * 2 = * 2
2m*Wey  8m*Why

E, where n=1,2,3,... (2.26)
By examining Equation 2.26 and Figure 2.7, it is deduced that as the width of the
QW decreases and becomes narrower, the energy level separation increases resulting
in emitted photons of shorter wavelengths from the active region of the QW. Thus,
wavelength tuning of an LED can be achieved by carefully engineering the width of its
active region. Additionally, the carriers’ confinement in a QW improves its radiative
efficiency. This explains why highly efficient LEDs are structured by multiple QWs (i.e.,

a QW structure repeated multiple times in the growth (z) direction).

$The Agep for GaN is ~ 17 nm, given that m* = 2m. which means that for a GaN active layer of
< 17 nm quantum effects can be observed.

11t is noted that although the QW of an LED can be approximated with an infinite potential well
for simplicity, it will lead to an overestimation of the confinement energy of the carriers. In reality,
a QW’s barriers are finite; thus, a finite potential well is a closer approximation to a real LED. This
approximation allows the wavefunction to spread out due to quantum tunnelling effects, thereby reducing
the confinement energy [16].
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FIGURE 2.8: Room-temperature £, and Ay, versus aq for an AllnGaN alloy system.
Taken from [17].

Another way to engineer the wavelength tuning of a QW is to change the composition
of its layer and, thus, its bandgap energy. For instance, in III-V nitride alloys and more
particularly in InGaN/GaN and AlInN/InN QWs, the emission wavelength (A, ) can be
changed from violet to red in the visible by varying the In and Al content, respectively.
This is shown in Figure 2.8 where room-temperature F, and A, versus lattice constant
() are illustrated for the AllnGaN alloy system. The subscript notation denotes the
relative composition of an alloy, e.g., Ing.1GaggN means that this alloy comprises 10%
InN and 90% GaN. In “real-world” In,Ga;_,N alloy systems, violet is emitted when the

In composition equals to x = 9%, blue when = = 17%, and green for x = 30% [18].

An example of the epitaxial structure of such a micro-LED emitting at ~ 370nm [19],
can be seen in Figure 2.9. A 25 nm thick buffer layer of undoped GaN is grown on a
c-plane sapphire substrate, followed by 2.3 um of undoped GaN, 1.4 pym of Si-doped
n-type GaN and then a multi-quantum well (MQW) region approximately 50 nm in
thickness. The MQW is capped with a 100 nm thick magnesium (Mg)-doped AlGaN
cladding layer, or “electron-blocking” layer, which is intended to provide a potential
barrier to prevent electrons overflowing and escaping the active region. The structure
is finally capped with a 20 nm thick Mg-doped GaN contact layer. The MQW region
consists of seven Ing g5GaggsN quantum wells, each of 2 nm thickness, with 10 nm thick
Alp.oGaggN barriers. Thin quantum well structures are favoured for growth in c-plane

sapphire as they minimise the spatial charge separation due to built in strain fields that
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can result in reduced radiative rates due to a separation and reduced overlap of the
electron and hole wavefunctions, a phenomenon known as the “quantum confined Stark
effect” (QCSE). This structure is fairly representative of the epitaxial structure of the
micro-LEDs discussed in this thesis, and of InGaN-based LEDs in general [20].

250 nm p-GaN ~——
100 nm cladding —— 10 nm Alp,2GansN
~50 nm MQW  — S
1.4 ym n-GaN —=—— 2 nm Ing.g5GagesN
23umGaN —+——

25 nm buffer layer ———=

300 pm sapphire ——

Epitaxial structure MQW region

FIGURE 2.9: Schematic illustration of a typical epitaxial structure of a UV-emitting
micro-LED. The multiple QW (MQW) region is expanded and is shown on the right
side of the figure (schematic not to scale). Image taken from [20] and data from [19].

2.1.5 The laser diode

Off-the-shelf laser diodes (LDs) have been employed throughout this thesis, either for
the characterisation of the turbidity of the water samples (see Section 1.6) or for the
underwater wireless data transmission by using the Fibrance®Light-Diffusing Fibre (see

Chapter 5).

A LD is related to an LED in that both devices comprise a p-n junction, and their
energy source is an electric current injected into the p-n junction (see Figure 2.10). The
LD operational principle, though, differs from an LED’s. As shown in the previous
sections, the photon output of an LED is random in space and time (incoherent) due
to the spontaneous and radiative recombination of an electron-hole pair. On the other
hand, as the acronym of “laser” suggests (Light Amplification by Stimulated Emission
of Radiation), the output photon of a LD is due to stimulated emission. In this process,
an already excited atom is stimulated by a photon of energy > F, and forces it back to
its ground state by the emission of a second photon of the same wavelength and phase
as the incident one. Thereby, the output light comprises two photons (i.e., optical gain

or amplification) that are in phase; therefore, the laser light is coherent.
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FI1GURE 2.10: Left, an OSRAM PL520 green LD with its cap on, and right, the same
LD with its cap off (taken from [21]).

One of the conditions to achieve lasing is the population inversion that can be briefly
explained as follows; moving away from the energy bands picture of solids for simplicity,
we now assume a system of two energy levels, as shown in Figure 2.11, E; (ground
state) and Ey (excited state) that are populated by electron concentrations of N; and

Na, respectively.

spontaneous stimulated
emission absorption emission
—e (o) ° E,
AN\
avYaYw = >
—0 ) o El

FIGURE 2.11: The optical processes of absorption, spontaneous emission and stimu-
lated emission of a two-energy level system with F; < FEy. Adapted from [22].

When light of intensity ¢ is incident on the two-energy level system, the occurring optical
processes are absorption, spontaneous emission and stimulated emission. The transition

rates of these processes can be described as [7]:

R, = B12 N1 ¢,
Rsp — A21 N27 (227)
Ry = Bo1 N ¢.
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Here, By, A1, and Byo are the Einstein coefficients for absorption, spontaneous emis-
sion, and stimulated emission, respectively, that have dimension [time] ~!. If spontaneous

emission is ignored and Bjs = Baj, the net optical output of a laser is given by:

Ryt — Rap = (N3 — Ny) Boy 6. (2.28)

Population inversion occurs when the laser system is pumped (i.e., the p-n junction is
forward biased) so that Ny > Nj and the net optical gain of the laser from Equation
2.28 is positive.

The second lasing condition involves a structural requirement. An optical resonator
(or optical cavity) placed in the direction of the light output (z-direction) serves to trap
the light inside and build up the light intensity. The resonator consists of two perfectly
parallel mirror-like walls (perpendicular to the junction), one of which can be partially
reflecting so that a portion of light can come out only from one side whilst the other is
(nominally) totally reflecting. The optical cavity of length L can support those resonant

frequencies (longitudinal modes) for which the following formula is satisfied:

N @) =L, (2.29)

i.e., the length of the cavity must be an integral number (V) of half wavelengths [2].
The longitudinal modes are separated by A\ = %AN . It is therefore deduced that by
reducing L, A\ increases, and the output of the LD can be led to a single dominant

mode with a very narrow bandwidth [2].

If the optical gain due to stimulated emission is denoted as g and the optical losses

due to absorption are denoted as a, the net gain/losses formula is given by [7]:

$(z) x 92, (2.30)

Optical losses also occur due to the partially reflecting mirror of the cavity. If Ry and Rs
are the mirrors’ reflectivities, then after one round trip through the cavity, Ry, Rs and
a are fixed and g is the only parameter that varies the overall gain for a given system.
To sustain a lasing action, the overall gain must be positive as losses are typically

represented by a factor less than unity. This can be expressed by the formula [7]:

RiRy 992k 5 1, (2.31)
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FIGURE 2.12: Emission spectra of a LD under different bias conditions; (a) current (or
current density) much below threshold, (b) current just below threshold, (c) current
just above threshold, (d) current much above threshold. Taken from [7].

The condition being greater than unity ensures that the amplification of light exceeds
losses and is capable of sustaining lasing in the laser cavity. From Equation 2.31 the

threshold gain, g4, yields as [2, 7]:

gt (2 (2.32)
Jth = 4T o M\ RiRy ) '

The optical gain of a LD is proportional to the current applied across the p-n junction;
at low current densities (J, in A/cm?), spontaneous emission is the dominant process,
and the output light comprises a broad spectrum (like an LED’s, see Figure 2.12a). As
the current density increases, so does g, and light intensity peaks start to appear that
correspond to the modes (or standing waves) the optical cavity can support (Figure
2.12b). When a current density value is above threshold (Jy,), g is now expressed by
Equation 2.32 and is larger than optical losses (i.e., lasing, Figure 2.12c). The threshold

current density is given by [2]:

1 1 1
Jth:ﬁ[a—i_ﬂ,ln <R1R2>} (2.33)

B can be determined either experimentally or theoretically. The number of modes can
be reduced by further increasing the applied current density (Figure 2.12d), which com-
plements the previous discussion on reducing the optical cavity’s length (see Equation
2.29).
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FIGURE 2.13: (a) A typical LI curve of a LD along with the physical processes taking
place as the bias current increases (taken from [7]). (b) Comparison of the normalised
emission spectra of a “home-made” green micro-LED (used in Chapter 4) and an OS-
RAM green LD (used in Section 1.6 and Chapter 5).

A typical curve of a LD that shows the output light versus the input current (LI
curve) is shown in Figure 2.13a, where the processes of spontaneous and stimulated
emission, as previously discussed, have been indicated. Gain saturation arises when
the stimulated emission rate is so high that the population inversion can no longer be

sustained.

For comparison, Figure 2.13b shows the normalised emission spectra of two devices
used in this thesis, along with their FWHM values. The broad spectrum (dark green
curve) corresponds to a green micro-LED with a central emission peak at 512 nm,
developed at the University of Strathclyde’s Institute of Photonics (IoP) by José Carreira
and utilised in Chapter 4. The narrow spectrum (light green curve) corresponds to the
OSRAM green LD (as shown in Figure 2.10) with a central emission peak at 514 nm and
was used extensively in Chapters 1 (Section 1.6) and 5. The difference in their FWHM
(30.8 nm for the micro-LED and 1.12 nm for the LD) of both devices is attributed to
the isotropic incoherent output light of the micro-LED due to spontaneous emission and

the coherent amplified output light of the LD due to stimulated emission.

2.1.6 Photodetectors

In this thesis, various photodetectors were utilised. These are summarised as a PIN pho-
todiode in Chapter 3, a “Photon Torrent” single photon avalanche photodiode (SPAD)
array (developed by Professor Robert Henderson’s group at the University of Edinburgh)
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in Chapter 4, and a sensL Si photomultiplier (SiPM) in Chapter 5. The basic operational

principles of these photodetectors are discussed in the following subsections.

By definition, photodetectors are devices that convert optical signals into electrical
signals. Some of their important general characteristics are the quantum efficiency (QE)
which must be high at the operating wavelengths, the response speed, and the device
noise, which must be kept low so the output signal can be better discriminated from the

background noise. These features are briefly outlined below.

Quantum efficiency

The QE (1) of a photodetector represents the probability an output signal is generated
upon the absorption of an incident photon. It is defined as the number of carriers

(electrons or holes) produced per number of incident photons, i.e. [7]:

L S x 1240

_ A 2.34
=" o (2.34)

where I, is the photocurrent, ® is the photon flux (= P, /hf, with P,y being the
optical power), S is the photosensitivity (= I,n/Popt), a metric that is similar to QE, and
A is the wavelength of the incident light (in A). QE is usually expressed as a percentage;
thus, an ideal photodetector will have n = 100%. In practice, though, n is always
lower due to various factors that lead to photon losses, such as absorption, scattering
or reflection from the air-semiconductor interface. The absorption of a photon is also
strongly dependent on the photodetector’s material and design. It is worth noting that a
photon absorbed successfully by the device will not always result in an electrical output

signal [23].

Response speed

A photodetector’s response speed (7) expresses the time it takes to extract the generated
carriers in an output signal. The response speed can be limited by a combination of

three factors, namely 71, 7o, and 73 [7, 24].

71 is proportional to the R;C; time constant, where Ry, is the load resistance of the
junction and Cj is its capacitance. C; is proportional to the area of the depletion region
(or the photosensitive area), W, of the photodetector; thus, the device’s depletion layer
must not be too wide. On the other hand, by decreasing W, R, increases and therefore,

a compromise on the area of the depletion layer must be considered.

T9 is associated with the diffusion time of the carriers generated outside the depletion

layer when the surrounding area of the photosensitive region and the substrate below the
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depletion layer absorb light. The depletion layer should be formed close to the surface

to minimise 7.

73 refers to the time it takes for the carriers to diffuse in the depletion layer. Min-
imising the depletion layer’s thickness minimises 3. However, as previously mentioned,

the decrease of W leads inevitably to an increase of 7.

All the factors mentioned above combine to determine the response speed of a pho-

todetector, whose formula is finally given by [24]:

T=\/TE+ 7T+ T (2.35)

Device noise

Besides a significant output signal, low noise is highly desirable in photodetectors tech-
nology as it determines the minimum detectable “useful” signal. The signal-to-noise
(SNR) ratio is a metric that compares the level of the output signal to the level of the
background noise, and it is defined as the ratio of the signal power to the noise power.
The origin of the noise is found in various factors. Some of these include the “dark”
noise, i.e., the triggering of an output signal when the photodetector is biased but no
incident light is present. Thermal noise can also be met when £T" > E;, or when the
carriers are thermally agitated in any resistive device (“Johnson” noise). Another noise
source is the “shot” noise linked to the single events of the photoelectric effect, and it
is more pronounced when the signal level is comparable to itl. Surface traps due to
imperfections of the photodetector’s material can also be considered as noise sources

(“flicker” noise) that lead to unwanted random generation-recombination events [7].

electrode
electrode
\ n*
hf>E ¢
Ve o

FIGURE 2.14: Schematic illustration of a PIN diode with a reverse bias (V,.) applied
across it. Taken from [25].

IThe SNR according to Poisson statistics is SNR = —-. For a minimum detectable signal, the SNR
should be set equal to a minimum threshold value, i.e., SNR = 1. Therefore, the minimum detectable
signal is S = VN.

2
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PIN photodiode

As introduced in Section 2.1.4, a PIN photodiode is formed by a p-n junction with an
i-layer (intrinsic) between the p and n materials (see Figure 2.14). The i-layer of width

W can be intrinsic or lightly doped compared to the heavily doped p- and n-regions.

The advantages of a PIN photodiode over a p-n photodiode can be summarised as
follows [25]; firstly, the purpose of the i-layer is to increase the photosensitivity of the
PIN device as its width is much larger when compared to that of a simple p-n junction
and the PIN structure is designed so that the photon absorption takes place primarily
within the i-layer. It should be noted that by designing PIN devices with large W, more
photons can be absorbed, which leads to an increased output signal, but the speed of

response of the devices is slowed as the carriers’ transit time becomes longer.

Secondly, the W in a PIN photodiode is fixed by the structure; thus, it is indepen-
dent of the applied voltage. The latter makes the PIN devices suitable for applications

requiring high reverse voltage.

Thirdly, the capacitance of the depletion layer is very small (on the order of pico-
farads) and inversely proportional to W. As discussed, small C' leads to small RC' time
constants rendering the PIN photodiode suitable for high modulation frequency signal

photodetection.

The PIN silicon photodiode used in Chapter 3 (Femto, HSA-X-S-1G4-SI, Figure
2.15a) has a time response of typically ~ 250 ps [26]. In contrast, a silicon photomul-
tiplier’s time response, for instance, can be on the order of ns or us. Some additional
information on the Femto PIN photodiode is the device’s upper cut-off frequency at
1.4 GHz and its maximum spectral response or sensitivity of 0.51 A/W at 760 nm [26]
(Figure 2.15b).
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FIGURE 2.15: (a) Femto Si-PIN photodiode used in Chapter 3 and (b) its photosen-
sitivity versus wavelength. Taken from [26].
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Single-photon avalanche diode

A single-photon avalanche diode (SPAD) is essentially a p-n diode in which the applied
reverse voltage is well above the breakdown voltage (Vjq), a mode of operation known
as Geiger mode. At this bias, the electric field is so high (> 5 x 10° V/cm) in the
depletion region that an electron drifting within it can gain sufficient kinetic energy
(KE) to ionise a host crystal atom by bombardment (impact ionisation). For the impact
ionisation to occur, the electron’s KE should be larger than E, (that is equivalent
to exciting an electron from the valence band to the conduction band) and thus, an
electron-hole pair is created [25]. The electron-hole pairs generated by impact ionisation
can now be accelerated by the electric field that will give rise to further ionising collisions
triggering an avalanche effect (Figure 2.16a), leading to a fast discharge of the device’s
depletion capacitance. It is worth noting that the internal amplification (gain) due
to the avalanche effect in a SPAD can be of up to 108, contrary to conventional p-n
and PIN photodiodes whose gain is 1, rendering SPADs as an attractive candidate for

photon-limited underwater links [27].

The output of a SPAD comprises a train of sharp current pulses of the same amplitude
that indicate the arrival times of the photons at the sensor (Figure 2.16b). Since the
received pulses are of the same amplitude, intensity information can be provided by
recording the number of the obtained pulses or measuring the mean time interval between

subsequent pulses [28].

Once a current is flowing, the avalanche should be quenched to avoid complete damage
of the diode. This is achieved by an external circuit that temporarily lowers the bias
voltage below V4. Thus the electric field in the p-n junction can no longer sustain
impact ionisation, and the avalanche stops. The SPAD is then charged back gradually,
and eventually, the bias voltage goes above V4. Then, the SPAD is fully light-sensitive
again. This process is depicted in Figure 2.16c. The time it takes to quench the avalanche
and recharge the diode (up to ~ 90%) is defined as the dead time that is usually on
the order of ns. As a result of the above, a SPAD operates in a “binary” on/off mode
where “on” corresponds to the signal detection of one photon, regardless of the number

of photons interacting with the diode.
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FIGURE 2.16: (a) Schematic illustration of the avalanche effect generated by impact
ionisation and occurring in the depletion region of a SPAD (taken from [29]). (b)
Tllustration of the output of a SPAD in the form of train pulses of the same amplitude,
and (c) the SPAD’s quenching mechanism (taken from [30]).

The silicon photomultiplier

A silicon photomultiplier (SiPM, used in Chapter 5) can be employed to overcome the
disproportion between the incident photon flux and output signal mentioned previously.
A SiPM is essentially an array of independent SPADs (microcells, Figure 2.17a), each
with its own quenching mechanism. This means that when a photon is detected by
a microcell independently, a Geiger avalanche is triggered and confined to the single
microcell it was initiated in (along with the quenching process that follows, as described
above). During the recovery time of the triggered microdevice, all other microcells of
the SiPM remain charged and ready for photon detection. The sum of the photocurrents
from each microcell is combined to form an output signal of the SPAD (see Figure 2.17b)
in a quasi-analog form, and therefore, information on the magnitude of the incident
photon flux can be acquired. An important performance parameter of a SiPM is its
spectral response, i.e., its photon detection efficiency (PDE). PDE is the probability an

incident photon to generate an avalanche and is defined as [30, 31]:

PDE()\, V) = 17()\) . G(V) . Ffm = 77(>\)PDP . Ffm. (2.36)

Here, n(\) is the device quantum efficiency and e(V') is the avalanche initiation proba-
bility. Their product, n(X)ppp, is the photon detection probability and F;; the device
fill factor, i.e., the percentage of the SiPM area that is sensitive to light. The PDE of
the 6 x 6 mm? sensL SiPM used in this thesis, versus wavelength, can be seen in Figure

2.17c. The PDE, 4, is 51% at 420 nm at 6 V overvoltage (i.e., the applied voltage above
Vid)-
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FIGURE 2.17: (a) Images of a sensL SiPM and the microcell structure on its surface.
(b) A simplified electric circuit illustrating the array of microcells (photodiode and
quench resistor) of a sensL. SiPM. (c) PDE versus wavelength for a 6 x 6 mm? sensL
SiPM at different overvoltage values (2.5 V-dashed curve, 6 V-continuous curve). Taken
from [30].

Fyy; has its importance in SiPMs as each microcell needs to be separated from its
neighbour for electrical purposes, such as space required for the quench resistor and
signal tracks, and optical purposes, such as the avoidance of noise in the form of after-
pulsing and optical crosstalk. The former regards trapped carriers in Si defects that can
be released after a delay of several ns, triggering an avalanche and eventually creating an
afterpulse in the same microcell. Afterpulsing can be negligible when occurring within
the device dead time but impactful when occurring at longer delays. Optical crosstalk is
an additional source of unwanted noise for a SIPM. It refers to the probability a microcell
is triggered by a neighbouring avalanching microcell that results in higher signal gen-
eration than a single photon’s level. Crosstalk is overvoltage and fill factor-dependent.
Thus a trade-off between the two parameters should be considered to minimise it. A
high fill factor (larger microcells) will result in higher PDE. But also in higher noise

levels and, eventually, a lower dynamic range. A lower fill factor (smaller microcells)
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will result in lower PDE but higher dynamic range due to lower capacitances and faster

recovery times [30].

SiPMs are nowadays well-recognised photodetectors thanks to their high gain, low op-
erating voltage, compactness, exceptional photon detection capability and single photon
resolution. These advantages of SiPMs over other devices, such as PIN photodiodes, ren-
der them attractive candidates for applications where UWOC and SWaP (Size, Weight
and Power) or SMaP (Size, Mass and Power) portable devices can be successfully com-
bined.

The “Photon Torrent” SPAD array

The Photon Torrent chip (used in Chapter 4) is essentially a bespoke SPAD array
that combines the single-photon sensitivity of a SPAD with the speed of a conventional
photodetector. The output of the array is combined using XOR trees so that the device
operates as a digital Si photomultiplier (dSiPM) [32] with a single output of photons at
given sample rates of 100 MHz, 200 MHz, 400 MHz, and 800 MHz (Figure 2.18) [33].

Digital combination )

FIGURE 2.18: Photograph of the Photon Torrent chip along with a plan-view photo-
graph of the SPAD array and a simplified electric circuit illustrating the SPAD pixels.
Taken from [29, 33].

The device consists of 64 x 64 pixels giving 4096 Si SPADs on a 21 um pitch, with a fill

factor of Fyyy = 43%. The chip dimensions are 2.6 x 2.8 mm? (including the surrounding
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electronics), and it is packaged to interface with a Printed Circuit Board (PCB). The
chip is controlled and powered via a Field Programmable Gate Array (FPGA), and
an external bias of 15.2 V is applied to the SPAD pixels. The individual pixels have
nppp = 37% at 450 nm (PDE.;, ~ 16%) and a dead time of 12 ns [34].

Strathclyde University’s IoP has extensively used the chip in free-space optical (FSO)
communication links. For instance, Griffiths et al. in [31] demonstrated data rates of
up to 20 Mb/s over 750 m in a “real-world” scenario with a micro-LED source. Further
Photon Torrent applications of exceptionally high sensitivity levels can be found in [33]
where data rates of 50 kb/s and optical received power in the picowatt range have been

demonstrated.

The latter can be highly applicable in underwater environments where scattering
and/or absorption are dominant, resulting in high light attenuation and, thereby, es-
tablishing a UWOC link is challenging. Preliminary results using a micro-LED array
emitting at 450 nm and the Photon Torrent as a receiver over the water tank (the same
experimental set-up as introduced in Section 1.6) showed that 20 kb/s can be transmit-
ted “error-free” (bit-error ratio < 1 x 1073)** over 7.5 ALs (Figure 2.19). This number
of ALs practically means that 99.94 % of the light propagated over the water tank is
lost. The practicality of the Photon Torrent in UWOC applications is marked since even
under a significant degree of light attenuation, data transmission is achievable without

needing a high-power optical transmitter.

1005 T T T T T T T
1L 4
107 ¢ 1

102 y J

BER

10°F _C _

107 > ]

10.5 4 1 i | 1 1 1
3.75 4.5 5.25 6 6.75 7.5 8.25 9
# of attenuation lengths

FIGURE 2.19: Bit-error ratio (BER) of a 20 kb/s UWOC link with varying the number
of attenuation lengths.

**The ratio of the incorrectly decoded bits to the total transmitted bits is the bit-error ratio (BER)
and BER values below 1 x 1072 can be corrected with forward error correction (FEC) algorithms [35].
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2.2 Modulation schemes

In (underwater) visible light communications (VLC) using LEDs and most schemes in-
volving LDs, the information to be transmitted is encoded to the instantaneous intensity
of the optical carrier!’. A simplified depiction of the modulation process of, e.g., an LED

device is summarised in the block diagram shown in Figure 2.20.
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FIGURE 2.20: Simplified block diagram of a VLC system. Adapted from [36].

The input bit stream, in digital form, is firstly encoded using the chosen modulation
scheme. A digital-to-analog converter (DAC) or a waveform generator converts the
digital signal to a voltage signal (analog) that will modulate the LED device. This signal
is then combined via a bias-tee with a DC bias. The DC bias drives the LED device above
its threshold voltage (V;, see Section 2.1.3) in the regime where the luminosity-voltage
curve (L-V) or luminosity-current curve (L-I) is quasi-linear [36, 37]. The optical output
of the LED is then modulated by the AC signal coming from the waveform generator
following the LED’s L-V or L-I curve. The optical signal is propagated over the optical
channel via optics to the receiver end. At the receiver side, a photodiode converts the
optical signal into an electrical signal and the input bit stream is ideally fully recovered

by the decoder electronics.

2.2.1 On-off keying

On-off keying (OOK) was used in the experiments presented in Chapters 4 and 5 and
is considered the simplest (in terms of hardware and concept) method of transmitting
data. The information is in this case encoded in the intensity of output pulses modulated
between two levels, representing binary values of “0” and “1”. For the LED- and laser-
based devices used in this thesis, the two intensity levels are often below and above
the DC bias, combined with the AC modulated signal and provided by a bias-tee (see
above). OOK can either be Non-Return-to-Zero (NRZ), in which a transmitted pulse

"For LDs the information could also be encoded. e.g., in polarisation or orbital angular momentum.
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has a pulse duration equal to the bit duration, and thus the pulse intensity remains
constant, or Return-to-Zero (RZ), where the pulse duration equals a portion of the
pulse bit and returns to “zero” state [36, 38]. A schematic illustration of an OOK data

stream is shown in Figure 2.21.

Decoding the transmitted data at the receiver end requires a threshold to determine
the transmitted bit. As the modulation rate increases, the two intensity levels will
become closer, making the distinction between them difficult. This results in binary

symbols being decoded incorrectly, i.e., in bit errors or ISI.
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FIGURE 2.21: Schematic of an OOK optical transmission of a data sequence
[0010110101].

To mitigate these effects, other modulation schemes that are tolerant to, e.g. ISI and
offer higher spectral efficiency can be considered. The higher the spectral efficiency, the
more data (higher data rates) can be transmitted over the available system bandwidth
[36]. Such a scheme is orthogonal frequency division multiplexing (OFDM) and will be

presented in the subsequent section.

2.2.2 Orthogonal frequency division multiplexing

OFDM effectively utilises the available frequency bandwidth by dividing it into sub-
carriers, each representing sinusoidal signals with distinct frequencies. Unlike OOK,
where data is sent one bit at a time, OFDM enables the transmission of multiple data
streams concurrently. The key concept in OFDM is using sub-carriers, which are essen-
tially individual carriers dedicated to specific frequencies within the allocated bandwidth
(Figure 2.22). These sub-carriers can be encoded by alternating their amplitude and/or

phase using a modulation scheme such as Quadrature Amplitude Modulation (QAM).

The frequencies of the modulated sub-carriers are chosen to be mathematically or-
thogonal among them, which is the main idea in OFDM. Orthogonality implies that the
inner product of any two distinct sub-carriers is zero, essentially making them indepen-
dent. In the context of OFDM, the sub-carriers are designed to be orthogonal, meaning

their waveforms are aligned so their peaks and troughs do not coincide. This unique
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property allows the simultaneous transmission of multiple sub-carriers in a confined fre-
quency space without causing interference among them. Consequently, this inherent
orthogonality is a fundamental reason why OFDM is highly resilient against ISI. Follow-
ing modulation, the subcarriers are combined using the Inverse Fast Fourier Transform

(IFFT) to synthesise waveforms in the time domain, ready for transmission.
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FIGURE 2.22: Spectra of different OFDM sub-carriers (shown in different colours) in
the frequency domain. Although their spectra overlap, the sub-carriers do not interfere
with each other due to their orthogonality. Image taken from [39].

Although OFDM has been extensively used in free-space optical wireless communica-
tions for the demonstration of data rates on the order of Gb/s (e.g., 11.74 Gb/s by Xie et
al. in 2020 [40]), it can require complex hardware or can be computationally heavy (thus,
power-hungry). This can potentially make the implementation of OFDM impractical in
natural underwater environments. However, it shows the full capability of high-speed
data transfer underwater when compared with other technologies, such as acoustic and
radio frequency. Two representative examples of OFDM in high-speed UWOC can be
found in Chapter 3, where 4.92 Gb/s over 1.5 m of tap water were demonstrated by
using a blue micro-LED array as a transmitter [41], and in [42], by Huang et al., where

14.8 Gb/s were reported over 1.7 m of seawater, by using a blue GaN LD.

2.3 Summary

This chapter first briefly explained the underlying physics of the semiconductor devices
used throughout this thesis. Some introductory terms of semiconductor physics were
analysed, such as energy band diagrams, carrier concentrations and effective mass. In
the following chapters, the devices for UWOC are LED- and laser-based devices, and
therefore, the operation principles of a p-n junction were detailed along with those of
the laser diode. A brief summary of the features of the photodetectors used in this

dissertation was also reported: a PIN photodiode, an array of SPADs (SiPM), and the
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Photon Torrent chip. Lastly, it was given a simplified description of OOK and OFDM,
the two modulation schemes (i.e., the process of encoding data onto light) used in the

following chapters.
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Chapter 3

Gb/s Underwater Wireless
Optical Communications Using
Series-Connected GalN
Micro-LED Arrays

The work in this chapter was published in: G. N. Arvanitakis et al., IEEE Photonics
Journal, 12(2), 1-10, 2020 [1].

3.1 Introduction

As discussed in the introductory chapters, LED-based devices have attracted a great
deal of attention in recent years for use as light-fidelity (Li-Fi) transmitters, where LED
luminaires are used to provide both general-purpose lighting and Mb/s or Gb/s optical
wireless links. LEDs have also been used as transmitters in underwater optical links.
For instance, recent results by Zhou et al. demonstrated 15.17 Gb/s over 1.2 m of clear
tap water using 5 LEDs of primary colours [2]. A single (green) LED operating at 521
nm was used by Wang et al. to show 2.175 Gb/s through 1.2 m of clear tap water [3]. In
general, LEDs are relatively simple and cost-effective compared to laser-based sources.
However, standard off-the-shelf LEDs have limited modulation bandwidth (typically =
20 MHz) due to the large capacitance of standard large area LED dies, which limits the

achievable data rates.

On the other hand, micro-sized LEDs (micro-LEDs) have much smaller dimensions
(<100 pm), and therefore, their bandwidths are not limited by the device’s capacitance.

Micro-LEDs have been used quite extensively over free space for visible light applications

68
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and to some extent recently in the UWOC domain. For example, Tian et al. reported
800 Mb/s over 0.6 m and 200 Mb/s over 5.4 m of clear tap water using a single micro-
LED at 450 nm [4]. However, the small active area of a single micro-LED unavoidably
results in a relatively low output power (< 5 mW), which may be insufficient for practical

UWOC due to light attenuation in the underwater environment.

To mitigate this, we here detail the deployment of series-connected micro-LED arrays
operating at 450 nm for UWOC. These devices consist of 6 connected micro-LED pixels,
each 60 or 80 pm in diameter. The in-series connection configuration allows the device
to achieve higher optical power than a single micro-LED pixel while retaining the char-
acteristic high modulation bandwidth of the micro-LEDs as a result of the same high
current density flowing through each. These devices thus offer the high output powers
of a standard LED die but with the high modulation bandwidth of micro-LEDs. Of
course, the drive voltage required for such a design increases according to the number of
the series pixels. Strathclyde University’s IoP recently first developed and used such a
micro-LED array. Using OFDM, a GaN-based micro-LED array in series-biased format
was used to demonstrate free space optical wireless data rates of 10.11 Gb/s over 5 m
and 1.61 Gb/s over 20 m.

By applying OFDM for UWOC with such a device, this chapter reports data rates
of up to 4.92 Gb/s, 3.22 Gb/s and 3.4 Gb/s over 1.5 m, 3 m and 4.5 m, respectively. In
clear tap water, the corresponding bit error ratios (BERs) were 1.5x1073, 1.1x1072 and
3.1x1073. Furthermore, the performance of these optical links over varying turbidities
was explored by adding Maalox antacid (scattering agent) to clear tap water. Mb/s
data transmission was demonstrated over 5.33 ALs. These results show that these
series-connected micro-LEDs’ relatively high bandwidth and output power can be used

to achieve high data rates and mitigate the effects of signal attenuation.

3.2 Device overview

3.2.1 Device design and fabrication

The micro-LEDs reported in this work were fabricated from commercial blue-emitting
III-nitride LED wafers grown on a 2” c-plane sapphire substrate with a periodically pat-
terned surface (PSS). The fabrication procedure has been described in previous works
reported by the IoP group (e.g., in [5]) and is summarised as follows (Figure 3.1a). In-
ductively coupled plasma (ICP) etching was used to etch the micro-LED elements down
to the n-type GaN layer and defined the disk-shaped micro-LEDs pixels. A second ICP

etch step to the sapphire substrate enabled the electrical isolation of each micro-LED
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element and the definition of individual 140x140 pm? mesas, with a 70 gm spacing be-
tween adjacent mesas to reduce potential photon absorption by neighbouring micro-LED
elements (see Figure 3.1b). Also, a uniform current spreading is thus guaranteed as each
micro-LED element is at the centre of its corresponding GaN mesa. Subsequently, an
ohmic contact on the p-GaN was formed by a 100 nm Pd metal layer through evapo-
ration and further annealing at 300°C in an Ns environment. The n-GaN metallisation
was achieved by the deposition of Ti/Au (50 nm/200 nm) bilayer. The pixels’ insulation
concludes the fabrication process via a 300 nm SiO» layer and the metal interconnection

for the series-connection configuration via another Ti/Au metal bilayer.

A schematic cross-section of two adjacent micro-LED pixels of the array is shown
in Figure 3.1a. The epitaxial structure of the micro-LEDs comprised a) an undoped
GaN buffer layer of 3.4 pm in thickness, b) a 2.6 um thick n-type GaN layer, ¢) an 84.3
nm active layer which comprised eleven periods of InGaN (2.8 nm) and GaN (13.5 nm)
quantum wells emitting at 450 nm, d) a 30 nm thick AlGaN cladding layer, and e) an
160 nm thick p-type GaN layer. As shown in Figure 3.1a, metal tracks connecting one

pixel’s cathode to a neighbouring pixel’s anode were used to create the series connection.

. Metal tracks to
Sapphire p- & n-type
contacts

Insulation layer - p-type contact

(a)

FIGURE 3.1: (a) Schematic cross-section of two adjacent micro-LED pixels of the
series-connected micro-LED array. (b) Planview optical image of six pixels from the
micro-LED array at a DC bias of 1 mA.

p-type n-type
GaN GaN

Buffer
layer

- - s

Wells

Each micro-LED shown here is of 60 pm or 80 pm in diameter (for two different devices)
while the operational wavelength is ~ 450 nm for all the devices. Figure 3.1b shows that
each device consists of 6 micro-LED pixels arranged in a 3x2 array. All 6 pixels were

simultaneously biased in series to maximise the output optical power.

3.2.2 Device characterisation

Modulation bandwidth and frequency response measurements

An LED’s modulation bandwidth (BW) measures how fast the LED responds to an input

signal that varies with time. The modulation BW is valuable in optical communications
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applications as it is proportional to the maximum data rate at which a modulated device
can be operated (recall the Shannon-Hartley theorem, Section 1.3). The modulation BW
can be defined as the frequency at which the detected electrical power (Pee.) is reduced
to 50% (-3 dB) of its maximum value and can be recorded by finding the point on the
frequency response curve where the response has fallen by -3 dB. f3;p is also known as
the electrical-to-electrical BW (E-E BW), and mathematically is given by the following

expression [6]:

V3

- V2 1
f3dB Dy (3.1)

where 7 = RC' is the resistance X capacitance time constant of the LED element or
the carrier lifetime. Micro-LEDs have a small RC constant due to their small area (C is
proportional to area). This behaviour has been reported in detail in, e.g., [7]. Therefore,
as discussed below, the carrier lifetime limits the BW of a micro-LED. In this thesis, the
BWs of all the micro-LED-based devices were measured using the experimental setup

shown in Figure 3.2.

DC (DC) r (ACinput) Network
Bias-Tee
supply Analyser
(DC+ACQ)
(AC
output)

micro-LED PIN photodetector

FI1GURE 3.2: Schematic of the micro-LED frequency response measurements setup.

In Figure 3.2, the micro-LED pixels were driven by an electrical signal comprising both
a DC and an AC component. The DC component was provided by a DC supply (Yoko-
gawa, GS610) and the AC by a network analyser (HP8753ES). The optical output of
the micro-LEDs was collected via a fast PiN photodetector (Femto, HAS-X-S-1G4-SI)
of 1.4 GHz BW*. The photodetector output was returned to the input of the network
analyser, which displayed the received P, at the photodetector as a function of fre-
quency. When light is incident on the PiN photodetector, the photocurrent, I, that
the PiN generates is proportional to the incident optical power (P, o< I) as, ideally,

each photon generates a single charge carrier. The electrical-to-optical BW (E-O BW)

*It is important to note that the BW of the receiver and all other components (e.g., cables, bias
tee) are much higher than that of the LED. This means that their response should be “flat” across the
measured frequency response, so what is measured is the response of the LED and not a convolution of
the LED’s response, plus the receiver’s response, plus the cable’s response, etc.
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is defined as the frequency at which the optical power received by the PiN has dropped
by half. By taking into account that P... = VI = IR, it is seen that when Pyt is
reduced by half, P, is reduced to a quarter due to the I? term. As such, -6 dB on
the P, curve displayed by the network analyser corresponds to the -3 dB of the P,
value [8]. It is also worth noting that the power drop (or loss, Lp) in dB is given by:

P

where P is the measured power and Py is the reference (starting) power.

An example of such a frequency response measurement is shown in Figure 3.3 where
was measured the E-O BW (or -6 dB) of LEDs of different pixel sizes (40 pm, 150
pm, and 500 pm) [9]. The points at which the grey -6 dB line meets the respective
devices’ frequency response denote their E-O modulation BW. Figure 3.3 also shows a
dependency between the pixel size of the LEDs and the BW; that is, the BW increases

as the pixel size decreases.
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FIGURE 3.3: Frequency response measurements and -6 dB (E-O) BW of LEDs oper-
ating at 450 nm of different pixel diameters. Figure taken from [9].

When an alternating applied electrical signal modulates an LED, the time it takes for
the device to reach a steady state is mainly governed by its capacitance and carrier
recombination time (or differential carrier lifetime). Conventional, broad area LEDs of
pixel size larger than, e.g. 200 pum, and primarily used for lighting applications, can be

modulated up to tens of MHz [10] as their switching speeds are mainly limited by their
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RC time constant [11]. On the other hand, previous works from the IoP group have
reported that micro-LEDs (of typical pixel size smaller than 100 ym) can be driven at
higher injected current densities than conventional LEDs. The increased carrier concen-
tration results in faster radiative recombinations within the micro-LED’s active region,
leading to smaller area micro-LEDs exhibiting large modulation BW [7], approaching
values close to 1 GHz [12]. The latter can be mathematically estimated by examining
Equation 3.1, where a decrease in 7 results in an increase of f3gp and a more precise
mathematical relation, the A BC model, has been proposed to describe the relationship

between the carrier lifetimes and carrier density (N) [11, 13]:

1
N) = .
T(N) = T 79BN 13082

(3.3)

Here, A and B are the Shockley-Read-Hall (SRH) non-radiative recombination and ra-
diative recombination coefficients, respectively, whilst the C' parameter is a non-radiative
recombination coefficient usually associated with Auger recombination. From Equation

3.3, it is clear that the carrier lifetime decreases by increasing N (by injecting higher

current).
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FIGURE 3.4: -3 dB bandwidth plots for the in-series connected 60 pm and 80 pm
micro-LEDs.

The BW values (-3 dB E-E and E-O) of the in-series connected micro-LEDs of this
chapter, of 60 ym and 80 pm pixels diameter, are shown in Figure 3.4. As previously
described, the BWs were measured by applying a DC bias and an AC signal generated by
a network analyser to modulate the micro-LED arrays at different current points. The

optical response of the devices was collected via a 1.4 GHz PiN photodetector. Figure
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3.4 shows that the maximum E-O bandwidth for the 60 pm in diameter series-connected
micro-LED array is 338.5 MHz at 30 mA, whilst for the 80 um device, it is 263 MHz at

50 mA. These results agree with previous works (e.g., in [7]), where it was demonstrated

that as the pixel diameter of a micro-LED element decreases, the corresponding E-O

bandwidth increases.

Electrical and optical characterisation

Figure 3.5 shows the current versus voltage (I-V) and the output optical power versus
current (L-I) for the in series-connected devices with, respectively, 60 ym or 80 pum
pixels. It should be noted that the optical power is the forward detected power. It
was measured by placing the micro-LEDs close to a calibrated Si photodiode (Thorlabs,
S121C) connected to a power meter (Thorlabs, PM100D). This measurement calibrates
the “useful” optical power that can be directed into a beam for applications and is not
the full extracted power that would be measured in an integrating sphere. The turn-on
voltage (V) for each device can be calculated by performing a linear fit in the “linear”
part of the IV curves, as shown in Figure 3.5, and seeing the intersection of the fitting
curve with the y-axis. As such, the Vg at 1 mA for the 60 pm in diameter device is 21.7
V, corresponding to about 3.6 V for each micro-LED element, whereas for the 80 um
device, the Vr is 20 V corresponding to approximately 3.3 V for each micro-LED pixel.
Additionally, both devices can be operated at a current beyond 50 mA and demonstrate

an optical power before thermal rollover of over 21 mW and 15 mW for the 80 ym and

60 pum device, respectively.
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FIGURE 3.5: I-V and L-I plots for the two respective devices comprising six 60 ym and
80 pm micro-LEDs connected in-series. The Vg of both arrays (60 ym: 21.7 V, 80 pm:
20 V) are shown at the intersection of the dashed lines and the voltage axis.
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3.3 Water sample characterisation

A detailed description of the underwater channel’s characterisation can be found in
Section 1.6. In summary, the variation of the underwater attenuation was controlled by
adding Maalox antacid to 160 1 of tap water in a water tank (dimensions 1.5 x0.35x0.35

m?), following a method commonly reported in previous references [14].

A blue LD (OSRAM, PL450B) operating at the same nominal central wavelength as
the micro-LEDs (450 nm) was employed for the estimation of the water sample’s atten-
uation coefficient (c()\) with units of m~!) at each Maalox concentration. Nine different
concentrations of the scattering agent were examined, ranging from 0.0006% (1 ml of
Maalox in 160 1 of tap water) to 0.0056% (9 ml of Maalox). A laser was chosen for these
measurements as the divergence of the micro-LED emission would make an accurate es-
timation of c(\) difficult. A plastic aspheric lens (Thorlabs, CAY033) was placed in front
of the laser diode to collimate the beam, which was subsequently focused onto a power
meter sensor (Thorlabs, 121C) at the other side of the tank. At each concentration,
the received optical power, Pg, was measured over the optical path, z (equal to 1.5 m).
Using these values for Py along with the Beer’s law equation [15], Pg(z) = Pp(z)e V7,
and the measured transmitted power of Pr, the corresponding attenuation coeflicients
for each water sample were calculated and are shown in Figure 3.6a. It can be seen that
the minimum measured attenuation coefficient, which corresponds to clear tap water
(no scattering agent added), is 0.05 m~!, a value relatively close to that of Jerlov TA
open ocean water type which is 0.028 m~! [16]. For the samples with added Maalox, the
maximum measured attenuation coefficient was 3.56 m~! for 0.0056% (9 ml) of Maalox

and is close to the Jerlov 7C coastal ocean type where ¢(450)=3.84 m~! [16].

Figure 3.6b illustrates the estimated received power for the 80 yum in diameter series-
connected micro-LED array for each concentration of the scattering agent at 1.5 m, 3
m and 4.5 m. The estimated received power, Pr, was calculated through Beer’s law
equation and by taking into account that the estimated transmitted power, Pr, was

13.27 mW at 30 mA, based on the L-I measurements in Figure 3.5.
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FIGURE 3.6: (a) The calculated attenuation coefficients versus the content of the
scattering agent (Maalox) using a blue LD operating at 450 nm. For comparison, the
typical values of six Jerlov ocean types are given as defined by [16]. (b) The estimated
received power over 1.5 m, 3 m and 4.5 m versus the Maalox concentration for the 80
pm micro-LED array, using the optical power data showing in Figure 3.5.
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3.4 Data transmission experimental set-up
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FI1GURE 3.7: Top: Illustration of the experimental set-up used for the UWOC measure-
ments of this work. Two mirrors (M1 and M2) were placed appropriately to increase
the optical link from 1.5 m to 3 m and 4.5 m. Bottom: Photographs from the receiver
end (Fresnel lens and PiN photodetector), the water tank filled with 160 1 of tap water,
and the transmitter side (micro-LED array and condenser lens).

Figure 3.7 depicts the set-up used for this work. The digital data signal to be transmit-
ted was generated and processed in MATLAB®. Afterwards, this optimised signal was
converted to an analog one through an arbitrary waveform generator (AWG, Agilent,
81180A) and amplified (SHF Communication Technologies AG S126A). The AC signal
from the AWG was combined with a DC of 30 mA via a DC supply (Yokogawa, GS610)
through a bias tee (Tektronix, PSPL5575A) to drive the micro-LED arrays. A condenser
lens (Thorlabs, ACL50832U-A) was used to collimate the beam to be optically trans-
mitted through the 1.5 m length water tank and over 160 1 of tap water. For the longer
range data transmissions, two 100 mm diameter mirrors (M1 and M2 in Figure 3.7) were
mounted in the tank to increase the optical path up to 3 m and 4.5 m by retro-reflecting
the primary beam to make one or two additional passes through the length of the tank.
At the receiver end, a 4-inch diameter Fresnel lens (Edmund Optics, #46-614) was used
to focus the collimated beam onto the PiN photodetector of 1.4 GHz BW. The received
signal was processed through an amplifier (Mini-Circuits, ZHL-6A-S+) and captured
through an oscilloscope of 1 GHz BW and a maximum sample rate of 4 GSa/s (Agilent,
MSO 7104B). The received signal was processed and demodulated offline in MATLAB®,

At this stage, the transmitted and received data are compared to identify any incorrectly
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transmitted bits, allowing the BER to be calculated. It should be noted that OFDM is

robust against multi-path effects experienced in underwater environments.

3.5 Communication performance results

In conjunction with the communication capabilities of GaN micro-LEDs, OFDM has
been extensively investigated by the IoP group. Following a similar methodology as for
our previous works, e.g. in [12, 17], an adaptive bit and energy loading scheme was used
to allow different Quadrature Amplitude Modulation (QAM) levels to be loaded onto the
OFDM subcarriers based on the measured SNR, of each carrier. The higher the carrier
SNR, the higher the QAM level that could be used; thus, more bits could be loaded onto
that channel. This is illustrated in Figure 3.8 where an example of the measured SNR
and the corresponding number of transmitted bits per OFDM carrier frequency is shown
for a transmission measurement using a 60 pym in diameter series-connected micro-LED

device over 1.5 m of clear tap water.

Figure 3.9 shows the measured BER against various transmission data rates using the
60 pm in diameter series-connected micro-LEDs as a transmitter through 1.5 m of clear
water. The orange dashed line indicates the BER target of 3.8x1073 [18], below which
“error-free” data transmission can be achieved using Forward Error Correction (FEC)
with a 7% overhead of the gross data rate. The maximum achieved data rate that met
this criterion was 4.92 Gb/s, corresponding to a net data rate of 4.58 Gb/s after FEC,
though it should be pointed out that FEC was not actually used in this work.
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FIGURE 3.8: Measured SNR (orange) and corresponding bit loading (blue) versus
OFDM carrier frequency, obtained using a 60 pym in diameter series-connected micro-
LED device over 1.5 m of clear tap water.
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FIGURE 3.9: BER versus data rate for the 60 ym in diameter series-connected micro-
LED device. Transmission is over 1.5 m of clear tap water (c(450)=0.05 m~1).

Figure 3.10a shows the BER versus data rates for the 80 um in diameter series-
connected micro-LED device through different water turbidities over 1.5 m. The maxi-
mum data rate through clear tap water is 3.78 Gb/s at a BER of 3.7x1073, and it can be
shown that the increase in water turbidity leads to attenuated transmission power levels
collected by the detector and causes a lower overall SNR level. With a lower SNR level,
fewer bits are loaded on each subcarrier, and the achievable data rate decreases. In ex-
treme water turbidities (c(450)=3.56 m~1) a data rate up to 15 Mb/s was demonstrated
over 5.33 ALs.

Figure 3.10b presents the BER versus data rate for the same device at 3 m and 4.5
m through different concentrations of Maalox. At 3 m, the maximum data rate through
clear tap water is 3.22 Gb/s with a BER of 1.1x10~3 while at 4.5 m, a larger BER of
3.1x1073 is indicated for 3.4 Gb/s (corresponding c(450)=0.05 m~! for both ranges).
As the Maalox concentration increases, the maximum data rate drops to 211 Mb/s at
3 m over 4.08 ALs with a BER of 2.3x1073 (corresponding ¢(450)=1.36 m~!) and 171
Mb/s at 4.5 m over 4.05 ALs with a BER of 2.5x1073 (corresponding ¢(450)=0.90 m~1).
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FIGURE 3.10: (a) BER vs data rate for the 80 ym in diameter series-connected micro-
LED device through different water turbidities over 1.5 m. (b) BER vs data rate for
the same device through different water turbidities over 3 m and 4.5 m. Note that the
maximum error-free data rates were obtained at slightly different BERs.

The drop in data rate at all ranges can be explained by taking into account the

Shannon-Hartley theorem,

D = Blog,(1+ S/N), (3.4)
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where D is the maximum data transmission rate in bits/sec, B is the channel bandwidth
in Hz, S is the average signal power over the entire bandwidth in Watts, and S/N is
the SNR. The degradation of the received SNR and the received optical power due to

increased attenuation result in a decrease in the achievable data rates.

Figure 3.11 shows the error-free maximum data rates versus the number of ALs for
all transmission distances. It can be observed that the maximum data rate decreases
with an increase in the number of ALs, for all path lengths. This can be understood
as increased signal attenuation results in a lower SNR. It can also be seen that similar
data rates are obtained when the number of ALs is similar. However, the curves do not
overlap exactly because each maximum data rate was obtained at a slightly different

BER, as shown in Figures 3.10a and 3.10b.
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F1GURE 3.11: The maximum data rates versus the number of attenuation lengths for
all ranges examined in this work (1.5 m, 3 m, 4.5 m).

These results indicate that the relatively high power and bandwidth from series-
connected micro-LEDs can enable UWOC at Mb/s and Gb/s, even through turbid water
samples. Further improvements to the achievable data rates and link lengths could
be obtained by, for instance, increasing the transmitted power by adding additional
LEDs, narrowing the optical beam profile, or applying multiplexing techniques such as
wavelength division multiplexing (WDM), which was implemented for the work of the

next chapter.
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3.6 Summary

In this chapter, the high output power and modulation bandwidth of micro-LED ar-
rays, consisting respectively of 6 series-connected pixels of diameter 60 pym or 80 um,
enabled Gb/s underwater optical wireless data transmissions using OFDM as modu-
lation scheme over three underwater distances of 1.5 m, 3 m and 4.5 m. A BER of
1.5x1073 was achieved for a maximum data rate of 4.92 Gb/s through 1.5 m of clear
tap water whose attenuation coefficient was ¢(450)=0.05 m~!. Further underwater wire-
less optical transmissions were performed through different water turbidities: 2.34 Gb/s
were demonstrated for an attenuation coefficient of 0.5 m~! which is close to Jerlov
IT open ocean type (0.53 m~!) over 3 m, whereas 1.32 Gb/s were shown over 4.5 m.
With an attenuation coefficient of 3.56 m~! and over 5.33 ALs, a data rate of 15 Mb/s
was achieved through 1.5 m. Our approach is compatible with the multi-wavelength

operation of WDM, and the realisation of this concept is presented in Chapter 4.

The results of this work show the potential implementation of series-connected micro-
LEDs to enable high-speed underwater wireless communications through various water

turbidities.
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Chapter 4

Underwater Wireless Optical
Communications Using
Integrated Dual-Colour
Micro-LEDs

4.1 Introduction

This chapter presents the development of integrated dual-colour micro-LED arrays for
UWOC applications over various Jerlov water types [1]. The micro-LED arrays com-
prised a GaN-violet or green micro-LED grown on a sapphire substrate (the “host”
substrate) and a GaN-blue micro-LED grown on a silicon (Si) substrate, which was de-
posited onto the “host” array via a transfer-printing (TP) method. The arrays were
designed in two different layouts: individually addressable for blue-violet/blue-green
and in-series connected for blue-green micro-LED arrays. The individually addressable
device achieved an aggregated data rate when driven via an FPGA of 100 Mb/s over
8.52 ALs in a 1.5 m long water tank. Higher-speed UWOC of 200 Mb/s (aggregated)
over 5.85 ALs were demonstrated from the same device, using an arbitrary waveform
generator (AWG) that replaced the FPGA. The same TP micro-LED arrays were used
in previous work over free space by Carreira et al. [2]. Demonstrating WDM VLC, an
aggregate error-free data rate of 3.35 Gb/s was reported for the violet-blue micro-LED
array and 1.79 Gb/s for the blue-green device. In this chapter, underwater WDM is

reported, and multiple colours were used to increase the aggregate data rate.

The term SWaP (Size, Weight and Power) or SMaP (Size, Mass and Power) is com-

monly used when discussing portable devices. For instance, in previous works from

85
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the IoP, micro-LED arrays and high-sensitivity receivers have been proposed for op-
tical communications between CubeSats [3, 4]. Low-SWaP components would benefit
UWOC in remotely-operated and autonomous underwater vehicles (ROVs and AUVs)
due to their limited payload/battery power. Therefore, the concept of the two on-chip
dual-colour micro-LED arrays presented here would be applicable in real-world scenar-
ios. For instance, in an ROV they could be used for underwater data acquisition, data
transmission and/or reception from/to other unmanned underwater vehicles (UUVs),

divers and surface vessels.

As shown earlier (Section 1.4), the attenuation of light underwater is wavelength
dependent. Moreover, it has been reported that as the water becomes more turbid due
to the presence of a large number of scattering particles, its lowest overall attenuation
point shifts towards longer wavelengths (from blue-green for Jerlov oceanic types I-I1I,
to yellow-red for Jerlov coastal types 1-9) [5, 6]. Thus, the operation of a wavelength
adaptive device, which would enable choice of the optimum data transmission wavelength
depending on the water type, would be highly practical. Ito et al. [7] reported the
employment of red, green, and blue (RGB) off-the-shelf LEDs and investigated their
wavelength-dependent communication performance at 100 kb/s over turbid waters in a
1 m long water tank. However, the TP method used in this work allowed the development
of transmitters of different colours on the same chip to demonstrate high-speed WDM
in turbid underwater environments. The reliable communication performance of the TP
micro-LEDs showed that our proposed system could be implemented in a low-SWaP

device at a low cost.

4.2 Device overview

4.2.1 Individually-addressable blue-violet and blue-green micro-LED

arrays

Violet and green micro-LEDs based on GaN-on-sapphire epitaxy

Micro-LEDs, in a flip-chip configuration, at violet (400 nm) and green (512 nm) wave-
lengths were fabricated from commercial InGaN epistructures grown on a c-plane pat-
terned sapphire substrate (PSS). Schematic illustrations of the epitaxial structures for
both micro-LEDs can be seen in Figure 4.1. More precisely, the violet device consisted
of [2]: a) a 4.5 um GaN buffer layer, b) a 1.8 um thick n-doped GaN, ¢) an 116 nm thick
active layer, d) an 85 nm magnesium-doped aluminium gallium nitride (AlGaN:Mg)

cladding layer, and e) a 25 nm thick p-doped GaN layer (see Figure 4.1a).
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FIGURE 4.1: Simplified micro-LED epitaxial structure of the (a) violet and (b) green
micro-LEDs. Dimensional values for both devices are taken from [2].
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The epitaxial structure of the green micro-LED comprised a) a 3 pm undoped GaN
buffer layer, b) 4 um of n-doped GaN, c¢) a 130 nm thick active layer and finally was
topped with d) a 300 nm thick p-doped GaN layer (see Figure 4.1b).

Although a similar device fabrication procedure is described in [8], the fabrication
process for the violet and green micro-LEDs is described briefly as follows: a p-GaN
metal contact consisting of palladium (Pd) of 100 nm thickness, was electron-beam de-
posited, lithographically patterned, and annealed at 300°C in a nitrogen environment.
The underlying n-GaN layer was exposed via inductively coupled plasma (ICP) etching
which defined a 20 pm diameter pixel of 3.15x107% cm? active area for both LEDs.
Another ICP step then took place, defining a 90 um side square mesa down to the
PSS, which resulted in further reduction of the micro-LEDs capacitance [9]. Further-
more, a metal-sputter deposition of titanium (Ti) and gold (Au) of 20 nm and 200
nm, respectively, in thickness, defined the n-GaN metal contact layer. Then, plasma-
enhanced chemical vapour deposition (PE-CVD) was used for the deposition of 300 nm
silicon dioxide (SiO2). A SiOg aperture on top of the p-GaN was defined by reactive
ion etching (RIE). The final step involved defining the metal track by a second Ti/Au

metallisation.

Blue GaN micro-LEDs grown on silicon (Si) substrate

Commercial InGaN epistructures were utilised to fabricate the blue micro-LED platelets
in a flip-chip configuration, emitting at 453 nm and grown on a silicon (Si) 111-orientated
substrate. A schematic illustration of the blue micro-LED’s epitaxial structure can be
seen in Figure 4.2 and consisted of [2]: a) a 200 nm thick aluminium nitride (AIN) layer,
followed by b) a 650 nm Al-graded GaN buffer layer, ¢) a 300 nm non-intentionally
(nid) doped GaN layer, d) an 800 nm thick n-doped GaN, e) an 100 nm thick active
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layer, and f) an 140 nm thick p-doped GaN layer. To compensate for the lower optical
output power density of the blue micro-LEDs, they were chosen to be larger than their
violet and green counterparts. This is because the growth on silicon is non-optimised

compared to that on sapphire.

-

~

<«—— p-GaN (140 nm)
<«——— Active layer (100 nm)

<+—— n-GaN (800 nm)

<+——— AlGaN+nid GaN (950 nm)

<+——— AIN (200 nm)
<+ Si(111)

- J

FIGURE 4.2: Simplified micro-LED epitaxial structure of the blue micro-LED. The
device’s dimensional values are adapted from [2] and the image is taken from [10].

As such, an L-shaped pixel of an active area of 6.5x107° ¢cm? and a 100 um squared
mesa were defined following similar processes as described in section 4.2.1 with a few

modifications that will be described next.

Integration of dual-colour micro-LED arrays by transfer printing

TP at the micron scale (uTP) is a technique for heterogeneous assembly that allows the
integration of optoelectronic devices onto non-native substrates. John Rogers’ group
(then) at the University of Illinois first developed this technique at the microfabrica-
tion and semiconductor level [11, 12]. The basis of TP is found in the soft elastomeric
polydimethylsiloxane (PDMS) stamps, which are used to “pick and place” appropriately
prepared micro/nano-scale devices from their native (“donor”) growth substrate onto a
dissimilar “host” (or receiver) substrate. Usually, the devices to be printed are prepared
in the form of suspended membranes, often achieved by under-etching. In this way,
devices and structures from diverse materials that can not be grown together through
conventional methods (e.g. epitaxial growth) are assembled to comprise a hybrid opto-
electronic structure. A qualitative illustration of the process is presented in Figure 4.3;
the retrieval of the object to be TP is achieved through the downward force mechanically
exerted by the stamp. The retraction must be rapid to maximise the adhesion strength
between the object and the stamp. On the other hand, when it comes to “releasing” the
object onto the host substrate, the retraction needs to be slow to minimise the adhesion

strength, and thereby, the object is transferred, and the TP process is completed.
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FIGURE 4.3: Schematic illustration of the TP technique. Taken from [13].

Over the last decade, the University of Strathclyde’s IoP has further explored and
developed pTP by examining and exploiting the technique’s reliability and capabilities.
For instance, Trindade et al. in [14] demonstrated TP at nano-scale accuracy of GaN-
based micro-LEDs onto mechanically flexible substrates, whilst in [15] they reported TP
of blue micro-LEDs on diamond and silica substrates for enhanced thermal management.
Most recently, Carreira et al. in [10] demonstrated via pTP the integration of an 8x8
blue micro-LED array onto a Si complementary metal-oxide-semiconductor (Si-CMOS)
drive chip showing a potential pathway to realising a full-colour complementary metal-
oxide semiconductor (CMOS)-controlled micro-LED array. On the drive chip, the same
SPAD array used for this chapter’s work was also integrated for the photon detection,
and the device allowed for VLC at a data rate of up to 1 Mb/s [10].

The TP method, as described above, was applied to integrate the blue micro-LED
platelets (donor substrate) onto the sapphire substrate (host substrate) of respective
violet and green micro-LEDs. More precisely, supporting “anchors” were defined during
the ICP mesa etching as shown in Figure 4.4, which tether the micro-LED platelet to the
growth Si substrate. The exposure of the chemically preferentially etched Si(110) planes
was achieved via an additional etching step. Then, the Si(110) planes underneath the
micro-LED platelets were removed by the implementation of wet etching using a 30%
potassium hydroxide (KOH) solution at 80°C. Upon completion of the underetch step,
the blue-micro LED platelets were held suspended, above an air gap of 2 um, by the

two diagonally opposed sacrificial anchors [14].
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FI1GURE 4.4: Schematic of the fabrication process of the blue micro-LED on its Si
substrate before TP. Note that the device is mechanically suspended after the final
step (images taken from [10]).

The employment of a PDMS elastomeric stamp enabled the pick up of the suspended
blue micro-LED platelets from their Si substrate and their transfer printing onto the
green and violet sapphire substrate (PSS). The blue micro-LED was placed 50 pum apart
from the violet or green micro-LED mesa. For this operation to be successful, the
adhesion force between the blue micro-LED platelet backside and the PSS receiving
substrate must be larger than the adhesion force between the micro-LED platelet and
the stamp. Figures 4.5a and 4.5b show plan view optical photographs of the blue-green
micro-LED array before and after TP of the blue micro-LED platelet, respectively.
The electrical layout of this array is at an individually-addressable anode and a shared

common cathode. The blue-violet micro-LED array follows the same layout.
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FIGURE 4.5: Plan view optical micrograph images of the green and blue micro-LED
array (a) before and (b) after transfer-printing the blue device onto the green device’s
substrate (images taken from [2]).

However, the TP process is not a trivial task. Firstly, the concave curvature of the
micro-LED platelet attributed to strain effects on its release, as investigated by Trindade
et al. [15], prevents efficient electrical insulation of the pixel by thin layers, e.g. SiOs.
Secondly, the highly dense cone-shaped periodic pattern of the PSS, as shown in Figure
4.6a as obtained via an atomic force microscope (AFM)*, reduces the effective contact
area of the micro-LED platelet backside with the receiving substrate, rendering the

release of the micro-LED platelet from the stamp quite challenging.

1.9 pm

0.0 ym

(a) (b)

FIGURE 4.6: Atomic force microscope image of the PSS (a) before and (b) after the
SU-8 coating (images taken from [2]).

The PSS exhibits a root-mean-square (RMS) roughness of 342 nm and a maximum
height feature of 1.9 um. To assist the release of the micro-LED platelet, an adhesion-
enhancing layer of SU-8 epoxy-based photoresist [16] of 4.5 pum thick was chosen to
coat the PSS of the violet/green micro-LEDs. SU-8 was selected due to its excellent
planarising and coating properties and the mechanical and chemical stability it exhibits

[17]. Figure 4.6b shows that the SU-8 layer effectively planarises the PSS as the PSS

“The images were taken by a Park Systems AFM.
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RMS roughness and maximum height feature were decreased to 16.9 nm and 0.18 pm,

respectively.

The pixel insulation after TP was completed by depositing a 4.5 um thick Parylene-C
(Pa-C) layer. Pa-C was chosen due to its excellent electrical insulation properties, chem-
ical stability and exceptional conformity [18]. The latter is attributed to the chemical
vapour deposition through which Pa-C is deposited at room temperature [19]. This re-
sults in stress-free films, whereas other thick polymers used for pixel encapsulation (e.g.
SU-8) are applied by spin-coating techniques, which may cause non-uniformity due to
devices’ displacement that is not strongly bonded to their receiving substrate. The pixel
metallisation concludes the final fabrication step as 40 pym wide metal tracks of Ti/Au
and 50 nm/200 nm thick were lithographically defined for contacting the micro-LED
platelet through apertures in the Pa-C.

In Figures 4.7a - 4.7c are shown plan view topside optical photographs of the re-
spective individually-addressable micro-LEDs, driven at 318 A/cm? (or 1 mA) for the
violet and green devices and at 15 A/cm? (or 0.975 mA) for the blue. Plan view back-
side optical photographs from the blue-violet (Figure 4.7d) and blue-green (Figure 4.7¢)
post-printing micro-LED two-colour devices, simultaneously driven at 318 A/cm? and

15 A/cm? for the violet/green and blue devices, respectively, can also be seen.

FIGURE 4.7: Plan view topside optical micrograph for the (a) violet (318 A/cm?), (b)
blue (15 A/cm?) and (c) green (318 A/cm?) micro-LEDs. Plan view backside optical
micrograph at the same currents as the topside ones for the (d) blue-violet and (e)
blue-green micro-LED arrays.
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Micro-LEDs electrical, optical and modulation performance

The electroluminescence (EL) spectra of all the micro-LED devices are shown in Figure
4.8 and were obtained through an optical fibre-coupled spectrometer (Avantes, AvaSpec-
2048L) at current densities of 318 A/cm? (or 1 mA) and 15 A/cm? (or 0.975 mA) for
the violet/green and blue devices, respectively, whilst the central wavelength for violet

is at 400 nm, for blue at 453 nm, and for green at 512 nm.
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FIGURE 4.8: Normalised EL spectra of the micro-LEDs used in this work. The violet
device’s central wavelength is at 400 nm, the blue’s at 453 nm, and the green’s at 512
nm.

The corresponding values for the full width at half maximum (FWHM or AX) are for
the violet device 13.98 nm, 20.95 nm for the blue device, and 29.78 nm for the green
device. The broadening in EL curves results from the increasing indium (In) content
from the violet to green devices’ active region. In general, by varying the fraction
Ga/In in the micro-LED’s QWs, the material’s E, is affected. In our case, the E,
from violet to green is being narrowed, and thus, the emitted photons upon radiative
recombination are of a longer wavelength. The FWHM of the emission spectrum is
proportional to the wavelength squared (A oc A?) of the emitted photons [20] and since
Agreen > Nblue > Aviolets then Algreen > Alpye > Adyiolet-

Further electrical and optical characteristics of the violet, blue, and green micro-LEDs
are depicted in Figure 4.9. The room-temperature (RT) voltage vs current density (JV)
for each micro-LED was measured by scanning each data point under the operation of a
direct current (DC) source (Yokogawa, GS610 Source Measure Unit). By performing a
linear fit to the “linear” part of the JV curves, the turn-on voltage (Vr) was extracted
for each micro-LED: 3.67 V, 3.26 V, and 6.17 V for the violet, blue and green micro-
LED, respectively. The larger (than expected) Vg for green is attributed to a possible

misalignment during the metallisation of the p-GaN contact. The optical power vs
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current density (LJ) was collected through a calibrated Si photodiode power sensor of
area 9.7x9.7 mm? (Thorlabs, S121C) in proximity to the backside of the micro-LEDs
and connected to a power meter (Thorlabs, PM100D). The violet and green micro-LEDs
exhibit optical powers of 0.85 mW and 0.34 mW, respectively, at 2.8 kA/cm? (or 8.8
mA), whilst the blue micro-LED presents an optical power of 1.04 mW at 138 A/cm?
(or 9 mA). The lower current density operation of the TP blue micro-LED is attributed
to its larger pixel size. It should also be noted that under dark conditions, a reverse
leakage current of 350 nA at -3 V is observed for the blue micro-LED, which is lower
than values from similar devices coated with SU-8 as an insulation layer. This indicates
the importance of insulating the TP micro-LEDs with Pa-C for this work, whereas the

low reverse current leakage shows a very good JV performance of the devices [2].
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FIGURE 4.9: The RT voltage vs current density (JV), and optical power vs current
density (LJ) plots for (a) violet (at 318 A/cm?), (b) for blue (at 15 A/cm?) and (c)
for green (at 318 A/cm?) micro-LEDs. The Vg of the devices (violet: 3.67 V, blue:
3.26 V, green: 6.17 V) are shown at the intersection of the dashed lines and the voltage
axes.
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FIGURE 4.10: The -3 dB electrical-to-optical (E-O) modulation bandwidths of the
violet (427 MHz), blue (134 MHz), and green (144 MHz) micro-LEDs.

The RT -3 dB E-O BWs (or the -6 dB E-E BWs) of each micro-LED are shown
in Figure 4.10. As with previous identical measurements (Section 3.2.2), these were
acquired by applying a DC bias and an AC signal generated by a network analyser
(HP8753ES) to modulate the micro-LEDs at different current density points. The optical
power output from the micro-LEDs was collected by a lens system and focused onto a
PiN photoreceiver of 1.4 GHz bandwidth (Femto, HAS-X-S-1G4-SI). As can be seen from
Figure 4.10, the violet and green micro-LEDs exhibit an E-O BW of 427 MHz and 144
MHz, respectively. Compared to the violet device, the low E-O BW of the green micro-
LED can be explained as follows: as mentioned in Section 4.2.1, the green micro-LED
was grown on a sapphire substrate. Although this is the most commonly used substrate
material, there is a lattice mismatch between sapphire and GaN, which results in strain
effects in the GalN barrier. Subsequently, strain induces a piezoelectric field within
the material layers. That field significantly affects the compressively strained InGaN
MQWs of the LED, as it causes separation and a reduced overlap of the electron-hole
wavefunctions. This phenomenon is known as the quantum confined Stark effect (QCSE)
[21] and was briefly mentioned in Section 2.1.4. QCSE can lead to reduced radiative
recombination rates limiting the LED’s modulation BW [22]. For the micro-LEDs of
this work, the higher composition of In is found in green’s active region, as previously
mentioned. This means larger strain-induced piezoelectric fields in the InGaN QWs
and, thus, stronger QCSE [23]. The blue micro-LED has a -3 dB E-O BW of 134 MHz,
and its lower value can be attributed to its larger pixel size, thus lower current density
operation. It can also be observed that blue micro-LED’s operating current density is
lower than those of the violet and green devices. This can be attributed to the layer

of Pa-C that the device sits on, resulting in inadequate heat-sinking and preventing it



Chapter 4. Underwater Wireless Optical Communications Using Integrated
Dual-Colour Micro-LEDs 96

from being driven to high current density. All values of interest, as addressed above for

the individually addressable micro-LEDs, are summarised in Table 4.1.

TABLE 4.1: Summarised figures of merit for the individually addressable micro-LED
arrays; violet-blue and blue-green. For the violet and green micro-LEDs, the optical
powers are shown at a current density of 2.8 kA/cm?. For the blue micro-LED, the
optical power is shown at 138 A/cm?.

Violet Blue Green
A (nm) 400 453 512
Active area (cm?) | 3.14x1076  6.5x107° 3.14x107¢
Vi (V) 3.67 3.26 6.17
Optical power (mW) 0.85 1.04 0.34
E-O BW (MHz) 427 134 144

4.2.2 In-series connected blue-green micro-LED array

Device development

As mentioned earlier, the devices for the UWOC applications were developed in two
different layouts: individually-addressable, discussed in Section 4.2.1, and in-series con-
nected, which will be presented here. The fabrication process for the in-series connected
blue-green micro-LED array is similar to that followed for the individually-addressable

micro-LED arrays, with some exceptions.

For the optical power to be increased, the pixel diameter of the green micro-LED
was increased from 20 pum to 30 pm resulting in an increased active area of 7.07x107°
cm? from 3.15x107% cm?.
were defined during the ICP etching to the PSS before TP the blue micro-LED platelet,

whilst the metallisation of the pixel’s n-GaN layer by Ti/Au of 50/200 nm in thickness,

As shown in Figure 4.11a, a common anode and cathode

concluded the green micro-LED fabrication.

For the in-series connecting layout, the L-shaped pixel developed for the blue
individually-addressable micro-LED, as described in Section 4.2.1, would not be prac-
tical. Therefore, a 60x60 pum? central square pixel was defined during the blue micro-
LED’s ICP step to expose the n-GaN layer and a square-shaped n-contact metal ring
of Ti/Au, 50/200 nm thick, was deposited via metal sputtering. Underetching in KOH
solution at 80°C followed, for the suspension of the blue micro-LED platelets.



Chapter 4. Underwater Wireless Optical Communications Using Integrated
Dual-Colour Micro-LEDs 97

B 100 pum

Clghe- |

e

o IE-@'I

ooy,
Greer?-r%.ED

(b)

FIGURE 4.11: Plan-view optical photographs of the (a) green micro-LEDs before the
blue TP onto the PSS, (b) of the array after micro-TP the blue micro-LED platelets,
() in-series connected device driven at a current of 2 mA.

Micro-TP enabled the heterogeneous integration of the blue micro-LED platelets onto
the PSS of the green micro-LEDs, coated with SU-8 (see Figure 4.11b). The electrical
insulation of the micro-LEDs was achieved by depositing a 4.5 ym thick Pa-C film. The
final fabrication step involved defining the metal tracks by Ti/Au, which connected the
pixels in-series. Figure 4.11c¢ shows a plan-view photograph of the in-series connected
micro-LED array driven at 2 mA, corresponding to a current density of 55 A/cm? and
283 A/cm? for the blue and green micro-LEDs, respectively. The current values will
be presented in current intensity (in mA) for the “in-series connected devices” section

rather than current density for convenience.

Electrical, optical and modulation performance of the in-series connected

micro-LED array

The IV and LI curves of the in-series connected blue-green device are depicted in Figure
4.12a. The room temperature IV characteristics were measured, as previously mentioned
in Section 4.2.1, by scanning each data point under the operation of a direct current
(DC) source (Yokogawa, GS610). As with the individually addressable devices, a linear
fit was performed in the “linear” part of the IV curve, and a turn-on voltage of 15.8
V was extracted. Taking into account that the single blue and green micro-LEDs Vg
values were 3.26 V and 6.17 V, respectively (see Section 4.2.1), a “theoretical” Vi for
the in-series connected device would be 18.86 V. Thus, it can be deduced that the ohmic
contact between the p-GaN layer and the metal contacts of the in-series device is of good
quality when the value of the calculated Vp (15.8 V) is compared to the “theoretical”
one (18.86 V). The LI characteristics were acquired using a calibrated Si photodiode
power sensor (Thorlabs, S121C) positioned near the backside of the micro-LEDs and
connected to a power meter (Thorlabs, PM100D). Since the micro-LEDs are connected
in-series, the LI measurement could not be carried out for each pixel individually. As

such, the optical power was acquired by changing the power meter’s relative spectral
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responsivity to be aligned with the peak emission wavelength of each micro-LED, i.e.
453 nm for blue and 512 nm for green. The in-series connected blue micro-LEDs exhibit

optical power of 1.58 mW, whereas for the green device it was is 1.37 mW at 9 mA.
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FIGURE 4.12: (a) The IV and LI curves of the in-series connected blue-green micro-
LED array (the Ve = 15.8 V of the array is shown at the intersection of the dashed line
and the voltage axis), and (b) the -3 dB electrical-to-electrical (E-E) and electrical-to-
optical (E-O) modulation bandwidths of the same device.

Regarding the RT -3 dB BWs of the array, it can be seen from Figure 4.12b that the
E-E and E-O BWs are 27.23 MHz and 73.6 MHz, respectively, at 9 mA. The process
for measuring the modulation BWs of the in-series connected micro-LED array was the
same as described in Section 4.2.1, where a combined DC bias and an AC signal from
a network analyser (HP8753ES) modulated the micro-LEDs at different current points.
The optical response of the micro-LED array was measured through a 1.4 GHz PiN
photodetector (Femto, HAS-X-S-1G4-SI). The in-series connected micro-LED array’s
parameters are summarised in Table 4.2.

TABLE 4.2: Summarised values of interest for the in-series connected blue-green micro-
LED array. The optical powers for both micro-LEDs are shown at a current of 9 mA.

Blue Green
Active area (cm?) 3.6x107° 7.07x1076
Vi (V) 15.8
Optical power (mW) 1.58 1.37
E-O BW (MHz) 73.6
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4.3 Application in Underwater Wireless Optical Commu-

nications

4.3.1 Experimental set-up

The first series of measurements refers to deploying the individually addressable violet-
blue and blue-green micro-LED arrays discussed in Section 4.2.1. The experimental
setup is depicted in Figure 4.13. As with previous chapters, a water tank of dimensions
1.5 x 0.35 x 0.35 m? was filled with 160 1 of tap water. The water tank walls were fitted
with high transmittance (91%) Pilkington Optiwhite™ glass which has been utilised
in recent studies for single-photon imaging in highly scattered underwater environments
[24].

3
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FIGURE 4.13: A schematic illustration of the experimental set-up used for the UWOC
demonstration by deploying the individually addressable micro-LED arrays (violet-blue
and blue-green).

The transmitter site (73) consisted of the individually addressable blue-green (or violet-
blue) micro-LED array. An OOK data signal was generated by an FPGA (Opal Kelly,
XEM6310-LX45) or an AWG (Keysight, M8190A) that modulated the micro-LEDs. It
should be noted that for real-world applications, an FPGA would be advantageous due to
its compactness and practical weight. As such, it could be easily implemented in a AUV
without further constraints. However, the FPGA prevented the devices from achieving
high data rates as it limited the modulation depth or peak-to-peak modulation voltage
(Vpp ranged from 1.5 V to 2.4 V) of the micro-LEDs due to its limited clock speed
(or rise/fall times). An AWG was deployed to further expand the devices’ modulation
depth, enabling the demonstration of larger data rates underwater as the devices’ V,,’s
ranged from 4.3 V to 15 V.
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The OOK data signal, generated by the FPGA or the AWG, was combined with a
DC bias (from Yokogawa, GS610) through a bias-tee (Mini-Circuits, ZFBT-4R2G+).
Two channels from the FPGA/AWG were used, one for each micro-LED, through SMA
connectors. From both channels, a sequence of length 2'° bits was optically transmitted
through the water tank (Figure 4.14a), consisting of a wide synchronisation pulse and
a pseudo-random bit sequence as the blue-green (or blue-violet) pixels were operated
simultaneously. However, it should be mentioned that each colour carried a different
data stream. For the FPGA measurements, RF attenuators were connected between the
arrays and the FPGA to prevent the FPGA and the micro-LEDs from damage. For the
AWG measurements, an external amplifier (Mini-Circuits, ZHL-1A-S+) was connected
to the AWG’s output to assess the micro-LEDs’ full dynamic range. The micro-LEDs’
emission was collected and collimated by a condenser lens (Thorlabs, ACL50832U-A)
(Figure 4.14 d - e), propagated through the water tank and then focused onto the receiver
by a 4-inch diameter Fresnel lens (Edmund, #46-614) (Figure 4.14c). The collection of
each data stream was enabled by placing bandpass filters (Laser 2000, FF01-392-23/25
for the violet, FF01-445-20/25 for the blue, and FF01-525-45/25 for the green) before

the receiver (Rj).

The R, comprises the Photon Torrent chip (Figure 4.14b), as introduced in Section
2.1.6, a 64x64 array of 4096 Si single photon avalanche diodes (SPADs) (details can be
found in [25]). The SPAD array has a fill factor of Fyy; = 43%, the chip’s dimensions

are 2.6x2.8 mm?

, including the surrounding electronics whilst the photon detection
probability (nppp) of the individual pixels is nppp = 26% at 450 nm and of 20 ns dead
time (74) [4]. The arrayed nature of the Photon Torrent chip masks the dead time of a
single SPAD, which can be 35-45 ns for commercial products (e.g. Thorlabs, SPCM20A
and SPCM50A) [26]. Thus, more photons can be detected, achieving higher data rates.
The photon counts were summed over a time window of 5 ns, and the count values were
outputted through a digital-to-analog converter (DAC). The DAC signal was captured
with an active oscilloscope probe and transferred to MATLAB®for offline processing to
determine the BER. As with previous measurements, the turbidity of the water sample

was varied by adding Maalox®antacid to tap water, a method widely used (e.g. in [27])

to mimic different natural water analogues in a laboratory set-up.
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FIGURE 4.14: Photographs of (a) the water tank filled with tap water and added with
Maalox antacid. The T, and R, sites are also indicated. (b)-(c) The 64 x 64 SPADs
array and the 4-inch Fresnel lens placed before the receiver. (d)-(e) The individually-
addressable micro-LED array (violet-blue) under operation and the condenser lens in
front of the device for beam collimation.
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FI1GURE 4.15: A schematic illustration of the experimental set-up used for the UWOC
demonstration by deploying the in-series connected micro-LED array (blue-green).

The second series of measurements addresses the deployment of the in-series con-
nected blue-green micro-LED array discussed in Section 4.2.2. The experimental set-up
is depicted in Figure 4.15 and was the same as used previously for the individually-
addressable devices with a few exceptions; the in-series connected blue-green micro-LED

array was used as T, and the device was modulated only by the AWG.
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4.3.2 Results
Individually-addressable devices
FPGA results

The integrated violet-blue and blue-green micro-LED arrays were operated as dual-
wavelength WDM transmitters. The underwater WDM results acquired via the FPGA
are summarised in Figures 4.16a and 4.16b. The violet-blue micro-LED array (DC;oer =
3.3V, violet’s V,,, = 1.5 V; and DCpye = 2.6 V, blue’s V,, = 1.5 V), achieved 100 Mb/s
aggregate data rate (50 Mb/s for each colour), below the FEC threshold (Figure 4.16a).
These data rates were demonstrated over 8.52 ALs and 6.95 ALs for the violet and
blue pixels at 0.0081% (or 13 ml of Maalox in 160 1 of tap water) and 0.0075% of the
scattering agent concentration (or 12 ml of Maalox in 160 1 of tap water), respectively.
The number of ALs and the calculated attenuation coefficients for each wavelength were
calculated via the method described in Section 1.6. For reference, in the same graph,
short vertical dotted lines depict the attenuation coefficients of the most turbid Jerlov

coastal waters (Jerlov 7C and 9C).

As for the blue-green micro-LED array (DCpye = 2.8 V, blue’s V,, = 1.5V,
DCyreen = 7V, green’s Vp,, = 1.5 V), an aggregate data rate of 100 Mb/s (50 Mb/s
for each wavelength) was achieved, below the FEC threshold (Figure 4.16b). The maxi-
mum number of attenuation lengths over which those transmissions were demonstrated
were 6.47 ALs at cprqaio0 = 0.0068% (or 11 ml in 160 1 of tap water) and 5.78 ALs at
CMaalox = 0.0075% (or 12 ml in 160 1 of tap water) for the blue and green micro-LED
arrays, respectively. As before, the Jerlov 7C and 9C attenuation coefficients are also

shown at wavelengths close to the colour of operation of the micro-LED devices.
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FIGURE 4.16: BER vs attenuation coefficient and number of ALs for the individually
addressable (a) violet-blue micro-LED array; WDM of 100 Mb/s is presented over 8.52
and 6.95 ALs for the violet and blue channel, respectively. (b) blue-green micro-LED
array; WDM of 100 Mb/s is shown over 6.47 and 5.78 ALs for the blue and green
underwater channels, respectively.

As all signals propagated over the same distance (1.5 m), the violet signal (the short-
est wavelength of the three) experiences higher attenuation than blue and green as the
concentration of the scattering agent increases. This explains why the violet device’s

data stream corresponds to a more significant number of ALs when compared to those of
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the blue and green devices. Figure 4.16a also shows that the violet micro-LED achieves
a similar BER to the blue for a higher number of ALs. This is possibly attributed to
the violet device’s larger E-O BW (see Table 4.1) that allows the device to modulate
faster. As for the blue-green micro-LED array, Figure 4.16b shows that the blue signal
propagates over a more significant number of ALs (when compared to the green). Both
micro-LEDs exhibit similar BER, despite the slight difference in their E-O BWs. There-
fore, the blue device’s larger optical power output (see Table 4.1) allows propagation
over a larger number of ALs. A summary of the above-discussed results is shown in

Table 4.3.

TABLE 4.3: Summary of the FPGA results, below the FEC threshold, for the individ-
ually addressable micro-LED arrays.

FPGA results

micro-LED array | DR (Mb/s) | WDM (Mb/s) | ALs | caaator (%)
Violet 50 100 8.52 0.0081
Blue 50 6.95 0.0075
Blue 50 100 6.47 0.0068
Green 50 5.78 0.0075

AWG results

As previously mentioned, an AWG replaced the FPGA to aim for higher data rates
from the same devices. It is worth noting that the Keysight M8190A AWG can support
modulation frequencies of up to 5 GHz [28] whereas the FPGA can sustain frequencies
~ 100 MHz. As such, optical signals of faster rise and fall times can be generated, thus

demonstrating higher data rates.

Indeed, the results acquired via the AWG’s modulation are shown in Figures 4.17a
and 4.17b, and indicate WDM demonstration of 200 Mb/s for the violet-blue device and
150 Mb/s for the blue-green (below FEC), compared to 100 Mb/s for the FPGA results

shown in the previous section.

With regards to the violet-blue micro-LED array (DCjper = 1 'V, violet’s Vy,, =5 V;
and DCpye = 1.5 V, blue’s Vp,, = 4.3 V), 100 Mb/s were achieved for each wavelength
over 5.85 ALs for the violet at cprqaiox = 0.0050% (or 8 ml of the scattering agent in
160 1 of tap water) and 5.18 ALs for the blue at ¢prqa100 = 0.0053% (or 8.5 ml in 160 1

of tap water).

The blue-green device (DCpye = 1.5 V, blue’s Vp,, = 4.3 V, DCgyreen, = 1 V, green’s
Vpp = 15 V) achieved WDM of 150 Mb/s; 100 Mb/s were demonstrated through the
blue channel over 5.71 ALS at cpraaior = 0.0059% (or 9.5 ml of Maalox in 160 1 of tap
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water) and 50 Mb/s through the green over 5.34 ALSs at cagai0: = 0.0068% (or 11 ml of
Maalox in 160 1 of tap water). A summary of the results mentioned above is shown in
Table 4.4.
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FIGURE 4.17: BER vs overall attenuation coefficient and number of ALs via deploying
an AWG for the signal generation for the individually addressable (a) violet-blue micro-
LED array; WDM of 200 Mb/s aggregate below the FEC threshold is presented over
5.85 ALs for the violet channel and 5.18 ALs for the blue. (b) blue-green micro-LED
array; WDM of 150 Mb/s aggregate below the FEC threshold is shown over 5.71 and
5.34 ALs for the green and blue underwater channels, respectively.



Chapter 4. Underwater Wireless Optical Communications Using Integrated
Dual-Colour Micro-LEDs 106

TABLE 4.4: Summary of the AWG results, below the FEC threshold, for the individu-
ally addressable micro-LED arrays.

AWG results

micro-LED array | DR (Mb/s) | WDM (Mb/s) | ALs | ¢praator (%)
Violet 100 500 5.85 0.0050
Blue 100 5.18 0.0053
Blue 100 150 5.71 0.0059
Green 50 5.34 0.0068

As with the FPGA measurements, the large number of ALs of the violet channel indicates
that the lowest wavelength (violet) attenuates more than blue and green as the water

turbidity increases.

Moreover, it can be seen that as the data rate increases (e.g. from 50 Mb/s via the
FPGA to 100 Mb/s through the AWG), violet attenuates faster as error-free underwater
data transmission is achievable at 8 ml of Maalox via the AWG, whereas error-free data
transmission was feasible at 13 ml of Maalox via the FPGA. The latter is observed not
only for the violet channel but also for the blue and green. This can be attributed, firstly,
to the “trade-off” between high data rates and optical power losses for the device; as
the bit period (equals to m) decreases, the micro-LEDs are forced to follow the
fast logic transitions between 1’s and 0’s imposed by the AWG, resulting in reduced
emitted optical power. Optical power loss is translated to fewer emitted photons which,
eventually, “survive” the turbid underwater environment and reach the R,. Secondly,
the R,’s 74 (=20 ns) significantly limits the distinguishability of 1’s and 0’s as the data
rate increases, resulting in a decreased SNR. Thirdly, the bias conditions between the
FPGA and AWG measurements were different. For instance, it is reminded that the
violet micro-LED was biased with DCyiper = 3.3 V and V,, = 1.5 V for the FPGA
data set, and DCyjper = 1 V and V,, = 5 V for the AWG data set. A higher DC
makes the LEDs “faster” (as higher DC means higher BW). A higher V,, (as previously
stated) increases the LED’s modulation depth, making it easier to distinguish 1’s and 0’s.
However, a high DC bias and a V,,, can lead to signal distortion due to the non-linear

output of the LEDs.

It is also worth mentioning that the blue-green micro-LED array presented resilience
to the increase in data rate and water turbidity, as the data transmissions were demon-
strated over a similar number of ALs either the device was modulated by the FPGA or
the AWG. However, the limited E-O BW of the green micro-LED (144 MHz, Table 4.1)

could explain why a higher data rate was not feasible for the green micro-LED pixel.
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In-series connected device
AWG results

The in-series connected device was tested for UWOC under various scattering conditions,
following the same procedures described in the previous Section. Figure 4.18 shows the
BER values vs the concentration of Maalox. The micro-LED array was DC-biased at
4.5 V, and the modulation depth or V,, was set at 20 V. A data rate of 50 Mb/s was
achieved at cprqqi0r = 0.0068% (or 11 ml of the scattering agent in 160 1 of tap water).
The latter underwater conditions correspond to 6.46 ALs for the blue channel and 5.34
ALs for the green, similar to the ALs of the individually-addressable blue-green device.
It is also outlined that these data transmissions can be feasible through turbid Jerlov
coastal waters (7C and 9C). The lower data rate (50 Mb/s), when compared to the
blue-green micro-LED arrays of different layouts, is attributed to the relatively low E-O
BW of the in-series connected device (= 74 MHz, Table 4.2). However, the in-series
connected device’s flexibility in terms of connectivity renders it practical for real-world

scenarios as it can be controlled and biased without the deployment of heavy electronic

equipment.
0.1 3
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FIGURE 4.18: BER values vs ¢prqai0z for the in-series connected blue-green micro-LED
array at 50 Mb/s.
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4.4 Summary

The above results denote the practicality of the concept of this work as introduced in
Section 4.1; high-speed UWOC (up to 200 Mb/s using OOK) are achievable through
WDM over an adequate number of ALs (= 5 to 8.5) through various underwater tur-
bidities. The analogy to natural waters is aligned with Jerlov coastal waters (5C, 7C
and 9C). The TP method implemented for developing the micro-LED arrays (individu-
ally addressable and in-series connected) enabled the simultaneous operation of different
colours of micro-LED pixels sitting on the same substrate (sapphire). As the attenua-
tion that an optical signal undergoes underwater is heavily wavelength dependent, one
comprehends that the colour tuning of the T, and implementing WDM are highly ap-
plicable to real-case scenarios. As for the R,, a SPAD-array was utilised, suitable for
low light level data transmissions, enabling photon detection even under high scattering

underwater environments.

More precisely, the maximum data rate of 200 Mb/s was achieved using individually
addressable micro-LED arrays: 100 Mb/s through a violet micro-LED (over 5.85 ALs)
and 100 Mb/s via a blue micro-LED (over 5.18 ALs) that was transfer-printed onto the
violet’s substrate. An AWG modulated both devices; a lower (aggregate) data rate of
100 Mb/s (50 Mb/s via each wavelength over 8.52 ALs for the violet and 6.95 ALs for
the blue) was achieved when an FPGA modulated the devices.

The array consisting of the blue-green micro-LEDs achieved an aggregate data rate
of 150 Mb/s (100 Mb/s via the blue channel over 5.71 ALs and 50 Mb/s via the green
channel over 5.34 ALs) when modulated by an AWG. As for the FPGA results, 100
Mb/s were demonstrated: 50 Mb/s for each wavelength, over 6.47 ALs for the blue and
5.78 ALs for the green.

The practicality of an in-series connected micro-LED array consisting of two blue
pixels and two green pixels was also examined. The in-series blue-green micro-LED
array was modulated by an AWG and achieved 50 Mb/s over 6.46 ALs for the blue
wavelength and 5.34 ALs for the green wavelength.

The preliminary results of this work were published and presented in: J. F. C. Carreira
et al., “Underwater Wireless Optical Communications at 100 Mb/s using Integrated
Dual-Color Micro-LEDs,” 2019 IEEE Photonics Conf. TPC 2019 - Proc., pp. 1-2, 2019.
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Chapter 5

Underwater Wireless
Omnidirectional Optical Beacon
Using Light-Diffusing Fibre

5.1 Introduction

The work presented in previous chapters, along with the UWOC links that have been
widely reported in the literature, refer to typically “point-to-point” links, where a single
T, addresses a single R,. This suggests that the optimal optical alignment between
T, and R, is continuously preserved. However, as discussed in Chapter 1, the optical
channel is affected and compromised by the inherent optical properties (IOP) of water,
molecular absorption and molecular scattering due to small temperature and density
fluctuations, and macroscopic absorption and scattering due to organic and inorganic
particles which can significantly decrease the signal quality and/or limit the optical link
range. In addition, the external diverse environmental conditions in the open ocean, such
as heavy winds, can result in stormy waters and severe underwater currents, which would
render the maintenance of the optical alignment between T, and R, quite challenging or
in some cases implausible. Furthermore, tethered links can be expensive and impractical

in the challenging underwater environment.

To mitigate the alignment restrictions in an underwater channel, this chapter reports
the deployment of the Corning®Fibrance®Light—Diffusing Fibre [1] as an underwater
omnidirectional “beacon”. For convenience, the fibre will be referred as “Fibrance fibre”
for the rest of the chapter. A detailed description of the critical features of the Fibrance
fibre will be given in Section 5.1.1. However, it is worth mentioning that this fibre

exhibits the property of scattering light uniformly along its length instead of delivering
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it from point to point over long distances. In this way, a simple and cost-effective
omnidirectional beacon is realised with no moving or complex optical and mechanical
parts or precise underwater alignment. The Fibrance fibre could establish a wireless
link within a volume of water covered by the beacon, such as a ship broadcasting to
multiple divers or ROVs and UUVs that are in proximity to the ship. In contrast,
tracking and aligning each link separately with point-to-point cases would be necessary.
Another scenario could be that an ROV employs the beacon concept to communicate
to a surface vessel without continuously tracking and optically aligning the data link.
As discussed previously, optical wireless data links can remove the need for tethered
communications, significantly increasing mobility and functionality and reducing costs.

A conceptual illustration of how the Fibrance fibre concept could be implemented in

real-world applications is shown in Figure 5.1.

b
: Optical signals C\ma |

FI1GURE 5.1: Schematic illustration of the beacon concept. The Fibrance fibre could
be implemented, e.g. at the hull of a surface vessel and send data omnidirectionally
underwater to UUVs which are in proximity to the ship. No sophisticated optical
components nor precise alignment are required. The same idea is followed for the
UUVs, where optical signals of different wavelengths can be transmitted or received to
other UUVs or/and the surface vessel.

The omnidirectional beacon is here placed at the ship’s hull and coupled to a light source
located, e.g. on the vessel’s deck, thereby transmitting wireless underwater data to
UUVs. Following appropriate engineering, the Fibrance fibre could be wrapped around
a UUV and send the collected data to the surface vessel, such as high-definition video
or pictures from the seabed. In this way, the time-consuming and costly procedures of
pulling the unmanned vehicle out, placing it on the ship’s deck, unloading data, and
putting it back in the water are significantly avoided. Depending on the underwater
conditions, different wavelengths of optical signals can also be deployed to different

multiplex receivers, as suggested by Figure 5.1, and as further examined in Section 5.5.
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5.1.1 Details of the Fibrance fibre

The Fibrance fibre is a patented product [2], invented by Corning Inc. Some of the
Fibrance fibre’s main application domains are depicted in Figure 5.2 and involve use in

speciality lighting, signage and display purposes [3].

- <
Jpodl & SEaNghtipg. 4.

(b)

FIGURE 5.2: Examples of the Fibrance’s application domains in (a) lighting, (b)
electronics, and (c) architecture. Images taken from [3].

cladding
4 thickness
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core diameter nanostructures’ diameter
~100-200 pm ~ 50-500 nm

(a)

FIGURE 5.3: (a) Cross section of the Fibrance fibre; the core is divided into three
regions (1, 2, 3), and the cladding area corresponds to region 4. (b) Optical image
from glowing Fibrance fibres wrapped in spirals.

The glass core of the Fibrance fibre, whose diameter is between 100-200 pm, consists
of pure or fluorine-doped silica and is divided into three regions; 1, 2, and 3, as shown in
Figure 5.3a, where a cross-section of the Fibrance is illustrated. Section I and section

8 refer to the solid central and outer solid regions, respectively. Section 2 comprises a
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ring-shaped area ( “inner annular core region”), where has been placed non-periodically
disposed nano-sized structures, reported as voids filled with gas [2, 4]. The cladding,
which corresponds to section 4 in Figure 5.3a, is approximately 50 pm thick and consists
of a low refractive index material, such as acrylate- or silicone-based polymer. The
uniqueness of this thin and flexible fibre lies in the aforementioned nano-sized scattering
centres, which scatter the coupled light (from an LED- or laser-based device) away from
the core and towards the outer surface of the fibre. Then, the light is diffused through
the sides of the fibre and is emitted along the Fibrance fibre’s length. This “glowing”
effect can be easily seen in Figure 5.3b, where three Fibrance fibres were coupled to
off-the-shelf LDs of different operational wavelengths and wrapped around three tubes
for demonstration purposes. The magnitude of the scattered light can be changed by

adjusting the size of the scattering centres whose diameter varies from 50-500 nm [2].

Different offerings of Fibrance fibres are identified by the light-diffusion lengths; 1 m,
5 m, and 10 m, whereas custom fibre diffusion lengths are also available [5]. According to
Corning Inc., a diffusion length is defined as the point along the length of the Fibrance
fibre at which the optical power of the emitted light through the fibre’s outer cladding
is reduced to 1/10 of the initial optical power coupled into the fibre at the input facet
(P = Py/10) [6], following an exponential decay, as shown graphically in Figure 5.4
[5, 6]. Hence, assuming that the cumulative emitted optical power right after the fibre
coupler is maximum, after 1 m, i.e. at the opposite end of the fibre, the emitted optical
power will have been decreased by 90%. The same consideration apply to the fibres of

5 m and 10 m diffusion length.

T T
~100 % -
AN P_ : maximum of the cumulative ====1m (nominal) diffusion length
0 === 5 m (nominal) diffusion length
10 m (nominal) diffusion length

emitted optical power

P= Pol10 : cumulative emitted optical power
at 1 m, 5 m, and 10 m diffusion lengths

\ Bva

1 5 10
Diffusion length (m)

Cumulative emitted optical power (a.u

10 %

FIGURE 5.4: Graphical representation of the diffusion characteristics of the Fibrance
fibre; 90% of the coupled input optical power is emitted as a diffuse output at 1 m, 5
m, and 10 m diffusion lengths, respectively. Adapted from [5, 6].
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The scattering properties of the Fibrance fibre, along with its flexibility and af-
fordability, have attracted interest for several potential applications. For instance, by
exploiting the Fibrance fibre’s diffusing properties and coupling short-wavelength light
into Fibrance, light can be delivered into areas which other bulky light sources can-
not easily access for applications such as polymer photo-curing and/or stimulation of
biological material by photoreaction [4]. The same concept can be applied in medical
applications, e.g. in photodynamic therapy, where a photochemical drug is activated
by targeted radiation of a specific wavelength and thus, cancer cells and tissues can be
destroyed [7]. However, little has been reported in the communications field regarding
the deployment of Fibrance fibre. The following sections will analyse how the light-
diffusion fibre enabled omnidirectional wireless underwater data transmission over clear

and turbid waters.

5.2 Experimental set-up

5.2.1 Set-up description

The experimental set-up for this work is depicted in Figure 5.5. As previously mentioned,
the Fibrance fibre was deployed as T, in the form of an underwater beacon, to send
data omnidirectionally without the need for precise alignment with respect to the R,

nor optical and mechanical components.

fibre laser
adapter diode

ij @10 <

glass beaker & focusing  collimating
fibrance lens lens

FIGURE 5.5: The experimental set-up for the underwater wireless optical communica-
tions system based on deploying the Fibrance fibre as T,.

The 5 m long Fibrance fibre was coupled with an off-the-shelf InGaN LD (Osram,
PL520), whose actual wavelength of operation is approximately 514 nm and which has a
linewidth of 1.13 nm FWHM at 90 mA. The electroluminescence (EL) spectrum of the
LD, shown in Figure 5.6a, was obtained through an optical fibre-coupled spectrometer
(Avantes, AvaSpec-2048L) at the same current value (90 mA). The LI and the IV curves,
are plotted in Figure 5.6b, where it can be noticed that the emitted optical power of the
LD at 90 mA is approximately 32 mW. The forward detected output optical power of
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the beam upon collimation through an aspheric lens (Thorlabs, C240TME-A) was about
5 mW as measured via a calibrated Si photodiode power sensor of area 9.7x9.7 mm?
(Thorlabs, S121C) and connected to a power meter (Thorlabs, PM100A). This light was
then focused by an identical aspheric lens as previously (Thorlabs, C240TME-A) and

coupled through a fibre adapter plate (Thorlabs, SM1ST) to the Fibrance fibre.
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FIGURE 5.6: (a) The measured EL spectrum of the LD. (b) IV and LI curves of the
LD (adapted from [8]).

The Fibrance fibre was placed inside a glass beaker (see Figure 5.7a), and the beaker
positioned at the bottom of the 1.5 m long water tank (see Figure 5.7b), filled with
160 1 of tap water. To prevent reflections from the tank’s walls that would not occur in
open waters and may lead to multipath signal distortions, matt black plastic sheets were
placed at the bottom and around its walls. The OOK modulation scheme (see Section
2.2.1) was used for generating a pseudo-random bit sequence (PRBS) of 127 bits via an
FPGA (Opal Kelly, XEM3010). The FPGA data output and DC supply (Yokogawa,
GS610) of 6.5 V were combined to drive the LD via a bias tee (Mini-Circuits, ZFBT-
4R2G+). A MATLAB®script ran the FPGA through a PC, whereas the modulation
data rate was 5 Mb/s. Following the same process as in previous chapters, the turbidity
of the water was varied by adding Maalox®antacid in the water tank, starting from 0 ml
of the scattering agent to 160 1 of tap water and finishing up to 40 ml that corresponds

to a concentration of 0.025% at the same volume of water.
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(b)

FIGURE 5.7: (a) Optical image of the Fibrance fibre in the glass beaker. (b) Optical
image of the illuminated Fibrance fibre in the water tank.

As for the R,, a 6x6 mm? SiPM (SensL J-Series, 60035) was placed at the other side
of the tank, approximately aligned with the Fibrance fibre which was sufficient enough
to collect part of the signal propagated through water (no receiver optics were used),
either scattered due to Maalox or not. The SiPM was connected to an oscilloscope for
monitoring the captured signal, and the data were transferred back to the PC for further
offline analysis. For the majority of the measurements, the distance between T, and
R, was fixed to the maximum possible 1.5 m. However, for high scattering conditions
(above 11 ALs) and beyond 24 ml, or 0.015% in concentration, of the scattering agent),
the distance was decreased by moving the beaker in the water tank closer to the SiPM,
which resulted in a captured signal of better quality but of reduced number of ALs. This
can be easily explained as the number of ALs is given by the product ¢z, where ¢ is the
attenuation coefficient of the water sample, and z gives the propagation distance of the

captured optical signal. Small z results in a low number of ALs.

5.2.2 Underwater channel characterisation

The underwater channel characterisation was based on the method described in Section
1.6. By measuring the transmitted and received power, Pr and Pg, respectively, over a
propagation distance z, the wavelength-dependent attenuation coefficient (¢(\) in m~1)
can be calculated through Equation 1.10, as well as the unit-less number of ALs (¢()\)-2)
[9]. The calculated attenuation coefficient versus Maalox content for the operational
wavelength for this work (514 nm), with their first order polynomial fit, are shown in
Figure 5.8. For comparison, the typical values of the attenuation coefficients for three
Jerlov oceanic types (I-1II) and four Jerlov coastal types (3C-9C) are also shown. These
values were acquired from [10] and calculated for A = 525 nm, the closest wavelength to

the Osram LD’s measured peak emission wavelength.
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FIGURE 5.8: The calculated attenuation coefficient for A = 514 nm vs Maalox content
with their second order polynomial fit and the values for ¢(525 nm) of Jerlov water
types for reference.

As seen from Figure 5.8, the content of the scattering agent started from 0 ml and
ended at 20 ml (or 0.0125% in concentration) in 160 1 of tap water. From the above
graph, it can be deduced that light undergoes heavier attenuation as the Maalox content
increases, since scattering is the dominant process which prevents photons from arriving
at the power meter sensor. However, as explained in Section 1.6, for contents of the
scattering agent above 16 ml (with a corresponding number of ALs = 7.7), the linearity
between c¢(\)-Maalox content breaks down as the signal (in our case the received power),
attenuates at a slower rate. For Maalox contents above 16 ml (or 0.01% in concentration),
the estimation for ¢(\) and number of ALs can be derived by the second order polynomial
fitting curve that describes the variation of ¢(\) versus Maalox content (Figure 5.8 and
Table 5.1).
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TABLE 5.1: Values for Maalox content and concentration, and for the respective c¢()\)
and number of ALs. The values shown in this table for ¢(\) and ALs were derived from
the second order polynomial fitting curve shown in Figure 5.8.

Maalox content (ml) Maalox conc. (%) c (m~!) ALs

18 0.0112 5.52 8.29
20 0.0125 6.04 9.06
24 0.0150 6.77 10.15
28 0.0175 7.87 11.81
35 0.0218 9.02 13.8
40 0.0250 9.98 14.97

5.3 Background theory and methodology

The results based on the Fibrance fibre measurements were extracted by constructing
eye diagrams for each underwater channel and estimating the corresponding BERs. As
such, a brief description of an eye diagram is given in the following sections. Secondly, we
describe the background theory and methodology that was followed for the eye diagrams

and corresponding histogram construction and the calculation of BER.

5.3.1 Eye diagrams

Eye diagrams are widely used in high-speed communications and electrical engineering
to assess the received signal’s quality visually. They are created by repeatedly super-
imposing successive segments of a data stream transmitted in reference to a “master
clock” signal. Ideally, an eye diagram would resemble a rectangular box as the tran-
sitions between 1’s and 0’s would be instantaneous and free from noise and distortion.
In reality, however, these rise and fall times of signals are finite, suffer from random
time jitter and noise, and thus, they do not lie perfectly on top of each other. The
deviation of the digital signal is attributed, amongst other effects, to manufacturing and
installation errors, or/and digital signal reflections, crosstalk and intersymbol interfer-
ence (ISI), which result in the formation of an eye-shaped image, an example of which
is illustrated in Figure 5.9. Binary “0” and “1” represent the mean values of logic 0’s
and 1’s, respectively, while the amplitude shows the difference between the logic levels
or the vertical opening of the eye. Based on that difference and the power (or voltage)
threshold (indicated as “Decision threshold” in Figure 5.9), the receiver will determine
whether a received bit is “0” or “1”. The presence of noise or distortion causes the
eye to shrink. On the other hand, an “open eye” indicates that the signal is of good
quality and error-free. The optimum time to sample the bit stream is when the most

open part of the eye occurs (indicated as “Best time to sample” in Figure 5.9), meaning
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best signal-to-noise ratio (SNR). The bit period is defined as the inverse of the data
rate and indicates the horizontal opening of the eye. Timing errors are also crucial in
determining signal quality, mainly when high-speed signals are transmitted. One such
timing error that also causes eye shrinkage is jitter, which refers to the time deviation

from the periodicity of a data-bit event or the misalignment of rise and fall times.

Bit period

Amount of

Binary “1” Free e e e e e
Y I N distortion

-
(]
3
g )i
______ \-;"/ == = == | Amplitude
Decision R\
thresho \\
S ,-/—— -

Binary “0” b=

Best time
to sample

FI1GURE 5.9: Graphical illustration of an eye diagram.

5.3.2 Methodology for calculating Bit-Error Ratios

The process for the extraction of the Fibrance fibre measurements’ BERs, was based on
the work from Shake and Takara (2002) [15] and is as follows. Figure 5.10 shows the
constructed eye diagram from the OOK received signal at 0 ml of the scattering agent.
“Upper” and “Lower” refer to the logic 1 and 0 levels. The bit stream is sampled at
time = 7 where the maximum eye opening occurs, i.e. approximately at the centre of
the bit period. The corresponding logic levels’ voltage distributions around a voltage

threshold are also depicted on the left side of the figure.
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S a1(t)

Ho(D)

Time

FIGURE 5.10: Constructed eye diagram at 5 Mb/s over 0.04 ALs (0 ml of Maalox) on
the right and the corresponding 1’s (Upper) and 0’s (Lower) normal distribution on the
left.

It is worth reminding here that the SiPM (R,) consists of an array of SPADs (see Section
2.1.6) and the photon detection follows Poissonian distribution [16]. However, for this
work, it is assumed that the number of received photons is large enough such that each
distribution around the logic levels can be approximated by a normalised Gaussian [17]

through Equation 5.1:

1 —(r—p(®)?
Gt)= ——e 22 5.1
Q V27o(t) (5-1)
where o(t) and p(t) are the distribution’s standard deviation and mean value, respec-

tively. Then, the @-factor (or Quality factor) can be defined as:

0= |pa (t) — Mo(t)\, (5.2)
o1+ 00

where p1, uo, 01, and og are the mean values and standard deviations of the Upper (1’s)
and Lower (0’s) logic levels, respectively. The Q-factor measures how clearly separated
the distribution of Upper and Lower values are. A high @ indicates that the distributions
are distinctly separated, making distinguishing a 1 from a 0 easy. On the other hand,
a low (@) shows that the distributions are wide and close together, resulting in the logic
levels’ overlapping, and thus, some 1’s can be mistaken as 0’s, and vice versa. Following

Equation 5.1 and by setting the exponential’s numerator as:

_ (T p@)? _ 1 _ ;
22— oy dz = ﬁa(t)dr = dr = V20(t)dz, (5.3)
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the normalised Gaussian distribution, integrated between —7 and 47, can be written

as:

T T

T 1 g LT e
g G(t)dt = Wﬂa(t) / e dz = dz. (5.4)

—T

Claiming that the normalised Gaussian is symmetric around the y-axis, the Error func-

tion (erf) can be defined, and Equation 5.4 is now written as:

T

2 " z=er
G(t)dt_ﬁ/o e dz = erf(t). (5.5)

—T

Then, the Complementary Error function (erfc) arises directly from the erf, as follows:

erfc(t) =1 — erf(t) = \; /00 e % dz. (5.6)

Practically, the Error function indicates the probability that a value of interest (that is 7,
for the above description) can be found within the range +t/(1/20). The Complementary
Error function represents the probability that 7 is outside that range [18, 19]. Finally,
the BER, which is the key quantity of interest for this work, is related to the erfc and
can be extracted through the following equation [15]:

BER = %erfc (%) . (5.7)
The fitting of the Gaussian distributions on the histograms of the Upper and Lower
levels (as shown in Figure 5.10) defined the mean values and standard deviations for
each content of the scattering agent tested for this work. As such, the calculation of the
Q@-factor via Equation 5.2 was enabled, and subsequently, the BER at the fixed data
rate of 5 Mb/s for every water sample was provided via Equation 5.7. The constructed
voltage histograms can be seen in Section 5.4.2 where the voltage distributions (noise)
for each logic level (Upper and Lower) along with the corresponding eye diagrams are

depicted around a voltage threshold which was set manually to give the best BER result.

5.4 Results

5.4.1 Data streams

The 0 to 3.3 V digital PBRS signal sent to the LD and optically transmitted through
the water had the form as shown in Figure 5.11 (top). As mentioned, the PRBS is 127
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bits long and was transmitted at a fixed data rate of 5 Mb/s. For comparison, along
with the digital signal, the received signal through clear tap water (no scattering agent

added) over 0.04 ALs is also shown in Figure 5.11 (bottom).

0 V to 3.3 V digital signal

3
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FIGURE 5.11: The forms of the digital signal (top) sent to the LD, and (bottom) the
received signal at 5 Mb/s over 0.04 ALs (0 ml of Maalox).

The form of the received signals over various turbidities can be seen in Figures 5.12a-
5.12d. These were obtained by adding 8 ml, 16 ml, 28 ml, and 40 ml of Maalox in the
water tank, while the corresponding number of ALs was 3.75, 7.7, 11.81, and 14.97. For
all the received signal plots, time on the z-axis represents the time duration of a single

data stream, equal to 25.4 us (i.e. the number of bits per bit steam X bit period = 127

. 1 sec
bits x 5% 100 m)
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(a) Received signal at 5 Mb/s over 3.75 ALs (8 ml of Maalox).
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(c) Received signal at 5 Mb/s over 11.81 ALs (28 ml of Maalox).
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(d) Received signal at 5 Mb/s over 14.97 ALs (40 ml of Maalox).

FIGURE 5.12: The forms of the received signals at 5 Mb/s over various water turbidities.
As the water becomes more turbid due to the added scattering agent, the received signal
experiences an attenuation of approximately 60% and becomes noisier.

Visual inspection of Figures 5.11 and 5.12 reveals an adequate similarity between the
digital and the received signals, and thus, it can be assumed that the underwater beacon
could support the 5 Mb/s data rate over a modest number of ALs. However, it can be
observed that the received signal undergoes a decrease in the order of 60% and becomes
noisier as the attenuation level increases, making the separation between logic 0’s and

1’s increasingly difficult. As such, further analysis is required to extract more robust
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information on the feasibility of the underwater beacon concept, which will be provided

in the following section.

5.4.2 Eye diagram construction, histogram creation and Bit-Error Ra-

tios calculation

The eye diagrams for the underwater Fibrance fibre measurements over clear and turbid
water samples were constructed through the MATLAB® “eyediagram” built-in function.
The input arguments included the received bit streams shown in the previous section
(5.4.1) and were constructed for underwater wireless optical transmissions at the fixed
data rate of 5 Mb/s as defined by the FPGA, over clear tap water and for each Maalox
content (1 ml up to 40 ml). The distance between T,-R, was fixed at 1.5 m. Following
the method described in [15] and Section 5.3.2, the voltage distribution histograms
around a voltage threshold were also built to acquire more precise information on signal
distinguishability. Figure 5.13 shows the wide open eye diagram for clear tap water
over 0.04 ALs. The water sample’s attenuation coefficient as calculated in Section 5.2.2,
was 0.02 m~!, a value close to Jerlov I (0.048 m~! for A\ = 525 nm) water type. The
histogram of the logic 1’s and 0’s distributions is also shown on the figure’s right. Both
diagrams were constructed around a voltage threshold of 0.02 V at which the BER was
lowest (1.38x10713), where it is evident that 0’s are clearly distinguished from 1’s and

vice versa.
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-12 -10 1 0.01 0.015 0.02 0.025 0.03 0.035 0.04
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FIGURE 5.13: Constructed eye diagram at 5 Mb/s over 0.04 ALs (0 ml of Maalox) on
the left and the normal distributions histogram corresponding to the 1’s (Upper) and
0’s (Lower) on the right. The corresponding received signal for both diagrams is shown
in Figure 5.11b.

The resiliency of the underwater beacon concept was further examined for the same
scattering agent’s contents as in the previous section (8 ml, 16 ml, and 28 ml). Figures
5.14a - 5.14c show the eye diagrams and the histograms over 3.75, 7.7, and 11.81 ALs,
respectively. As before, the voltage threshold was chosen to give the lowest BER values
over the above number of ALs; 2.6x10710, 1.48x1077, and 7.9x 1074, respectively. Vi-
sual inspection of the eye diagrams below reveals that error-free data transmissions via
the underwater beacon should be achievable over 10 ALs. The BER values mentioned

above are in alignment with that assumption as they are listed below the FEC threshold
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(3.8x1073). In addition, it can be seen via the voltage histograms that the Q-factor
(as defined by Equation 5.2) for the Maalox contents of 0 ml, 8 ml, and 16 ml is still
high enough to allow a clear separation between 1’s and 0’s. However, a detailed look in
Figure 5.14c shows an evident broadening of the voltage distributions and a slight over-
lapping of their tails around the voltage threshold of &~ 7 mV. The increased presence of
noise, attributed to the large number of scattered photons that do not reach the SiPM,
results in a lower SNR* and a higher BER.

S
\ Distribution for 0’s

Voltage (V)

-12 -10 -8 -6 -4 2 0 2 4 6

- 0 0.005 0.01 0.015 0.02 0.025
Time (s) x10®

Voltage (V)

(a) Constructed eye diagram at 5 Mb/s over 3.75 ALs (8 ml of Maalox) on the left and the
corresponding to the 1’s (Upper) and 0’s (Lower) normal distributions histogram on the right.
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(b) Constructed eye diagram at 5 Mb/s over 7.7 ALs (16 ml of Maalox) on the left and the
corresponding to the 1’s (Upper) and 0’s (Lower) normal distributions histogram on the right.
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(c) Constructed eye diagram at 5 Mb/s over 11.81 ALs (28 ml of Maalox) on the left and the
corresponding to the 1’s (Upper) and 0’s (Lower) normal distributions histogram on the right.

F1GURE 5.14: The constructed eye diagrams and voltage distribution histograms for

error-free underwater wireless optical communication by the Fibrance fibre over varied
underwater conditions.

At 40 ml of Maalox and over 14.97 ALs, the eye is completely closed (see Figure 5.15), in-

dicating that error-free data transmission is not feasible. That was also confirmed by the

*Conventional SNR can be defined as SNR = 10l0910%, where Psignar and Proise are the
average received power and noise, respectively [16].
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BER calculation, which stood above the FEC threshold and equalled 4.45x10~2. Under
these highly scattering conditions, photons are severely scattered from their optical path
to the R,. Furthermore, it can be seen that the tails of the voltage distributions around
the logic levels are significantly overlapped. Thus, the detector cannot distinguish 1’s

from 0’s, which results in a strongly distorted captured signal, as shown in Figure 5.12d.
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FIGURE 5.15: Constructed eye diagram at 5 Mb/s over 14.97 ALs (40 ml of Maalox) on
the left and the corresponding to the 1’s (Upper) and 0’s (Lower) normal distributions
histogram on the right.

The achieved BERs from 16 ml of Maalox and above, as derived by Equation 5.7, over
1.5 m range between beacon and SiPM, are shown in Figure 5.16 as a function of the

attenuation coefficient and the number of attenuation lengths for each water sample.
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FIGURE 5.16: Achieved BERs vs attenuation coefficients and number of ALs for the
Maalox contents tested for this work over 1.5 m between T,-R,.
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The first plotted data point corresponds to an achieved BER of 2.28x10~7 over a water
sample of 16 ml Maalox content (or 0.01% in concentration). The attenuation coefficient
and the number of ALs are 5.13 m~! and 7.7, respectively. The form of that received
signal is depicted in Figure 5.12b while the corresponding eye diagram can be seen for
convenience on the right of the figure. The achieved BER, before the FEC threshold
(3.8x1073), is 4.26x10~* over 11.81 ALs at a water sample of 7.87 m~! in attenuation
coefficient and of 28 ml (0.0175% concentration) of the antacid. The reader is referred
to Figure 5.12c for inspection of the form of the received signal, and the corresponding
constructed eye diagram is given on the right, as before. These BER values accurately
reflect the Fibrance fibre’s potential to be deployed over turbid waters. For reference,
in Figure 5.16, are also drawn in vertical lines the attenuation coefficients of two Jerlov
oceanic (I-II) and one coastal (9C) type at 525 nm (calculated from [10]), which is the
closest wavelength to the operational wavelength of the Osram LD (&~ 514 nm) coupled
to the Fibrance. These waters are considered the murkiest natural water types, as
classified by N. G. Jerlov [20]. Although Figure 5.16 are depicted, for convenience, data
from 16 ml of the scattering agent and above, the reader is referred to Table 5.2 for
a complete presentation of the achieved BERs along with the calculated c(\) and ALs

over 1.5 m between T,-R,.
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TABLE 5.2: Summary of all the calculated values of the Fibrance fibre at 5 Mb/s
over 1.5 m between T,-R,. Note that as the level of attenuation increases, the BER
increases, as scattering prevents signal photons from reaching the R,.

Maalox Maalox
content c(m™) ALs BER
(ml) conc. (%)

0 0 0.02 0.04 1.38x10713
1 0.0006 0.37 0.56 2.80x10712
2 0.0012 0.72 1.08  1.7x107°

3 0.0018 1.01 1.52  3.25x10~
4 0.0025 1.26 1.89  4.99x10710
6 0.0037 1.9 2.86 4.35x10713
8 0.0050 2.5 3.75  4.52x10710
10 0.0062 3.24 4.85 1.12x1078
12 0.0075 3.94 5.9  1.05x1077
14 0.0087 4.58 6.85  5.47x107°
16 0.0100 5.13 77 2.28x10°7
18 0.0112 5.52 829 1.15x1076
20 0.0125 6.03 9.05 8.63x107°
24 0.0150 7 10.5  2.52x107°
28 0.0175 7.87  11.81 4.26x107*
35 0.0218 9.2 13.8  9.2x1073

40 0.0250 9.98  14.97 7.37x1072

SiPM
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FI1GURE 5.17: Depiction of the experimental set-up while moving the beaker towards

the detector.
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In Section 5.2.1, it was noted that for the most extreme scattering water samples,
bit streams of different underwater optical ranges were captured by moving the beaker
in &~ 30 cm steps towards the detector (see Figure 5.17), in an attempt to improve the
signal’s quality. Figure 5.18 depicts, in a 3x3 grid form, the resulting constructed eye
diagrams for Maalox contents of 28 ml, 35 ml, and 40 ml, over 0.9 m, 1.2 m, and 1.5 m at
5 Mb/s. The number of ALs, along with the calculated BERs, are indicated on the top of
each diagram, and it can be observed that the opening of the eye becomes more distinct
as the T,-R, distance reduces, as expected. It is important to stress that at 40 ml of the
scattering agent and at 1.2 m between beacon and detector (element 2.1 of Figure 5.18’s
grid), the maximum number of ALs (11.97) is estimated to be achieved, over which
error-free data transmission could be demonstrated (7.13x10~* BER). A summary of
the calculated values for the various distances between the underwater beacon and the
SiPM is given in Table 5.3.
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FIGURE 5.18: The constructed eye diagrams for the highest contents of the scattering

agent over 1.5 m, 1.2 m,
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TABLE 5.3: Summary of the calculated Fibrance fibre values over various ranges,
under extreme scattering conditions. Below are listed the Maalox content and the
corresponding concentration, the water sample’s attenuation coefficient, the distance
between the beacon and the SiPM, the number of ALs, and the achieved BER.

Maalox TR
content | Maalox conc. (%) | ¢ (m™1) o ALs BER
() (m)
1.5 14.97 | 7.37x1072
40 0.0250 9.98 1.2 11.97 | 7.13x1074
0.9 8.98 | 9.29x1078
1.5 13.8 | 9.2x1073
35 0.0218 9.02 1.2 11.03 | 3.9x107°
0.9 8.27 | 5.27x1078
1.5 11.81 | 4.26x1074
28 0.0175 7.87 1.2 9.47 | 8.1x1076
0.9 7.08 | 3.88x1078

The promising results of the underwater beacon concept have shown the potentiality
of the Fibrance fibre system to be implemented over turbid waters and in real-world

scenarios as 5 Mb/s were successfully transmitted over ~ 15 ALs.

5.5 Wavelength Division Multiplexing simulation for the
Fibrance fibre

In the chapter’s introduction (Section 5.1), it was mentioned that the Fibrance fibre
would be ideal for WDM, depending on the underwater conditions. As such, simulations
based on a MATLAB®script were performed and estimated the T,-R, distance that
the underwater beacon could support, firstly with the current configuration, secondly
with increased coupled power, and thirdly at an increased data rate of 10 Mb/s. Two
wavelengths were chosen for these simulations, namely 450 nm and 525 nm, both of

which are obtainable from laser diodes.

The simulations were based on the work conducted by Hamza et al. [21] and Khalighi
et al. [17], which examined the deployment of SiPMs for underwater wireless optical
signal detection. An ideal alignment between T, and R, is assumed, as well as negligence
of ambient light noise (i.e. the system operates in deep waters). A Poisson-based photon
detection probability and the photodetector’s characteristics have been considered for

the signal detection. Furthermore, it is assumed that the Fibrance fibre is emitting
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power isotropically; at a given propagation distance z, the surface area of the emitted
light is spherical and hence equal to 47z2. As mentioned in Section 5.2.2, the optical
power losses can be modelled through Equation 1.10, and thus, the received power, Pg,

is given as follows:

A 22

Pa(z) = Pr(2) (APD) eV, (5.8)

where Pp, App, and ¢(\) are the transmitted power, the photodetector’s area and the
water’s attenuation coefficient, respectively. Finally, the simulation calculates the BER
as the transmission distance increases, i.e. the range between beacon and SiPM, over

the same Jerlov water types as mentioned in the previous section (I, III, and 9C).

Figure 5.19 shows the modelling of the WDM Fibrance fibre link by keeping the
experiment’s parameters unchanged, i.e. fixed data rate at 5 Mb/s using OOK, \; = 450
nm, Ao = 525 nm, and P = 5 mW. It is worth noting that the underwater beacon would
work at modest distances of ~ 12.4 m (at 450 nm) and ~ 10 m (at 525 nm) over Jerlov
I water type (or over 0.27 and 0.48 ALs, respectively) and at ~ 2.6 m (at 450 nm) and
2.8 m (at 525 nm) over Jerlov III water type through 2.84 and 3.08 ALs, respectively.
These estimations align perfectly with the “real” results acquired in Section 5.4.2, where
it was shown that error-free transmission is feasible through an identical number of ALs.
The oscillations shown on the right side of the figure are an “artefact” of the simulation.
The calculations work with an integer number of photons whose number becomes small
when the received signal is weaker. Thus, any change from, e.g. 11 to 10 photons results
in BER “jumps”. A complete representation of the estimated values shown in Figure
5.19 is displayed in Table 5.4.
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FiGURE 5.19: BER vs T,-R, simulation, over Jerlov I, III, 9C water types at 450 nm
and 525 nm. The modelling parameters are the same as with the experiment described
in Section 5.2.1.

TABLE 5.4: Estimated values below the FEC threshold for the simulated WDM Fi-
brance fibre link at Pr=5 mW and 5 Mb/s.

5 mW, 5 Mb/s

A (nm) | Jerlov water type | max T,-R; (m) | ALs

I 12.4 0.27

450 11 2 2.84
9C <1 < 5.33

I 10 0.48

525 II1 2.8 3.08
9C <1 < 3.81

Next, by increasing the Pr to 20 mW, via more efficient coupling between the LD and the
Fibrance fibre, and keeping the rest of the parameters as before, transmission distances
of ~ 21.2 m (at 450 nm) and ~ 16 m (at 525 nm) are estimated over Jerlov I water
type (or 0.47 and 0.77 ALs, respectively) for error-free underwater data transfers. For
Jerlov 111, distances of approximately over 2.8 m (at 450 nm) and 3.4 m (at 525 nm)
or 3.98 and 3.77 ALs, respectively, are estimated at which the achieved BER is below
threshold. Furthermore, at 525 nm, error-free Fibrance communication can be achieved
in Jerlov 9C through 4.57 ALs. These results are depicted in Figure 5.20, and a detailed

representation of the error-free estimated values are shown in Table 5.5.
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Ficure 5.20: BER vs T,-R, simulation, over Jerlov I, III, 9C water types at 450 nm
and 525 nm. The modelling parameters are the same as with the experiment described
in Section 5.2.1 except for the transmitted power, Pr, which was set to 20 mW.

TABLE 5.5: Estimated values below the FEC threshold for the simulated WDM Fi-
brance fibre link at Pr= 20 mW and 5 Mb/s.

20 mW, 5 Mb/s

A (nm) | Jerlov water type | max T,-R, (m) | ALs

I 21.2 0.47

450 II1 2.8 3.98
9C <1 < 5.33

I 16 0.77

525 II1 3.4 3.77

9C 1.2 4.57

It should also be noted that between the two simulations (Figures 5.19 and 5.20), there
is an increase of &~ 60 — 70% in range for Jerlov I water type at both wavelengths, as the
Pr increases. Conversely, over, e.g. Jerlov 111, the increase is calculated between 21-40%
despite the power difference. This can be interpreted by considering that attenuation via
absorption is the dominant factor for power losses over clear waters. Indeed, for instance,
the absorption coefficient for Jerlov I at 525 nm, is oy =0.046 m~' whilst the much
smaller scattering coefficient, is b; =2.05x1073 m~! [10]. In general, absorption can
be overcome by simply increasing the output power (and, thus, the number of emitted
photons) of the light source, which can result in a significant optical range improvement.
On the other hand, as the turbidity of the water increases, the scattering coefficient
becomes much larger than absorption’s (e.g. in Jerlov 9C at 525 nm, bgc =3.38 m~! and

agc =0.430 m~! [10]) and scattering becomes the dominant cause for power losses. A
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more convenient method to compare scattering in different water types is to examine the
changes in scattering albedo, w, as the water turbidity increases. The scattering albedo
of a water sample is defined as the ratio of the scattering to the overall attenuation
coefficient (w = b/c) [13]. As such, at 525 nm, w; = 0.043 whereas wyc = 0.89 for
Jerlov I and 9C, respectively. It can now be deduced that an increase in the T,’s output
power has an insignificant effect on the optical range improvement over turbid waters.
Scattering impact on UWOC could be mitigated either by the deployment of high-
sensitive receivers (SPADs or SPAD-arrays) for low-light measurements (at the order
of few photons) or by the implementation of more sophisticated temporal (or spatial)

modulation schemes.

Further simulation results were provided by increasing the data rate from 5 Mb/s to
10 Mb/s whilst maintaining the Pp at 5 mW. This could have been done by changing the
FPGA’s parameters for the real-time measurements of this work. However, at data rates
> 10 Mb/s, the limited bandwidth of the SiPM can affect the system’s range performance
[17]. Increased data rate means faster transitions between 1’s and 0’s which can cause
IST and, thus, lower SNR. The BERs plot at 10 Mb/s can be seen in Figure 5.21.

0
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Jerlov | (@ 450 nm)
Jerlov Il (@ 450 nm)
== Jerlov 9C (@ 450 nm)

== =FEC threshold (3.8x10)
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FiGURE 5.21: BER vs T,-R, simulation, over Jerlov I, III, 9C water types at 450 nm
and 525 nm. The modelling parameters are the same as with the experiment described
in Section 5.2.1 except for the data rate, Py, which was set to 10 Mb/s.
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TABLE 5.6: Estimated values below the FEC threshold for the simulated WDM Fi-
brance fibre link at Pr=5 mW and 10 Mb/s.

5 mW, 10 Mb/s

A (nm) | Jerlov water type | max T,-R; (m) | ALs
I 8.5 0.19

450 II1 1.8 2.55
9C 0.7 3.73

I 7.3 0.35

525 II1 2.2 2.44
9C 1 3.81

In Table 5.6 are posted the below FEC estimated values for Fibrances fibre WDM at
10 Mb/s. As expected, the maximum attainable range decreases while the data rate
increases, compared to the values at 5 Mb/s (see Table 5.4). Nevertheless, WDM high-
speed UWOC via the Fibrance fibre over more than 3.5 ALs seem achievable, indicating

the potential deployment of the Fibrance system for real-world applications.

5.6 Summary

This chapter presented an innovative, cost-effective and practical wireless underwater
communication system that should be applicable to real-world applications in challenging
underwater environments. As such, an off-the-shelf light-diffusing fibre (Fibrance) was
employed as an underwater transmitter coupled to a laser diode operating at ~ 514
nm. By exploiting the Fibrance fibre’s property of scattering light uniformly along its
length, the fibre was used as an underwater beacon to send, in an omnidirectional way,
data of 5 Mb/s over a 1.5 m water tank and through clear and turbid waters. In this
way, sophisticated optical set-ups and complex mechanical components were eliminated,

proving that the Fibrance fibre concept can mitigate alignment restrictions.

The turbidity of the water was varied by adding a commercial antacid in the water
tank, and the eye diagrams constructed for each water sample provided visual infor-
mation on the feasibility of the underwater communication link; error-free underwater
data transmission was demonstrated for over 11 ALs. This deduction was confirmed
by further data analysis on extracting the achieved BER for each water sample tested.
Eventually, a BER of 4.26x10™% indicating error-free data transmission over 11.81 ALs
was recorded. The results show that with suitable engineering, the Fibrance concept
could be adapted in an, e.g., UUV to send (or receive) data to/from a surface vessel
located near the unmanned vehicle. This work can also be considered a milestone in

the UWOC field due to the novelty of the T, and its promising results on underwater
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wireless optical data transmissions through an adequate number of ALs. It is worth
noting that the majority of the UWOC references concern works carried out over clear
(tap) waters, which, although it is helpful for the research and academic community,

does not apply to realistic cases.

Future work includes the employment of the Fibrance fibre not only as a transmitter
but as a receiver as well. The fibre can be coupled to a detector of high sensitivity (e.g.
a SPAD). A collimated or focused light beam, incident to any point of the Fibrance
fibre, can be coupled through the walls of the fibre and waveguided to the detector.
Preliminary measurements over free space on this idea above showed promising results.
The idea would apply to low-light level communications on the order of few photons
detection and in underwater tracking or navigation as the received signal would be
dependent on where the Fibrance fibre was illuminated, and thus, the locations of the
R, and T, would be known. Furthermore, simulations conducted from the Fibrance
WDM perspective showed that the underwater beacon concept could be employed using
multiple fibres and /or coupling light of different wavelengths into a single Fibrance fibre,
and it can support high-speed UWOC over turbid waters by choosing the optimum

optical frequency according to the underwater environment.
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Chapter 6

Conclusions

6.1 Summary

This thesis has presented work showing the employment of novel devices based on micro-
LEDs, micro-LED arrays and laser diodes in Visible Light Communications for under-
water applications. The main body of the work showed two basic ideas; firstly, the
capability of these devices to transmit data at high speed using underwater wireless
optical communications. Secondly, it highlighted the versatility and novelty of these
devices as demonstrated not only in their implementation over transparent bodies of

water but also in underwater environments that simulated natural bodies of water.

Chapter 1 introduced the reader to UWOC. An overview of the current state-of-
the-art of the field was given by separately considering UWOC applications based on
LED- and laser-based devices. Then, the background theory of the technologies used
for underwater wireless data transmission, that is, acoustic, RF, and optical waves, was
analysed, along with their pros and cons. A brief introduction to marine optics was
then followed, where water’s most important optical properties, such as absorption and
scattering, which are the main UWOC limiters, were discussed. Chapter 1 closed by
introducing the number of attenuation lengths (ALs) concept and the characterisation
of the water tank used for the experiments throughout this thesis. The purpose was to
determine the attenuation coefficient (c¢(\)) of water samples of different turbidities and
match these experimental ¢(A)’s to those of seawaters. Three off-the-shelf laser diodes
of different wavelengths (violet, blue, green) were used, whose beams propagated over
the water tank. The most common approach to mimic different seawaters and vary their

turbidities is to add different concentrations of Maalox antacid (a scattering substance).

Chapter 2 described the underlying physics of the semiconductor-based devices used

in this thesis. Fundamental concepts of solid-sate physics were discussed, such as the
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materials’ energy band diagrams and the energy gap, the effective mass, and the carrier
concentration in a semiconductor. Since p-n junctions are the basis of every LED/laser-
based device and photodetectors mentioned throughout the thesis, the electrical and
optical characteristics of a p-n junction were introduced. Then a brief discussion was
given on the structure of multiple quantum wells and the operating principles of a laser
diode, a PiN photodiode and a Single-Photon Avalanche photodiode. The chapter closed
with a simple description of the modulation schemes applied in the results shown in the

following chapters.

The novelty presented in Chapter 3 refers to the operation of custom-made micro-
LED arrays. Two arrays operated at 450 nm and consisting of micro-LEDs of 60 um
and 80 pm were used to exploit (a) their larger output optical power when compared
to a single micro-LED and (b) their high modulation bandwidth that is a key feature
for micro-LEDs when compared to conventional LEDs. Applying OFDM and using a
PiN photodiode, we demonstrated maximum data rates of 4.92 Gb/s over 1.5 m of clear
tap water and 15 Mb/s over 5.33 ALs when adding the Maalox antacid that varied the
turbidity of the water. These results showed the capability of micro-LED arrays in fast

UWOC, even in underwater environments with high light attenuation.

Chapter 4 discussed the employment of transmitters comprising novel micro-LED
arrays that were developed using a transfer-printing (TP) technique and a custom-made
array of Single-Photon Avalanche Photodiodes (SPADs) as a receiver. Using TP to inte-
grate devices on the same substrate enabled the operation of dual-colour micro-LEDs: an
array comprising individually-addressable violet and blue micro-LEDs, an array compris-
ing individually-addressable blue-green micro-LEDs and an array comprising blue-green
micro-LEDs, in a 2x2 layout and connected in series. In Chapter 1, it was discussed that
as the turbidity of the water increases, the optimum wavelength for minimum error-free
data transmission shifts towards red. Therefore, “adaptive” transmitters operating at
multiple wavelengths depending on the underwater conditions are highly attractive for
UWOC. By Wavelength Division Multiplexing (WDM) and using OOK, I showed an
aggregate data rate of up to 200 Mb/s over 5.85 ALs and 100 Mb/s over 8.52 ALs.

Chapter 5 introduced the employment of a light-diffusing fibre (Fibrance fibre) as
a transmitter and an off-the-shelf SPAD array (SensL) as a receiver. In a real-world
scenario, the Fibrance could be used as an underwater beacon attached to an underwater
vehicle emitting data omnidirectionally. In such a way, restrictions that include the
maintenance of a strict alignment between the transmitter-receiver in the challenging
underwater environment and employing tethered devices are mitigated. The Fibrance
fibre was coupled with an off-the-shelf green laser diode (LD), operating at 514 nm,
and by using OOK, a data rate of 5 Mb/s was demonstrated over highly-turbid waters
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(11.81 ALs). The chapter closed with computational simulations where the output
optical power of the LD increased, and so did the achievable data rate, showing the

capabilities of the Fibrance concept in UWOC.
Based on the above, some broader conclusions that can be drawn are the following:

High-speed underwater data transmission: My research demonstrates the capa-
bility of micro-LED arrays and laser diodes to transmit data at high speeds through
underwater wireless optical communications. This finding suggests promising pos-

sibilities for efficient and rapid data transfer in underwater environments.

The versatility of devices: The versatility and novelty of micro-LED arrays and laser
diodes are highlighted in transparent bodies of water and underwater environ-
ments simulating natural bodies of water. This versatility suggests that these
devices could be applied across various underwater conditions, showcasing their

adaptability.

Modulation schemes and techniques: The discussion of modulation schemes ap-
plied in our research indicates a consideration of different techniques for optimising
data transmission. Understanding and employing these modulation schemes are
crucial for achieving the demonstrated high data rates in underwater communica-

tion.

Micro-LED arrays and high modulation bandwidth: Using custom-made micro-
LED arrays operating, with larger output optical power and high modulation
bandwidth, showcases their potential for achieving high data rates in underwa-
ter communication. The demonstration of 4.92 Gb/s over clear tap water and
15 Mb/s over turbid water suggests practical applications in varying underwater

conditions.

Transfer-printing for device integration: Employing a transfer-printing technique
for developing micro-LED arrays indicates a methodological advancement. This
technique enables the operation of dual-colour micro-LEDs, providing adaptability

to changing underwater conditions.

Adaptive transmitters with WDM: The concept of adaptive transmitters operat-
ing at multiple wavelengths based on underwater conditions, achieved through
wavelength division multiplexing, presents a promising solution for maintaining

efficient communication as water turbidity changes.

Innovative transmitter-receiver set-up: The use of a light-diffusing fibre (Fibrance

fibre) as a transmitter or a custom-made SPAD array (Photon Torrent chip) as
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a receiver showcases an innovative set-up. This approach addresses challenges

related to alignment and tethered devices in challenging underwater environments.

Real-world application considerations: The application of Fibrance fibre as an un-
derwater beacon attached to a vehicle, emitting data omnidirectionally, indicates
a consideration for real-world scenarios and practical challenges associated with

underwater communication.

6.2 Future work

The suggested future work within the frame work of this thesis can be summarised in
the following research directions: (1) wavelength division multiplexing, (2) UV-based
UWOC for the establishment of non-line of sight (NLOS) communication links, and (3)

optical wireless communications in the air-water interface.

Wavelength Division Multiplexing (WDM)

Underwater WDM was explored in Chapter 4. Two micro-LED arrays emitting at
different wavelengths (violet-blue and blue-green) were used to demonstrate UWOC of
an aggregate data rate of 200 Mb/s. Recent advances in VLC in air by the Institute
of Photonics (IoP) at Strathclyde University have shown the demonstration of Gb/s
using AlGalnP red micro-LEDs, developed by a transfer-printing (TP) technique [1].
Furthermore, a dual-colour optorode, consisting of a blue and a red micro-LED developed
by TP, was used in optogenetics experiments for the excitement of different neural
populations [2]. As previously discussed, in aquatic environments, a wavelength-adaptive
source implemented on, e.g., an ROV would be highly practical as light attenuation
underwater is wavelength-dependent. Micro-LED-based devices emitting in the red-
green-blue (RGB) have already been developed at the IoP, and therefore, an underwater
light source can comprise such arrays based on either micro-LEDs (developed by TP)
or off-the-shelf laser diodes. In addition, underwater absorption spectroscopy in turbid
aquatic environments can be enabled if the ROV is equipped with a white light source
and a photodetector for detecting backscattered photons. In such a way, the minimum
of water absorption can be determined (or estimated), and the optimum wavelength

among the RGB array can be selected for UWOC with low attenuation.

The IoP’s previous experience in hands-on UWOC experiments in real-world scenarios
has shown that engineering such underwater vehicles is among the main challenges. The
hardware of an ROV, including the electronic and electrical parts, has to be water sealed
and everything set up to balance buoyancy issues that can be of critical importance when

it comes to windy weather conditions and strong underwater currents.



Chapter 6. Conclusions 146

(a) (b) ()

FIGURE 6.1: Images of an ROV capable of demonstrating WDM underwater. The ROV
can be equipped with light sources emitting at different wavelengths and coupled with
the diffusing Fibrance fibre to send data omnidirectionally as an underwater beacon
(see Chapter 5). The ROV’s Fibrance coupled with (a) and (b) a violet and green
laser diode, and (c) with a red laser diode. Images courtesy of the Fraunhofer Centre
for Applied Photonics (FCAP) in Glasgow.

An ROV example, suitable for underwater WDM, can be seen in Figure 6.1. The
ROV was developed at Glasgow’s Fraunhofer Centre for Applied Photonics (FCAP). As
transmitters, laser diodes of three wavelengths (violet, green (Figures 6.1a and 6.1b), and
red, Figure 6.1c) were used and then coupled with the Fibrance fibre, as demonstrated

in Chapter 5.

UV-based UWOC

Recently, the optical wireless communications (OWC) field has seen intense interest in
utilising light sources emitting in the deep UV (DUV) region (200 nm - 315 nm) of the
electromagnetic spectrum. This is because the atmosphere strongly attenuates the DUV
wavelengths rendering the DUV light sources good candidates for secure inter-satellite
communications as their signal is hidden from terrestrial observers. In aquatic environ-
ments, the intensity of the UV radiation varies according to I ~ 1/\* (as discussed in
Section 1.4.1.2). As such, the UV wavelengths undergo the strongest scattering within
the range of the optical radiation. The intensively scattered photons can pave the way for
NLOS communication links where the strict alignment between transmitter and receiver

has been lifted.

In terms of experimental work, little has been demonstrated in the literature; power
losses due to geometry changes and water turbidity were studied for NLOS UWOC using
a UV laser diode emitting at 375 nm [3]. The same group demonstrated NLOS UWOC
of a maximum data rate of 80 Mb/s over 30 cm and 20 Mb/s over a maximum distance
of 2.5 m, using a 377 nm laser diode and OOK [4]. Most recently, Maclure et al., from
the Strathclyde University’s IoP demonstrated over air data transmissions of 6.94 Gb/s

over 10 m and > 1 Gb/s at a maximum distance of 116 m using a single DUV micro-LED
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emitting at 285 nm [5]. Similar DUV microLED-based devices can be used in the near
future for efficient NLOS UWOC applications.

Optical wireless communications in the air-water interface

OWC in the air-water (and water-air) interface can be thought of as the next step when
considering the evolution of the UWOC field and upon previous discussion of the NLOS
underwater links. For instance, data exchange between multiple underwater sensors and
a ship or an airborne vehicle can be established (see Figure 6.2). When compared to the
former, the latter can be more practical in terms of time- and cost-efficiency. However,
engineering such devices and their practical implementation can be challenging owing
to the even more complex channel characteristics due to water waves, refraction index
changes from one layer to the other that lead to refraction or total reflection of the

optical beam, and the atmosphere’s turbulence that now needs to be considered.

FIGURE 6.2: Schematic illustration of optical wireless communication links in the air-
water and water-air interface. Taken from [6].

Preliminary theoretical and computational studies have shown the feasibility of com-
munication links of vertical alignment between transmitter-receiver across the air-ocean
interface when atmospheric and underwater scattering occurs as well as wind-roughened
ocean surface [7]. In [8], the authors demonstrated up to 110 kb/s using a red laser diode
operating at 635 nm over a “water + air” distance of less than 1.5 m. Most recently,
over a total distance of 26 m (5 m over air and 21 m over water), wireless data trans-
fer of 5.5 Gb/s using a green laser diode emitting at around 520 nm was reported [6].
These laser-based results and the emerging deployment of DUV micro-LED devices in
OWC show new optical communication capabilities over the water-air (and vice versa)

communication channel, either consisting of a NLOS or LOS configuration.
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End-to-end Networking

Increasingly, multiple communication systems operating over different hardware and in
different environments, including fixed and mobile infrastructure, are being considered
as a “Network of networks”. Fixed and mobile underwater communication, including
at visible wavelengths, is an important element in developing this integrated multi-
network capability. Such consideration are included in the recently funded EPSRC
“TITAN” (Platform Driving Ultimate Connectivity) programme, led by the University
of Strathclyde’s Professor Harald Haas and involving 17 UK University partners.
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Abstract: High speed wireless communications are highly desirable for many industrial
and scientific underwater applications. Acoustic communications suffer from high latency
and limited data rates, while Radio Frequency communications are severely limited by
attenuation in seawater. Optical communications are a promising alternative, offering
high transmission rates (up to Gb/s), while water has relatively low attenuation at visible
wavelengths. Here we demonstrate the use of series-connected micro-light-emitting-diode
(LLED) arrays consisting of 6 uLED pixels either 60 um or 80 um in diameter and
operating at 450 nm. These devices increase the output power whilst maintaining relatively
high modulation bandwidth. Using orthogonal frequency division multiplexing (OFDM) we
demonstrate underwater wireless data transmission at rates of up to 4.92 Gb/s, 3.22 Gb/s
and 3.4 Gb/s over 1.5 m, 3 m and 4.5 m, respectively, with corresponding bit error ratios
(BERs) of 1.5 x 1073, 1.1 x 1072 and 3.1 x 1073, through clear tap water, and Mb/s rates
through >5 attenuation lengths (ALs) in turbid waters.

Index Terms: GaN, micro-light-emitting-diode arrays, turbid waters, underwater wireless
optical communications.

1. Introduction

Many subsea industrial, military and scientific activities such as oceanographic surveying, or the
control, monitoring and maintenance of subsea infrastructure, require the transfer of increas-
ingly large amounts of data through high-speed communications. For example, unmanned and
autonomous underwater vehicles (UUVs and AUVs) are used to capture high-resolution images
or videos for applications such as assessing subsea oil and gas infrastructure. In this example,
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the captured image and video data would require to be transferred back to a surface vessel
for assessment, with navigation commands and instructions being sent to the vehicles. While
high-speed data links can be achieved using underwater cables or tethers, this can be impractical,
expensive or in some cases restrictive due to the challenging underwater environment. Therefore,
high-speed underwater wireless links are greatly desirable.

Acoustic technologies are the most widely used form of underwater wireless communications
due to their long range covering distances up to tens of kilometers [1]. However, they suffer from
low data rates (in the order of kb/s) because of their limited bandwidth (around tens of kHz) [2].
Moreover, acoustics suffer from low speed and multipath propagation which may lead to inter-
symbol interference (ISI) [3]. Radio Frequency (RF) communications, despite their widespread
deployment over free-space (e.g., cell phones, TV, radio, satellite communications), are not readily
deployable underwater as electromagnetic (EM) waves at these frequencies are heavily attenuated
by seawater [4]. As such, underwater RF wireless communications require high transmission power
and complex antenna designs [5] and yet are limited to short distances (on the order of meters) [6].

Underwater wireless optical communication (UWOC) may be considered as an alternative to
acoustics and RF as the attenuation of light by water is lowest in the visible region [7]. The last
20 years has also witnessed the rapid development of efficient, compact and robust solid-state
transmitters (light-emitting diodes (LEDs) and laser diodes) emitting light in the violet-blue-green
region of the visible spectrum, as well as highly-sensitive photoreceivers such as single-photon
avalanche diodes. Therefore, high-speed underwater optical data transmission over tens of meters
using visible wavelengths is now feasible. For example, recent reports by Li et al. showed the
demonstration of 25 Gb/s by using a vertical-cavity surface-emitting laser (VCSEL) at 680 nm for
5 m [8]. Fei et al., using a blue laser diode, demonstrated 16.6 Gb/s for 5 m and 6.6 Gb/s over 55 m
of clear tap water [9] while an RGB (Red Green Blue) laser was used by Kong et al. to achieve
9.51 Gb/s for 10 m [10].

LEDs have attracted a great deal of attention in recent years for use as light-fidelity (Li-Fi)
transmitters, where LED luminaires are used to provide both general purpose lighting and mb/s
or Gb/s optical wireless links. LEDs have also been demonstrated as transmitters in underwater
optical links. Recent results by Shi et al. showed the demonstration of 15.17 Gb/s over 1.2 m
of clear tap water by employing 5 LEDs of primary colors [11]. A single green LED operating at
521 nm was used by Wang et al. to demonstrate 2.175 Gb/s through 1.2 m of clear tap water
[12]. LEDs are relatively simple, and cost-effective in comparison with other sources such as
lasers, however standard off-the-shelf LEDs have limited modulation bandwidth, typically 20 mHz
or so, due to the large capacitance of standard LED dies, which limits the achievable data
rates. Micro-sized light-emitting diodes («LEDs) on the other hand have much smaller dimensions
(typically < 100 um) and therefore their bandwidths are not limited by device capacitance. For
example, we previously reported violet-emitting uLEDs with modulation bandwidths up to 655 mHz,
using which wireless data rates of up to 7.91 Gb/s over free-space were demonstrated [13]. uLEDs
have been employed for UWOC. For example, Tian et al. reported 800 mb/s over 0.6 m and
200 mb/s over 5.4 m of clear tap water [14] using a single ©LED at 450 nm. However, the small ac-
tive area of uLEDs results in a relatively low output power from a single uLED (<5 mW), which may
be insufficient for practical UWOC due to absorption and scattering in an underwater environment.

In order to mitigate this, here we report the deployment of series-connected uLED arrays
operating at 450 nm for UWOC. These devices consist of 6 uLED pixels, of either 60 or 80 um
in diameter and connected in series. This allows the device to achieve higher optical power than
a single uLED pixel while retaining the characteristic high modulation bandwidth of ©LEDs. As
a result, these devices offer the high output powers of a standard LED die, but with the high
modulation bandwidth of ©LEDs. Using orthogonal frequency division multiplexing (OFDM), data
rates of up to 4.92 Gb/s, 3.22 Gb/s and 3.4 Gb/s over 1.5 m, 3 m and 4.5 m, respectively, with
corresponding bit error ratios (BERs) of 1.5 x 1073, 1.1 x 1073 and 3.1 x 1073, of clear tap water
are here demonstrated. Furthermore, by adding a scattering agent to clear tap water we explored
the performance of these optical links through water of varying turbidities. Mb/s data transmission
was demonstrated over 5.33 attenuation lengths. These results demonstrate that the relatively high

Vol. 12, No. 2, April 2020 7901210



IEEE Photonics Journal Gb/s Underwater Wireless Optical Communications

(a) (b)

Anode Cathode

140 um

70 um

A
>
e 0

Metal tracks to P-type n-type

- #-type contact - e o
R Quantum Buffer
Insulation layer P-type contact Wells layer
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bandwidth and output power of these series-connected uLEDs can be used to achieve high data
rates and/or mitigate the effects of signal attenuation.

2. uLED Design, Fabrication and Characterization

The nLED devices reported here were fabricated from commercial blue-emitting Ill-nitride LED
wafers grown on a 2” c-plane sapphire substrate with periodically patterned surfaces. The fab-
rication procedure is similar to that described in [15] and [16], which is summarized as follows.
Standard photolithography and etching techniques were used to etch down to the n-GaN layer
to define disk-shaped pLED pixels. A further processing step etched down to the sapphire
substrate to electrically-isolate each of these uLEDs on individual 140 x 140 um? mesas,
with a 70 um spacing between adjacent mesas (Fig. 1(a)). P-type and N-type contact metals
(Pd and Ti/Au) were then deposited, interconnecting the uLEDs in series. Fig. 1(b) illustrates
the simplified cross-sectional structure of the series-connected ©LED array, where two adjacent
nLEDs elements are shown as an example and the electrical interconnections between them are
highlighted.

Each uLED pixel shown here is of either 60 um or 80 xm in diameter while the center wavelength
is approximately 450 nm for all devices. As shown in Fig. 1(a), each device consists of 6 uLED
pixels arranged in a 3 x 2 array. In this work all 6 pixels were simultaneously driven together in
series in order to maximize the output power.

For the series-connected devices with respectively 60 um and 80 um pixels, Fig. 2(a) presents
the current versus voltage (I-V) and the output optical power versus current (L-1) while Fig. 2(b)
shows the —3 dB electrical-to-electrical (E-E) and electrical-to-optical (E-O) bandwidths versus
current characteristics. Optical power is the forward detected output and was measured by placing
the uLEDs in close proximity to a calibrated Si photodiode. The bandwidths were measured
as detailed previously [15]. As shown, the turn-on voltage at 1 mA for the 60 um in diameter
device is 21.7 V corresponding to about 3.6 V for each uLED element whereas for the 80 um
device the turn-on voltage is 20 V corresponding to about 3.3 V for each uLED element. Addi-
tionally, both devices can be operated at a current beyond 50 mA and demonstrate an optical
power before thermal rollover of over 21 mW and 15 mW for the 80 um and 60 um device,
respectively.

In our previous work we have shown that in a single xLED emitter [16], [17] the differential
carrier lifetime decreases as the current density increases and leads to an increase of the E-O
bandwidth of the device [18]. As can be seen in Fig. 2(b), the E-O bandwidth for the 60 um in
diameter series-connected nLED array is 338.5 mHz at 30 mA whilst for the 80 um device it is
263 mHz at 50 mA. These trends are in agreement with previous work [19] where it was observed
that as the pixel diameter of a uLED element decreases, the corresponding E-O bandwidth
increases.
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Fig. 2. (a) I-V, L-I, and (b) —3 dB bandwidth plots for the two respective devices comprising six 60 um
and 80 um pLEDs in series.

3. Water Sample Characterization

In natural waters two fundamental wavelength dependent processes are mainly responsible for the
optical attenuation of light, namely absorption and scattering, whose coefficients are denoted as
«(2) and b(), respectively, both with units of m~'. We may then relate the attenuation of optical
power to the path length z [20], [21]:

Pa(2) = Pre~e¥)? (1)

where c(A) = «(1) + b(A) is the overall beam attenuation and Pr and Pr are the received and
transmitted powers, respectively. Eqg. (1) allows the power received at a distance z to be estimated,
assuming that scattered photons do not reach the receiver and thus do not contribute to the final
received power. We also define the attenuation length (AL) of a water sample as the distance at
which the received power in a water sample is reduced to 1/e of the transmitted power, and it is
equal to 1/c(r) [22]. The number of attenuation lengths through which transmitted light propagates
is given as the unit-less product c(1)-z [21].

Following a method commonly reported [21], [23]-[26] in this work a mixture of aluminum and
magnesium hydroxide was used as a scattering agent (Maalox antacid) and added to clear tap
water to vary the level of attenuation. Increasing the concentration of Maalox increases the amount
of scattering and thereby the attenuation of the optical signal as it propagates through the water.
While this approach does not model affects such as turbulence, it is a simple method to mimic
different natural water analogs in a laboratory setting. Detailed studies by other groups on the
effect of turbulence are available elsewhere [27].

The relationship between Maalox concentration and ¢(1) was measured as follows. Nine different
concentrations of Maalox were examined, ranging from 0.000625% (1 ml of Maalox in 160 | of tap
water) to 0.005625% (9 ml of Maalox). To estimate c(1) at each concentration, the optical beam
from a blue laser diode (Osram, PL450B) operating at the same nominal central wavelength as
the wLEDs (450 nm), was propagated through the 1.5 m length of our water tank (dimensions
1.5 m x 0.35 m x 0.35 m). A laser was chosen for these measurements as the divergence of the
uLED emission would make accurate estimation of ¢(A) difficult. A plastic aspheric lens (Thorlabs,
CAY033), was placed in front of the laser diode to collimate the beam which was subsequently
focused onto a power meter sensor (Thorlabs, S121C), located at the other side of the tank.
The received optical power, Pr, at each concentration was measured. Using these values for
Pr along with Eq. (1) and the measured transmitted power of P, the corresponding attenuation
coefficients for each water sample were calculated and are shown in Fig. 3(a). It can be seen that
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Fig. 3. (a) The calculated attenuation coefficients versus the content of the scattering agent (Maalox).
For comparison, the typical values of six Jerlov ocean types are given as defined by [26], [27].
(b) The estimated received power over 1.5 m, 3 m and 4.5 m versus the Maalox concentration.

the minimum measured attenuation coefficient, which corresponds to clear tap water (no Maalox
added) is 0.05 m~', a value relatively close to that of Jerlov IA open ocean water type which is
0.028 m~' [28], [29]. For the samples with added Maalox, the maximum measured attenuation
coefficient was 3.56 m~' for 0.005625% (9 ml) of Maalox, and is close to the Jerlov 7C coastal
ocean type where ¢(450) = 3.84 m~' [28], [29].

Fig. 3(b) illustrates the estimated received power for the 80 pum-in-diameter series-connected
wLED array, for each concentration of the scattering agent at 1.5 m, 3 m and 4.5 m. The estimated
received power, P, was calculated through Eq. (1) and by taking into account that the estimated
transmitted power, Pr, was 13.27 mW at 30 mA, based on the L-I measurements in Fig. 2(a).
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Fig. 4. lllustration of the experimental set-up used for the UWOC measurements of this work. Two
mirrors (M1 and M2) were placed appropriately to increase the optical link from 1.5 m up to 3 m
and 4.5 m.

4. Data Transmission and Experimental Set-Up

The data transmission experimental set-up is depicted in Fig. 4. The digital data signal to be trans-
mitted was generated and processed in MATLAB. Afterwards, this optimized signal was converted
to analog through an arbitrary waveform generator (AWG, Agilent, 81180A) and amplified (amplifier
SHF S126A). The signal was combined with a DC current of 30 mA through a bias tee (Tektronix,
PSPL5575A) to drive the uLED arrays.

A condenser lens (Thorlabs, ACL50832U-A) was used to collimate the beam to be optically
transmitted through the 1.5 m long water tank. For the longer range data transmissions two 100 mm
diameter mirrors (M1 and M2) were mounted appropriately in the tank to increase the optical path
up to 3 m and 4.5 m. At the receiver end, a 4-inch in diameter Fresnel lens (Edmund Optics,
#46-614) was used to focus the collimated beam onto a PIN photoreceiver of 1.4 GHz bandwidth
(Femto, HAS-X-S-1G4-Sl). The amplification of the received signal was processed through an am-
plifier (Mini-Circuits, ZHL-6A-S+) and captured through an oscilloscope (Agilent, MSO 7104B). The
received signal was processed and demodulated offline in MATLAB. At this stage, the transmitted
data and received data is compared to identify any incorrectly transmitted bits, allowing the BER
to be calculated. It should be noted that OFDM is robust against multi-path effects of the sort that
would be experienced in underwater environments. A more detailed description of the OFDM data
modulation process can be found in our previous work [13], [30].

5. Communication Performance Results

As with our previous work [13], [30], an adaptive bit and energy loading scheme was used to allow
different Quadrature Amplitude Modulation (QAM) levels to loaded onto the OFDM subcarriers
based on the measured signal-to-noise ratio (SNR) of each carrier. The higher the carrier SNR, the
higher the QAM level that could be used and thus the more bits could be loaded onto that channel.
This is illustrated in Fig. 5 where an example of the measured SNR and corresponding number of
transmitted bits per OFDM carrier frequency is shown for a transmission measurement taken using
a 60 um in diameter series-connected ©LED device over 1.5 m of clear tap water.

Fig. 6 shows the measured BER against various transmission data rates by employing the 60 um
in diameter series-connected uwLEDs as transmitter, through 1.5 m of clear water. The red dashed
line indicates the BER target of 3.8 x 1073 [31], below which “error-free” data transmission can
be achieved using Forward Error Correction (FEC) with a 7% overhead of the gross data rate. The
maximum achieved data rate that met this criterion was 4.92 Gb/s which corresponds to a net data
rate of 4.58 Gb/s after FEC, though it should be pointed out that FEC was not actually used in this
work.

Vol. 12, No. 2, April 2020 7901210



IEEE Photonics Journal Gb/s Underwater Wireless Optical Communications

-125

Bits
SNR [dB]

| e
J l‘ !M

0 | | | | | | | | 1
0 100 200 300 400 500 600 700 800 900 1000

£ [MEz]

Fig. 5. Measured SNR (orange) and corresponding bit loading (blue) versus OFDM carrier frequency,
obtained using a 60 um in diameter series-connected 1 LED device over 1.5 m of clear tap water.
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Fig. 6. BER versus data rate for the 60 um wLEDs in series. Transmission is over 1.5 m of clear tap
water (c(450) = 0.05 m~1).

Fig. 7(a) shows the BER vs. data rates for the 80 um in diameter series-connected uLEDs
through different water turbidities, as described in Section 3, over 1.5 m. The maximum data
rate through clear tap water is 3.78 Gb/s at a BER of 3.7 x 1072 and it can be shown that the
increase in water turbidity, leads to attenuated transmission power levels collected by the detector
and causes a lower overall signal-to-noise ratio (SNR) level. With a lower SNR level, fewer bits
are loaded on each subcarrier and the achievable data rate decreases. In extreme water turbidities
(c(450) = 3.56 m~') a data rate up to 15 mb/s was demonstrated over 5.33 ALs.

Vol. 12, No. 2, April 2020 7901210



IEEE Photonics Journal Gb/s Underwater Wireless Optical Communications

(a) T T

’r
1 0-2 i | | .
FEC]|threshold  /__ _ _ _ o Y S AR SN L

L

—o— 1ml
—h— 2 ml
104 . —v—3ml
——4ml
—<¢—5ml
—»— 6 ml
—&— 7 ml
1075 4 ! ! —— 8 ml
—o—9ml

0.01 0.1 1
Data Rate (Gb/s)

(b)

1024

FEC|threshold

1073 9
/ —&—0ml(3m)
—o— 1ml (3m)
> —A—2ml (3 m)
/ —v—3ml(3m)

BER
—

—_—0ml (4.5 m)
4 ——1ml (4.5m)
10 —— 2 ml (4.5 m)

Data Rate (Gb/s)

Fig. 7. (a) BER vs. data rate for the 80 .m in diameter series-connected uLEDs through different water
turbidities over 1.5 m. (b) BER vs. data rate for the same device through different water turbidities over
3 m and 4.5 m. Note that the maximum error-free data rates were obtained at slightly different BERs.

Fig. 7(b) presents the BER vs. data rate for the same device at the ranges of 3 m and 4.5 m
through different concentrations of Maalox. At 3 m the maximum data rate through clear tap water
is 3.22 Gb/s with a BER of 1.1 x 102 while at 4.5 m a larger BER of 3.1 x 1072 is achieved
for 3.4 Gb/s (corresponding ¢(450) = 0.05 m~' for both ranges). As the Maalox concentration
increases, the maximum data rate drops to 211 mb/s at 3 m over 4.08 ALs with a BER of
2.3 x 1072 (corresponding c(450) = 1.36 m~') and to 171 mb/s at 4.5 m over 4.05 ALs with a
BER of 2.5 x 1073 (corresponding c¢(450) = 0.90 m~1).

The drop in data rate at all ranges can be explained by taking into account the Shannon-Hartley
theorem [32]:

D = Blog (1 + S/N) @)

where D is the maximum data transmission rate in bits/sec, B is the channel bandwidth in Hz, S
is the average signal power over the entire bandwidth in W, N is the average noise power over the
entire bandwidth at the Rx in W while S/N is the SNR. The degradation of the received SNR and
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Fig. 8. The maximum data rates vs. the number of attenuation lengths for all ranges examined in this
work (1.5 m, 3 m, 4.5m).

the received optical power due to the increased attenuation result in a decrease in the achievable
data rates.

Fig. 8 illustrates the error-free maximum data rates versus the number of ALs for all transmission
distances. It can be seen that the maximum data rate decreases with an increase in the number of
ALs, for all path lengths. This can be understood as the increased attenuation of the signal results
in a lower SNR. It can also be seen that similar data rates are obtained when the number of ALs is
similar, although the curves do not overlap exactly because each maximum data rate was obtained
at a slightly different BER as shown in Fig. 7(a) and (b).

These results indicate that the relatively high power and bandwidth available from series-
connected uLEDs can enable UWOC at Mb/s or Gb/s, even through turbid water samples. In
future, further improvements to the achievable data rates and/or link lengths could be obtained by,
for example, increasing the transmitted power by adding additional LEDs, narrowing the optical
beam profile, or applying multiplexing techniques such as wavelength division multiplexing (WDM).

6. Conclusion

In this work, the high output power and modulation bandwidth of uLED arrays, consisting re-
spectively of 6 series-connected pixels of diameter 60 um or 80 um, enabled Gb/s underwater
optical wireless data transmissions using OFDM as modulation scheme, over three underwater
distances of 1.5 m, 3 m and 4.5 m. A BER of 1.5 x 10~% was achieved for a maximum
data rate of 4.92 Gb/s through 1.5 m of clear tap water whose attenuation coefficient was
c(450) = 0.05 m~'. Further underwater wireless optical transmissions were performed through
different water turbidities: 2.34 Gb/s were demonstrated for an attenuation coefficient of 0.5 m~!
which is close to Jerlov Il open ocean type (0.53 m~") over 3 m, whereas 1.32 Gb/s were shown
over 4.5 m. With an attenuation coefficient of 3.56 m~' and over 5.33 ALs, a data rate of 15 mb/s
was achieved through 1.5 m. Our approach is compatible with multi-wavelength operation for WDM,
and this is currently under investigation. The results of this work show the potential implementation
of series-connected uLEDs to enable high-speed underwater wireless communications through
various water turbidities.
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Abstract — Integrated blue-violet and blue-green micro-
LED arrays, fabricated via a transfer printing method, were
employed to demonstrate wavelength division multiplexing
underwater data transmission at 100 Mb/s over up to 9
attenuation lengths in a 1.5 m long water tank.

Keywords — micro-LED, transfer printing, WDM, VLC,
UWOC, turbid

I. INTRODUCTION

The development of high-speed underwater wireless
communication channels is of paramount importance for
industrial, scientific, and military underwater activities [1], as
tethered links can be impractical due to the challenging
underwater environment. Underwater acoustics offer long
range (tens of km), but suffer from high latency and limited
data rates (tens of kb/s). Radio frequency communication are
attenuated by seawater’s conductivity resulting in data rates
up to Mb/s for sub-meter ranges [2]. Optical devices operating
at visible wavelengths, where water’s lowest overall
attenuation is exhibited, can enable high-speed transmission
over tens of meters. For instance, Doniec et al. using an array
of 18 light-emitting diodes (LEDs) demonstrated 25 Mb/s in
50 m of clear water [3]. Tian et al., presented 800 Mb/s over
0.6 m of clear tap water using a single micro-LED [4]. It is
worth noting, however, that as water becomes more turbid the
optical window of lowest loss tends to redshift [2], thus a
wavelength-adaptable transmitter is greatly desirable.

We report here the deployment of micro-transfer printing
(TP) enabled hybrid blue-violet and blue-green micro-LED
arrays for underwater wireless optical communications
(UWOC) using a single-photon avalanche diode (SPAD)
array receiver. By having two different wavelengths
integrated in the same transmitter chip, the option of tuning
the optimum color depending on the water conditions is
enabled. Furthermore, the two chips can potentially be
integrated into the same package to give 3-color output. Data
transmission rates of 50 Mb/s for each single color of micro-
LED over 1.5 m of highly turbid water are demonstrated.
When operating in a wavelength division multiplexing
(WDM) mode, with the respective pairs of colors, a 100 Mb/s
link is established in each case over up to 9 attenuation
lengths.

1. DUAL COLOR MICRO-LED ARRAYS FABRICATION

Blue-violet and blue-green micro-LED arrays were
fabricated by TP a blue-micro-LED platelet onto the substrate
of the violet and green micro-LED, respectively. The blue-
violet array follows the same fabrication process as the blue-
green array which is discussed in detail in [5].

Briefly, violet (405nm) and green (510 nm) 20 pm
diameter active area flip-chip micro-LEDs were fabricated

XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE

from commercially available InGaN epistructures grown on c-
plane sapphire by conventional photolithography techniques.
Suspended flip-chip micro-LED platelets (6.5x10° cm? active
area) were then fabricated from commercially available blue
emitting (450 nm) InGaN epistructures grown on (111)-
oriented silicon (Si). An elastomeric stamp was used to pick-
up the blue micro-LED platelets from their Si substrate and
print them onto the pre-prepared green and violet sapphire
substrate micro-LED chips. The blue micro-LED platelet was
then electrically insulated by parylene-C and addressed by
Ti/Au (50/200 nm) metal tracks, following the process
described in [5]. Fig. la) shows a plan view optical
photograph of the resulting integrated blue-green micro-LED
array (the blue-violet array shares the same layout). The
micro-LEDs are individually anode-addressable sharing a
common cathode. Fig. 1b) shows, by way of illustration, the
blue-green device being simultaneously driven.

l1cm

-
Blue-Green
micro-LED array

Fig. 1—Plan view optical photographs of the blue-green micro-LED array
a) magnified view; b) with both emitters simultaneously driven. Scale
bars are shown inset.

I1l. CHARACTERIZATION AND APPLICATION

A. Micro-LEDs performance
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Fig. 2 — a), b) and c) current density-voltage (JV) and current density —

optical power (LJ) curves of the violet, green, and blue micro-LED,

respectively; d) micro-LEDs -3 dB optical bandwidth vs current density.
The individual electrical and optical performance of the
chip-integrated violet, green, and blue micro-LEDs are shown



in Fig. 2 a), b), and c) respectively. The through-sapphire
directed optical power output shown in Fig. 2 was measured
using a calibrated Si photodiode detector butt-coupled to the
device. In these conditions, the maximum optical power
achieved by the violet, green, and blue micro-LED are 0.9, 0.4
and 1.2 mW, respectively. All micro-LEDs exhibit a -3dB
optical bandwidth above 100 MHz (Fig. 2 d)), which renders
them highly suitable for data transmission.

B. UWOC Application

For the UWOC demonstration, an on-off keying (OOK)
data signal was generated using a field-programmable gate
array (FPGA, Opal Kelly XEM6310-LX45), modulating the
micro-LED through a bias-tee. A sequence of length 25 was
transmitted, consisting of a wide synchronisation pulse and a
pseudo-random bit sequence. The micro-LED emission was
collected and collimated by a condenser lens (Thorlabs,
ACL50832U-A), propagated through a 1.5 m long water tank
and then focused onto the receiver by a 4-inch diameter
Fresnel lens (Edmund, #46-614). The receiver is a 64 x 64
array of Si SPADs developed by the University of Edinburgh
(details found in [6]) which operates as a digital silicon photo-
multiplier. The photon counts are summed over a time
window of 5 ns and the count values outputted through a
digital-to-analog converter (DAC). The DAC signal was
captured with an active oscilloscope probe and transferred to
MATLAB® for offline processing to determine a bit-error
ratio (BER). The turbidity of the water sample was varied by
adding Maalox® antacid to tap water, a method widely used
[7] to mimic different natural water analogs in a laboratory
set-up. A block diagram of the experimental setup is shown in
Fig. 3.

(" Computer

1.5m

Micro-LED

v

Turbid water

Fig. 3 — Block diagram of the experimental system.

The effect of increasing turbidity levels on the BER for
individually driven micro-LEDs at the three wavelengths is
shown in Fig. 4a). A 50 Mb\s communication channel, below
the 3.8x10° forward error correction (FEC) threshold, is
achieved for all the micro-LEDs for Maalox® concentration
of 0.075 mL/L. For the blue and green micro-LEDs this
concentration of Maalox® corresponds to a number of
attenuation lengths (calculated following [8]) of 7.2 and 8.3,
respectively. The operation of the integrated blue-violet and
blue-green micro-LED arrays as respective dual wavelength
WDM transmitters for underwater communication is shown in
Fig. 4b). The blue and green micro-LED were operated
simultaneously (as shown in Fig. 1b)) and each color carried
a different data stream. In order to select which micro-LED
was being detected bandpass filters (Laser 2000: blue FFO01-
445/20-25, green FF01-525-45/25) were placed in front of the
detector. This results in a 100 Mb/s aggregate data rate link,
below FEC, at a Maalox® concentration of 0.069 mL/L for
the blue-green micro-LED array. The same measurements
were repeated for the blue-violet micro-LED array, but with
the use of a Laser 2000 FF01-392-23/25 bandpass filter for the

violet micro-LED. In this case, a 100 Mb/s link, below FEC,
at a Maalox® of 0.075 mL/L is achieved by the blue-violet
micro-LED array. It should be noticed, that used data rates are
limited by the driving method, and future work could reach an
aggregate data rate of several hundred Mb/s with OOK.
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Fig. 4 — Bit-error-ratio vs Maalox® concentration a) for individually
driven blue, violet and green micro-LEDs; b) Blue-green and blue-violet
micro-LED arrays operated in wavelength division multiplexing mode.

IV. CONCLUSION

By micro-TP we have fabricated on-chip dual-color
(respectively blue-violet and blue-green) micro-LED arrays.
The potential of these devices as a UWOC transmitter in
highly  turbid underwater environments has been
demonstrated with 100 Mb/s data rates achieved over multiple
attenuation lengths using WDM and a SPAD-based receiver.

ACKNOWLEDGMENT

This work is funded under the EPSRC Quantic
(EP/M01326X/1) and EPSRC CDT in Medical Devices &
Health Technologies grant (EP/L015595/1). Plessey
Semiconductors is acknowledged for providing the GaN-on-
Si wafer.

REFERENCES

[1] H. Kaushal and G. Kaddoum, “Underwater Optical Wireless
Communication,” IEEE Access, vol. 4, pp. 1518-1547, 2016.

[2] P. Lacovara, “High-Bandwidth Underwater Communications,”
Mar. Technol. Soc. J., vol. 42, no. 1, pp. 93-102, Mar. 2008.

[3] M. Doniec and D. Rus, “BiDirectional optical communication with
AquaOptical II,” in 2010 IEEE International Conference on
Communication Systems, 2010, pp. 390-394.

[4] P. Tian et al., “High-speed underwater optical wireless
communication using a blue GaN-based micro-LED,” Opt.
Express, vol. 25, no. 2, p. 1193, 2017.

[5] J. F. C. Carreira et al., “Dual-Color Micro-LED Transmitter for
Visible Light Communication,” in 2018 IEEE Photonics
Conference (IPC), 2018, pp. 1-2.

[6] J. Kosman et al., “29.7 A 500Mb/s -46.1dBm CMOS SPAD
Receiver for Laser Diode Visible-Light Communications,” in 2019
IEEE International Solid- State Circuits Conference - (ISSCC),
2019, pp. 468-470.

[7] B. Cochenour, L. Mullen, and J. Muth, “Effect of scattering albedo
on attenuation and polarization of light underwater,” Opt. Lett.,
vol. 35, no. 12, pp. 2088-2090, 2010.

[8] W. Cox and J. Muth, “Simulating channel losses in an underwater
optical communication system,” J. Opt. Soc. Am. A, vol. 31, no. 5,
p. 920, 2014.



Light Emitting Diodes and Lasers for High-
Speed Underwater Optical Communications

Georgios N. Arvanitakis!?, Jonathan J. D. McKendry!, Henry T. Bookey?, Erdan Gu?, and Martin D. Dawson'2

1: Institute of Photonics, Department of Physics, University of Strathclyde, G1 1RD, Glasgow-Scotland
2: Fraunhofer Centre for Applied Photonics, G1 1RD, Glasgow-Scotland

1 Introduction

During the last decade, a lot of research has been carried-out around Underwater Wireless
Optical Communications (UWOC) as they are considered as a promising technology for high
data rate transmission in underwater environments. The main application domains that require

Underwater Wireless Communications include?:

a) The military: for tactical surveillance and communications between e.g. submarines and
surface vessels.

b) Industry: e.g. for oil and gas control maintenance, underwater construction and subsea
factories.

c) The scientific community: e.g. for offshore explorations and oceanography research,
pollution and climate change monitoring.

All the above activities require the deployment of sophisticated sensors and other subsea
devices, such as unmanned (UUVs) and autonomous underwater vehicles (AUVS), therefore
the amount of data to be transmitted and the accompanying data rates continue to rise. While
data links can be achieved using underwater cables or tethers, this can be very restrictive,
expensive or in some cases impractical. Therefore, underwater wireless links are greatly
desirable. Underwater wireless data communications require also an environment that will

support propagation of the carrier wave with low enough attenuation and background noise.

UWOC are being considered for use underwater as water exhibits a window of reduced
attenuation in the visible spectrum, particularly between 400 — 550nm?. Thus, as RF signals
require large antennas size, suffer from high attenuation in sea water and acoustic can provide
data rate of few kb /s, the employment of light sources, such as diode lasers and GaN-based
LEDs, operating in the blue-green region enable one to exceed Gb/s (e.g. 12.4Gb/s for 1.7m
of tap water at 450nm via a GaN laser diode®) at a distance of tens of meters (e.g. 1.2Mb/s

for 30m in a pool via 6 LEDs array at 420nm?) due to high frequency of optical carrier. Also,



they require low operating power i.e. few Watts whilst acoustic requires tens of Watts and RF
tens up to hundreds of Watts, depending on the transmission distancel. To summarize the
characteristics of the above-mentioned technologies that govern Underwater Wireless

Communications, a table is given below (Table 1-1)*.

PARAMETERS ACOUSTIC RF OPTICAL
. 0.39dB/m (clear ocean)
Attenuation 0.1 —4dB/km 3.5—-5dB/m _ 11dB /m (turbid)
Speed 1500m/s ~ 2.55 X 108m/s ~ 2.55 X 108m/s
Data rate ~kb/s ~Mb/s ~Gb/s
Distance Up to kms Upto= 10m ~ 10— 100m
Frequency band 10 — 15kHz 30 — 300Hz (ELF) 102 — 10%°Hz
Transmission Tens of Watts Few mW to hundreds of Few Watts
power Watts
Antenna size 0.1m 0.5m 0.1m
Performance Temperature, Conductivity and

. e Absorption, Scattering
parameter salinity, pressure permittivity

Table 1-1Comparison of the three dominant Underwater Wireless Communications Technologies

However, applying UWOC is not a trivial matter due to absorption and scattering effects
produced by the molecular structure of water® and from substances contained within sea water
such as dissolved organic materials with a diameter < 0.4pm® (gelbstoff), particulate organic
materials (phytoplankton) and suspended inorganic particles (rocks, sands, clays)’. In general,
the existence of these materials results in shifting and narrowing of the low attenuation region

from the blue-green towards longer wavelengths®®’, as the concentration increases.

While UWOC links have been widely reported in the literature, for example 5.5Gb /s using a
green Laser diode at 520nm over a 5m air channel and a 21m water channel®, these are
typically “point to point” links, where a single transmitter (7,,) addresses a single receiver (R,,).
This requires optical alignment to be maintained between T, and R,., which may be challenging
in open waters. As such, in this paper we report the employment of the Corning® Fibrance®
Light Diffusing Fiber®° as a transmitter (). This thin, flexible optical fiber, made from glass,
exhibits the property of scattering light for lighting purposes instead of delivering it from point
to point over long distances. Its silica core is doped with scattering centers to scatter light

continuously and uniformly along the length of the fiber.



In this way a simple and cost-effective omnidirectional “beacon” is realized with no moving or
complex optical parts nor precise alignment despite the challenging underwater environment.
This omnidirectional beacon could be used to establish a wireless data link within a volume of
water, such as a ship broadcasting to multiple divers or, remotely-operated vehicles (ROVS)
etc. that are in proximity to the ship. Another scenario could be that an ROV uses the beacon
concept to communicate to a surface vessel, without the requirement to continuously track and
optically align the data link. As discussed previously, optical wireless data links can remove
the need for tethered communications, greatly increasing mobility, functionality and reducing
Costs.

2 Description of the Experimental Set-Up

The lab-based experimental set-up implemented in our work to date, may be seen in Figure 2.1.

(Position 2)
Corning® Fibranté® (Position 1)
Water Tank \ \ g
Vinax = 180L N Green Laser Diode
P A=520nm
4 1.5m ;

Ll = Bias Tee
Oscilloscope g5,

DC Voltage

Figure 2.1 Schematic of the lab-based experimental set-up

As previously mentioned, it consists of a transmitter (T,) which is the Corning® Fibrance®

Light Diffusing Fiber, 5m long, positioned inside a glass beaker (see Figure 2.2a).



Figure 2.2 a) Photograph of the Fibrance inside the beaker and b) photograph of the Fibrance transmitter, coupled with
the green Laser Diode and acting as Transmitter, inside the water tank, filled with clear tap water

The Fibrance was coupled with an off-the-shelf Osram Green Laser Diode (model PL520)
operated at 520nm (Figure 2.2b), supplied by a current of 90mA and a forward Voltage of
6.5V from a single output DC power supply. The transmitted power of the beam was ~5mW/,
measured by a THORLABS PM100A Power Meter with a S121C sensor head.

The On-Off Keying (OOK) modulation scheme was used for generating a Pseudo Random Bit
Sequence (PRBS) of 127 bits via an Opal Kelly XEM3010 FPGA. The FPGA data output and
the DC supply were combined and used to drive the laser diode using a bias tee. The FPGA
was run by a MATLAB® script through a laptop.

The beaker containing the Fibrance transmitter fibre, was placed at the bottom of the water
tank of dimensions 1.5m X 0.35m X 0.35m and maximum volume of 1801 (see Figure 2.3).
The tank was constructed from high transmittance®* (91%) Pilkington Optiwhite™ aquarium
glass to reduce optical losses. The tank was filled with 1601 of tap water. Moreover, to prevent
reflections coming from the walls of the tank which would not occur in open water and may
lead to multipath signal distortions, matt black plastic sheets were placed at the bottom of the

tank and around the walls.
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(Position 2) Laser Diode side

SiPMs’ side (Rx) - \

|
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Figure 2.3 Photograph of the water tank filled with 1401 of clear tap water and the Fibrance transmitter inside the
beaker and placed on the bottom of the tank

As for the detector (R,), a 6 X 6mm? SensL J-series 60035 Silicon Photomultiplier (SiPM) is
placed at the other side of the tank (Position 2 in Figure 2.3), approximately aligned with the
Fibrance transmitter and sufficient enough to collect part of the signal propagated through
water, either scattered due to Maalox® (our scattering agent) or not. The SiPM, was connected
to an oscilloscope for monitoring and analysing the signal.

As previously mentioned, the propagation of an optical beam underwater suffers from loss of

intensity with distance due to absorption and scattering.

The optical properties of ocean water are defined by parameters such as the attenuation

coefficient (c in m~1) and the single scattering albedo, w,.

The attenuation coefficient describes the differential power loss per unit volume of water
caused by absorption and scattering and is the sum of both the absorption «, and scattering b,
coefficients (c(4) = a(4) + b(4)). It varies greatly according to the water type and is also
wavelength dependent. Some typical values of the coefficients can be seen in the following

table (Table 2-1), in addition to the optimum operating wavelengths for different types of water.

The scattering albedo is defined as the ratio between the amount of scattering and overall
attenuation, or w, = b/c. Natural waters have single scattering albedos that range from 0.25

to > 0.8 as the water becomes scattering®?.



Water type a(m™1) b(m™1) c(m™) Operating Wavelength

Clear Ocean 0.114 0.037 0.151 450 — 500nm (blue-green)
Coastal Ocean 0.179 0.220 0.339 520 — 570nm (yellow-green)
Turbid Harbour 0.366 1.829 2.195 550 — 600nm (yellow-green)

Table 2-1 Typical values of absorption, scattering and attenuation coefficients and ideal transmission wavelength for
different types of water.?

In general, underwater optical propagation experiments are commonly done with simulated
conditions in a laboratory water tank. In order to mimic the conditions found in natural waters,
different concentrations of a scattering agent are diluted in tap water. As a scattering agent,
Maalox® antacid, a mix of magnesium hydroxide (Mg(OH),) and aluminium hydroxide

(AL(OH)s), was used here. It has an albedo of wg yaaioxe = 0.957 1.

The received power, Py, can be found by applying the Beer’s Law over a path d (EQ. 1), giving

us a basic solution to the problem of determining the loss of light along a path in ocean water*2,
PR == Poe_Cd (Eq 1)

Also, it is worth mentioning that we can define the attenuation length, daten, as being the

distance at which P has fallen to 1/e of Po. Thus, dg¢ten= 1/C while the product cd 4¢¢e,, fOrms

a unitless term which represents the number of attenuation lengths (AL)*2.

3 Results

The main purpose of the experiment was to implement the beacon in an underwater
environment and show that a data rates up to 5Mb /s is achievable through different types of
water, thus, different Maalox® concentrations in water.

The maximum distance between transmitter and receiver, was 1.66m (1.5m through water).
The 0 to 3.3V digital Pseudo-Random Bit Sequence (PRBS) signal that was sent to the Laser
Diode and was optically transmitted through water, had the form as shown in Figure 3.1. The
PRBS is 127 bits long and was transmitted at a fixed data rate of 5Mb/s.



0 to 3.3V PRBS Signal sent to the Laser Diode
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Figure 3.1 The form of the 0 to 3.3V PRBS signal that was optically transmitted through water

Different concentrations of Maalox® were tested in order to mimic three typical types of sea
water (see Figure 3.2 - Figure 3.4) whose attenuation coefficients and attenuation lengths are
known (see Table 2-1). As it can be seen, the underwater link based on the Fibrance transmitter,
could distinctly support the 5Mb /s optical signal in all types of natural water analogues, for a
given distance of 1.66m between transmitter and receiver which was the maximum we could
set with the current set-up layout. The following graphs of the received signal present great
similarity to the digital signal in Figure 3.1 and any possible distortion coming from ambient
noise is negligible.
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Figure 3.2 Graph of the received signal for “Clear Ocean” water and dry_g, = 1.66m
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Figure 3.3 Graph of the received signal for “Coastal Ocean” water and dry_p, = 1.66m



Parameters Received PRBS Signal
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Figure 3.4 Graph of the received signal for “Turbid Harbor” water and dpy_g, = 1.66m

Moreover, the turbidity of the water was expanded in more extreme levels so as to acquire an

estimation about the supporting limit of the set-up.

Three higher concentrations of Maalox® were tested, 18ml (0.0125%), 28ml (0.0175%),
and 40ml (0.025%) whose attenuation lengths correspond to few centimetres. The distance
between T, and R, remained constant (1.66m), however for the 40ml of the scattering agent
two positions of the Fibrance transmitter were checked; for the closer distance to the SiPM

(0.75m) the signal was clearer.

The results can be seen in Figure 3.5 - Figure 3.8. The transmittance of 5Mb /s of optical signal

in a very turbid underwater environment was achieved.

These results, enable us to confirm the efficiency and cost/power-effectiveness of the Fibrance
transmitter. It could be now deduced that the Fibrance concept would be rendered robust

enough for the “real world” applications discussed in the Introduction section.
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Figure 3.5 Graph of the received signal for an attenuation length of 0.16m and dyy_g, = 1.66m
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Figure 3.6 Graph of the received signal for an attenuation length smaller than 0.12m and dy_g, = 1.66m
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Parameters
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Figure 3.7 Graph of the received signal for an attenuation length smaller than 0.08m and d;y_g, = 0.75m

Received PRBS Signal
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Figure 3.8 Graph of the received signal for an attenuation length smaller than 0.08m and dy_g, = 1.66m

11



Regarding the distances that could be supported with the current configuration outside of the
water tank, in Figure 3.9 an estimated BER versus transmission distance (the distance between
the T, and R,) was plotted for the three types of natural waters (Clear Ocean, Coastal Ocean
and Turbid Harbor) with corresponding attenuation coefficients given in Table 2-1. These
results have been calculated using the methodology given by Hamza T. et al.'®, adapting the
calculations such that it is assumed that the Fibrance transmitter is an isotropic emitter, emitting
power equally in all directions, rather than for example a Lambertian emitter. 5mW of
transmitted optical power, at a wavelength of 520nm is assumed, and the specifications of the
SiPM used in our experiments is used as the receiver. Data is assumed to be transmitted at 5
Mb/s using OOK.
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Figure 3.9 BER vs dy,_g, for three types of natural waters

A BER of 3 x 1073 is used as reference, as indicated by the horizontal red line in Figure 3.9.
At this BER, data transmission can be made “error free” using forward-error correction with
an overhead of 7% of the total data rate. Therefore, we define BERs below this level as “error
free”. These calculations indicate that the Fibrance transmitter concept shown here would work
at a distance of almost 7m in clear ocean waters. This could be extended to over 10m if the
transmitted power was increased to 50mW. These results indicate that the Fibrance “beacon”
can potentially allow a unidirectional wireless optical data link with a range of several meters,

using simple components and relatively modest transmitted power.
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4 Conclusions & Future Work

In this paper, it was shown that we managed to take advantage of the special property of the
Corning® Fibrance® Light-Diffusing Fiber, i.e. its core scatters light continuously and

uniformly, and employ the fibre itself as transmitter in clear to turbid underwater environment.

The achieved data rate (up to 5MHz) could be increased in future measurements by employing
different light sources, such as Q-Switched Laser for reaching powers up to kWs’ or LEDs for

more flexible and sophisticated modulation schemes (e.g. OFDM).

In future work we will explore the use of different light sources allowing selection of the
optimum wavelength according to the type of water. Additional wavelengths would also be a
method of increasing the transmitted data rate, or supporting multiple users, by using
Wavelength Division Multiplexing (WDM).

We also intend to further investigate an “omnidirectional” transmission and more particularly,
placing the receiver/detector in various positions around the Fibrance fibre allowing us to
confirm the isotropic nature of the Fibrance fibre transmission. This will require trials of the

Fibrance transmitter in a larger volume of water than that used here.
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