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Abstract

In an era marked by an escalating demand for high-speed internet connectivity,
optical communication plays a crucial role in meeting these needs. Free Space
Optical (FSO) communication, which involves the wireless transmission of optical
signals through the atmosphere, holds promise for extending existing fibre optic
networks and connecting individuals beyond current coverage areas. Despite the
potential, commercial FSO systems remain prohibitively expensive.

A cost-effective FSO system can be achieved by utilising small form-factor
pluggable (SFP) transceiver modules. These budget-friendly devices offer powerful
transmit lasers and highly sensitive receiving photodiodes. To utilise these devices,
optical signals are collimated out of a transmitting fibre into the atmosphere and
coupled back into a receiving fibre. However, further investigation is needed to
determine the optimal fibre cables for transmitting and receiving optical signals
across the atmosphere to maximise received optical power and achieve efficient FSO
communication.

This study aims to characterise the light coupling performance of standard
telecommunication fibre cables, with a focus on the optical power transmitted from
and received by the fibre cable under atmospheric conditions. The methodology
employed for characterising the power transmitted by the fibre cables involves mea-
suring the optical power in the fundamental Gaussian mode. This mode optimises
transmission through the atmosphere by minimising beam divergence. Subse-
quently, light coupling from free-space is characterised by measuring the optical
power coupled into the different fibre cables under non-ideal conditions, including
misalignment and atmospheric turbulence.

The findings of this research show notable correlations between the physical
attributes of the fibre cables, namely refractive index profile, core size and numerical
aperture, and their transmission and reception performances. The comprehensive
characterisations of the standard fibre cables presented in this study provide insights
into their suitability for distinct roles within a low-cost FSO system.
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CHAPTER

Introduction

The internet has become a vital aspect of modern life, significantly impacting the quality
of life, opportunities, and personal development globally. Its benefits, including enabling
remote work, online shopping, and distance learning, have made internet access essential
in contemporary society [1]. Despite a 4.7% increase in global internet usage from 2022 to
2023, bringing the online population to 67% of the world’s total, approximately 2.6 billion
people still lack access to the internet. This digital gap is particularly pronounced in the least
developed countries, highlighting the stark disparity between wealthier and poorer nations.
While high-income countries boast a 93% internet usage rate, only 27% of the population
in low-income countries have internet access. Regionally, Africa has the lowest internet
penetration, with only 37% of its population online, compared to Europe’s 91% connectivity
[2]. Efforts to bridge this digital divide are crucial, as those excluded from the internet miss
out on its socioeconomic benefits and often face social marginalisation [1].

The wide deployment of fibre cables has been instrumental in achieving high internet
usage in developed countries [3]. This infrastructure development stands in contrast to
the challenges faced in Africa, where internet penetration remains lower. Africa has seen
an increase in the number of submarine connections since 2001, with multiple cables such
as the West Africa Submarine cable link (SAT3), the Eastern African Submarine System
(EASSy) cable, and others being established [4]. Despite these advancements, there are still
challenges in deploying terrestrial fibre infrastructure to reach the end-user. While historic
copper infrastructure exists, optical fibre has emerged as the most reliable transmission
medium for modern backbone networks [5]. Delivering services over fibre to the end-user
minimises loss in quality and data speed. However, the cost and complexity of upgrading
from historical copper infrastructure have been limiting factors in the deployment of fibre
optical cables [6]. Such deployment depends on several factors, including administrative
regulations, operator investment capacity, and geographic conditions [5].

Unsurprisingly, the deployment of fibre cable is more widespread in urban areas, while
availability remains sparse in rural regions [4]. Consequently, the limited accessibility to
internet infrastructure outside urban and suburban areas widens the gap in internet usage
between urban and rural populations. Africa exhibits the most pronounced gap, with 57% of
internet usage concentrated in urban areas compared to 23% in rural regions [2]. Disparities
in education, infrastructure, and healthcare further exacerbate the divide between urban
and rural areas. These disparities have contributed to the ongoing rapid urbanisation in
Africa and Asia, with projections indicating that two-thirds of the world’s population will
reside in urban areas [7]. Unfortunately, this rapid urbanisation results in the growth of
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informal settlements which are lack basic services and infrastructural development. Such
underprivileged settlements often exist adjacent to regions with robust fibre infrastructure.
Extending existing fibre networks to these marginalised communities would promote digital
inclusion and enhance education and employment opportunities [4].

While the installation of fibre cables to extend existing fibre networks is complex,
expensive and time-consuming, Free Space Optical (FSO) communication provides a simpler
deployment alternative [8-10]. FSO communication refers to the wireless transmission of
information through light signals propagating in the atmosphere [11]. This technology
could provide last-mile broadband access to unconnected communities adjacent to fibre
infrastructure.

FSO communication offers several advantages over other wireless communication
schemes used for last-mile broadband access, such as Radio Frequency (RF). FSO communi-
cation systems operate within the unlicensed portions of the infrared spectrum, reducing
the initial setup cost and development time. Additionally, such systems experience lesser
beam divergence than RF signals, which leads to higher intensity at the receiver. Narrower
beam divergence also increases the security of FSO systems, as an eavesdropper needs to be
physically close to the beam to intercept the signal. Such interception which would lead to
drastic power loss at the receiver which would be easily detected. Furthermore, the higher
carrier frequencies used in FSO provide higher modulation bandwidth than microwave and
radio wave frequencies [12].

Significant progress has been made in the development of FSO systems since their
inception in the mid-20th century. Following the introduction of the working laser in
July 1960, Bell Labs scientists achieved a milestone by transmitting signals over a distance
of 40 km using a ruby laser [13]. Subsequently, in 1962, M.I.T. Lincoln Lab successfully
transmitted a television signal across a distance exceeding 48 km using a Gallium arsenide
(GaAs) based LED. The advancement continued with the development of the Helium
Neon (He-Ne) laser, which played a crucial role in FSO progress. In November 1962, a
Hughes’ group conducted a 30 km laser communication experiment by modulating the
intensity of a radio frequency signal on a He-Ne laser beam. This was followed by Electro-
Optics Systems” achievement in May 1963, where they transmitted a voice modulated
He-Ne laser beam across a distance of 190 km. Japan’s Nippon Electric Company marked a
significant milestone in 1970 by commissioning the first FSO system capable of handling
commercial traffic. This fully duplex system utilised a 632.8 nm He-Ne laser to transmit
data over a distance of 14 km. For a comprehensive overview of the strides made in FSO
development between 1960 and 1970, refer to Ref. [14].

Modern FSO systems leverage various properties of light to achieve high data rates
across different transmission ranges. These properties, including amplitude, phase, polariza-
tion, and wavelength, serve as the foundation for a range of modulation and multiplexing
techniques. Experimental systems have demonstrated the effective utilization of these
properties through methods such as Quadrature Amplitude Modulation, Homodyne Binary
Phase Shift Keying, Polarization Multiplexing, and Wavelength Division Multiplexing [15-
22]. These techniques play a crucial role in enhancing the efficiency and performance of FSO
communication systems.

Building on the advancements in FSO technology, numerous companies are actively
engaged in developing commercial FSO systems for wireless transmission solutions. These
companies include Canon, fSONA, LightPointe Communications, MRV, Novasol, Omnitek,
Plaintree Systems, and Wireless Excellence, among others [10, 23]. However, commercial
FSO systems are often expensive and inaccessible to low-income communities. The high
cost stems from the use of specialised hardware components, similar to those found in
fibre Ethernet architecture, to meet stringent performance standards. These components
include high-power lasers and sensitive avalanche photodiode-based receivers. Addition-
ally, Ethernet-based systems frequently encounter performance issues under sub-optimal
conditions such as misalignment and atmospheric turbulence, primarily because their link-
layer is inherently incompatible with such challenges [24]. Even minor random bit errors
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can trigger packet losses, significantly degrading service quality and potentially leading to
connection disruptions. High-end FSO systems address these concerns with forward error
correction algorithms and re-transmit schemes, contributing to their high cost. Moreover,
FSO systems are not as widely adopted as other communication systems, resulting in lower
production volumes and higher manufacturing costs per unit.

1.1 SFP transceiver-based FSO systems

The integration of off-the-shelf telecommunication equipment in FSO systems can signif-
icantly lower their cost. Small Form-factor Pluggable (SFP) transceiver modules have
received significant attention for this purpose. Commonly used in telecommunication
networks, SFP transceivers are compact, hot-pluggable devices used to facilitate seamless
conversions of Ethernet to optical signals in high-speed optical networks. They are designed
to be smaller and cheaper than previous transceiver models such as the Gigabit Interface
Converter (GBIC) [25, 26]. SFP transceivers support various data rates, making them suit-
able for enterprise networks and high performance data centres. Each transceiver consist of
a Transmitter Optical Sub-Assembly (TOSA) and Receiver Optical Sub-Assembly (ROSA).
The TOSA transmits a modulated beam produced by a Vertical Cavity Surface Emitting
Laser (VCSEL), while a pin photodiode is used as a detector at the ROSA. Standard SFP
modules have two separate ports for transmission and reception. Two fibre cables are used
for upstream and downstream transmission, to connect the transmitter of one SFP module
to the receiver of the other. However, the introduction of bidirectional SFP transceivers
allows for one fibre cable to be used for both upstream and downstream transmission
through Wavelength Division Multiplexing (WDM). Two distinct wavelengths are assigned
for upstream and downstream transmission, resulting in a reduced number of fibre cables
and overall costs in long transmission links [27]. Transceiver vendors have signed the
Multi-Source Agreement (MSA), leading to standardised SFP transceiver sizes and the use
of LC fibre connectors [28].

SFP transceivers can be used to establish an FSO link by propagating upstream and
downstream optical signal through the atmosphere. In this set-up, a short piece of fibre
cable channels light from the transmitter of an SFP into free space. The light beam is then
collimated into the atmosphere with a lens and directed towards the second transceiver.
At the receiver, a lens is used to collect and focus the light signal on the tip of a fibre cable
which is connected to the receiver of the second SFP. The same is done for the downstream
signal, as illustrated in Fig. 1.1(a), establishing the optical link. A similar FSO link can be
established by leveraging bidirectional SFP modules. In this set-up, each transceiver would
require one fibre cable to transmit and receive the dual wavelength light signals. One lens
would be used at each transceiver to collimate transmitted signals while focusing received
signals as illustrated in Fig. 1.1(b). While former system has the advantage of using the most
suitable fibre cables for transmission and reception, the bidirectional system offers a cheaper
option, as it uses half the number of fibre cables and lenses.

While fibre cables play a crucial role in such systems, coupling free-space light into an
optical fibre cable is often difficult due to the strict alignment requirements. Previous studies
extensively investigated the coupling efficiency of single-mode fibre cables due to their
widespread compatibility with optic communication technology [29]. Despite their compati-
bility, single-mode fibres face difficulties in achieving high coupling efficiency, particularly
in the presence of atmospheric turbulence, owing to their small core diameters and narrow
numerical aperture. Ref. [30] highlighted a rapid degradation in the coupling efficiency of
single-mode fibres under increased turbulence strength. This degradation was attributed to
reduced spatial coherence caused by atmospheric turbulence. The effects of turbulence on
fibre-coupled Differential Phase-Shift Keying (DPSK) for Satellite-to-Ground (STG) down-
link were explored in Ref. [31], revealing how turbulence-induced phase distortion degrades
spatial coherence and limits the coupling efficiency of single-mode fibre cables. Furthermore,
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Figure 1.1: FSO communication established using SFP transceivers and fibre cables. This
can be done using standard (a) or Bidirectional (b) SFP transceiver modules. The fibre cables
are used to transmit and receive the optical signals.

Toyoshima et al. [32] demonstrated the adverse impact of random angular jitter on coupling
efficiency, emphasising the importance of optimising beam size during the coupling process.

In contrast to single-mode fibres, multi-mode fibre cables exhibit higher coupling effi-
ciency due to their larger core diameters. Zheng et al. [29] compared the coupling efficien-
cies of single-mode fibre, 2-mode fibre, and 4-mode fibre at different turbulence strengths,
highlighting the superior coupling efficiency of the 4-mode fibre. Additionally, Ref. [33]
demonstrated the higher coupling efficiencies of few-mode fibre cables over signal-mode
fibres, attributing this to their larger core sizes. Multi-mode fibre cables have also shown
greater resilience to coupling light in the presence of atmospheric turbulence for quantum
communication as seen in Ref. [34]. However, coupling light into a multi-mode fibre cable
remains a delicate process, with power loss resulting from numerical aperture mismatch
and alignment errors [35].

Different types of fibre cables have been employed in various SFP transceiver-based
FSO systems. Single-mode fibre cables with SC connectors are used to guide light signals
in and out of bidirectional SFP modules across a 125 m FSO link in Ref. [36]. However,
using a single-mode fibre to capture light from free space limits the performance of such
a FSO system. Multi-mode fibre cables offer improved light coupling due to their larger
dimensions. This is demonstrated in the construction of a 1 Gbps FSO system developed
in Ref. [37], where a 1 mm core size multi-mode fibre is used to couple optical signals
from free-space into an SFP transceiver. A steerable short-range FSO system is developed
in Ref. [38], which uses a 50 ym core multi-mode fibre to capture the optical signals and
channel them to an SFP transceiver. This system achieves 10 Gbps transmission across 200 m
of free-space. In another approach, a self-aligning FSO system is presented in [39], which
implements spatial division multiplexing by using 8 multi-mode fibre cables with core sizes
of 50 ym to capture and channel optical signals to 8 separate SFP transceivers.

While larger multi-mode fibre cables enhance fibre coupling at the receiving end, they
may not be optimal for transmission at the sending end. Multi-mode fibres are susceptible
to modal coupling and inter-modal dispersion, leading to distorted wavefronts and reduced
beam quality [40, 41]. In contrast, single-mode fibre cables are specifically designed to
exclusively transmit the fundamental Gaussian mode. Both types of fibre cables can be

4



Chapter 1 — Introduction

leveraged in an FSO system, by transmitting from a single-mode fibre and receiving from a
multi-mode fibre, as illustrated in Ref. [42].

1.2 Problem statement and research question

Fibre cables play a crucial role in transmitting and receiving optical signals in SFP-based
FSO communication systems, as shown in Fig 1.1. However, with the wide variety of
available fibre cables, ranging in specifications such as core size, numerical aperture, and
graded-index profiles, it remains unclear which type(s) might be best suited for transmit
and receive coupling. While previous studies have indicated the fibre cable parameters
used in their systems, they seldom mention the specific fibre types [37-39]. Furthermore, to
date there has been no comparative study carried out to determine which fibre cables that
should be used in such systems. This gap in knowledge is critical, given that inefficient fibre
coupling stands as the primary contributor to power loss in SFP-based FSO systems [37].

This study seeks to bridge this gap by comparing the performance of different fibre
cables within this application context. The scope of this research is narrowed to standard
telecommunication fibre cables defined in the international standard of Information Technol-
ogy (Generic cabling for customer premises (ISO/IEC 11801)) [43]. These general-purpose
telecommunication fibre cables include the single-mode and five classes of multi-mode fibre
cables (OM1, OM2, OM3, OM4, and OMS5). These form the core of typical short-range links
in commercial data centre infrastructure [44]. These fibre cables are low-cost and readily
available, making them advantageous for a cost-effective FSO system. Given the relatively
low data rates involved in SFP-based FSO systems (in the order of gigabits per second) and
the short fibre lengths at the transmitter and receiver, the effects of dispersion are neglected
in this study.

The research question guiding this study is: "How do different telecommunication fibre
cables compare in terms of transmit performance and free-space coupling performance?”

To further refine this broad research question, the definition of "performance” used in
this context is as follows: transmit performance refers to the ability of the fibre cables to
transmit high optical power into free-space with minimal beam divergence. While free-space
coupling performance refers to the ability of the fibre cables to couple as much light as
possible from free-space, particularly under non-ideal conditions which are misalignment
and atmospheric turbulence.

To fully explore the above stated research question, the following objectives are defined.

1. To determine the average optical power transmitted in the fundamental Gaussian
mode (minimal divergence). This analysis relates to the transmit performance and is
presented in Chapter 3.

2. To experimentally assess the effect of misalignment and atmospheric turbulence on
the power coupled from free-space into the fibre cables. This analysis pertains to the
free-space coupling performance and will be characterised in Chapter 4.

As discussed earlier, an opportunity arises when utilising an off-the-shelf bidirectional
SFP transceiver, as it allows for the use of a common transmit/receive aperture. This
approach significantly simplifies alignment and reduces costs, making it ideal for a low-cost
system aimed at helping bridge the digital divide. Chapter 5 explores this approach further
by jointly considering the transmit and free-space coupling performance characteristics.



CHAPTER

Background

Free Space Optical (FSO) systems offer high-speed data transmission across several kilo-
meters by beaming light through the atmosphere. Like any communication system, FSO
links consist of three basic parts: the transmitter, channel, and receiver. At the transmitter, a
laser diode or high-intensity LED is typically used to generate the modulated light beams,
which are expanded and collimated into the atmosphere using a series of lenses [12]. These
light signals face many attenuating factors within the atmosphere which include natural
divergence, scattering and absorption, and turbulence. The receiver often comprises lenses
arranged in a telescope to capture as much light as possible, and focus it on a photo-diode
for optical-to-electrical conversions [6]. There has been growing interest in the use of Small
Form-factor Pluggable (SFP) transceiver modules for FSO applications [36, 37, 39, 42], which
are readily available and low-cost.

The purpose of this background chapter is to highlight key design considerations in the
development of a low-cost FSO system using SFP transceiver modules and fibre cables. The
working principle and the variety of fibre cables are presented in Sec. 2.1. Sec. 2.2 presents
the propagation of a Gaussian beam in free space, highlighting its natural divergence during
propagation. The crucial role the optical lenses play in achieving efficient transmission is
discussed in Sec. 2.3. Finally, the effects of atmospheric turbulence on propagating light
signals are discussed in Sec. 2.4.

2.1 Introduction to fibre optic cables

Fibre Optic cables are cylindrical dielectric wave guides used to transport information
in the form of optical energy. Fibre cables consist of three main concentric layers: the
core, cladding, and coating, as depicted in Fig 2.1(a). The core, typically composed of
low-loss silica glass and index-modifying dopants, is the central region through which light
is guided. Surrounding the core is the cladding, which is made of a similar material but
with a slightly lower refractive index. The outermost layer is the protective coating, which
is a cushioning polymer that shields the silica structure from physical and environmental
damage. Additional protection is often provided by an outer coating reinforced with steel
or Kevlar material.
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Figure 2.1: Structure of an optical fibre cable (a). Illustration of the acceptance angle (6,) in
a step-index fibre. 8, represents the propagation angle within the fibre, and #n denotes the
external refractive index(b).

Light in an optical cable travels through the fibre core, guided by the principle of total
internal reflection. The acceptance angle, illustrated in Fig. 2.1(b), dictates the range of
angles within which launched light must fall to be guided through the fibre. The Numerical
Aperture (NA), a dimensionless parameter, characterizes this acceptance angle and is

defined as
NA = | /12ore = Mjadding = SN (0a), 2.1)

where 0, is the acceptance angle, ncore is the refractive index of the core, and njadding is the
refractive index of the cladding [45].

The guided paths of light within a fibre, known as modes, depend on the fibre type.
Single-mode fibres support only one mode of light, with small core sizes (typically 8 ym to
10 ym) and numerical apertures around 0.1. In contrast, multi-mode fibre cables support
multiple rays of light, featuring larger core sizes (e.g., 50 ym and 62.5 ym) and higher
numerical aperture values, typically above 0.2.

The number of modes supported by a fibre is characterized by its normalized optical
frequency or V-number, defined as

v = 27N, 2.2)
A
where a is the core size, A is the wavelength of the light, and NA is the numerical aperture
[46]. For single-mode fibres, the V-number is kept below 2.405. The estimated number of
modes for multi-mode fibres is given by

~ 8V
M=~ gi2 2 (2.3)
where g is the refractive index profile exponent [45].

The movement of light within a fibre depends on its refractive index profile. There are
two types of profiles: step-index and graded-index. In a step-index profile, the refractive
index of the core is uniform across its entire radius, leading to modal dispersion—a distortion
arising from varying propagation velocities of different modes within a multi-mode fibre.
This is illustrated in Fig 2.2(a). To mitigate modal dispersion, graded-index profiles were
introduced. These profiles gradually decrease the refractive index as the radial distance
from the centre increases, allowing smoother transitions at the core-cladding boundary.
Light rays in graded-index fibres propagate in a sinusoidal pattern, as shown in Fig 2.2(b)
[40]. Graded-index fibres can transport larger amounts of data across longer distances with
lower distortion compared to step-index fibres.
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Figure 2.2: Propagation of light rays in step index (a) and graded index (b) fibre cables

The refractive index of graded-index fibre cores follows a power-law distribution given
by

r\8&
n(r) = Neore\/ 1 — 24 (E) , forr<a, (2.4)
NeoreV 1 — 24, forr > a,
ngore - n%laddir\ . . . . .
where A = —5"8 g is the core radius, 7 is the radial distance from the centre, and g

is the profile expgrr:ent. The graded-index profile can be adjusted by changing the profile
exponent g [45].

Along with the standard single-mode fibre, there are five classes of graded-index multi-
mode fibre cables (OM1 to OM5) which are standardised for use in telecommunication
networks. The characteristics of the five multi-mode fibre cable classes are summarised
in Table 2.1. The modal bandwidth has been improved by optimising the graded-index
profiles, with the latest fibre type, the OMb5 having the highest modal bandwidth. Being
low-cost and readily available, these cables could be good candidates for use in a low-cost
FSO systems.

Table 2.1: Characteristics of the 5 Multi-mode fibre cable Classes.

Class Colour Code Core Diameter NA Modal Bandwidth

OM1 Orange 62.5 ym 0.275 200 MHz*km
OM2 Orange 50 ym 0.2 500 MHz*km
OM3 Aqua 50 ym 0.2 2000 MHz*km
OM4 Aqua 50 ym 0.2 4700 MHz*km
OM5 Lime Green 50 ym 0.2 28000 MHz*km

2.2 Gaussian beam propagation

The fundamental Gaussian beam is the lowest order transverse electromagnetic wave and
simplest beam type. It is often the desired output of laser sources as it focuses into the most
concentrated focal spot [47]. At a wavelength of A, the amplitude and phase profile of a
Gaussian beam are described by the function [48]

2+ 2 ) 2+ 2
U(x,y,z) = AO%exp {—xwz(zy) —i <kZ—|—kx2R(Zy) +§(Z)>} . (2.5)

In this function, k is the wave number given by 27", x and y are the transversal dimensions
and z is the axial dimension. wy represents the beam radius at the origin, where the beam is
at its minimum size. This radius is also known as the beam waist. The physical bounds of a

8
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Gaussian beam are theoretically infinite, however, the beam radius is commonly defined as
the distance from the centre of the beam to the point where the amplitude is attenuated to
1/¢€? of its maximum. The beam radius at different points of along the propagation direction
is given by w(z), which is

2

w(z) = wo/1+ <Z> . (2.6)
ZR

The Rayleigh range, represented by zg, the distance along the propagation direction where

the beam waist expands by a factor of the square root of two and is expressed as [8]

2
Wy

ZR = 1 (2.7)

As the beam propagates, it tends towards a constant divergence angle given by

O=—. 2.8
p— (2.8)
From this relationship, it should be noted that a larger beam waist would lead to less
divergence during propagation than a smaller beam waist.
In Eq. 2.5, R(z) represents the wavefront curvature radius, which is given by

R(z) =z [1 + (Z;)z] . (2.9

The curvature radius is infinity at the origin, allowing for the plane wave approximation,

which is valid for A
22 < (2.10)
TTWo

{(z) represents the phase retardation which is expressed as

{(z) = arctan (Z> . 2.11)

ZR

The intensity of a Gaussian beam, which is the square of the amplitude (I = |U|?), is
derived from Eq. 2.5 to give
2 2 4 .2
a2 | wo C2(x"+y9)
I(X,V/Z) - |A0| |:UJ(Z):| exp [ (4]2(2) : (2.12)

Here, | Ag|? is the on-axis intensity, while the beam radius is the distance from the centre to
the point where the intensity attenuates to approximately 13.5% of the maximum intensity
1/¢%. Another common measure of the beam size is the radius from the centre to the point
where the intensity drops to 50% of its maximum. This is known as the Full Wave Half
Maximum (FWHM).

2.3 Choice of lenses in a fibre-based FSO systems

In a fibre-based FSO system, lenses are used to collimate light signal launched from trans-
mitting fibres into free space and to focus these signals from free space onto the tips of
receiving fibre cables. The choice of lenses used in an FSO system is crucial for efficient
performance, as they affect both transmitted and received power. There is a variety of
standard lenses readily available on the market, which vary in diameter and focal length.
Common diameters are 25.4 mm (1"), 50.8 mm (2"), and 75 mm, while typical focal lengths
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Figure 2.3: Collimated beam diameter at the transmit lens resulting from different focal
lengths and fibre core sizes.

range from 30 mm to 300 mm. In this section, we discuss the use of these lenses with the
standard telecommunication fibre cables in FSO systems.

When a light beam is launch out of a fibre cable, it diverges at an angle © given by
Eq. 2.8. To channel it through the FSO link with narrow beam divergence, a transmitting
lens is used to collimate the beam. The size of the collimated beam launched into the FSO
link is dependent on the fibre core size and lens focal length, as the beam will diverge from
the tip of the fibre till the lens. The radius of the collimated beam w,,; given as a function of
the fibre core radius weor and lens focal length f as [49]

fA
Weol = fO P (2.13)
Fig 2.3 shows the collimated beam diameter of beams launch from the standard core size
using lenses of different focal lengths. It should be noted that the smallest fibre core results
in the largest beam diameter.
As mentioned in Sec. 2.2, the boundaries of a Gaussian beam are infinite. Therefore,
only a portion of the power is transmitted through a finite circular aperture such as a lens.
The power transmitted through a circular aperture of radius r is given by [50]

P=DPy|1—ex 2 (2.14)
= 10 p wz (Z) 7 .
where P is the total power of the beam and is a function of the peak intensity (Ipeax):
2
twg 1
) = %eak (2.15)

The percentage of optical power transmitted through a lens at various ratios of beam to

lens radii is shown in Fig. 2.4. If the beam and lens radii are equal, only 86.5% of power
is transmitted through the lens. The diameter of the lens used should be at least 7r times
the radius of the beam to allow over 99% of the power through it. This is known as the
"D = tw" or 99% criterion.

The size of the beam at the transmitter affects the amount of divergence experienced
during propagation. It is necessary to design a transmitter that minimises divergence loss at
the receiver. Fig. 2.5 shows the beam size along the propagation lengths when it is collimated
at different sizes.

At the receiver side, the larger diverged beam will cause power loss, as less power will
pass through the receiver. Fig. 2.4 shows that only 40% of the total power will pass through

10
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Figure 2.4: The power through a circular aperture. Only 86.5% of a beam’s total power
passes through a lens with a radius equal to its beam waist.
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Figure 2.5: Resultant Beam size along propagation caused by different initial beam sizes at
the transmitter. The beam diameter at the transmitter is represented on the Y-axis, while the
diameter at the receiver is shown using the heatmap.

a lens if the beam is twice its size, and only 10% is received if the beam is four times larger
than the lens. For this reason, it is advantageous to choose a receive lens large enough to
match or exceed the expected beam size, optimizing power reception
Two important parameters to consider during fibre coming are numerical aperture of
the incoming beam and the size of the focal beam spot, both of which are determined by the
receiving lens. The radius of the focal beam spot can be regarded as the reverse of Eq. 2.13
to give
Af

Wiocal =

where w(z) and Wy, are the beam radii at the lens position along the propagation and at
the lens focal point. Assuming the the "D = 7tw" criterion is adopted for the receiving lens,
the focal spot diameter (do = 2wfocq) is given as a function of the lens diameter as

do = 2}%. (2.17)

Here, 86% of the total power is focused within dy. The f-number (also known as the relative
aperture or speed of the lens) is the ratio of the focal length and lens diameter (f* = f/D).
Describing the focal spot diameter in terms of the f-number gives

do = 2 f*, (2.18)

11
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Figure 2.6: Focal spot diameter (a) and lens numerical aperture (b) resulting from different
focusing lens f-numbers. Parameters of standard fibre cables are represented using the
asterisks. The yellow asterisk represents the single-mode fibre, the green asterisk represents
the OM2 to OM5 multi-mode fibres, and the red asterisk represents the OML1 fibre cable.

Focal beam spot diameters which results from different f-number values are shown in
Fig. 2.6(a).

The numerical aperture of a lens is determined by its diameter and focal length. Lenses
with large diameters and short focal lengths have high numerical apertures while small
diameters and long focal lengths result in low numerical apertures. This relation is expressed

as
NA = sin (tanl (Z)) ~ 2}# (2.19)

From this, it can be seen that the NA and f-number have an inverse proportional relationship.
Fig 2.6(b) shows the resulting NA from different f-numbers.

Achieving optimal fibre coupling involves aligning the numerical aperture (NA) of the
focusing lens with or below that of the fibre cable [34]. If the NA of the optics is too low,
coupling efficiency decreases due to an increase in the focal beam spot size. For OM1 fibre
cables with a numerical aperture of 0.27, an f-number of 1.78 or higher ensures an NA equal
to or smaller than 0.27. A larger f-number, like 20.16, results in a focal spot size equal to the
core size of 62.5 ym. In the case of OM2 to OMS5 fibre cables, featuring NAs of 0.2 and a
core size of 50 ym, the ideal f-number matching the NA is 2.45. An f-number of 16.13 yields
a focal spot size equal to the core size. For single-mode fibres with an NA of 0.14 and a
core diameter of 9.8 ym, an f-number of 3.54 matches the NA but results in a focal spot size
exceeding the core size, leading to power loss. Achieving a focal spot size equal to the core
size exceeds the fibre NA.

The above details the reception of a Gaussian beam. However, the minimum focal spot
size achievable by an overfilled lens with uniform intensity is expressed as

¢ =244Af/D, (2.20)

which is derived from the diffraction limit [51].

2.4 Effects of atmospheric turbulence on optical signals

Atmospheric turbulence is a significant challenge for FSO communication [52, 53]. It occurs
due to random fluctuations in air temperature and pressure, which lead to the formation

12
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of unstable air pockets known as turbulent eddies. These eddies create variations in the
refractive index of the atmosphere, therefore affecting the transmission of optical beams.
Large turbulent eddies break into smaller entities, forming an inertial sub-range. The largest
turbulent cells are known as the outer scale eddies (Ly), and the smallest are known as the
inner scale eddies (Ip). The strength of atmospheric turbulence can be characterized by a
term known as the refractive index structure parameter (C2). This term can be described by
the Hufnagel-Valley model, which expresses it as a function of the altitude / to give [12]’

Viind \ h h
2 wind —571\10 o —16 o
C;(h) = 0.00594 ( 57 ) (107°h)Vexp ( 1000) +2.7 x 10~ ®exp ( 1500)

h
-+ Apexp (—100) .

Here, Vi,  is the wind speed and A is the refractive index parameter at ground level[11].
Temperature variations are much greater at lower altitudes closer to the ground, leading to
higher C2 values at lower altitudes. For horizontal propagation paths, C2 can be assumed
to be constant [54]. Values of C2 typically range from 10~7m~2/3 in weak turbulence to
10~13m~2/3 in strong turbulence [55]. The effects of atmospheric turbulence on propagating
light signals include; beam wander, beam spreading, loss of spatial coherence, and scintilla-
tion. The extent of these effects is determined by the turbulence strength and propagation
length.

(2.21)

2.4.1 Loss of spatial coherence

When a light beam travels through eddies smaller than its diameter, a portion of the light is
deflected away from the rest of the beam, causing beam spreading and spatial incoherence.
This leads to the blurring of optical signals and loss in the received power. The coherence
length, also known as the Fried parameter, is the length in which the atmospheric turbulence
is correlated. Within this length, the effects of turbulence are connected and predictable,
while beyond this, turbulence is uncorrelated and independent [55]. The coherence length is
a function of the refractive index parameter and propagation length L. It is calculated as

—-3/5
ro = 1.68 (C,%Lk2> , (2.22)

where k is the spatial frequency or wave number (k = 271/A).

For a uniformly distributed plane wave in a perfect optical collection system, the focal
spot size in the focal plane a receiving lens is given by Eq. 2.20. However, when the light
beam has propagated through the atmosphere, the receiver aperture is replaced by the
coherence length r( to give a focal spot size of

¢ = 2.44AF /1. (2.23)

This implies that the focal spot size increases by a factor of D/r( in turbulence [51]. Tur-
bulence induced beam spreading can be minimised by ensuring that the beam diameter is
smaller than the coherence length of the atmosphere [12].

2.4.2 Beam wander and angle-of-arrival fluctuations

Beam wander refers to the bending of the light beam as it travels through turbulent eddies of
varying refractive indices, creating a spiral motion through the atmosphere. This results in
the lateral displacement and angle of arrival fluctuations at the receiving aperture, leading to
misalignment in the focal plane. In case of a fibre-based receiver, such misalignment leads to
power attenuation and signal fading. Turbulence induced beam wander is characterised by
a long term average radial variance, (r?), which is the radial variance of the beam’s position.

13
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For a collimated light beam with a radius of wy, average radial variance at a distance L
along the propagation path is calculated as

(r2) = 2.42C2 13wy /3. (2.24)

The radius in which the beam wanders at the receiver wrr (also known as the long-term
beam size) can be calculated from the average radial variance and the instantaneous beam
radius wgt (also known as short-term beam size) as

wit = wir + (re), (2.25)

The position of instantaneous beam typically follows a Gaussian shape within this long
term beam diameter [55].

Turbulence-induced beam wander results in fluctuations in the Angle-of-arrival (AoA)
at the receiver, which results in tilt misalignment on the detector. The variance is fluctuation
of the angle-of-arrival (B2) is given by

(B2) =291C7L(2wg) '3, (2.26)

where wg is the radius of the receiving aperture.

2.4.3 Intensity fluctuations

If a turbulent eddy is of a similar size to the beam diameter, it focuses or defocuses the
light in a lens-like manner. This leads to fluctuations in the light intensity detected at the
receiving plane, which is known as scintillation. Scintillation often leads to degradation
of the signal-to-noise ratio and deep signal fades. The amount of scintillation faced by an
optical system is characterised using the normalized intensity variance of which is known
as the scintillation index, (7,2. The scintillation index is calculated as

oo B2 )

(1)? (1)?
where (-) denotes the ensemble average and I represents the intensity.
In an experimental setting, fluctuations in intensity can be observed through the Strehl
ratio, which is the ratio of the on-axis intensity in the presence of turbulence to the intensity

in its absence. The Strehl ratio can be approximated as a function of the receive aperture D
and rg as [56]:

(2.27)

_{(oL) 1
k= n0o,L) ~ [1+(D/rg)5/3]%%

Statistical approaches have been developed to describe the spatial power spectral den-
sity of atmospheric turbulence. These include models such as Tatarskii and von Karman
spectrums. The most well-known expression is the Kolmogorov power-law spectrum which
describes the power spectrum in the inertial sub-range. This model is expressed in terms of
the vector wave number k = (ky, ky, k) as [56]:

(2.28)

@, (k) = 0.033C2Kk 1173, (2.29)

Mathematical models have also been utilised to characterise the probability density
function (PDF) of random intensity fluctuations in turbulent conditions. The Log-Normal
model is suitable for weak turbulence scenarios ((712 < 1) and is defined by the following
PDF [57]:

n _ 2
F(I) = Ié{\l/ﬁexp [(1(12)52”)} , (2.30)
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On the other hand, the Gamma-Gamma statistical model accommodates turbulence
across various regimes, accounting for both small and large-scale eddies through shape
parameters a and . The corresponding PDEF, defined for I > 0, is given by:

where y = In <<I>> and ¢ = In(1+0?).

ﬂ a+
Al %I () K pla /), (2.31)

where K;(+) is the modified Bessel function of the second kind of order n, and T'(-) is
the gamma function. The scintillation index ¢? is interconnected with the shape parameters

« and B through the relationship [58]:

1 1 1

2

=—+_-+—. 2.32

=T e T B (2.32)
Other statistical models found in literature include the negative exponential, log-normal,
and M-generalized models. These models provide valuable tools for understanding and
quantifying the impact of turbulence on optical signal characteristics.

2.5 Summary

This chapter aimed to highlight various factors influencing fibre-based FSO communication,
a crucial foundation for understanding the work presented in this dissertation. We began by
delving into the fundamental working principles of fibre cables and introduced the standard
telecommunication fibre cables as defined by the international standard ISO/IEC 11801 of
Information Technology. We then explored the propagation of Gaussian beams, emphasising
how these beams diverge in the atmosphere. Additionally, we looked at how lenses, used to
collimate light from the transmitting fibre and focus it onto the receiving fibre, influence the
received power. Finally, atmospheric turbulence and its effects on propagating light beams,
including phenomena such as beam wander, loss of spatial coherence, and scintillation,
were discussed.
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CHAPTER

Transmitter characterisation

Transmission of light signals in the atmosphere is often influenced by various limiting factors,
as detailed in Chapter 2. Therefore, ensuring the transmission of high power in the optimum
spatial mode is crucial for Free Space Optical (FSO) communication, as it maximises the
optical power reaching the receiver. Utilising the lowest order or fundamental Gaussian
mode (TEMy) proves advantageous for this purpose. This mode demonstrates reduced
divergence compared to higher-order modes, enabling higher power density over extended
propagation distances. Furthermore, the fundamental mode produces the smallest focal
spot size characterised by a uniform Gaussian profile, making it suitable for fibre coupling
[59].

Gaussian mode transmission can be achieved by launching light from a single-mode fibre
cable, which is designed to transmit light in the fundamental mode [60]. However, this is not
the case when transmitting from multi-mode fibres which are susceptible to mode coupling.
Mode coupling refers to the transfer of power amongst different guided modes. This is
caused by perturbations in the refractive index of the fibre cable. Such perturbations could
be a result of bending or curving of the fibre cable as well as manufacturing imperfections
[40]. Additionally, bending of the fibre cable results in the dissipation of optical power into
the fibre cladding, which is referred to as bending loss [61].

For this reason, a Gaussian beam launched into a multi-mode fibre cable does not
necessarily translate to a Gaussian beam emerging out of the fibre. Externally induced
deformations cause mode coupling from the fundamental mode towards higher order
modes, which diverge more in free space [62]. The extent of mode coupling varies amongst
different fibre cables. It depends on different factors including propagation constants and
physical dimensions. Furthermore, mode coupling is worsened in longer fibre cables [63]
and is more prevalent in step-index fibre than in graded-index fibres [64].

Mode coupling causes distortion in the wavefronts of the optical fields emitted from the
fibre cables. Examples of such distortion are shown in Fig. 3.1, where the intensity patterns
of fields emitted from the standard fibre cables are presented. The field launched from the
single-mode fibre is seen to have the most Gaussian shape.

This chapter characterises the transmission performance of telecommunication fibre
cables by determining the optical power transmitted in the Gaussian mode. Modal de-
composition is employed to analyse the modal content of fields launched from the fibre
cables. Two SFP transceivers, labelled SFP A and B, are consecutively used as the light
source. They operate at a wavelength of 1550 nm, have a power output rating of 1 mW,
and have ranges of 120 km and 80 km, respectively. It should be noted that SFP A costs
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Figure 3.1: Intensity images of beams launched from fibres cables when connected to an
Small Form-factor Pluggable (SFP) transceiver module.

significantly more than SFP B. The testing of these transceivers aims to demonstrate that
despite sharing the same power rating, such devices can exhibit variations. While literature
as shown that graded-index fibres are less prone to mode coupling [64], we hypothesise
that multi-mode fibre cables of higher modal bandwidth, indicative of their graded index
profiles, will contain higher Gaussian mode content.

3.1 Transmitted optical power

The successful operation of an FSO link under the attenuating factors within the atmospheric
channel requires high initial power at the transmitter. Therefore, to characterise the transmit
performance of the different fibre cables, we first measure the optical power they transmit
from the SFP transceivers. The rated power of the SFP transceivers is specified under the
use of a single-mode fibre. Thus, it is necessary to measure how much power they transmit
through larger multi-mode fibres.

The transmitted optical power is directly measured using a 1550 nm optical power meter.
The fibre cables are successively connected to the SFP transceivers and optical power meter
as seen in Fig. 3.2. The optical power was continuously measured for 30 seconds, while
external deformations were exerted on the fibre cables. The external manipulation was done
to induce mode coupling and bending losses. Inducing these losses in the measurements
accounts for different orientations of the fibre cables, allowing for accurate measurements of
transmitted power.

The average power measurements of each fibre cable were normalized by the average
power transmitted through the single-mode fibre cable. Doing this shows how much more
power the SFP modules transmit through multi-mode fibre cables relative to their rated
power through a single-mode fibre. The normalized average power of each fibre cable is
depicted in Fig. 3.3. These results reveal that the larger multi-mode fibre cables transmitted
higher optical power than the single-mode fibre, with the highest power being transmitted
by the OM1 fibre cable.
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Figure 3.2: Experimental setup to measure power transmitted from SFP transceivers through
the standard fibre cables. The fibre cables are manipulated during testing to induce mode
coupling and bending losses.
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Figure 3.3: Measurements of optical power transmitted through fibre cables when connected
to two types of SFP transceiver modules labelled SFP A and B. The optical power is normal-
ized to the power in the single-mode.

From the average optical power depicted in Fig. 3.3(a), the multi-mode fibre cables are
seen to transmit comparable power when connected to SFP A, with the OM1 fibre cable
having the highest average power at 1.44. The OM2-OM4 fibre cables exhibited power of
1.38, while the OMS5 fibre cable recorded power of 1.4 relative to the single-mode. Minimal
variance in the measurements as seen from the narrow error bars which represent standard
deviation. This suggests that minimal bending losses were experienced when the fibre
cables were connected to SFP A.

The highest optical power, of 1.68 relative to the single-mode fibre, was recorded when
the OM1 fibre cable was connected to SFP B as shown in Fig. 3.3(b). The power transmitted
by the other multi-mode fibre cables varied between 1.25 in the OM4 fibre and 1.44 in
the OM2 fibre cable. The external manipulations of the fibre cables resulted in greater
power fluctuations when transmitting from SFP B, as seen from the wider error bars in
Fig. 3.3(b). These findings show that larger-dimension fibre cables transmit higher power
when connected to SFP transceivers designed for single-mode fibres. The results also
highlight differences in laser quality between the two tested SFP transceivers. Notably, the
laser in SFP B has higher power than that in SFP A, enabling greater power transmission
through the OML1 fibre cable. However, the observed fluctuation in transmitted power when
manipulating the fibre cables with SFP B suggests an increased susceptibility to bending
losses compared to SFP A. This indicates a higher presence of higher-order modes in the
light emitted from SFP B compared to SFP A, as higher-order modes are more sensitive
to bending and more prone to dissipation in the cladding [65]. This implies that the more
expensive transceiver, SFP A, uses a higher-quality laser than the one in SFP B.
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3.2 Modal decomposition of fields emitted from fibre ca-
bles

The Gaussian content emitted from the fibre cables is measured through a process known as
modal decomposition. This works on the premise that all optical fields can be described as a
superposition of weighted orthogonal basis functions(modes), allowing for their deconstruc-
tion into elementary units. Essentially, modal decomposition is the process of determining
the weightings of each basis function. These are generally expressed as complex expansion
coefficients. An arbitrary optical field, U(x) can be expanded into a chosen basis @, (x) as:

x) = chq)n(x)/ 3.1)

where C, is the complex expansion, n is the mode index and x the transverse spatial
coordinates [66]. This decomposition can be performed by measuring the inner product of
the arbitrary field and the conjugates of the basis functions [67]. The result of this overlap
integral gives the mode weighting as

Cy = (®,]U(x) / O (x x. (3.2)

This overlap integral can be performed optically by projecting the field of interest onto a
Spatial Light Modulator (SLM), where the conjugates of the basis modes are successively
encoded [68]. Therefore, the encoded transfer function would be

T(x) = ;(x). (3.3)

A Fourier transform is then performed on the emerging beam by focusing it using a
lens of focal length f. The wavefront at the focal point W(k), is given in terms of the spatial

frequency k as:
C/CID* - exp <Z/\fk x) d?x. (3.4)

With a detector at the focal point, the on-axis amplitude (k = 0) can be observed which is
expressed as

0)=C / @ (x)U(x)d2x o Cy. (3.5)

This on-axis amplitude is proportional to the expansion coefficient of the corresponding
basis mode.

Modal decomposition can be performed using any orthogonal basis, including Orbital
Angular Momentum (OAM) modes [67, 69]. OAM is a property of light seen in waves which
have a helical phase with a singularity in the centre. This causes the waves to propagate
in a twisted form with zero amplitude at the position of the singularity. Several beams
exhibit this vortex behaviour. with the most widely known being the Laguerre Gaussian
(LG) beams. The complex distribution of an LG beam at the beam waist (wp) is described in
its cylindrical coordinates as

1€l
¢ B 2p! rv2 H r? r2
LG, (r,0) = 2 (p+ 10! [ w0 1 L, (wo exp 3 exp(il0). (3.6)

Where r and 6 are the radius vector and transverse azimuthal angle, L‘p[| (+) is the correspond-
ing Laguerre polynomial and the two indices p and are the radial index and azimuthal index.
The helical phase, which characterizes the OAM, is described in the term exp(if). Thus,
is also known as the OAM mode index. Setting the radial index p to zero in equation 3.6,
gives an orthogonal OAM basis, allowing for a modal decomposition of a field as

U(r,0) = Y C/LGH(x,0). (3.7)
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Figure 3.4: Experimental setup to perform modal decomposition of fields launched by fibre
cables, represented as Tx Fibre. Lenses L1 and L2 are used as a 4F telescope, which mirrors
M1 and M2 are used to align the beam to the SLM. Lens L3 performs a Fourier transform on
the beam and separates the diffraction orders (0th, 15t and 2d). The 18t diffraction order is
observed with an intensity camera.

3.2.1 Experimental setup to conduct modal decomposition

The experimental setup used to perform the modal decomposition is shown in Fig. 3.4. In
this setup, the fibre cable being assessed is connected to an SFP transceiver, which is used as
the 1550 nm light source. The two transceivers, SFP A and SFP B, are successively tested.
The light beam emerging from the fibre cable is collimated using a fibre collimator with a
focal length of 37.13 mm. A 4f-telescope, formed by lenses L1 and L2, is added to the beam
path to relay (or image) the beam from the fibre collimator to the SLM screen. This telescope
has a unity magnification and is added to the setup to avoid unnecessary divergence of the
beam. Two mirrors (M1 and M2) are placed in the beam path to ensure that the centres of
the beam and SLM align.

The conjugate phase profiles of 13 OAM modes (¢ = —6 to ¢ = 6) are successively
encoded onto the SLM as the transmission function. The phase of a diffraction grating is
added to the transmission function to separate modulated and un-modulated light. Lens
L3, of 200 mm focal length, is used to perform the overlap integral of the resultant beam
emitting from the SLM. At the focal point, the diffraction orders are physically separated,
with the unmodulated light focusing in the zero order beam. A CCD camera is placed at the
focus of the first order beam, which has the highest modulated intensity. Here, the central
intensity measured, which is proportional to the modal expansion coefficient as expressed
in Eq. 3.5.

The CCD camera used is a near infrared camera with a resolution of 1296 by 964 pixels.
Each pixel measures 3.75 ym in size, with bit depth of up to 16 bit. To minimize noise,
the highest bit depth is used, which maximize the dynamic range and Signal to noise
ratio (SNR). The shutter time is optimized to ensure high SNR while avoiding saturation
[66]. Furthermore, 30 frames were captured and averaged per trigger to minimize noise,
and minimal gain was used, to preserve the accuracy the measurements.

The centre of the image captured by the CCD camera is determined by calculating the
centre of mass. In mechanics, the centre of mass is a point on an object where a single force
can be applied to represent all gravitational forces exerted on the object. This can be done in
image processing by regarding the intensity incident on each pixel as a mass [70]. For a two
dimensional image, the x and y pixel position (xcom, ycom) of the centre of mass is given
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Figure 3.5: Average modal content of beams from SFP A. The modal content was averaged
across 5 measurements. All fibre cables exhibited high Gaussian content.

by
L Xy xl(xy)
Xcom = m (3.8)
Yo Ly yl(xy) (3.9)

JeoM = Y, 1 y)

Here I(x, y) is the intensity on the corresponding pixel.

However, this single pixel representing the centre of mass can not be used accurately
as the centre of the beam, as it is susceptible to noise. Instead, the minimum resolvable
diameter given by the Rayleigh criterion was used as the central region, around the centre
of mass. The number of pixels across the diameter of the central region is calculated as

. Af 1
No. of Pixels = 2.44 D X Pixel Size" (3.10)
For a focal length f of 200 mm and an aperture D of 10.8 mm (corresponding to the
SLM dimensions of 14.4 mm by 10.8 mm), the number pixels within the diameter of the
central region is 18.68. The total intensity in this region was measured, resulting in a value
proportional to the mode weighting coefficient.

To confirm the validity of this modal decomposition, 5 measurements were taken for
each orthogonal base as was performed in Ref. [71]. The fibre cables were bent into different
positions for each measurement to encourage mode coupling and obtain realistic results.
Positions yielding high horizontally polarized beams were preferred as they resulted in
higher power modulated by the SLM.

3.2.2 Results and discussion

The procedure of modal decomposition explained above was performed on the optical
fields launched out of the fibre cables when connected to the two SFP transceiver modules.
The weighting coefficients corresponding to each of the 13 OAM modes was normalized
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Figure 3.6: Average modal content of beams from SFP B. The modal content was averaged
across 5 measurements. All fibre cables exhibited high Gaussian content.
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Figure 3.7: Average Gaussian content measured from fields launched out of the fibre cables.
The single-mode fibre, represented by SM, records the highest Gaussian content.

to their sum, giving an indication of the amount each mode represented in the total field.
The average normalized weighting coefficients from the 5 measurements taken for each
fibre are shown in Fig. 3.5 and Fig. 3.6 when connected to SFP A and B respectively. These
measurements display a high Gaussian content in all fields, with the highest cross talk
amongst the modes adjacent to the Gaussian mode (¢ = 1 and ¢ = —1). High Gaussian
content is expected as the SFP transceivers are designed to transmit signals through a single-
mode fibre. Furthermore, the standard fibre cables all have graded index cores, making the
more resilient to mode coupling [64].

However, the Gaussian content transmitted through the fibre cables is not equal. Fig. 3.7
shows the normalized Gaussian content transmitted through the fibre cables when connected
to the SFP transceivers. As expected, the single-mode fibre cable exhibits the the highest
Gaussian content, with 0.9 from SFP A and 0.87 from SFP B. Noise and imperfections within
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Figure 3.8: Product of average Gaussian content and normalized optical power relative
to the power transmitted by the single-mode fibre cable. The OMS fibre cable records the
highest Gaussian power.

the modal decomposition set-up prevented the detection in the single-mode fibre from
recording total Gaussian content. The OMI1 fibre recorded the lowest Gaussian content
from both transceivers with 0.71 in SFP A and 0.62 in SFP B. Having the largest core size,
the OM1 fibre cable supports a highest number of modes amongst the fibre cables tested.
Furthermore, being the earliest version of the multi-mode fibre tested, the OM1 fibre has the
least graded index profile, as seen from it having the lowest modal bandwidth in Tab. 2.1.
This all makes it more susceptible to mode coupling. Connecting the 50 ym core fibres
(OM2 - OM5) to SFP A resulted in similar Gaussian content. However, when connected
to SFP B, the Gaussian content in the OM4 and OMS5 fibre cables was significantly higher
compared to that in the OM2 and OM3 fibre cables. This suggests that the newer versions of
multi-mode fibres, characterised by greater graded index profiles, maintain a higher degree
of power in the fundamental Gaussian. Finally, The majority of fibre cables exhibited a
higher Gaussian content when transmitting from SFP A compared to SFP B. This supports
the initial assumption that SFP A incorporates a higher-quality laser than SFP B.

The normalized power transmitted in the Gaussian mode is determined by multiplying
the average Gaussian content by the normalized power relative to the single-mode fibre
cable. The results are depicted in Fig. 3.8. SFP A transmitted the highest power in the
Gaussian mode across the fibre cables, despite the SFP B recording the highest optical power
relative to the single-mode. The OMS fibre cable demonstrated the highest transmission of
Gaussian power from both transceivers, with 1.16 from SFP A and 1.08 from SFP B relative
to the single-mode fibre. Intriguingly, despite the single-mode fibre cable exhibiting the
highest Gaussian content, it recorded the lowest optical power from the transceivers, leading
to the lowest Gaussian power transmitted.

3.3 Conclusion

In the context of fibre-based FSO communication, the transmission of light in Gaussian
mode proves advantageous due to the diminished divergence experienced by these beams
compared to higher-order beams. Additionally, Gaussian beams exhibit the smallest focal
spot diameter. However, the transmission of a Gaussian beam from a multi-mode fibre is
constrained by mode coupling, leading to power distribution to other guided modes. This
chapter delved into the investigation of Gaussian content transmitted through standard
fibre cables using modal decomposition. This process involved breaking down fields
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emitted from the fibre cables into a series of OAM orthogonal modes. Light sources for this
investigation were two types of SFP transceiver modules.

The investigation commenced by assessing the power channelled from the SFP transceivers
through different fibre cables by directly measuring transmitted optical power using a power
meter. Larger multi-mode fibre cables were found to channel more optical power from
single-mode rated SFP transceivers, with the OM1 fibre cable transmitting optical power
1.68 times that of the power transmitted in the single-mode fibre when connected to SFP B.

The modal decomposition revealed a notable correlation between Gaussian content
and the extent of the fibre’s graded-index. Fibre cables with lower modal bandwidths,
indicative of lower graded indices, demonstrated less Gaussian content compared to their
newer counterparts characterised by higher modal bandwidths.

Discrepancies in Gaussian content and transmitted power between SFPs A and B were
observed, indicating that SFP A transmitted a higher degree of Gaussian content than SFP B.
The signal transmitted from SFP B was shown to be more prone to mode coupling and bend
losses. This emphasises that SFP transceiver modules cannot be assumed to have the same
performance in free space, despite having the same power rating through a single-mode
fibre cable.

Finally, the Gaussian content in each fibre cable and the corresponding optical power
relative to the single-mode fibre were multiplied to determine the Gaussian optical power
transmitted by the fibre cables when connected to the SFP modules. The results indicated
that the OMS5 fibre cable transmitted the highest Gaussian power amongst the standard
fibre cables tested with both SFP modules. Conversely, despite having the highest Gaussian
content, the single-mode fibre transmitted the lowest Gaussian power due to the lower
power it channels from an SFP module.
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CHAPTER

Receiver characterisation

In the realm of fibre-based Free Space Optical (FSO) communication, the efficient coupling
of light signals from free-space into the receiving fibre cable is a crucial prerequisite for
reliable connection. Only the signals successfully coupled into the fibre cable can be directed
to the detector for further processing. This principle holds true for FSO systems which
utilise Small Form-factor Pluggable (SFP) transceivers, where optical signals are routed to
the Receiver Optical Sub-Assembly (ROSA).

While successful free-space to fibre coupling relies on precise alignment, practical FSO
systems face various challenges which result in misalignment. These sources of misalign-
ment include fibre positioning error, vibrations and building sway [72]. Furthermore, the
optical aberrations caused by atmospheric turbulence lead to inefficient fibre coupling [30,
31, 73,74]. Thus, it becomes imperative to utilise fibre cables capable of maintaining high
power coupling when faced with misalignment and atmospheric turbulence.

While previous studies have investigated the effects of misalignment and atmospheric
turbulence on fibre coupling in various fibre types, such as single-mode fibre [75, 76] and few-
mode fibres [29, 33], a comprehensive examination is necessary if generic telecommunication
fibre cables standardised in ISO 11801-1:2017 [43] are to be employed for FSO applications.

This chapter focuses on the effects of misalignment and atmospheric turbulence on the
optical power coupled into these telecommunication fibre cables. The chapter consists of
two sections, with Sec. 4.1 focusing on fibre coupling under misalignment, and Sec. 4.2
addressing fibre coupling in the presence of simulated atmospheric turbulence. We hypoth-
esise that the larger fibre cables, which support a higher number of modes, will show more
resilience to the optical aberrations induced by turbulence.

4.1 Fibre coupling under misalignment

The ability of the standard fibre cables to couple light under misalignment was assessed by
measuring the optical power coupled into them during experimentally induced misalign-
ment. The study considered three forms of misalignment: lateral, angular and longitudinal
misalignment [76, 77]. Lateral misalignment denotes the shift of the beam’s focal spot along
the x and y axes on the face of the fibre cable, illustrated in Fig. 4.1(a). Angular misalignment
refers to the angular difference between the optical axis of the incoming beam and the
longitudinal axis (z-axis) of the fibre cable, as depicted in Fig 4.1(b). Lastly, longitudinal
misalignment pertains to the displacement of the focal spot along the longitudinal axis of the
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Figure 4.1: Cartesian axes on the tip of a fibre cable (a) and angular misalignment on an
incoming beam (b).

fibre cable. Examining the optical power coupled under these diverse forms of misalignment
facilitates a thorough analysis of the fibre cables’ resilience to misalignment.

4.1.1 Experimental setups to test fibre coupling under misalignment

The experimental setup, illustrated in Fig. 4.2, was constructed to investigate the effects of
focal point lateral and angular misalignment on fibre coupling. A 1550 nm infrared laser
coupled with a single-mode fibre cable served as the light source. The use of a single-mode
fibre ensured the generation of a Gaussian beam, which is well-suited for fibre coupling due
to its high central intensity.

The beam undergoes collimation through a fibre collimator with a focal length of
15.58mm, resulting in an approximate beam waist of 1.71 mm. The beam waist (w,q)) is
calculated using the formula:

fA
W] = 4.1
col TTWfibre ’ ( )

where f is the focal length, A is the wavelength, and wgy is the fibre core radius of 4.5 ym.
The collimated beam diameter, approximately twice the beam waist, is calculated to be
3.42 mm.

After collimation, the beam is directed towards the Spatial Light Modulator (SLM) using
two mirrors, denoted as M1 and M2. These mirrors are positioned to ensure the beam
propagates parallel to the optical table. To achieve the necessary expansion for overfilling
the SLM screen, a 4f telescope, comprised of lenses L1 and L2, is employed. Lenses L1 and
L2, with focal lengths of 50 mm and 300 mm, respectively, provide an expansion factor of
6. Consequently, the beam diameter is expanded to 20.52 mm, effectively overfilling the
SLM screen, which has dimensions of 14.4 mm x10.5 mm. This overfilling is crucial for the
subsequent discussion on introducing tilt misalignment. A Gaussian phase with a 2.5 mm
beam waist is encoded onto the SLM along with a diffraction grating as seen in Fig. 4.3(a).

The beam emerging from the SLM undergoes further manipulation in the optical setup.
Lens L3, which has a focal length of 200 mm, is employed to focus the resultant beam and
separate different diffraction orders in the Fourier plane. A pinhole aperture is strategically
positioned to isolate the first order beam, while concurrently blocking other orders, including
the zeroth order. The first order beam passes through the pinhole and is incident upon Lens
L4, which has the same focal length as L3. This 4f arrangement effectively relays the first
order beam from the SLM to the back focal length of L4. To facilitate alignment onto the
fibre cables, two mirrors, M3 and M4, are placed along the propagation path after lens L4.
Lens L5, with a diameter of 25.4 mm and focal length of 30 mm, is then introduced to focus
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Figure 4.2: Experimental setup to observe the effects of lateral and angular misalignment on
the power coupled into the standard fibre cables. SMF represents a single mode fibre while
Rx Fibre represents the different fibre cables tested. M1, M2, M3 and M4 represent mirrors
used for alignment. Lenses L1 and L2 of focal lengths 50 mm and 300 mm respectively, form

a 4f expansion telescope system. Lenses L3 and L4 each have a focal length of 200 mm. Lens
L5, with a focal length of 30 mm, focuses the beam onto the fibre cables.

the beam onto the fibre cables. These lens parameters result in a numerical aperture of 0.39
according to Eq. 2.19, and an approximated focal point beam diameter of 11.84um for a
5mm collimated beam diameter according to Eq. 2.13. Placed at an optical path length of
230 mm away from lens L4 (the sum of their focal lengths), Lens L5 focuses the beam onto
the fibre cables. An XY translation mount was used to optimise the lateral position of the
fibre cables while a Z-axis mount was used to optimise the position of the lens and ensure
that the fibre cable were at its focal point. The optical power coupled into the fibre cables is
quantified using an infrared power meter, which has an optical power range of 50 nW to
40 mW and a resolution of 2 nW. Precise adjustments to mirrors M3 and M4 are meticulously
made to maximize coupling efficiency before introducing any misalignment. The power
measurements recorded during misalignment are normalized relative to the maximum
power coupled into the fibre cables under the best achievable alignment conditions.

4.1.1.1 Lateral misalignment

The impact of lateral misalignment on the coupling performance of standard fibre cables was
observed using the experimental setup depicted in Fig. 4.2. To induce lateral misalignment,
the grating frequency of the encoded diffraction grating is manipulated, resulting in a
change in the angle of the emerging first-order beam.

Alterations in the angle (Ap) at which the first-order beam is emitted from the SLM
lead to a laterally displaced and tilted beam reaching lens L3, as illustrated in Fig. 4.4.
The first-order beam then propagates parallel to the principal axis with a constant lateral
displacement, AL, calculated by

AL = F3tan(AB). (42)

The laterally displaced beam reaches lens L4, where it emerges as a tilted beam inter-
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Figure 4.3: A Gaussian mode hologram and diffraction grating encoded on the SLM screen
(a). The grating frequency is increased to change the angle of the first order beam in order to
impose focal point lateral displacement (b). The hologram is shifted to laterally shift the
first order beam and impose tilt misalignment (c). A Fourier lens is encoded onto the SLM
to impose longitudinal misalignment (d).

secting the principal axis at the lens’ focal point with a tilt angle, A®, calculated by

® =tan"! (%) : (4.3)

The tilted beam then reaches the receiving lens L5 at a displacement Ad off the centre,
resulting in a focal spot laterally displaced from the optical axis by Ad, calculated as

Ad = F5tan(D). (4.4)

4.1.1.2 Angular misalignment

Angular misalignment in fibre coupling induces power loss as the angle of the incoming
beam approaches the fibre acceptance angle, leading to dissipation within the cladding. To
assess the impact of angular misalignment on fibre coupling, it was imposed on the standard
fibre cables using the experimental setup in Fig. 4.2. The center of the encoded hologram
was shifted across the SLM screen, causing a lateral shift in the first-order beam, denoted as
AL. This shift resulted in a tilted beam emerging in the focal plane of lens L3, as depicted in
Fig. 4.5. The beam intersected the principal axis at an angle &, calculated as

® =tan! @—s) ) (4.5)
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Figure 4.4: Application of lateral displacement on the fibre tip. This is achieved by manipu-
lating the grating frequency encoded on the SLM, resulting in the angular change AB. The
lateral offset on the fibre tips is represented by Ad.

At this angle, the beam struck lens L4 at a distance AS away from the center, given by
AS = F4tan(®). (4.6)

The displacements AL and AS are equal since lenses L3 and L4 share the same focal lengths.
The beam then reached lens L5 at the same displacement, resulting in an angle 8 at the
focal point. This angle represents the tilt misalignment on the fibre tip and is calculated as

AS
_ -1
Af = tan <F5 > . 4.7)

The relationship between the position of the hologram on the SLM screen and the tilt angle

is expressed as
1 F4
A6 = tan Ad ). (4.8)
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Figure 4.5: Application of angular misalighment on the fibre tip. This is achieved by laterally
displacing the beam on the SLM screen by AL. The resulting angular offset at the fibre tip is
given by A6
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Figure 4.6: Application of longitudinal misalignment on the fibre cable. This is achieved by
encoding a Fourier lens onto the SLM, which is then relayed onto the receiving lens L5. The
encoded lens and lens L5 emulate a compound lens with a variable focal length.
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4.1.1.3 Longitudinal misalignment

The effect of longitudinal misalignment was observed using the experimental set-up de-
picted in Fig. 4.2, with specific modifications. The 4f telescope consisting of Lenses L1
and L2 was removed to prevent overfilling the SLM. The transmission function on the
SLM was then changed to an encoded Fourier lens and diffraction grating. Lens L5 was
positioned at the back focal point of L4, establishing a 4F distance between L5 and the SLM.
This arrangement directly relayed the SLM’s image onto the receiving lens L5, effectively
creating a compound lens system with the encoded lens and L5 behaving as two thin lenses
in contact. Manipulating the encoded focal length allowed adjustments to the focal point of
the compound lens, facilitating the imposition of longitudinal misalignment. The combined
focal length is given by
11 1
Feom Fsim  F5 ’

where Fgy )\ represents the encoded focal length, and F5 is the length of the receiving lens.

(4.9)

4.1.2 Effect of misalignment on coupled power

The experimental setups described above were used to impose lateral, angular, and longi-
tudinal misalignment on the standard fibre cables. The optical power coupled into each
fibre cable was recorded under each form of misalignment and normalized relative to the
maximum power coupled under the best alignment.

The lateral displacement of the beam spot from the fibre axis resulted in a loss of coupled
power across all fibre cables. The focal beam spot underwent a lateral shift spanning 120 ym
(from -60 ym to 60 ym). Within this range, the 62.5 ym, 50 ym, and 9 um fibre core
sizes represented 52%, 41.7%, and 7.5%, respectively. Notably, the single-mode fibre cable,
featuring the smallest core size, exhibited the most significant power loss under lateral
misalignment, with an average normalized power of 0.15 across the tested range.

The 50 ym core size fibre cables experienced similar power loss, each coupling av-
erage normalized power values between 0.41 and 0.42. In contrast, the OML1 fibre cable
demonstrated the highest power coupling under lateral misalignment, achieving an average
normalized power of 0.62. It's worth noting that the average normalized power coupled
into the multi-mode fibre cables corresponds to the ratio of the fibre core sizes and the tested
range. However, the average normalized power coupled into the single-mode fibre does not
align with this ratio due to the greater focal spot size compared to the fibre core.

Angular misalignment was introduced at the tips of the fibre cables, as detailed in
Sec. 4.1.1.2. The beam underwent a total tilt of 300 mrad, ranging from -150 mrad to
150 mrad. It's important to note that the angular offset depicted in Fig. 4.8(a) exceeds the
encoded limit of 150 mrad on the positive x-axis, primarily due to the initial angular error.
Furthermore, the range of angles tested was constrained by the size of the SLM screen
and the focal length of the receiving lens. Despite these limitations, the impact of angular
misalignment on coupled power remains evident. As illustrated in Fig. 4.8(a), all fibre cables
experienced reduction in coupled power under angular misalignment.

With a numerical aperture of 0.14, the single-mode fibre demonstrated the least resilience
to focal point tilt, coupling the lowest average normalized power of 0.41, as illustrated in
Fig. 4.8(b). In contrast, the multi-mode fibre cables, featuring a numerical aperture of
0.2 (OM2 to OM5), exhibited higher power coupling under angular misalignment, with
an average normalized power ranging between 0.57 and 0.58. Notably, the OM1 fibre
cable, with a numerical aperture of 0.27, achieved the highest power coupling under this
misalignment, recording an average normalized power of 0.62. These results emphasise that
a greater numerical aperture enhances the resilience of fibre cables, enabling them to couple
more light under angular misalignment.

The impact of longitudinal misalignment on fibre coupling was observed by manipu-
lating the position of the beam focal spot along the fibre axis (z-axis). This manipulation
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Figure 4.7: The impact of focal point lateral misalignment on coupling into standard fibre
cables. The lateral shift ranges from -60 ym to 60 ym. Notably, the OMI1 fibre cable
demonstrates the highest average normalized power, whereas the single-mode fibre exhibits
the least coupling under this misalignment condition.
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Figure 4.8: The impact of focal point angular misalignment on coupling into standard fibre
cables. As the angular offset increases, a decrease in coupled power is observed across all
fibre cables. Among them, the OML1 fibre cable exhibits the highest average normalized
power, while the single-mode fibre demonstrates the lowest under this misalignment.

31



Chapter 4 — Receiver characterisation

1 Fibre Cables 0.5
5 = OM2
s 08 50 OM3 & 0.4[037
o N OM4 o
A B OM5 g 0.32 032 031
g 06 I SM £ 03 0.29
N =]
Té 8
z E
0.2 2 0.1 0.1
0 ' 0
15 41 05 0 05 1 15 OM1 OM2 OM3 OM4 OM5 SM
Longitudinal Offset [mm] Fibre Cables
(@) Longitudinal misalignment (b) Average coupled power under longitudinal
misalignment

Figure 4.9: Impact of longitudinal misalignment on coupling into standard fibre cables. The
longitudinal offset varies within the range of -1.5mm to 1.5mm. Among the fibres, the OM1
fibre cable exhibited the highest average normalized power, while the single-mode fibre
showcased the lowest.

essentially involved defocusing the incident light on the fibre tip, affecting both the focal
spot size and numerical aperture of the incoming beam. A total longitudinal offset range
of 3 mm (-1.5 mm to 1.5 mm) was applied to the fibre cables. As depicted in Fig 4.9(a), all
fibres experienced power loss within this range.

Among the fibres, the OM1 fibre cable demonstrated the highest resilience to longitu-
dinal misalignment, coupling an average normalized power of 0.37 across this range, as
illustrated in Fig 4.9(b). The OM2, OM4, and OM5 multi-mode fibre cables exhibited similar
coupling losses, with average normalized power values ranging between 0.31 and 0.32. The
OM3 fibre cable recorded the lowest average optical power among the multi-mode fibre
cables, with an average normalized power of 0.29. In contrast, the single-mode fibre cable
proved to be the least resilient to longitudinal misalignment, as indicated by its narrow
curve in Fig 4.9(a), and only coupling an average normalized power of 0.1.

The results demonstrate a clear correspondence between the power coupled into the
fibre cable under misalignment and their physical attributes. As expected, larger fibres
maintain higher coupled power under various misalignment conditions. The OM1 fibre
cable, characterised by the largest fibre core size and widest numerical aperture, consistently
demonstrated the highest power coupling across all misalignment tests. The 50 ym core fibre
cables exhibited similar performance under lateral and angular misalignment. However,
during longitudinal misalignment, the OM3 fibre cable displayed lower coupled power
compared to the other multi-mode fibres, emphasising its greater sensitivity to this specific
misalignment condition. The single-mode fibre exhibited the least favourable coupling
performance under all forms of misalignment.

4.2 Fibre coupling in atmospheric turbulence

The adverse effects of atmospheric turbulence on propagating light signals, detailed in
Chapter 2.4, hinder fibre coupling, leading to subsequent power loss. To assess the impact
of turbulence on coupling into standard fibre cables, we measured the power coupled into
them under systematically induced turbulence. Simulating turbulence becomes crucial as
real-world turbulence is inherently random and dynamic. This controlled and repeatable
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Figure 4.10: Examples of generated Zernike polynomials which represent the following
aberrations: piston (a), vertical tilt (b), horizontal tilt (c), oblique astigmatism (d), defocus (e)
and vertical astigmatism (f).

testing approach allows for a comprehensive evaluation of the fibre cables’ performance
under turbulent conditions

Simulating atmospheric propagation involves encoding turbulent phase screens on
optical devices such as an SLM. These phase screens represent individual instances of
atmospheric phase perturbations, generated by transforming random computer-generated
numbers into a grid of phase values that mimic the statistical properties of turbulence-
induced phase fluctuations. The optical phase used for generating these screens can be
expressed as a weighted sum of basis functions. Common basis sets include Zernike’s
polynomials and Fourier series. Notably, the Fourier series method may lack accuracy in
producing phase screens due to its inability to sample spatial frequencies at a sufficiently low
resolution, particularly for representing low-order modes like tilt [78]. Zernike polynomials
overcome this limitation, ensuring more accurate representation.

4.2.1 Simulation of atmospheric turbulence using Zernike polynomials

Zernike’s polynomials form a set of orthogonal mathematical expressions which describe
phase aberrations within circular wavefronts as illustrated in Fig. fig:Zernikes [79]. The
orthogonality of Zernike polynomials allows for a wavefront to be described as their linear
sum, with each polynomial having a specific weighting coefficient. Such a wavefront can be
expressed in polar coordinates (with a radius  and angle 0) as

o n
Y. Y. Crzy(re), (4.10)
N=—00 IM=—00
where C}! represents the weighting coefficients of the Zernike polynomials denoted by Z}}

[80]. The Zernike polynomials are expressed as

Z1(r,0) = R} (r) cos(mB), form >0 (411)
" | R™(r) sin(mB), form <0 '

This expression is only valid when the indices m and n satisfy m < n and n — |m| = even.
Here, r should be confined within a unit circle (0 < r < 1), and 6 is measured clockwise
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Figure 4.11: Turbulent phase screens generated at different turbulence strengths. The phase
spans from 0 to 2.

from the positive y-axis. The radial function R} is expressed as

(-2 (—=1)!(n —1)! neal

R = Eo zz[%(Hm)—z}z[%(n—m)—z}zr ' @12

n

The Zernike polynomials are encoded to overfill the SLM, whose dimensions are 14.4mm by
10.5mm. This results in a circle surrounding the SLM screen with a radius of 8.91mm. The
radius of the generated Zernike polynomials, denoted as r, is normalized by the physical
radius of 8.91 mm to satisfy the requirement for a unity radius. The Noll matrix is used to
assign appropriate weighting coefficients (C;;') which align with the statistical properties of
Kolmogorov turbulence. The Noll matrix, denoted by I, is generated by computing the
spatial covariance matrix derived from the Zernike expansion which gives

~0.15337(—1)"""(n +1)T'(14/3)T (n — 5/6)

om = T(17/6)2T (n+23/6) (4.13)

Assuming that the weighting coefficients follow a normal distribution with a mean of zero,
their variance is calculated from the Noll matrix as

D 5/3
Tpm = Inm (m) , (4.14)

where D denotes the aperture diameter and r( signifies the Fried parameter. D /g signifies
the strength of atmospheric turbulence. Weighting coefficients (C}}') of specific turbulence
strengths are generated by random drawings from a normal distribution with zero mean
and standard deviation of oy, [81]. The weighting coefficients are multiplied by their
corresponding Zernike polynomials, which are then summed to generate turbulent phase
screens, as shown in Eq. 4.10. 250 weighted Zernike polynomials are used to generate
random phase screens of specific turbulence strengths, as illustrated in Fig4.11.

4.2.2 Experimental set-up and calibration of turbulence phase screens

The experimental setup shown in Fig. 4.12, was used to measure the optical power coupled
into the fibre cables under atmospheric turbulence. This setup was a modified version of the
experimental setup used to induce misalighment, shown in Fig. 4.2. A 1550 nm Gaussian
beam was emitted from a single-mode fibre cable and collimated at 3.42 mm. The beam
was directed to the SLM, on which turbulent phase screens were encoded with a diffraction
grating. Lenses L1 and L2, each with a focal length of 150 mm, were used as a 4f telescope
to relay the Gaussian beam onto the SLM while avoiding beam divergence. The beam
emerging from the SLM underwent spatial filtering to only permit the first diffraction order.
This was performed using a pinhole aperture and lens L3. Lens L4 collimated the beam,
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Figure 4.12: Experimental setup to observe the effects of simulated turbulence on the power
coupled into the standard fibre cables. SMF represents a single mode fibre while Rx Fibre
represents the different fibre cables tested. M1, M2, M3 and M4 represent mirrors used for
alignment. Lenses L1 and L2, each with a focal length of 150 mm, relay the beam from the
collimator to the SLM. Lenses L3 and L4 each have a focal length of 200 mm. Lens L5, with a
focal length of 30 mm, focuses the beam onto the fibre cables.The intensity camera replaces
the receiving fibre (Rx Fibre) and the power meter during the calibration of turbulence
strength.
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Figure 4.13: Verification plot of the measured Strehl ratio (Strehl Ratio (SR)) against the-
oretical Strehl ratio. 200 measurements were made for each value of D /rg. The errorbar
represent standard error.
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which was directed to the receiving fibre (labelled as Rx Fibre) using mirrors M3 and M4.
Lens L5, with a focal length of 30 mm, was used to focus the beam onto the fibre cable.

Before conducting the tests, the turbulence strength of the phase screen had to be
calibrated to match the theoretical turbulence strength at given values of D /. This involved
an iterative process of manipulating the D /g ratio and measuring the resulting Strehl ratio.
The Strehl ratio was measured by replacing the receiving fibre cable and power meter in
Fig. 4.12 with an infrared intensity camera. To calculate the Strehl ratio, the average central
intensity of the beam under a specific turbulence strength was divided by its central intensity
in the absence of turbulence. The average central intensity for each turbulence strength was
calculated using 200 randomly generated phase screens. The measured Strehl ratio values
were compared to the theoretical Strehl ratio for the given D /rq values.

While the turbulent phase screens were encoded at an aperture diameter of 17.82 mm to
overfill the SLM, the collimated beam diameter emerging from the single-mode fibre was
approximately 3.42 mm. Due to this discrepancy, the turbulence strength appeared weaker
than what was encoded. To mitigate this, the value of D /1y was multiplied by a factor of
5.21 (phase screen diameter / collimated beam diameter). Additionally, the D /r( value was
further multiplied by a factor of v/2, representing the approximated ratio of the effective
telescope diameter to the Gaussian beam diameter [56]. The generated turbulence strength
was verified by comparing the measured Strehl ratio to the theoretical Strehl ratio given by
Eq. 2.28 at different D /rq values. This verification is shown in Fig. 4.13.

4.2.3 Effect of simulated turbulence on coupled power

Atmospheric turbulence causes amplitude and phase distortions in propagating light signals,
negatively affecting fibre coupling. Consequently, lower optical power is expected to be
coupled into the receiving fibre cables in stronger turbulence conditions. This pattern is
evident in Fig 4.14(a), where an increase in the normalized power coupled into the standard
fibre cables is observed as the Strehl ratio increases, indicating weaker turbulence.

The single-mode fibre cable exhibited the lowest coupled power in this experiment,
particularly for Strehl ratio values below 0.8. This can be attributed to its small core size and
numerical aperture. Furthermore, while turbulence-induced phase distortion shifts power
from the Gaussian mode to high-order modes [82, 83], the single-mode fibre is designed to
exclusively support Gaussian beams. The power coupled into the high-order modes is thus
lost when coupling into a single-mode fibre.

A Thermally-Expanded Core Single mode fibre (SM-TEC) cable was introduced to the
experiment and compared to the standard single-mode fibre cable. This fibre cable has a core
size of 19 ym and Numerical Aperture (NA) of 0.06. Despite having a thermally-expanded
core, the SM-TEC fibre exhibited similar performance to standard single-mode fibre, with
average normalized power values of 0.17 and 0.15, as shown in Fig 4.14(b), respectively.
This similarity arises because both single-mode fibres only support the Gaussian mode.

The multi-mode fibre cable exhibited enhanced power coupling under simulated tur-
bulence. Similarly, the 50 ym core fibre cable demonstrated consistent performance, with
average normalized power values ranging from 0.39 to 0.44. This comparative performance
is visually depicted in Fig. 4.14(a), where the power coupled into these fibres overlaps
across various turbulence strengths. The OM1 fibre cable demonstrated the highest average
normalized power, reaching 0.52. This is attributed to its larger core size and numerical
aperture which allow it to capture more light. Furthermore, the fibre also supports the
highest number of modes, making it more resilient in coupling higher-order modes from
free-space.

The vertical and horizontal tilt aberrations remain the largest contributors to turbulence-
induced distortion, with 87% of the phase variance attributed to them [84, 85]. Amongst the
effects of these aberrations are lateral and angular misalignment, which have been shown
in Sec. 4.1 to severely affect the power coupled into the fibre cables. To assess the impact
of higher-order modes, Zernike polynomials associated with vertical and horizontal tilt
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Figure 4.14: Effect of simulated turbulence on fibre coupling. The average power coupled
at specific turbulence strengths is calculated across 100 measurements. The shaded region
represents the standard error (a). Additionally, an average of the power coupled into each
fibre cable across all turbulence strengths is presented (b). The OML1 fibre cable records the
highest coupled power in the presence of simulated turbulence.
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Figure 4.15: Verification plot of the measured Strehl ratio (SR) against theoretical Strehl ratio.
The blue dots indicate the measured Strehl ratio in the absence of tilt aberrations. Excluding
tilt results in weaker turbulence strength.

aberrations (n =1, m = 1 and n = 1, m = -1) were intentionally excluded from the phase
screen generation process. The omission of the tilt aberrations resulted in phase screens
characterised by a weaker turbulence strength. Tilt aberrations contribute a significant part
to the effects of atmospheric turbulence on propagating light signals. For this reason, SR
measurements with tilt provide a more accurate representation of turbulence than those
without tilt, thus fitting the turbulence model better, as illustrated in the verification plot
presented in Fig. 4.15.

The impact of higher-order modes is illustrated in Fig. 4.16, where all fibre cables exhibit
higher power coupling in the absence of tilt aberrations. Without tilt, the dominance of
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Figure 4.16: The effect of higher-order aberrations on fibre coupling. The phase screens
generated excluded the low-order tilt aberrations. Average power coupled at specific turbu-
lence strength is calculated across 100 measurements, with the shaded region representing
the standard error (a). An average of the power coupled into each fibre cable across all
turbulence strengths is presented (b). The OM1 fibre cable records the highest coupled
power in the presence of higher-order modes.

second-order Zernike aberrations (defocus and astigmatism) is evident [79]. Under these
conditions, the thermally expanded core of the SM-TEC fibre allows it to couple slightly
more light than the standard single-mode fibre, attributed to its larger core size. Fibres with
larger core sizes couple more power when faced with defocus, as seen in the longitudinal
misalignment results depicted in Fig. 4.9. The SM-TEC achieves an average normalized
power of 0.25, while the standard single-mode fibre records an average normalized power
of 0.21. These results indicate that even in the absence of tilt, phase distortions caused by
higher-order aberrations hinder coupling into single-mode fibres.

In contrast, coupling into the multi-mode fibres significantly improved in the absence of
tilt aberrations. The 50 ym multi-mode fibres demonstrated consistent performance, with
an average normalized power ranging between 0.55 and 0.57, as depicted in Fig. 4.16(b).
This indicates that higher-order modes affect coupling into multi-mode fibres of equal
dimensions in a similar manner. The OML1 fibre cable showcased the highest power coupling
in this experiment, with an average normalized power of 0.66, surpassing the average
normalized power of 0.52 it coupled in the presence of tilt. This superior performance is
again attributed to the fibre’s larger dimensions and its ability to support a greater degree of
higher-order modes.

4.3 Conclusion

Fibre coupling is integral to successful FSO communication. However, the stringent align-
ment requirements make it sensitive to non-ideal conditions. This chapter characterised
the coupling performance of standard fibre cables under focal point misalignment and
simulated turbulence. Focal point misalignment explored lateral, angular, and longitudinal
misalignment. These forms of misalignment were induced by manipulating the grating
frequency and hologram position encoded on an SLM. A Fourier lens was encoded onto the
SLM to induce longitudinal misalignment. Under these misalignment conditions, the OM1
fibre cable consistently outperformed the other fibre cables, by coupling the highest amount
of normalized power. This is due to its larger core size and wider numerical aperture. In
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contrast, having the smallest dimensions, the single-mode fibre cable coupled the lowest
optical power under all forms of misalignment. The fibre cables of 50 um core size and NA
of 0.2 (OM2-OM5), showcased comparable results under misalignment. These results high-
lighted the relationship between the fibre cable dimensions and their resilience to coupling
light under misalignment.

Atmospheric turbulence was simulated by generating turbulent phase screens using
a sum of weighted Zernike polynomials. The turbulence strength was varied while the
power coupled into the fibre cables was measured. The OML1 fibre cable proved to be most
resilient to the effects of simulated turbulence by coupling the highest amount of power
across the different turbulence strengths. The other multi-mode fibre cables had comparable
performances, with the OM4 fibre having the highest average power while the OM3 the
lowest amongst them. The worst coupling performance under turbulence was experienced
by the single-mode fibre cable. The effects of higher-order aberrations were observed by
excluding the tilt aberrations. This resulted in weaker generated turbulence, allowing all
fibre cables to experience greater fibre coupling under these conditions. The OM1 fibre cable
coupled the highest normalized power, while the other multi-mode fibre cables coupled
approximately equal normalized power, suggesting similar performance under higher-order
aberrations. The single-mode fibre was the least tolerant to the higher-order aberrations,
showcasing the lowest coupled power. The results of the turbulence tests showed the
ability of fibre cables which support a greater degree of higher-order modes to couple more
phase-distorted light.
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CHAPTER

Integrated Analysis of Transmitter and
Receiver Performance

The integration of low-cost telecommunication fibre cables in Free Space Optical (FSO)
systems offers a promising opportunity to reduce the overall cost and complexity of FSO
technology, making it more accessible and easier to deploy. As discussed in the preceding
chapters, we have characterised the transmission and reception performances of these fibre
cables for free-space applications. The transmitter characterisation in Chapter 3 focused
on analysing the power launched out of the fibre cables in the fundamental Gaussian
mode. Meanwhile, the receiver characterisation in Chapter 4 delved into assessing the
power coupled from free-space to the fibre cables under non-ideal conditions, including
misalignment and simulated atmospheric turbulence. This chapter serves to consolidate
these separate characterisations by examining the received power in atmospheric turbulence
when different combinations of fibre cables are used for transmission and reception.

Small Form-factor Pluggable (SFP) transceiver-based FSO systems can be designed using
standard or bidirectional SFP transceiver modules, as discussed in Chapter 1. When utilising
standard transceivers, two separate fibre cables are employed to transmit and receive optical
signals. This setup establishes two unidirectional FSO channels, each transmitting signals
from a transmit fibre to a receive fibre. On the other hand, bidirectional SFP transceivers
enable the use of one fibre cable for both transmission and reception at each end of the link.
Previous SFP-based FSO systems have utilised single-mode to multi-mode transmission with
standard SFP transceivers [42], and single-mode to single-mode transmission when using
bidirectional SFP transceivers [36]. In this chapter, we investigate the received power when
employing various combinations of telecommunication fibre cables for both unidirectional
and bidirectional transmission.

The transmitter characterisation, in Chapter 3, revealed that SFP A exhibited better
quality than SFP B, as evidenced by higher Gaussian content and fewer fluctuations in the
transmitted power. Therefore, the transmission results obtained from SFP A will be utilised
in this analysis. The transmitted Gaussian content and normalised Gaussian power are
presented again in Fig. 5.1. A summary of the average normalised power coupled into each
fibre cable across different turbulence strengths is provided in Fig. 5.2.
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Figure 5.1: Gaussian content in optical fields launched from the fibre cables (a). The product
of the Gaussian content and the total power transmitted by the fibre cable relative the the
total power transmitted by the single-mode fibre cable.
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Figure 5.2: Average normalized power coupled into the fibre cables in the presence of
simulated turbulence. The average power is calculated across all generated turbulence
strengths.

5.1 Unidirectional transmission

Fig. 5.3 demonstrates the setup of a unidirectional link using two distinct fibre cables for
transmission and reception. This approach allows for the selection of the most suitable
fibres for both transmitting and receiving, which is particularly beneficial in SFP-based FSO
systems employing standard SFP modules.

When considering equal optical power transmission through the fibre cables, the Gaus-
sian content shown in Fig. 5.1(a) represents the amount of power each fibre transmits in the
Gaussian mode. We assume that the majority of power in the Gaussian mode is effectively
captured within the receiving aperture, while higher-order modes extend beyond the aper-
ture’s size. By multiplying this transmitted Gaussian power by the average power coupled
under simulated turbulence, we obtain the received Gaussian power under turbulence, as
shown in Fig. 5.4.

In these conditions, the highest received power is observed when the single-mode
fibre is utilised as the transmitter and the OM1 fibre cable as the receiver. This outcome is
expected as the single-mode fibre transmits the highest Gaussian content, while the OM1
fibre cable, having the largest dimensions, demonstrates superior power coupling under
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Figure 5.3: Unidirectional transmission of a light beam from a transmit fibre to a receive
fibre across a turbulent atmospheric channel.

Normalized Power

Figure 5.4: Average received Gaussian power in the presence of atmospheric turbulence.
This is calculated by multiplying the Gaussian content transmitted by the fibre cables, by
the average power coupled into the fibre cables under simulated turbulence. The arrow
points to the highest received power.

atmospheric turbulence. Conversely, the poorest performance is observed when using
the OML1 fibre cable for transmission and the single-mode fibre for the reception. This is
primarily attributed to the single-mode fibre’s inadequate coupling performance under
atmospheric turbulence, compounded by the OM1 fibre cable’s transmission of the lowest
Gaussian content.

Moreover, in an SFP-based FSO system, the optical power transmitted through the dif-
ferent fibre cables varies depending on the cable’s size, with larger fibre cables transmitting
higher optical power than smaller ones. This discrepancy results in greater Gaussian power
in the multi-mode fibre cables, as depicted in Fig. 5.1(b). Here, the Gaussian power is the
product of the Gaussian content and the total power emitted by the fibre cables relative to
that transmitted by the single-mode fibre.

When this transmitted Gaussian power is multiplied by the average power coupled in
turbulence, the resulting received Gaussian power is shown in Fig. 5.5. In this analysis, the
highest received power is observed when the OMS5 fibre is used as the transmitter and the
OM1 fibre as the receiver. This outcome can be attributed to the OMS5 fibre’s capability to
efficiently channel high power from the SFP module and maintain it in the Gaussian mode.
As anticipated, the OML1 fibre cable proves to be the most effective receiver. Furthermore,
despite the single-mode fibre exhibiting the highest Gaussian content, it transmits the
lowest amount of power from an SFP module and couples the least amount of power
under atmospheric turbulence, as depicted in Fig. 5.2. Consequently, the transmission from
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Normalized Power

Figure 5.5: Average received Gaussian power in the presence of atmospheric turbulence,
relative to the total power transmitted by the single-mode fibre. This is calculated by
multiplying the Gaussian power relative to the total power transmitted by the single-mode
power, by the average power coupled into the fibre cables under simulated turbulence. The
arrow points to the highest received power.

single-mode fibre to single-mode fibre yields the lowest received optical power.

5.2 Bidirectional transmission

The opportunity to use few components in an SFP-based FSO system arises when bidirec-
tional SFP transceivers are used. In such a system, the same fibre cable is used on both sides
of the link as depicted in Fig 5.6. Employing a fibre cable which excels in both roles would
be beneficial for such a system.

Again,we examine scenarios where equal power is transmitted through the fibre cables,
as well as practical cases of transmission from an SFP transceiver, where the power trans-
mitted through the different fibre cables varies. In the case of equal power transmission,
the received Gaussian power is calculated by multiplying the Gaussian content transmitted
through each fibre by the average power coupled into the same fibre in the presence of
atmospheric turbulence, as depicted in Fig. 5.7(a). Conversely, for scenarios where power
transmission varies, the received Gaussian power is calculated by multiplying the transmit-
ted Gaussian power in each fibre relative to the single-mode by the average power coupled
into the same fibre in the presence of atmospheric turbulence, as shown in Fig. 5.7(b).

The results exhibit a consistent trend, with the OM1 fibre cable receiving the highest
power, while the other multi-mode fibres demonstrating similar performances as illustrated
in Fig. 5.7. Conversely, the single-mode fibre receives the lowest optical power. The superior
performance of the OML1 fibre cable over the others in this assessment can be attributed
to its significantly better coupling performance in the presence of atmospheric turbulence.
Additionally, although the OM2, OM4, and OMS5 fibres exhibit slightly different transmission
and coupling performances, they demonstrate comparable results in this assessment. It’s
worth noting that while comparable, the OMS3 fibre cable receives the lowest power among
the multi-mode fibres in this bidirectional assessment. These findings underscore the critical
role of coupling performance in the overall effectiveness of a bidirectional FSO system.

While the results discussed above show the bidirectional performance of the fibre cables
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Figure 5.6: Bidirectional transmission of two optical signals with different wavelengths
across a turbulent atmospheric channel. Each fibre cable serves as both a transmitter and

receiver.
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Figure 5.7: Received Gaussian power transmitted in a bidirectional arrangement, in the
case of equal transmitted power (a) and power normalized to the power transmitted by the
single-mode fibre.

Figure 5.8: Experimental bidirectional FSO system. The system utilises a plano-convex lens
with a diameter of 75 mm and focal length of 200 mm.
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Figure 5.9: Average received power measured in a real-world bidirectional FSO system.
Average received power across different times of the day (a). Average received power in
each fibre cable across all time intervals measured.

in the presence of simulated turbulence, other effects of the atmosphere are negated. As such
we test the fibre cables in real-world conditions using an experimental bidirectional FSO
system shown in Fig. 5.8. This system comprised a single plano-convex lens on each side of
the link, with a diameter of 75 mm and focal length of 200 mm. With these lens parameters,
the calculated numerical aperture and focal spot size are 0.18 and 8.27 yum respectively.

The OM1, OM4 and OM5 multi-mode fibre cables were tested using this system across a
propagation length of 383 m between two buildings at the University of the Witwatersrand.
A 1510/1590 nm bidirectional SFP module was used as the light source on one building,
an infrared power meter operating at a sampling time of 120 ms was used to measure
the received power on the other building. The fibre cables were tested in a bidirectional
configuration, where the same type of fibre was used to transmit and receive. A total of
eight data sets were collected for each fibre cable across different times of the day. Each data
set was recorded for 3 minutes.

The average received power across various time intervals is presented in Fig. 5.9(a),
with an overview of these averages depicted in Fig. 5.9(b). In these analyses, the OM1 fibre
cable consistently demonstrates the highest received power, followed by the OM4 fibre and
subsequently the OMS5 fibre cable. This observed superiority of the OM1 fibre aligns with its
bidirectional performance showcased in Fig. 5.7. However, while the performances of the
OM4 and OMS fibre cables appear comparable in Fig. 5.5, the real-world assessment reveals
that the OM4 fibre records a higher average received power, as illustrated in Fig. 5.9(b).
This discrepancy could potentially indicate instances of stronger turbulence during the
measurements, favouring the performance of the OM4 fibre, as suggested by its greater
resilience to atmospheric turbulence, as demonstrated in Fig. 5.2.

5.3 Conclusion

The successful operation of a fibre-based FSO system relies on both the transmission and
reception performances of the fibre cables used. This chapter evaluated the performance
of various combinations of transmitting and receiving fibre cables by examining both the
Gaussian power transmitted and the received power under turbulence conditions.

In scenarios where equal power is transmitted through all fibre cables, the combination
of a single-mode fibre transmitting to an OM1 fibre resulted in the best performance. This
was because the single-mode fibre transmitted the highest Gaussian content, while the OM1
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coupled the highest amount of power in the presence of atmospheric turbulence. Conversely,
the combination of transmitting from an OML1 fibre and receiving with a single-mode fibre
exhibited the poorest performance.

When transmitting from an SFP transceiver, multi-mode fibre transmits more power
than single-mode fibre, resulting in higher Gaussian power. Thus, the combination of trans-
mitting from the OM5 and receiving into the OM1 fibre cables yielded the best performance.
Conversely, the worst performance was observed when a single-mode fibre transmitted
to another single-mode fibre. This was attributed to the single-mode fibre’s lower power
transmission from the SFP and its reduced power coupling in the presence of turbulence.

In the bidirectional configuration, where one type of fibre cable is used for both trans-
mission and reception, a similar pattern is observed between equal power transmission and
transmission from an SFP transceiver. The OML1 fibre cable consistently outperformed the
other fibre cables in both scenarios, owing to its superior coupling ability, which enables
it to capture more light effectively. The performance of the other multi-mode fibres was
comparable, with the OM3 fibre exhibiting the lowest received power among them. Given
the significant reliance on the receiver’s capacity, it has been demonstrated that the OM1
fibre cable is the best-performing fibre cable in a bidirectional FSO system. This conclusion
is further supported by experimental FSO link results, where the OM1 fibre cable received
more power compared to the OM4 and OMS5 fibre cables.
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CHAPTER

Summary

FSO communication could significantly benefit communities residing outside traditional
fibre coverage networks by providing them with fast and dependable internet connectivity.
However, commercial FSO systems are often expensive and inaccessible to such commu-
nities. Utilising low-cost telecommunication hardware in FSO systems could potentially
improve their cost-effectiveness. SFP transceiver modules have received attention for this
purpose due to their high-power lasers and sensitive photodiodes. SFP transceiver-based
FSO systems commonly employ short fibre cables to transmit and receive optical signals
across the atmosphere. Despite the critical role of fibre cables in such systems, it remained
unclear which type(s) would be most suitable for transmission and reception. Particularly
in challenging conditions such as misalignment and atmospheric turbulence.

The purpose of this research was to investigate the transmission and reception per-
formances of standard telecommunication fibre cables, in particular those defined in the
ISO/IEC 11801 international standard. These fibre cables are the standard single-mode
fibre and five classes of multi-mode fibre (OM1-OMS5). The central research question which
guided this work was, How do different telecommunication fibre cables compare in terms of trans-
mit performance and free-space coupling performance? Characterisations of transmission and
reception performances were presented separately in Chapters 3 and 4, respectively. In
Chapter 5, we consolidated these separate characterisations by analysing the performance
of different transmitting and receiving fibre cable combinations.

Preceding these chapters, Chapter 2 provided background information on factors affect-
ing SFP-based FSO systems. The chapter introduced the working principle of fibre cables
and presented the standard telecommunication fibre cables considered in this study. It
then discussed Gaussian beam propagation, emphasising how such beams diverge in the
atmosphere. Additionally, the chapter explored the lens parameters used to collimate light
from the transmitting fibre and focus it onto the receiving fibre, highlighting their impact on
received power. Finally, the chapter addressed the effects of atmospheric turbulence, which
include beam wander, loss of spatial coherence, and scintillation.

In Chapter 3, we characterised the transmit performance of the fibre cables by the
amount of optical power they transmitted in the Gaussian mode. Transmitting light in the
lowest order Gaussian mode proves advantageous due to its reduced divergence, resulting
in higher power density at the receiver. Two types of standard SFP transceiver modules
(SFP A and B) were used as the light source. This was done to demonstrate that different
SFP transceiver modules cannot be naively assumed to be the same.

The power transmitted through the fibre cables when connected to the SFP transceivers
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was measured. It was observed that the multi-mode fibre cables transmitted more power
from the transceivers compared to the single-mode fibre cables. This can be attributed
to their larger dimensions, enabling them to channel more power from the laser in the
SFP transceiver. Additionally, it was noted that more power was transmitted through the
fibres from SFP B. However, fluctuations in power were more pronounced when the fibre
cables were bent, particularly with SFP B, suggesting greater susceptibility to bend losses
compared to SFP A.

Subsequently, modal decomposition was employed to determine the modal content
of fields launched from the fibre cables. These fields were decomposed into the Orbital
Angular Momentum (OAM) basis, with the Gaussian content recorded. A Spatial Light
Modulator Spatial Light Modulator (SLM) was utilised in this process to encode holographic
filters carrying the conjugate OAM bases. The results of the modal decomposition revealed
that, as expected, the single-mode fibre exhibited the highest Gaussian content, while the
OM1 fibre had the lowest. Notably, among the multi-mode fibres, the OMS fibre exhibited
the highest Gaussian content. This can be attributed to its greater graded-index profile,
which reduces mode coupling and enables it to maintain power in the Gaussian mode.
Additionally, the fibre cables displayed higher Gaussian content when connected to SFP A
compared to SFP B. The disparity in Gaussian content between the two SFP transceivers,
coupled with the observed fluctuations in transmitted power, suggests that light from SFP B
comprises more higher-order modes, rendering it more susceptible to mode coupling and
bending losses. This underscores the discrepancy in quality between the two transceiver
modules. Multiplying the Gaussian content by the total optical power transmitted by the
fibre cables provided an approximation of the Gaussian power transmitted by the fibre
cables.

In Chapter 4, the focus shifted to the receiver, investigating the impact of misalignment
and atmospheric turbulence on coupling into the fibre cables. Three forms of focal point
misalignment were considered: lateral, longitudinal, and angular misalignment. The OM1
fibre cable consistently demonstrated superior performance by coupling the highest nor-
malized power across all forms of misalignment. This superiority can be attributed to its
larger core size and broader numerical aperture. In contrast, the single-mode fibre cable
exhibited the least resilience, coupling the lowest optical power under all considered forms
of misalignment. The 50 ym fibre cables displayed similar performance across the different
forms of misalignment.

To simulate atmospheric turbulence, phase screens were generated using a sum of
weighted Zernike polynomials. These phase screens were encoded onto the SLM. Power
coupled into the fibre cables was measured at different turbulence strengths. Results from
these measurements revealed that the OML1 fibre cable coupled the highest amount of optical
power in the presence of simulated turbulence. The other multi-mode fibre cables exhibited
comparable performances, with the OM4 fibre registering the highest average power and
the OM3 the lowest among them. The single-mode fibre cable experienced the lowest power
coupled under turbulence.

After conducting these measurements, the effects of higher-order aberrations were
investigated by excluding tilt aberrations from the generated phase screens, resulting in
a reduction in turbulence strength. Under these conditions, all fibre cables demonstrated
increased coupling, with the OM1 fibre cable still achieving the highest normalized power.
The other multi-mode fibre cables exhibited approximately equal normalized power on
average, indicating similar performance in the absence of tilt aberration. Conversely, the
single-mode fibre displayed the least tolerance to higher-order aberrations, manifesting the
lowest coupled power. The coupling performance under turbulent conditions revealed a
relationship between the number of modes a fibre cable can support and its resilience to
higher-order aberrations. This was underscored by the similar performance of the standard
single-mode fibre and a thermally expanded core single-mode fibre. Despite differences
in core size, both single-mode fibres, designed for the Gaussian mode, exhibited similar
performance.
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Chapter 5 aimed to consolidate these separate characterisations by examining the re-
ceived power under different transmitting and receiving fibre cable combinations. This was
achieved by multiplying the normalized Gaussian power transmitted by the fibre cables,
by the normalized average power coupled into them under atmospheric turbulence. In
scenarios where equal power is transmitted through all fibre cables, employing a single-
mode transmitter and an OM1 receiver yields the most effective performance, while the
reverse configuration results in the least favourable outcome. When transmitting from an
SFP transceiver, multi-mode fibres transmit more power than the single-mode fibre, leading
to increased Gaussian power. Hence, the best performance is achieved when transmitting
from an OMS5 and receiving into an OM1 fibre cable. This is because the OMS5 fibre maintains
high Gaussian content while efficiently transmitting high power from the SFP transceiver

In a bidirectional setup, where one type of fibre cable handles both transmission and
reception, a consistent pattern emerges in both equal power transmission and transmission
from an SFP transceiver. Transmission from an OM1 to an OM1 fibre cable consistently
demonstrates superior performance in both scenarios, attributed to its superior coupling
ability. The 50 ym core fibre cables yield comparable results, with the OM3 fibre exhibiting
the lowest received power among them. Conversely, the single-mode to single-mode
configuration results in the worst performance, as this fibre transmits the lowest power from
the SFP transceiver and couples the least power under non-ideal conditions.

By assessing the coupling performance of standard fibre cables in free space, this work
has demonstrated that such standardised hardware can be utilised for the development of
cost-effective FSO systems. Standardised "off-the-shelf" hardware is not only readily avail-
able but also significantly reduces both initial costs and maintenance expenses compared to
customised electronics designed for high-power lasers. By simplifying system architecture
and decreasing manufacturing times, these factors contribute to the overall accessibility and
deployability of FSO systems.

The findings of this research will directly impact the design and implementation of
SFP-based FSO systems. The results indicate that, in such systems, multi-mode fibre cables
should be employed for both transmission and reception, as they transmit and receive higher
optical power than single-mode fibre cables. Among the standard telecommunication fibre
cables defined in ISO/IEC 11801, this research has shown that transmitting optical signals
using an OMS5 fibre cable and receiving them through an OM1 fibre cable yields the highest
received Gaussian power. For bidirectional applications, transmitting between OM1 fibre
cables provides the best results.

While previous SFP-based FSO systems have employed single-mode to multi-mode
and single-mode to single-mode transmission configurations [36, 42], this study provides
new insights by specifying which fibre cables are used and how they differ in coupling
performance. By demonstrating which fibre cable pairings results in the highest received
power, this work not only reinforces the feasibility of low-cost implementations but also
opens avenues for more efficient designs in future FSO systems.

6.1 Recommendations for future work

This work presents a comparative study of the transmit and coupling performances of
standard fibre cables through rigorous experiments. The results presented can inform the
design of low-cost SFP transceiver-based FSO systems. To further advance this research,
more real-world testing should be conducted. While the OM1, OM4, and OMS5 fibres were
tested under real-world conditions in the bidirectional setting, the other fibres should also
be tested in both unidirectional and bidirectional configurations. The optimal combination
of fibres (amongst those tested in this study) for both unidirectional and bidirectional
transmission should be tested under real-world conditions across multiple 24-hour testing
cycles. Average received power and scintillation indices should be collected to analyse
daytime and nighttime performances, considering the fluctuating strength of turbulence.
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Furthermore, the system should be tested at different distances to determine its maximum
effective range.

A robust outdoor enclosure should be designed to withstand various environmental
conditions while remaining cost-effectiveness. It should endure high temperatures and
protect against rain, humidity, and dust. Additionally, the enclosure should facilitate easy
mounting and installation. Careful consideration should be given to material selection for
mounting brackets, flanges, or pole mounts to minimise thermal expansion issues that could
lead to misalignment.

The ultimate goal of this work is to contribute to providing high-speed internet con-
nectivity to communities outside the fibre coverage area. Therefore, an SFP-based FSO
system should be developed and deployed. Public facilities such as educational institutions
and libraries should be prioritised. Ethical data collection from users within these facilities
would be useful in assessing the impact and reliability of the deployed FSO system.
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