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Abstract

This thesis evaluates the potentials of hybrid fibre and free space optical (FSO)
communications access networks in providing a possible solution to an all optical access
network. In such network architectures, the FSO link can extend the system to areas
where an optical fibre link is not feasible, and/or provide limited mobility for indoor
coverage. The performance of hybrid fibre and FSO (HFFSO) networks based on digital
pulse position modulation (DPPM), for both the indoor and outdoor environments of the
optical access network, are compared with the performance of such a network that is
based on conventional on-off keying non-return-to-zero (OOK NRZ) modulation using
results obtained through computational and analytical modelling. Wavelength division
multiplexing (WDM) and/or code division multiple access (CDMA) are incorporated into
the network for high speed transmission and/or network scalability.

The impacts of optical scintillation, beam spreading and coupling losses, multiple
access interference (MAI), linear optical crosstalk and amplified spontaneous emission
noise (ASE) on the performance of hybrid fibre and FSO (HFFSO) access networks are
analysed, using performance evauation methods based on simple Gaussian
approximation (GA) and more complex techniques based on moment generating function
(MGF), including the Chernoff bound (CB), modified Chernoff bound (MCB) and
saddlepoint approximation (SPA). Results in the form of bit error rate (BER), power
penalty, required optical power and outage probability are presented, and both the CB and
MCB, which are upper bounds, are suggested as safer methods of assessing the
performance of practical systems.

The possibility of usinga CDMA-based HFFSO network to provide high speed optical
transmission coverage in an indoor environment is investigated. The results show a
reduction in transmit power of mobile devices of about 9 — 20 dB (depending on number
of active users) when an optica amplifier is used in the system compared to a non-
amplified system, and up to 2.8 dB improvement over OOK NRZ receiver sensitivity is
provided by a DPPM system using integrate and compare circuitry for maximum
likelihood detection, and at coding level of two, for minimum bandwidth utilization.

Outdoor HFFSO networks using only WDM, and incorporating CDMA with WDM,
are aso investigated. In the presence of atmospheric scintillations, an OOK system is
required (for optimum performance) to continuously adapt its decision threshold to the
fluctuating instantaneous irradiance. This challenge is overcome by using the maximum
likelihood detection DPPM system, and necessitated the derivation of an interchannel
crosstalk model for WDM DPPM systems. It is found that optical scintillation worsens
the effect of interchanne crosstalk in outdoor HFFSO WDM systems, and results in error
floors particularly in the upstream transmission, which are raised when CDMA is
incorporated into the system, because of MAI. In both outdoor HFFSO networks (with
WDM only and with WDM incorporating CDMA), the optical amplifier is found
necessary in achieving acceptable BER, and with a feeder fibre of 20 km and distributive
FSO link length of 1500 m, high speed broadband services can be provided to users at
safe transmit power at al turbulence levelsin clear air atmosphere.
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CHAPTER 1: Introduction

CHAPTER 1 Introduction

1.1 Optical communication — historical overview

Before the advent of the laser, incoherent light was employed in various roles
to facilitate telecommunication. In Claude Chappe's invention of the optical
telegraph in 1792, the optical wave was used for illumination of coded signals, to
enable proper interception at relay stations [1]. About a century later, Alexander
Graham Bell experimentally demonstrated the use of an optical wave as a carrier
in the first free space communication [2]. However, the transmission distance was
just 200 m, and was significantly less than the long distance transmission of about
1000 km provided by eectric telegraphy, which had fully replaced Claude
Chappe' s optical telegraph by 1859 [1-3].

The invention of the laser (originaly an acronym LASER for light
amplification by stimulated emission radiation) in 1960 [4] was timely for the
glass-clad fibres, which were readily available, but with application limited to the
medical field because of high attenuation over a long distance caused by
impurities present in the glass material [5]. Further work [6, 7] lead to the
development of alow loss (about 20 dB/km) multimode optical fibre in 1970, and
coupled with the availability of Gallium Arsenide (GaAs) semiconductor laser
diodes, stimulated the first boom in optical fibre communication near the 800 nm
wavelength, starting with a data rate of 45 Mbps [5]. Several factors, including the
development of compact transceivers operating around the 1300 nm wavelength,
the redlization of single mode fibre and dispersion-shifted fibre and the
development of the optical amplifier (e.g. erbium doped fibre amplifier (EDFA))
lead to a full evolution and maturity of optical fibre communication systems and
technology, capable of carrying data at terabit per second (Tbps) speed over
several thousands of kilometre [1].

Due to the great advances in optica fibre, research and development of free
gpace optical communication systems then focused on deep space and
intersatellite applications [8-10]. The resurgence of interest in terrestria
application of free space optica (FSO) communication arguably began around
September 2001 [11] due to the terrorist destruction of existing communication
links and equipment at the World Trade Center, as Merrill Lynch deployed free
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space optical communication links to re-establish connection with some of its
offices at a distance of about 2.5 km [11-13]. About a decade later, free space
optical communication systems operating at 10 Gbps have been standardized and
arecommercialy available [14].

Thus, the am of this research work is to investigate and evaluate the
performance of optical access networks that use fibre and/or FSO technology,
with the primary objectives to:

e review the existing fibre and free space systems, devices and technologies

identify candidate architectures for future fibre and FSO optical access

networks including a multiple access scheme,

e identify the impairments that will exist in these architectures and how they
may be modelled,

e identify architectures and/or modelling techniques that are advantageous
and novel and study the performance in depth, with emphasis on BER,

e consider the challenges in providing mobility in the optical access

networks.

1.2 Optical access networks

At the lowest hierarchy of the telecommunication network is the access
network, which broadly covers the entire network between the user’s device and
the service provider’s hub. For most of the last century, the first/last mile of the
access network was dominated by copper wire and coaxial cable connections.
Digital subscriber loop (DSL) technologies were later introduced to cope with the
explosion of internet services and are found in most access networks across
Europe, sometimes jointly implemented with radio frequency (RF) and
microwave communication technologies for ubiquitous coverage and enhanced
mobility [15]. However, the data rates achievable with very high speed digital
subscriber loops (VDSLs), RF, millimetre wave and microwave technologies
were significantly less than the 10 Gbps which could easily be achieved with an
optical carrier [16]. Increasing variation and complexity in user need and greater
demand for broadband services led to the deployment of fibre in the last mile of

the access network, providing afibre-to-the-home optical access network.
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Optical access networks are grouped into two maor categories, that is the
active optical network (AON) and passive optical network (PON) [17]. The AON
includes point-to-point connections (sometimes referred to as home run [18] when
between exchange and the user premises) with a dedicated fibre link directly
connecting each home to the optical line termination (OLT) located at the service
provider's centra office (CO), and the active star configurations which utilize
electrically powered switches at the remote node to manage the distribution of
steady state traffic to each home [15, 19, 20]. The PON on the other hand is
mainly in a tree and branch/point-to-multipoint architecture, and employs passive
devices (e.g. optical splitters, couplers or arrayed waveguides (AWG)) at the
remote node to separate and forward each end user's signa to the optical network
unit (ONU) located at their home or building. PON is more common than AON in
fibre optical access networks and offers several advantages over AON such as
efficient use of installed infrastructure (e.g. shared fibre pair and fewer transceiver
devices compared to multiple fibre pairs in home run connection and additiond
transcelver devices in active star AON [19]), low maintenance cost and non-
requirement of extra power supply for switching devices. However, the use of
passive components in PON does result in difficulty in isolating faults as such
devices cannot be accessed or diagnosed remotely.

It is problematic to install fibre in some locations within the access network
due to environmental reasons or topographical barrier [21]. In addition, provision
of access and approvals from local authorities for digging and trenching across
senditive infrastructures may be difficult. Another chalenge with an al fibre
optical access network is that fibre links terminate at a fixed point (the ONU) in
the building which does not provide any kind of mobility for indoor users. This
was less of a problem about two decades ago when computing devices were
bulky. However, with the miniaturization of most computing and communication
devices, users are often demanding one kind of broadband service or the other
while moving around in their homes.

An aternative optical access technology, notably FSO, has been advanced to
complement existing fibre installations in the optical access network [21, 22]. It is
expected that a successfully deployed FSO communication system will provide a
viable solution to the bottleneck seen in broadband signal transmission to existing

homes where fibre could not be installed. Unlike RF communication, FSO
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communication is immune to multipath fading, and offers a more secure
transmission within a huge unregulated bandwidth and with reduced power
requirement [23-26]. FSO systems can also be deployed in the optical access
network as an emergency link, alternative back up link or in a hybrid with fibre
(either connecting two feeder fibre links together [27, 28] or just as a distribution
link in the last mile). In addition, FSO communication links can be extended to
provide al optical broadband service to indoor users, with limited mobility.

A hybrid fibre and FSO (HFFSO) communication link offers severa
advantages to the optical access network compared to an al fibre link, including
easier penetration (e.g. the FSO part of the link could be used for connections
between buildings and to bypass difficult barriers), easier deployment (no
trenching required for the FSO part of the link) and reduced deployment cost (as
fewer fibre installations would be required) [12, 29, 30]. Compared to an FSO
only link, a hybrid offers longer reach and thus the potential for greater
centralization of the OLT. Both optical fibre and FSO systems are highly
compatible, with very similar properties, and use similar device technologies [31].
Therefore a hybrid fibre and FSO (HFFSO) optical access network would benefit
immensely from the aready mature optical fibre technology, and both systems
could seamlessly combine to provide higher bandwidth to users in the optica
access network, with excellent quality of service (QoS).

Generdly, an optical access network supports many users. From a service
provider’s perspective, the viability of such a network is highly dependent on its
user capacity and possible scalability. Deployment cost in the optical access
network is reduced by network resource sharing among users. For example in
PON, multiple users’ signals are transported through a single optical channel and
share one kind of (active or passive) optical component or the other, such as
optical amplifiers, multiplexers and demultiplexers or power splitters. Resource
management and access protocols are employed for this purpose, with each user
assigned a specific time slot, wavelength, code or spatial orientation. Thus PON
systems are classified based on the multiplexing/multiple access technique used in
its application, e.g. time division multiplexing/time division multiple access
(TDM/TDMA) PON, wavelength division multiplexing/wavelength division
multiple access (WDM/WDMA) PON, optical code division multiplexing/optical
code divison multiple access (OCDM/OCDMA) PON, space division

4



CHAPTER 1: Introduction

multiplexing (SDM) PON [32] or a hybrid of any of the above techniques [17, 18,
33].

A detailed analysis of the performance of HFFSO systems in an optical access
network is provided in this thesis with major focus on wavelength division
multiplexing (WDM) and code division multiple access (CDMA) techniques and
considering PON architecture. The effects of several impairments (such as
multiple access interference (MALI), interchannel crosstalk, turbulence induced
scintillation, background ambient light and different kinds of noise) on such
systems are considered in the analysis. Performance evaluation methods including
the Gaussian approximation (GA), and moment generating function (MGF) based
techniques such as Chernoff bound (CB), modified Chernoff bound (MCB) and
saddlepoint approximation (SPA), are used to facilitate the analysis. Results are
obtained using well-known modulation schemes, specifically, on-off-keying non-
return-to-zero (OOK NRZ) and digital pulse position modulation (DPPM), and
presented in the form of bit error rate (BER), required optical power, power
penalties and outage probability.

1.3 Thesisstructure

This thesis contains eight further chapters and is organised as follows: In
Chapter 2, a detailed review of different optica communication system
components (including the receiver and transmitter devices) and optical
amplification processes is provided. This chapter also presents areview of popular
modulation schemes applied in optical communication systems, specifically the
OOK and DPPM modulation formats, and briefly introduces the optical channel.
The next chapter presents a detailed study of the nature of optical channels with
focus on optical fibre and FSO channels and a general overview of the behaviour
of each channel is presented. Multiplexing and multiple access techniques are also
covered in this chapter with a full consideration of different kinds of impairments
found in HFFSO communication systems. The performance evaluation techniques
used in system modelling in this thesis are also studied in this chapter. In Chapter
4, a performance analysis of an optically preamplified HFFSO network using
CDMA in an indoor environment is presented for OOK and DPPM systems. A
model for the performance evaluation of interchannel crosstalk for aWDM DPPM
system is developed in Chapter 5. Numerical results and analysis are presented
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under various forms of misalignment between the signal frame and the crosstalk
frame in a non-turbulent FSO system and for both single and multiple crosstalk
sources. The model developed in Chapter 5 is used to investigate the impact of
atmospheric turbulence and interchannel crosstalk in a HFFSO WDM DPPM
network in Chapter 6. Numerical results are provided to show how design
parameters such as FSO link lengths for both the signa and interferer and
demultiplexer adjacent channel regjections affect the network performance. The
outage probability in a HFFSO WDM network impaired by turbulence-
accentuated interchannel crosstalk is analysed in Chapter 7 for both OOK and
DPPM systems. Numerical results are presented to reveal that a system with good
average BER could have instantaneous periods of outages which would affect the
overal quality of service (QoS). A HFFSO WDM network including optical code
division multiple access (OCDMA) technique for improved user capacity is
proposed in Chapter 8. The thesis is concluded in Chapter 9 with concise details
of the potentias of the HFFSO schemes, and a report of possible areas for future
work in the thesisfield.

1.4 New contributionsto knowledge

This thesis focuses on the application of a hybrid fibre and free space optical
(HFFSO) solution to optical access network. An all optical access network
requires that optical signals extend to the indoor environment where users with
small mobile devices could use this service conveniently in different rooms and
offices. Several considerations of an indoor system in the literature reported
restrictions in optical power transmission requirement due to eye or skin safety
and have generally considered single room architecture [34-37]. This motivated
the writing of a paper entitled: ‘Indoor Hybrid Fibre and Wireless CDMA System
using Optically Preamplified Fibre Coupled Receiver’. This paper was presented
at the 2nd International Workshop on Optical Wireless Communications (IWOW)
2013, published by IEEE [38] and it forms the basis of Chapter 4, with the
incluson of a DPPM system analysis. Using flexible system architecture,
illustrations of possible scalability in number of users by physical layer upgrade
(combiner/splitter replacement) or data link layer upgrade (CDMA code
replacement) is provided. Upstream coded optical signals from different rooms

and offices in a building are collected through a fibre end assembly located at the
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ceiling of each room and connecting into a fibre distributive network. A power
combiner is used to join all the users signals which are amplified by a single
optical amplifier before reception or further transmission to the OLT. The
amplifier compensates for power combiner losses and reduces the required
transmit power of the user devices but introduces amplified spontaneous emission
(ASE) noise and amplifies the background ambient noise accompanying the
signa. The ASE, and possibly ambient, noise beating with the signal in the
presence of multiple access interference (MAI) is considered in detail in the
analysis using the GA, CB, MCB and SPA. The BER or required optical power
calculations involve finding different optimum values of the s parameter for
transmitted 1 or O (and for al the number of users when using the MGF
techniques) and an optimum threshold fixed over the number of interferers for
OOK system. The overall BER is obtained by averaging over the MAI effect of all
the interfering users. Numerical results obtained in Chapter 4 reveal that an optical
amplifier can ease the power constraints on the user devices, and DPPM signalling
format can improve the average power efficiency of the system compared to an
OOK modulation scheme.

WDM is a very popular multiplexing technique in optical access networks
implemented with both OOK and DPPM modulation schemes. Interchannel
crosstalk which is common in WDM systems have been investigated for various
OOK systems [39-41], but no such analysis has been performed for any readlistic
WDM DPPM system. This was the motivation for the work presented in Chapter
5 in which a crosstalk model for WDM DPPM system analysis for single and
multiple crosstalk sources is developed. During signal frame reception in a
reaistic WDM DPPM system, crosstalk frames are received as well, either in
alignment or misalignment with the signal frame. An MGF, and related BER
formulas, are derived for three different forms of (mis)aignment between the
signal frame and crosstalk frames during reception including the frames aigned
(FA) case, only dots aigned (OSA) case and slots misaligned (SM) case.
Although the model could apply to DPPM system in any physica WDM channel,
specific analysis for a non-turbulent FSO system is performed in Chapter 5 using
the GA, CB and MCB. Analytical results are obtained for single crosstalk sources,
while both analytical and Monte Carlo facilitated simulation results are provided

for multiple crosstalk sources. The resultsin this thesis confirm that the effect of a
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single crosstalk with high power is worse than that of many crosstalks of
equivaent power. In the absence of turbulence and at data rate of 2.5 Gbps on the
1550 nm wavelength, DPPM systems with coding level of 2 provide about 2.8 dB
improvement in average power over an equivalent OOK NRZ system while
maintaining minimum bandwidth expansion. The analysis performed under the
assumption of FA results in the worst BER while the SM case produces a more
optimistic BER result. Furthermore, the MCB presents a tighter upper bound than
the CB and is more sensitive to optical amplification, although the GA is simpler
and computationally quicker. A second paper based on Chapter 5 of the thesis and
entitled: ‘Performance evaluation of digital pulse position modulation for
wavelength divison multiplexing FSO systems impaired by interchannel
crosstalk’ has been published in IET Optoelectronics [42].

Atmospheric channel conditions are random and have a more severe effect on
optical signals compared to the indoor FSO environment. In some conditions,
extra power margins are required to counter strong signal attenuation and optical
scintillation. DPPM is perceived to be more suited for an outdoor FSO system
because the FSO channel is non-dispersive. In addition, DPPM has the potential
of improving the average power requirement of FSO systems and has no
requirement for threshold as seen with OOK signalling format. However, no
anaysis of a HFFSO WDM optica access network using DPPM exists and there
has never been a consideration of outage probability in the case where a
turbulence-affected crosstalk interferes with a turbulence-affected signal. This and
the earlier development of a crosstalk model for WDM DPPM system motivated
the writing of a paper entitled: ‘Performance Evaluation of Turbulence-
Accentuated Interchannel Crosstalk for Hybrid Fibre and FSO WDM Systems
using Digital Pulse Position Modulation’. This paper is the basis of Chapters 6
and 7 of the thesis and has been published by the IET Optoelectronics [43]. In a
network architecture similar to WDM PON, free space links are used to distribute
signals from a remote node to different ONUs within the last few kilometres of
the access network. The analysis, which gives afull consideration of the effects of
turbulence and crosstalk (accounting for beam spreading loss, coupling loss,
scintillation and attenuation in fibre and free space), also incorporates aperture
averaging as a turbulence mitigation technique. Analytical results suggest that the

performance of the system is dependent on design parameters such as the distance
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of the desired ONU from the remote node, distance of the interfering ONU from
the remote node and the demux adjacent signal rejection. The crosstalk effect is
exacerbated by the presence of turbulence and limits system performance in the
upstream transmission. Specifically in the upstream, when the desired user is
located 2000 m from the remote node, it is shown that a demux with adjacent
signal rejection ratio greater than or equal to 45 dB is required if an adjacent
channel interferer is 500 m away from the remote node and for a BER of 10° to
be achieved in all turbulence regimes. It is aso shown that in the presence of
turbulence, DPPM systems suffer a minor loss in sensitivity but still maintain a
better average power efficiency compared to systems using OOK NRZ format.

Outage probability is an alternative metric to average BER, used in assessing
the behaviour of turbulent FSO systems. It has previously only been applied to the
case of a turbulence-affected signal with no interferer. The work in Chapter 7
extends outage probability analysis to the case where a turbulence-affected signa
is impaired by turbulence-affected crosstalk. This case to the best of the author’s
knowledge has not been previously considered. Results presented in this thesis
show that in the presence of turbulence-affected crosstalk, the outage probability
worsens, with more possibility of deep fades as the turbul ence becomes stronger.

An extensive network design and analysis of a HFFSO WDM optical access
network using OCDMA for multiple user connections and user capacity
improvement is proposed in Chapter 8 of this thesis. The purpose of this network
design is to facilitate the integration of the indoor system considered in Chapter 4
with the HFFSO WDM optical access network discussed in Chapter 6. WDM
OCDMA systems have been studied for al fibre PON systems [33, 44], but no
analysis has been provided for such systems including a turbulent FSO link. The
performance evaluation considers the combined impact of turbulence-accentuated
crosstalk and MAI as well as other network losses incurred in a HFFSO link, and
is provided for both OOK and DPPM systems. Numerical results suggest that the
combined impact of these impairments in the upstream transmission leads to bit
error rate floors occurring at a BER value higher than the typical BER in the
presence of MAI aone or turbulence accentuated-crosstalk alone. Trade-off
between the number of users and FSO link length may be required in some cases
to achieve atarget BER in a practical system.
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CHAPTER 2 Optical Communication

Systems and Technologies

2.1 Overview

The aim of this chapter is to briefly review the different components of optical
communication systems including the transmitter and receiver systems and the
physical channels used for optical signa transmission. The basic features of the
main signal modulation schemes used in the thesis, namely OOK and DPPM are
presented. The general processes of optical amplification and signal detection are
also presented in this chapter. A brief review of different structures of the receiver
unit is provided, and the effects of any optics included in the receiver unit on

signal reception are considered.

2.2 Optical signal generation

Optical signal sources are commonly made from semiconductor materials. In
such devices, optical signal generation is a process of complex interaction
between electron-hole pairs in the gain medium located between a p-type and an
n-type material. At the temperature of 0 K in a pure semiconductor, no electrons
exist in the upper energy level called the conduction band and the lower energy
level called the ground state or valence band is full of electrons. As the
temperature increases to room temperature, electrons in the valence band absorb
energy greater than the bandgap energy of the semiconductor material (see Fig.2.1
E, =E, -E; =hv where h is Planck constant and v is the optical frequency) and

are excited to the conduction band leaving holes in the valence band. These
electrons can recombine with the holes, spontaneously emitting photons (light
‘particles’) in the process as shown in Fig. 2.1. In thermal equilibrium there are
typically fewer electrons in the conduction band compared to the valence band,
and emitted or input photons are easily reabsorbed by other electrons before
exiting the device. This is called optical absorption. For the semiconductor to
significantly emit alarge number of useful photons, one needs to create a thermal
imbalance and unsettle the device equilibrium by increasing the electron density

in the conduction band and the hole density in the valence band (i.e. population
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inversion) through artificial means. This process of providing energy to the
semiconductor device through an externa source to ensure significant light
emission is referred to as pumping. There are various methods of pumping a
semiconductor device, but optical and electrical pumping are two of the common
methods. However, electrical pumping is more popular with semiconductor

devices than optical pumping.

I—?Ie Electron
E, E, E, .
hv  simulated
hv hv hv photon
/\/v /\N /\N hV Incident
Incident Incident NN\» photon
photon photon
Absorption ! Spontaneous ' Stimulated
Emission Emission

Fig. 2.1 Interaction between photon and el ectron-hole pair in the gain medium

2.2.1 Laser sources

The output light quality of a laser makes it an important optical source for
communication. Laser beams are collimated, spatialy and temporally coherent
with narrow spectral widths and have high power compared to light emiting
diodes (see Table 2.2). Lasers are broadly categorised according to different
criteria such as safety of use and type of gain medium. The basic structure of a
laser includes an optical gain medium placed within an optically resonant cavity
that provides optical feedback and phase selection. The gain medium could bein a
solid (insulating crystal or semiconductor), liquid or gaseous form [1].
Semiconductor-based lasers use semiconductor material as their gain medium and
are the most popular in optical communication. They are further grouped into
different types based on number of longitudina modes (single mode and
multimode), emitter characteristics (edge emitting and surface emitting) and
junction composition (homojunction and heterojunction). Semiconductor lasers

are compact and small, with typical dimensions of 300 um length and 50 - 200
um width, although the dimensions could vary depending on design [2, 3]. They
are highly reliable and have high power conversion efficiency (see Fig. 2.2 [4]).

Semiconductor lasers generate light through a stimulated emission process as
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illustrated in Fig. 2.1. Once population inversion is achieved in a laser, incident
photons are more likely to resonate with electron-hole pairs and stimulate the
emission of additional photon(s) than be absorbed. The stimulated photons are of
the same freguency, phase, direction and polarisation as the incident photon.
Population inversion also increases the chances of spontaneous emission.
Threshold conditions require that the optical gain must be equal to optical loss
(round trip gain equals unity) and that the cavity length must be an integer
multiple of the half the wavelength in the cavity. Spontaneous emission dominates
the process until these conditions are met. Once lasing starts, the electron-hole
density and the gain coefficient are fixed at threshold value.

63% H Electrical resistance
M Internal Quantum
Efficiency
i Rear Facet Loss
H Excess Turn-on Voltage

M Wall-plug Efficiency

8.52% 8.51% 9-47% i Threshold Current

5.671% 4.729%
i i 0.1% i H i Internal Loss

Fig. 2.2 Power conversion efficiency of atypical 100 um wide, 970 nm laser

diode (conversion (wall-plug) efficiency in this caseis 63 %) [4]

2.2.1.1 Longitudinal modes

Longitudinal modes are formed at al the wavelengths with optical waves
returning to the same point with the same phase after around trip. In principle, in
a homogenously broadened medium like in a semiconductor, only the mode
centred at the peak of the gain bandwidth should oscillate after the gain and
electron-hole density have been clamped to the threshold value. However in
practice, multiple modes attain a round trip gain of unity partly due to
spontaneous emission and close wavelength spacing within the gain bandwidth
[5], but majorly due to spatia hole burning effects [3, 6, 7]. This effect is a result
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of non-uniform spatia distribution of the intensity of the lasing mode due to
uneven depletion of the population inverson in laser systems with
homogeneously broadened medium [6] as shown in Fig. 2.3. Fabry-Perot lasers
are typical examples of multiple longitudina mode semiconductor lasers. They
are easy to fabricate due to their ssimple structure with feedback provided by

reflective facets (mirrors).

Oscillating mode's Spatial areas of high intensity with population
standing wave inversion depleted to threshold value

/

Altive
Region

__7 W1 N

Spatial areas of low intensity with
unsaturated population inversion and gain,
Modes with peak fields spatially located
in these areas can lase.

Fig. 2.3 Spatia hole burning in a homogenously broadened medium. Modes with
peak field spatially located near the nodes of the oscillating mode’ s standing wave

win the competition for electron-hole pair within that space and grow.

In single mode operation, the cavity loss is mode dependent [8], and is high at
every wavelength except the resonant wavelength of the optical cavity as shown
by the bottom right sub-figure in Fig. 2.4. This is achieved through additional
filtering mechanism and ensures that only a single mode oscillates. Types of
single longitudinal mode semiconductor laser include distributed feedback (DFB)
lasers, distributed Bragg reflector (DBR) lasers, external cavity lasers and vertical
surface emitter lasers (VCSEL). Single longitudina mode semiconductor lasers
emit near-monochromatic light beams and are used as optical sources in long

distance communication.

15



CHAPTER 2: Optical Communication Systems and Technologies

Below Threshold Threshold (Gain = L 0ss)
4  Spontaneous Emission 4 Central mode startslasing
= 2
g g
= £
Energy (E = hv) Energy (E = hv)
Above Threshold Above Threshold
4 Multiple mode lasing 4 Single mode oper ation
= I P > L
= Loss = Loss
5 5
1= £
———_— ——————
Energy (E = hv) Energy (E = hv)

Fig. 2.4 lllustration of lasing processesin atypical semiconductor laser

2.2.2 LED sources

Light emitting diodes (LEDs) are fabricated from semiconductor materials.
These materials as shown in Table 2.1 [9] could be binary compound
semiconductors such as Gallium Arsenide (GaAs), ternary compound such as
Aluminium Gallium Arsenide (AlGaAs) or quaternary compound like Indium
Gallium Arsenide Phosphides (InGaAsP). In its basic structure, an LED is a PN
junction in a forward-biased connection. LEDs are generaly classified based on
thelr emitter configuration as surface-emitting LED (SLED) or edge-emitting
LED (ELED). However, they are sometimes categorized based on the frequency
of the light they emit such as blue, green, red and infrared LEDs. Light emission
in an LED is through spontaneous emission and pumping is through an electrical
source. At equilibrium in a PN junction, the conduction band which is on the n-
type material is densely populated with electrons while the valence band on the p-
type material contains high number of holes as shown in Fig. 2.5a. These carriers
are however unable to cross the high barrier into the depletion region where they
can be actively involved in recombination. A forward bias of the PN junction
lowers the barrier, and minority carriers diffuse across the junction into the
depletion layer where they engage in radiative recombination with majority

carriers.
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electron
Depletion Depletion
region n-type p-type region

\ SeE

p-type n-type

@

(b)

hole

Fig. 2.5 Schematic diagram of light emission processin an LED: (a) Equilibrium
condition and (b) Forward biased condition (E, = conduction band energy level,

E: = valence band energy level, E; = Fermi level and bandgap energy Eg = E; - Ej)

The energy of the emitted photon is equal to the bandgap energy of the material
which could vary depending on the composition. For example, by varying the
percentages of arsenide and phosphide in GaAsP, the bandgap energy could vary
from 1.43 eV to 2.26 €V [10]. An LED emits light in all directions with random
phase. Thus the output light beam is incoherent, with broad spectrum
(AA=50-60 nm) and wide angular distribution [3, 10]. Due to non-radiative
recombination (which increases with temperature) and large solid angle of
emission, the overall efficiency of atypica LED is low. For GaAs, an external
quantum efficiency of 1.4 % has been reported, with output power ranging
between 10 uW -100 pW [3, 11]. Consequently, LEDs are used for short distance
transmission and within local area networks (LANSs) [3]. However, LEDs are
cheaper to fabricate than lasers, and edge-emitting LEDs have higher modulation
bandwidth with smaller beam divergence and can generally support high data rate
transmission over alonger distance compared to surface-emitting LEDs [3]. Table
2.2 shows a comparison of laser and LED sources (based on [2, 3, 10, 11]).

Table2.1 Typical LED types and characteristics (adapted from [9])

Active Material AlGaAs GaAs InGaAsP
Radiating Wavelength (nm) 660 850 850 850 1300 | 1300 | 1500
LED type SLED | ELED | SLED | ELED | SLED | ELED | ELED

Spectral linewidth (nm) 20 35-65 40 35 110 25 40-70
Max. power into fibre(mwW) | 1.35 | 0.08 0.14 | 0032 | 0.05 | 0.15 75
Bandgap energy (eV) 1.88 1.46 1.46 146 | 095 | 0.95 0.80
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Table 2.2 Comparison of laser and LED sources (based on [2, 3, 10, 11]).

Beam quality Laser LED
Coherency Highly coherent Incoherent
Spectral linewidth Narrow Large (about 50 nm)
Directionality High Low
Output power High (up to 100 mW) Low (lessthan 7 mW)
Physical properties Laser LED
Life span Short Long
Ease of use More complex Easier to operate
Transmission aperture Small Large
Power conversion rate High Low efficiency
Cost Expensive Low cost
Transmission Application Laser LED
Datarate High (up to 40 Gbps) Low (about 100 Mbps)
Modulation frequency High Low (about 200 MHz)
Transmission range Long range Short range
Fibre coupling rate High Very Low

2.3 Signal modulation and transmission

Additional to an optical source and its driving circuit (pump energy), the
transmitting unit also includes a signa modulator and possibly an encoder. A
telescopic transmitting lens is required for most free space transmission. The
entire unit functions together to ensure that a data bearing signal is launched into
the optical channel with adequate power and signal quality to ensure that the data
is recovered at the recelver. Signal modulation is the process of impressing
(engraving) the generated light with the data meant for transmission. Light
sources such as semiconductor laser diodes are usually modulated directly by
varying the drive current to a high (well above threshold) and low (below
threshold or just above threshold) values to represent data 1 and data O
respectively. Since no additional component is required, this method is simple and
inexpensive but increases the occurrence of chirping which generally affects the
dispersion performance of the system [11]. Chirping may be controlled, and data
rate improved, by increasing the drive current well above the threshold value for
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data O but at the expense of reduced extinction ratio and overal receiver
performance [12]. An alternative method is to keep the drive current constantly
well above the threshold value to produce a continuous wave and place an
externa modulator such as a directional coupler or a Mach-Zehnder
interferometer (MZI) after the light source to vary the properties of the light in
accordance with the data to be transmitted. Compared to direct modulation,
external modulation leads to a better system performance in terms of chirp and
extinction ratio but at the significant cost of a separate modul ation component.

2.3.1 Signal modulation schemes

In modulation of light for optical communication, properties such as amplitude
(intensity), phase, frequency and polarization of the signal in passband
transmission, and width, position, code and interval of pulse train in baseband
transmission could be adjusted in sympathy with the data in various modulation
schemes. Some of these modulation schemes which have been applied to optical
communication systems are phase shift keying (PSK, with different variants —
binary-PSK, quadrature-PSK, differential-PSK), quadrature amplitude modulation
(QAM), on-off keying (OOK), and a variety of digita pulse-time modulation
schemes including digital pulse position modulation (DPPM), dicode pulse
position modulation (DiPPM) [13-17], digital pulse interval modulation (DPIM)
and digital pulse width modulation (DPWM) [18-24]. Each of these schemes has
various advantages and disadvantages, but in generd, it is desirable that a
modulation scheme supports efficient power and bandwidth utilization, provides
good quality of service and is less complex and inexpensive to implement [25].
The work in this thesis is performed using OOK and DPPM modulation schemes
which are among the most common modulation schemes in optical access
networks. OOK is particularly smple and DPPM has excellent power utilisation,
as discussed below.

2.3.1.1 On-off keying

On-off keying (OOK) is the simplest and most widely used modulation scheme
in both optical fibre and FSO communication systems [3, 12, 26, 27]. OOK
modulation is implemented in combination with the return-to-zero (RZ) and non-
return-to-zero (NRZ) signalling formats. In the OOK-NRZ scheme, data 1 is
transmitted by turning on the optical source and sending a pulse of duration equal
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to the bit interval and data O is transmitted by turning off the light for the same bit
interval. The light source is turned on and an optical pulseis sent for a part of the
bit duration determined by the duty cycle in order to transmit adata 1 in OOK-RZ
scheme as shown in Fig. 2.6. By having a narrower pulse, the OOK-RZ scheme
utilizes more bandwidth than the OOK-NRZ. Thus by varying the duty cycle, the
bandwidth efficiency of the OOK-RZ scheme could approach that of OOK-NRZ.
One mgjor weakness of the OOK scheme is the inability to determine the bit
boundaries for the receiver timing recovery when long strings of ones or zeros are
transmitted [11]. Thereis also the issue of lack of DC balance, due to the variation
in the average transmitted power over sequences of data bit, but this is only a
concern in optica fibre systems where it results in difficulties in setting fixed
decision threshold [11]. For FSO systems, atmospheric turbulence effects
primarily cause a random fluctuation of the short term average power in a signa
previously launched into the atmosphere with constant average transmitted power

such that its DC balancing is of no consequence.

2.3.1.2 Digital pulse position modulation

Digital pulse position modulation (DPPM) is one of the schemes that exploit
the time-varying properties of a pulse train, with each data binary-word
represented by the distinct position of asigna pulse in atime frame. In the DPPM
scheme illustrated in Fig. 2.6, a frame of duration equal to MT, is divided into
n=2" equal time slots of length t, = MT, /n, where M is the coding level and is
equal to the number of data bits transmitted per DPPM frame. Also, T, =YR, IS
the equivalent OOK-NRZ bit period and R, is the raw bit rate. DPPM is an
isochronous modulation scheme with better average power efficiency compared to
OOK (see Table 2.3) or other digital pulse time schemes. This advantage is at a
cost of additional bandwidth expansion which is more prominent at high coding
level or bit resolution. In addition, DPPM requires a separate Synchronization unit
which adds to receiver complexity and for a dispersive channel such as an optical
fibre, guard bands are required to separate each signal frame from another. In
practical applications, a trade-off is required in choosing the DPPM coding level.
Higher coding levels provide increase in power efficiency, but aso result in
increase in electronic processing speed, timing recovery chalenge and bandwidth

utilization (which directly increases filter bandwidths). Thus optimal performance
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in practica systems may be obtained at moderate DPPM coding levels. For
example, in a system with limited bandwidth, DPPM coding level of 2 may
present an optimal trade-off because it provides some improvement in power
efficiency over OOK-NRZ a minimal bandwidth utilization (i.e. the same
bandwidth expansion with coding level of 1).

Poer
OOK-RZ a=05
<_Ppeak:2Pav/a
0 | 1 (halTb-) 1 | 0 | .
OOK-NRZ M =4hits
«P =2P
(—Tb__) peak av
0 1 1 o,
DPPM -« |:>peak =nP_,
t n=24
5 le
I R L 11 11 11 11 yTime
OdO0O 40 410 1410 40 140 do -
OO0 d dO0O O d 40 O d o OO «—
OO0 O d dd 40 OO O 1 1 1 «l
OO0 OO0 OO0 dddA ™ o«

Fig. 2.6 Illlustration of OOK and DPPM waveforms (duty cycle a = 0.5 for OOK-
RZ)

DPPM has been applied in optical fibre, intersatellite and deep space
communication systems. Some of the earliest works on the DPPM scheme were
reported for deep space applications [28, 29]. Later, studies on DPPM systems
were extended to optical fibre communications [18, 30-32]. Analysis for optically
preamplified DPPM systems in the intersatellite application, facilitated by
moment generating function techniques and the Gaussian approximation (GA),
was performed in [33-35]. In addition, the performance of DPPM and some of its
hybrids/variants such as differential-PPM, differential-amplitude-PPM and
dicode-PPM have been investigated for indoor or non-turbulent FSO links [36-
38], and for terrestria (outdoor) FSO links [21, 25, 27]. The DPPM scheme is
considered to be well suited for the FSO (atmospheric) channel because there is
no requirement to set and track threshold as in some OOK systems. Furthermore,
an FSO channd is dispersion free unlike an optical fibre channel, thus there is an

21



CHAPTER 2: Optical Communication Systems and Technologies

improvement in bandwidth utilization of DPPM in FSO channels over fibre
channels due to non-requirement of guard bands, and there is no dispersion
imposed limitations on achievable bit rate and link length as seen in fibre systems.
Although when compared to DPPM, some modulation schemes like digital pulse
interval modulation (DPIM) and dual-header pulse interval modulation (DH-PIM)
offer improved bandwidth efficiency and synchronisation, DPPM offers a better
average optical power requirement efficiency which is necessary in complying
with eye safety limitations [25], and aso provides better error rate performance
[39]. Furthermore, at coding level of 2 or 1, DPPM bandwidth efficiency is
comparable to that of other digital pulse modulation schemes as shown by results
in[25].

Table 2.3 Comparison of OOK and DPPM modul ation schemes (duty cycle = @)

Modulation Transmission Bandwidth Optical power
scheme capacity utilization utilization
OOK-NRZ 1 bit per symbol Ry Pav
OOK-RZ 1 bit per symbol R,/a Paw/a
DPPM M bits per symbol R, (n/M) Pav,/(2/nM )

2.3.2 Signal encoding and decoding

Signals are further encoded before transmission to provide greater tolerance to
interference and noise or for error detection and correction [40, 41]. Signal
encoding increases the line rate of the system but can improve the system BER
performance and aggregate capacity. In this thesis, only encoding for multiple
access such as CDMA is directly considered. Such an encoding could be
performed in the optical or the electrical domain [42, 43] and has improved over
the years due to advances in device technology. Codes are spread in one or more
of the temporal, spectral and spatial directions [44-46]. Because of limited
electronic processing speed, optical encoding is preferred for long range optical
communication although the encoding devices are more expensive. Appropriate
decoders are used to retrieve the signa at the receiver unit.

In an FSO system, the slow fading effects of scintillation could result in data

seguence being received with long consecutive erroneous bits or at least long runs
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of bits with degraded instantaneous BER, such that the transmitted data may not
be recovered even with forward error correction (FEC) coding applied. It is aso
possible that the data sequence could be received in an amost error free condition
such that the FEC is not needed. Thus in a randomly poor BER system, FEC is
more beneficia if the bits are considered to be interleaved prior to transmission

and FEC is then applied upon reception and de-interleaving of the data.

2.4 Eyeand skin safety

At al times from the transmission to the reception of an optical signd, it is
paramount that the safety of the user or any other person that may come in contact
with the signal be guaranteed. For this reason, there are standard guidelines for the
use of lasers and LEDs to avoid hazardous exposure to radiation. These
guidelines, developed by various standard organisations such as International
Commission on Non-lonizing Radiation Protection (ICNIRP), American Nationa
Standards Institute (ANSI) and International Electrotechnical Commission (IEC),
state the accessible emission limit (AEL) and maximum permissible exposure
(MPE) as well as the procedure for calculating these limits under various
conditions and wavelengths. Most LED sources are regarded as safe and when
there are safety concerns, the less restrictive exposure limits for incoherent
sources should apply [47, 48]. Strict safety regulations apply for laser sources
which generally are grouped into classes based on order of hazard, with increasing

class number indicating greater possibility of hazard.

2.4.1 Accessible emission limit

According to the IEC, the accessible emission limit (AEL) is the maximum
level of accessible emission allowed within a specific class of laser [49]. The AEL
is defined for different wavelengths and depends on the exposure duration. Fig.
2.7 shows the AEL for different classes of laser at different optica
communication wavelengths for exposure duration between 0.35 - 10 s. The angle
subtended by the source from aviewer at least 100 mm away is assumed to be less
than 1.5 mrad. The subclass M relates to sources with additional optics such as a
lens, in which case the viewer is assumed to be at least 100 mm away from the
lens. Class 1 and 1M lasers are considered generally safe with AEL of 10.12 mW
at 1550 nm as shown in Fig. 2.7 and are commonly found in indoor applications.
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Classes 2 and 2M lasers are specified only for visible light wavelengths and have
AEL of 1 mW. Although this class of laser is not as safe as the class 1 laser, it is
expected that the reflex action of the eye will prevent any damage in case of
exposure. Most semiconductor laser diodes fall within classes 3R and 3B and are
potentially hazardous. Extra caution is required when using these classes of |aser
to avoid direct viewing.
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Fig. 2.7 AEL vauesfor different classes of laser at various wavelengths based on

[49] (class 4 (not included in the figure) is above 500mW for all wavelengths)

2.4.2 Maximum per missible exposure limit

In some working environments, unavoidable and/or accidental exposures to
laser emission occur. The maximum permissible exposure (MPE) defines the
maximum level of radiation that a person may be exposed to without any short or
long term damage to the eye or skin under normal circumstances [49]. The MPE is
dependent on the wavelength, exposure duration and the circular area over which
the source irradiance is measured (usualy referred to as the limiting aperture)
[50]. The MPE values for skin to laser radiation are shown in Table 2.4 [49] for
various wavelengths and exposure durations. The MPE values for the skin are

high because it is more tolerant to laser emission compared to the eye.
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Table 2.4 MPE values (in Wm™) of skin to |aser radiation (adapted from [49])

Wavelength, MPE (W.m'z) Exposure
A (nm) duration, t (s)
11000t % (3.m?) 1ms— 10s
t
400-700 2000 10s— 1ks Ca=1
for 1 <700;
2000 1ks—30ks
C, = 100.002(2.—700 )
11000t°#C, (3.m?) 1ms —10s ‘ for
700 - 1400 ! 700< 1 <1050;
2000 C, 10s— 1ks
2000 C 1ks— 30ks Ca=5
4 for 2 >1050
5600t°* (3.m?) to 10000 (3m?® | 1ms —10s
t t
1400 - 1800
1000 10s—1ks
1000 1ks—30ks

The amount of laser light reaching the retina is greater for visible and near
infrared light due to the focussing effect of the pupil and the transparent layers of
the eye. Thus the MPE at the wavelengths between 400 nm to 1400 nm is
particularly low compared to the 1550 nm wavelength as shown in Fig. 2.8. Most
of the radiation around 1550 nm is absorbed at the cornea with the thermal effect

distributed over the agueous humour and thus poses |ess danger to the eye [49].
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Fig. 2.8 MPE values (in Jn) as a function of wavelength and exposure time

(based on [49])
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2.5 Optical channels

A waveguide is required in optical communication or clear line of sight (if
FSO) as optical signas are unable to pass through various barriers (such as
wooden furniture, metallic and brick walls) unlike radio frequency signals. Light
as an electromagnetic wave possesses different properties from other
electromagnetic radiations. It is the unique property of optical signas that causes
them to be absorbed by most materials, as their respective photon energies
correspond to the quantum energies of the electrons in these materials. It is aso
for the same reason that some material or medium could make a good or bad
optical waveguide or channel. Mgor optical channels include waveguides like
optical fibre, the atmosphere (free space), deep space (for intersatellite optical
communication) and water (for deep sea optical communication) [51-53]. The

focus of thisthesisis on optical fibre and FSO channels.

2.5.1 Optical fibre channe

An optical fibre is a waveguide primarily made of a glass core and enclosed in
a glass cladding. Typically in a step index fibre, the cladding is of a lower
refractive index compared to the core. Various degrees of reinforcement including
an elastic buffer are used to protect the core and cladding during the
manufacturing process. Based on geometric optics, light is guided in the fibre core
by the principle of total internal reflection which applies only to light that is
incident on the fibre core at an angle not greater than the acceptance angle of the
fibre. Signals propagating through an optical fibre experience aloss in quality and
power mainly due to the attenuating properties of the fibre material and

dispersion. These impairments are discussed further in the next chapter.

2.5.2 Free space (outdoor) optical channel

Unlike the optical fibre channel, signals propagating in afree space channel are
not guided. They are subject to beam divergence and are exposed to unpredictable
atmospheric conditions. A line of sight is also required between the transceiversin
an FSO channel, thus in addition to free space attenuation due to atmospheric

particles, physical barriers could also cause a loss of signa. Various factors
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affecting signal transmission in an FSO channel, including atmospheric

turbulence, are discussed in detail in Chapter 3.

2.5.3 Indoor free space optical channel

The indoor FSO channel is more conducive for the propagation of optica
signal as the channel is not affected by weather condition or atmospheric
turbulence. Some of the challenges facing indoor FSO communications include
restrictions in transmitter power due to eye safety, limitation in bandwidth and
user data rate due to multipath dispersion and slow receiver response time,
limitation in user mobility, provision of multiple user service, and interferences
from background ambient radiation [54-56]. Various types of link arrangement
including direct, non-direct and hybrid line of sight connections, and transceiver
optimisation have been extensively studied in order to find a solution to the
mobility and transmission power chalenges in indoor FSO communication
system [26, 55, 57, 58]. In addition, multiple access schemes such as CDMA,
WDM and subcarrier multiplexing have been proposed and studied for the
provision of multi-user services [55, 59-61].

Recent advances in LED technology led to increased proposals for indoor FSO
systems using LED sources which are cheaper, and have longer lifespan than
lasers, and can perform the dual function of communication and illumination, i.e.
visible light communications (VLC) [62, 63]. However, additional to the
performance advantages of laser over LED as shown in Table 2.2, further benefits
of using a laser source in an indoor FSO system include the use of narrowband
optical bandpass filters (OBPF) to reduce system noise, and operation at the 1550
nm wavelength which allows for the use of optical amplifier (particularly the
erbium doped fibre amplifier (EDFA)), and where both ambient background light
interferences and transmitter power restrictions (because light at this wavelength
does not reach the retina) are reduced. Despite al the interests in indoor FSO
communications, achievable data rates in deployed systems were just about 1
Gbps as of 2012 [62, 64] (although data rates greater than 2.5 Gbps have been
demonstrated [65] in the laboratory), and only limited mobility could be supported
in proposed or deployed systems [61, 62]. Further details on the indoor FSO
channel will be mentioned as the need arises, and a detailed analysis of an indoor

FSO system is provided in Chapter 4.
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2.6 Optical amplifiers

Before the advent of optica amplifiers, optoelectronic repeaters were
employed to counter the loss in signa quality and power over an optical
communication link. These repeaters perform a threefold signal regenerating
function of reamplification, reshaping and retiming. The major consideration in
locating such repeaters is to ensure that the signal is not excessively degraded
such that the recovery of the original signal becomes impossible at the repeater.
Thusin optical fibre communication links typical repeater spacings of 40 — 60 km
were used depending on data rate and fibre dispersion [3, 66]. However, the
repeaters are specific to signal modulation, bit rate and wavelength and required
optical-to-electrical-to-optical (OEO) conversion [11, 66]. The attendant cost of
using many repeaters in close spacing for each wavelength as well as the
challenges and cost implication of system scalability and upgrade were the drive
for an dternative means of regenerating the signal in the optical domain.
Compared to the optoelectronic repeaters, optical amplifiers provide gain over a
large range of wavelength and thus are well adapted to wavelength division
multiplexing (WDM) and applicable to varying system speed. This capability of
network resource sharing among many wavelengths, superior power amplification
and ease of upgrade make the optical amplifier a cost effective option to counter
signal attenuation in optical communication systems. Optical amplifiers however
do not provide the reshaping and retiming functions, and additional optica
components are required to compensate for dispersion and timing jitter where
necessary. Another drawback of optical amplification is the introduction of
amplified spontaneous emission (ASE) noise into the system which generaly

degrades receiver sensitivity.

2.6.1 Optical amplification process

The process of stimulated emission was discussed in Section 2.2 for optical
signal generation in a laser. Unlike lasing which occurs at threshold conditions,
optical amplification starts immediately after transparency is attained. At
transparency, the electron densities at the upper and ground states are equal as
shown in Fig. 29 and net absorption equals net emission (stimulated plus
spontaneous emission). The photon flux in the gain medium remains unchanged

under such condition and an input photon is neither amplified nor lost.
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Net Absorption Transparency Optical Gain

Fig. 2.9 lllustration of optical amplification processes with changesin electron
densitiesin the upper state (N,) and ground state (N;)

The optical feedback mechanism required in alaser is not needed for (traveling
wave) optical amplification. Thus, as the pump energy is increased beyond the
transparency condition, N, increases above N;, and only then can a stimulated
emission of photons lead to optical amplification as the optical gain (G) is driven
above the cavity losses. This also increases the chance of spontaneous emission
which is responsible for the ASE noise. The rate equation for change in the

population of photonsinside the active region (N,) isgivenas[3]

dN,, N,

where Ry is the rate of stimulated emission recombination, z, is the photon
lifetime and the spontaneous emission rate (Ry,) is related to the spontaneous

emission parameter (ng,), both are respectively written as[3, 11]

Ry =ReNg, 2.2)
ng, = NZN—ZNl 2.3)

Optimum amplifier gain is obtained when N, ~0 and ng, 1. The total ASE noise
in single polarisation has a power spectral density (PSD) (N,) written as
N, =Ng (G—Dho (2.4)
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2.6.2 Erbium doped fibre amplifier

The development and deployment of erbium doped fibre amplifiers (EDFAS)
marked the evolution of optical communication into what is now known as the
third optical communication window. An EDFA is manufactured by doping an
optical fibre core with erbium ions (Er®). Erbium is a rare earth element and
unlike other rare earth elements such as praseodymium (Pr®"), ytterbium (Yb*"),
neodymium (Nd®) and thulium (Tm®), it provides wide spectral bandwidth
(about 35 — 40 nm) with high gain (greater than 30 dB) and operates principally
around the 1550 nm wavelength (although operations in the L-band (1565 nm —
1625 nm wavelength range) has been exploited) [3, 11, 66]. EDFAS operate with
pump energy supplied by semiconductor lasers (mainly operating at 980 nm and
1480 nm, see Fig. 2.10 [11, 67]). They have high pump energy conversion
efficiency, and high pump power (up to 20 dBm) could be provided with the 980
nm pumping [3]. EDFASs find their most important application in WDM systems
where multichannel amplification highly reduces system cost. Furthermore, they
provide a low noise gain that is less sensitive to polarisation, over a wide
bandwidth which could accommodate many channels in dense-WDM systems,
and their large carrier lifetime aids in mitigating interchannel crosstalk that is
common in WDM systems [3]. A mgjor drawback to the application of EDFAS in
WDM systems is the non-uniform gain profile over the bandwidth range which
results in variable amplification across the channels [3, 11]. A direct approach to
solving this problem is through gain flattening by introducing a filtering element
after the doped fibre[11, 67] as shownin Fig. 2.10.
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flattening filter (adapted from [11, 67]), including pumping possibilities.

Fig. 2.10 [11, 67] shows a simple schematic of a single gain stage EDFA with
bi-directional pump. EDFAs with single directional or multiple pumping
configurations are also available commercialy and they may include multiple
gain stages, variable optical attenuators (VOAS) and monitoring feedback to
maintain the output-to-input power ratio. Isolators are positioned to reduce
reflected light and back propagating ASE which could re-enter the gain medium
and saturate the amplifier. The bands as shown in Fig. 2.10 are quite broad, thus
there are many transitions (levels) and non-uniform distribution of erbium ions
within the band due to thermal effect [11]. EDFAS operate as a three energy level
system; pump energy excites the ions to higher energy states from where they
decay to the metastable state. Then they return to the ground state either through
stimulated or spontaneous emission, resulting in either amplification or ASE (with
the help of stimulated emission), respectively. The optimum gain of an EDFA isa
function of both the pump power and the amplifier length, so both parameters

should be chosen carefully during the design process [ 3].
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2.6.3 Semiconductor optical amplifier

Semiconductor optical amplifiers (SOAS) are primarily grouped into two types
based on the reflectivity of the cavity end facet. They are the Fabry-Perot
amplifiers (FPAs) and travelling wave amplifiers (TWAS). In the Fabry-Perot
amplifiers (FPAS), facet reflectivities are in the range of 0.1 - 32 % [3, 66] such
that reflections from the facets result in gain ripples with different peak gains at
different wavelengths. FPAs are susceptible to polarisation and fluctuations in
bias current because of the filtering characteristics of the devices and are more
used in pulse reshaping than in amplification [66]. The gain ripples are eliminated
in TWAs by reducing the facet reflectivities to less than 0.1% [3]. This is
achieved through the use of antireflective coating (and sometimes in combination
with angled-facets) and makes the TWA a superior optical amplifier, with a broad
gain spectrum that is less sensitive to polarisation and having better noise
performance compared to the FPA [3, 11, 66].

SOA gain and optimum linear power is dependent on many factors such as
wavelength, bias current, and both the device structure and material [66]
(INGaAsP/InP and GaAs/GaAlAs are popular materials). A schematic of the
structure of an SOA is shown in Fig. 2.11 [66]. Unlike an EDFA, fewer
components are required for its fabrication, but careful engineering is necessary to
eliminate the facet reflectivities and to obtain good linear characteristics. The
active region is formed at the junction of a p-type and n-type semiconductor.
SOASs operate via stimulated emission of photons by recombination of electrons
(driven to the conduction band on application of a bias current) with holes in the

valence band.
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Fig. 2.11 Schematic structure of typical semiconductor optical amplifier (redrawn
from [66])

SOAs can be fabricated to operate in different wavelength regions, and can be
integrated seamlessly with planar waveguide optical devices. Their gain dynamic
effects can be problematic for linear optical amplification, but finds application in
other areas of optical communications (functiona photonics - optical
regeneration, wavelength conversion etc.). Despite these advantages, EDFAS are
preferred over SOA, for optical amplification because of their higher gain (30 —
40 dB compared to about 20 dB for SOAs [11, 50]), better noise performance,
lower insertion loss and stronger immunity to polarisation [3]. In addition, EDFAs
are natural traveling wave amplifiers with no gain ripples and do not distort

signals because of their comparably longer gain recovery time.

2.7 Optical receiver systems

An optical receiver module consists of different components which may be
grouped into four sub-functional units, namely pre-detection optical processing,
detection, post-detection electrical processing and decision circuit. The pre-
detection unit is made up of optional components which function to ensure that
the optical signal arriving at the photodetector input is of significant power and
quality to enable photodetection. They may include passive receiver optics
(mainly for FSO systems) such as receiver collecting lens (RCL), concentrators
and collimators, and active components like the optical amplifiers and optical

bandpass filters (OBPF) which limit the bandwidth of noise in the optical domain
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(e.g. ASE noise (if optical amplifier is included) and ambient light (if FSO))
accompanying the signal. The detection unit includes the photodetector which is
the main component in a receiver and which converts the optical signal to
electrical signal. The post detection electrical processing unit includes electrical
amplifiers and filter (which limits the electrical noise bandwidth) and possibly an
equalization circuit. Finally, demodulation of the amplified electrical signal and
recovery of the transmitted data takes place at the decision circuit which is
designed according to the modulation scheme employed in the system [11]. Most
practical receivers in optica access networks employ the low cost and ssimple
detection method called direct detection. This method requires the detection of
only the optical intensity of the signal and is the approach considered in this
thesis. In another, more sophisticated method, referred to as coherent detection,

both the optical intensity and phase of the signal is detected.

2.7.1 Principles of photodetection

Photocurrent is generated by a photodetector through the process of photo-
electric effect. Most photodetectors are fabricated from semiconductor materials.
In such materials, electrons at the ground state (valence band) absorb energy from
incident photons with energy greater than the bandgap energy of the material and
are moved up to the upper energy level (conduction band) leaving a hole in the
valence band. An electric field, created in the depletion region of the
photodetector by an applied bias voltage, then causes the electron-hole pair to
separate thus generating electrical current. For various reasons all the incident
light may not be converted to photocurrent. In most cases part of it is reflected at
the surface of the detector, some of the transmitted light is not absorbed
depending on the absorption coefficient (a,(1)) of the materia (which is also

wavelength dependent) and the length of the light absorbing region (d,), and

some of the electron-hole pairs generated by the absorbed light recombine before
they reach or leave the depletion region [68]. The external quantum efficiency

(n+) which accounts for all these losses could be written as [68]
nr =x(1-Ry ) [1- e | (2.5)
where « is the percentage of un-recombined electron-hole pairs, R; is the

reflectance of the photodetector material and o, (1) =0 for A > Ay, - The last part
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of eq. (2.5) is the internal quantum efficiency (n;) defined as the ratio of the
absorbed power to the optical power incident on the photodetector. With careful

design and fabrication x -1, Ry =0, n; ~n, and a simplified formula for the
guantum efficiency could be written as[11]

n=1- g (2.6)
Also related to the quantum efficiency is the responsivity of the photodetector.
The responsivity is dependent on the optical frequency and defined in A/W or

C/J astheratio of the generated photocurrent to the incident optical power. Given
an electron charge q = 1.602 x 10 C, It is generally written as,

m
R_?]_q:ﬂ(” )

“ho 124 (2.7)

where q is electron charge, h is Planck constant and v isthe optical frequency

2.7.2 Photodetectors

Two types of photodetectors are commonly used in optical communication
receiver systems. They include the positive-intrinsic-negative (PIN) photodiode
and the avalanche photodiode (APD). PIN photodiodes are fabricated by
implanting an intrinsic semiconductor material of appropriate cut-off wavelength
in-between a p-type and n-type semiconductor materials. The intrinsic material
forms the depletion region in the PIN photodiode. Common intrinsic
semiconductor materials for photodetectors operating at 1550 nm are InGaAs and
InGaAsP. The absorption capacity of the PIN photodiode isimproved by using an
intrinsic material of greater thickness compared to the p- and n-type materials
which could both be made of InP to form a double heterojunction device
(InP/InGaA</InP) or InGaAs could be used for the p-type materia to form asingle
heterojunction device (InGaAs /InGaAg/InP). It is worth noting though that the
transit time (and consequently the response time) of the device increases with the
thickness of the intrinsic material, thus limiting the achievable bandwidth or data
rate. Additionally, recombination of electron-hole pairs could increase in the
depletion region if the response time is more than the recombination time.

In contrast to a PIN photodiode, an additional semiconductor region called the
multiplication layer is required in an APD. Avaanche multiplication of electron-

hole pairs occur in this layer due to impact ionization by collision of high energy
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primary electrons with other electrons in the valence band causing them to rise to
the conduction band. A high electric field is set up in this multiplication layer
which accelerates the primary electrons resulting in a transfer of kinetic energy to
other electrons [3]. The generation of secondary electron-hole pairs in the
multiplication region (commonly made of InP) is arandom process, thus the mean
number of the secondary photoelectrons (per primary) is termed the APD

multiplication factor or gain (M ,) [3, 11]. The multiplicative gain of the APD

improves the signal power but the process is accompanied with additional shot
noise, although in general, the receiver sensitivity is improved as the receiver
thermal noise is not amplified in the gain process. Improvement in the sensitivity
of receivers using PIN photodiodes is achieved with the use of optical

preamplifiers.

2.8 Recelver opticsand configurations

In the most conventional configuration, passive pre-detection optical devices
are not included in the optical communication receiver. A small area
photodetector preceded by an optical amplifier and OBPF is a common structural
part of optical fibre communication receiver systems while large area
photodetectors coated with thin-film filters are used in FSO links to enhance
signa collecting capability of the system [55]. Large area photodetectors are not
suitable for high speed communication because of their large RC time constant
which increases the response time of the receiver and limits the achievable
bandwidth. Consequently, additional optics are often included in FSO receiver
systems to facilitate the collection of signal on to a small area photodetector [65].
In some cases, a short length of fibre preamplifier is included, leading to the
various receiver configurations shown in Fig. 2.12. With additional optics
included in Figs. 2.12b and 2.12c, the signal collecting apertures are large and
both equal to the aperture of the collecting lenses, while the detector areas are
relatively small (equal to the output aperture of the concentrator in Fig. 2.12b and
about the area of the fibre in Fig. 2.12c). The increase in collecting area is at the
expense of reduced field of view (FOV) because of etendue conservation [54].
However, for portable devices used mainly in the indoor environment, both wide
FOV and large detector aperture are needed for enhanced mobility. Therefore, a

trade-off between the receiver FOV and aperture area is required in the design of
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such devices in order to provide a compact communication device that can operate

at high speed and support some degree of mobility.
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Fig. 2.12 Schematic structure of various optical communication receiver systems.
(a) optically preamplified optical fibre receiver system (b) FSO receiver system
(c) optically preamplified fibre coupled FSO receiver system

2.8.1 Etendue conservation

The etendue of an optical system defines the geometric limit of how much light
it can accept. In theory, the area and solid angle product of the externa optics
such as the collecting lens is constrained by the etendue of the detector or fibre in
the case of Fig. 2.12c. Thusthereisalimit to the selection of wide FOV large area
collecting lens in an FSO receiver, the FOV gets narrower with larger area. The
constraint imposed by the etendue of fibre coupled optical receiver system is
illustrated in Fig. 2.13. Considering Fig. 2.13, the optical power incident on the

fibre coreisrelated to its etendue which is written as [69]

E, =n’A sin*é (2.8)
The optical power collected at the collecting lens is aso proportional to its area
and solid angle product which could be written as

E. =mn2A.sin’ ¢ (2.9
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As E; isrequired to be equal to E_, the gain obtained from an ideal concentrator

located between the fibre end the collecting lens is written as [55]

A, nisin?0

C. =‘%_

(2.10)

where the air index of refraction n, =1.
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Fig. 2.13 lllustration of the etendue of the fibre coupled receiver systems

2.8.2 Receiver decision devices

A common part of an optical receiver system is a device that facilitates
decision making by using defined methods to declare the received datato bea 1 or
0. In OOK systems, this is achieved by setting a decision threshold which is
compared with the received signal, and data 1 or O is declared for signals above or
below the threshold respectively. This decision threshold method is also used in
fibre DPPM systems where the first ot in which the leading edge of the signal
crosses the threshold is declared as the slot carrying the transmitted data [32, 70].
Although the threshold method could be implemented for FSO DPPM systems,
the method that integrates the content of each slot in the frame and compares the
output of all the dots, and selects the slot with the highest output as the data
carrying slot, has been generally used in both intersatellite and terrestrial FSO
systems [35, 71], and will be assumed in this thesis. The integrate and compare
decision method outperforms the threshold method in terms of symbol error rate
[35], but requires faster and more complex electronic processing because the rate

of slot integration and comparison has to match the data arrival rate in the slots.
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2.9 Passive optical network

The optical fibre access network is dominated by the passive optical network
(PON) which offers numerous advantages compared to the active optical network
(AON) such as fewer fibre installation, low power consumption and low
maintenance cost. The architecture of a generic PON is shown in Fig. 2.14. The
optical line termination (OLT) located at the central office (CO) is connected to
the optical network unit (ONU) at the customer’'s premises through a fibre
network consisting of the feeder fibre, passive optical devices including
splitters/combiners or/and multiplexers/demultiplexers, and the distribution fibre
network. The broadband-PON (BPON) approved by ITU-T G.983 and originaly
deployed for broadband access could only support up to 32 ONUSs, at a distance of
about 20 km and data rates of 622 Mbps downstream and 155 Mbps upstream [ 72,
73]. Since its first deployment, PON has evolved with increase in capacity, reach
and data rate, and both Ethernet-PON (EPON) with 1.25 Gbps for both upstream
and stream and Gigabit-PON (GPON) which can support up to 64 ONUs at 2.5
Gbps in the upstream and downstream have been deployed [73, 74]. The current
focus of research for next generation PON was firstly on SuperPONs, and then
(with WDM) long-reach-PONSs, which are intended to extend the data rate and
reach of PON to about 10 — 40 Gbps and 60 - 100 km, and probably support more
than 128 ONUs[73, 74].
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Fig. 2.14 Architecture of a generic passive optical network
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2.10 Summary

The functional units of an optical communication system have been discussed
in this chapter. Different processes involved in optica signal generation,
transmission and reception were discussed in detail, and a general review of laser
safety and standards was given. Various receiver configurations and some
common modulation schemes in optical communication were discussed. The
optical fibre and FSO channels were briefly presented in this chapter. Detailed
behaviour of each channel with system impairments and receiver noise are fully

discussed in the next chapter.
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CHAPTER 3 Performance Evaluation

and Multi-user Schemes

3.1 Overview

This chapter discusses the devices and techniqgues commonly used in the
implementation of multiple user services in optical access networks. Various
channel characteristics and attendant impairments in an optical communication
system, including multi-access interference and crosstalk, and different receiver
noises, are analysed. Performance evaluation methods used in facilitating the
analysis of different optical communication systems considered in this thesis are
also described.

3.2 Multiplexing and demultiplexing

Commonly in optical access networks, multiple users information is
transported together in a single physical medium such as a single mode fibre or a
direct atmospheric link. Network designers have to devise means of managing the
data over the single channel with minimum compromise to data integrity and to
enable proper separation of each user’'s data at the recelver. The processes of
combining multiple signals together for transmission through a single medium and
separating them into its original component signals for reception are respectively
caled multiplexing and demultiplexing. Signal multiplexing provides an
economic advantage to the system by enabling the sharing of system resources
such as channel bandwidth and network components, like the optical amplifier,

among many users[1].

3.2.1 Optical power splittersand combiners

Optical power splitters are often used in optical communication systemsto split
an optical signal into two or more parts. They are referred to as beam splittersin
FSO systems where a single beam may be split into different parts and sent to
either the receiver system or the tracking subsystem or both [2, 3], but are
generaly known as power splitters in optical fibre systems. Splitters are passive
devices, and can act as power combiners for transmission in the reverse direction.
Optical power splitters are mostly made from 3 dB couplers by fusing fibre ends
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together and terminating unwanted ends to prevent back reflection. These are
referred to as fused biconical taper (FBT) splitters. Another type of power splitter
is the planar lightwave circuit (PLC) splitter, which is fabricated through a more
complex and expensive process, from lithium niobate (LiNbOs3) or silica based
waveguides [4]. Because of the advanced fabrication technique used in PLC
power splitters, they are compact and more reliable and can provide higher
splitting ratio. Power splitters are sometimes fabricated to have fixed and equal
percentage splitting, but recent splitters with variable percentage splitting exist [5,
6]. The insertion loss of a power splitter ranges from 3 dB to 4 dB per 2-way split
including excess losses and depending on the splitting ratio and fabrication

process[1, 4, 7].

3.2.2 Waveength multiplexersand demultiplexers

A wavelength multiplexer (mux) selects signals of different wavelengths from
different input ports and combines them onto one output port for transmissionin a
single medium such as an optica fibre. Wavelength demultiplexers (demux) are
generaly made by connecting a wavelength multiplexer in reverse order enabling
combined multiple wavelength input signals to be separated into different
wavelength output signals in different ports. Multiplexers and demultiplexers are
mainly fabricated based on three major technologies, namely thin film multicavity
filters (TFMF), arrayed waveguide gratings (AWG) and fibre Bragg gratings
(FBG), though diffraction grating (also called Stimax grating) based multiplexers
have been demonstrated and deployed [1, 8-10]. A thin film multicavity filter
transmits signal of a particular wavelength based on the length of the filter cavity
and reflects all other wavelength signals. By assembling many such filters on a
glass substrate, a low loss multiplexer with a flat top passband and insensitive to
signal polarisation could be made [1].

Alternatively, an array of waveguides etched on silica or germanium-doped
silicais connected to a multiport coupler on both ends and fabricated on a silicon
substrate to produce an AWG multiplexer. Multiple wavelength signals from one
port of the input coupler are distributed (through diffraction [10]) among the
waveguide array which is structured such that a constant path length difference
exists between adjacent waveguides. The periodic gratings formed by the path
length difference result in constructive or destructive interferences between the
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signals from all the waveguides with signals of different wavelengths being
isolated at different ports of the output coupler. AWG is fabricated using
advanced technology (e.g. planar lightwave circuit) and is compact with uniform
insertion loss over all wavelengths and could be cascaded with MZIs to obtain
narrow flatter top passband [10, 11], with 1 dB bandwidth of about 0.22 nm as
shown in Table 3.1 [1].

Table 3.1 Comparison of different wavelength multiplexer technologies assuming
16 channels spaced at 100 GHz [1]

Multiplexer filter TEMF Diffraction (Stimax)
FBG based AWG based )
Property based grating based
1 dB bandwidth (nm) 0.3 0.4 0.22 0.1
Adjacent channel
o 25 25 25 30
rejection (dB)
Insertion Loss (dB) 0.2 7 55 6
Polarisation dependent
0 0.2 0.5 0.1
loss (dB)
Temperature
0.01 0.0005 0.01 0.01
coefficient (nm/° C)

FBG technology creates a grating inside the core of a photosensitive fibre by
subjecting it to ultraviolet light or using a phase mask to create a variation in
refractive index [1]. FBGs are used in combination with circulators as optical add
drop multiplexers. As shown in Fig. 3.1, input signals on port 1 are transmitted
out on port 2 by the circulator. In this case, the grating is tuned to the desired

wavelength 1, which it reflects back to the circulator and the circulator transmits

it out on port 3. As shown in Table 3.1, FBG based multiplexers have the lowest
insertion loss with flat top passband but imperfect grating reflection could
increase crosstalk [1].

46



CHAPTER 3: Performance Evaluation and Multi-user Schemes

Port 3
Dropped signal

7\'3

Port 1 \ Port 2
Input signals LLLLLLLL Output signals
7"13)"277"33)"4,'“37"N RLLARRL 7\41,%2,7\,4'...,7\,’\‘

Fibre Bragg grating

Fig. 3.1 Schematic diagram of the optical add drop multiplexer based on FBG

The diffraction grating based multiplexers are made with gratings etched on
bulk semiconductor material like silica and fabricated on silicon substrate. They
are implemented with lenses at the input and output fibres and are expensive

because of difficult fabrication processes[1, 8].

3.3 Multiplexing and multiple access techniques

Signal multiplexing was described in Section 3.2. Multiple access techniques
are related to multiplexing because they provide means by which many users can
utilize the resources in a common transmission channel. Multiplexing and
multiple access are implemented by sharing the wavelength, time and space in the
channel among the users, or by assigning a unique code to each user. Resource
allocation may be performed dynamicaly (alocation on demand) or fixed
resources allotted to each user in the system. Dynamic alocation of resources for
multiple access requires protocols. Common multiplexing and multiple access
techniques in optical access networks include TDM/TDMA, WDM/WDMA and
CDM/CDMA.

3.3.1 Timedivision multiplexing/multiple access

Time division multiplexing (TDM) is an established multiplexing technique in
which a specific time slot in a frame is alotted to each of the different signals
meant for transmission over a common channel. In the downstream of the optical
access networks, each independent data stream is sent to the designated network

unit either through an active switching and routing mechanism where only the
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data for each network unit is sent to its destination, or through a network
broadcast asin PON where a passive power splitter is used to split the signals and
each ONU receives other ONU'’s data but selects only the data that is occupying
its time dlot [12, 13]. The TDMA technique is used for upstream transmission in
PON with access granted to each ONU at a specific time slot determined by an
OLT controlled protocol. All the data from the ONUs are joined together at the
combiner in a time frame with guard bands separating each ONU’ s data from the
other and forwarded to the OLT. The TDM/TDMA technique is simple and offers
efficient average use of power because signals are transmitted with low duty cycle
[14], but the signals incur splitting losses, require synchronisation and each users
transmission capacity is reduced compared to overall system capacity [14, 15].
Upstream data are not synchronised and signals are of different amplitudes,
resulting in bursty data packets and the requirement of burst mode receivers at the
OLT [16, 17].

3.3.2 Waveength division multiplexing/multiple access

In wavelength division multiplexing (WDM), a range of wavelengths within
the bands in the International telecommunication union-telecommunication (ITU-
T) grid is used and each fixed central wavelength is assigned for the transmission
of a specific signal in a common channel. Adequate spacing is provided between
the central wavelength assigned for the transmission of each signal and the central
wavelength assigned for the transmission of the next adjacent signal, just like the
guard band ina TDM/TDMA PON, with wider spacing required for coarse-WDM
(CWDM) applications than dense-WDM (DWDM) [7, 18]. In aWDM PON, a
dedicated central wavelength is used for both the upstream and downstream
transmission of signal between the OLT and the ONU. However, in some systems
that employ WDMA, wavelengths are assigned based on demand for either the
upstream or downstream transmission. Dynamic allocation of wavelengths in
WDMA systems contributes to efficient utilization of the channel resources as
wavelengths are freed when they are not in use by an OLT or ONU. However,
WDM is more preferred in PON because it simplifies the operation of the system
compared to WDMA. A hybrid of both technologies could also be used in a PON.
WDM/WDMA implementation is enabled by optical amplifiers which could
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provide significant signal amplification over all the wavelengths in the channel,

generally reducing the system cost [19].
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Fig. 3.2 lllustration of WDM application in PON (adapted from [19])

Traditionally in WDM/WDMA PONSs, separate wavelength bands are used for
the upstream and downstream transmission [18], (e.g. about 1260 — 1285 nm and
1310 - 1350 nm in the O-band for upstream and 1526 - 1560 nm for downstream
in 10 Gbps GPON [20]). However, bidirectional WDM systems using reflective
SOAs have been proposed [21, 22]. Wavelength mux/demux are used in
WDM/WDMA technology to overcome the splitting power loss incurred in
TDM/TDMA systems as shown in Fig. 3.2. In addition, WDM/WDMA provides
high bandwidth transmission between the OLT and ONUs without any need for
time sharing. Furthermore, because each ONU’s data is sent to that ONU on its
own wavelength in WDM PON systems, it provides greater security and privacy
compared to TDM PON where all the ONU’s data are sent as a broadcast on a
single wavelength and each ONU sees other ONU’ s data. The technique however
requires optical network components that are capable of operating at multiple
wavelengths, probably wavelength tunable and selective devices which are
expensive and which increase system complexity [7, 18]. Bidirectional
transmission and several alternative devices aimed at reducing the cost of WDM
PON systems including the use of less expensive transmitters (e.g. VCSEL lasers)
and colourless ONUs have been proposed [18, 21, 23].

3.3.3 Codedivision multiplexing/multiple access
Different users signals are transmitted using a unique code sequence in a

common channel and in an overlapping time and wavelength when code division
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multiplexing/multiple access (CDM/CDMA) is employed in a communication
system. In the primary approach, a fixed code is assigned to each user for both
upstream and downstream transmission, but dynamic allocation of codes to users
has been proposed in [24, 25]. CDM/CDMA is a spread spectrum based
technology originally used for military communication because of its enhanced
security features and has been fully adapted for use in RF and microwave
communications, but limited implementation has been reported in optica
communications due to magjor concerns regarding the cost and availability of high
speed encoding and decoding devices [26-28]. Typically, a single bit period in a
CDMA system is divided into a code length dependent number of equal intervals
called chips as shown in Fig. 3.3afor an OOK system and Fig. 3.3b for a binary
DPPM system. Signal pulses are transmitted in one or more chips according to
the code sequence for each user and depending on the modulation scheme
employed and the data to be transmitted.

CDMA in optical communications is classified as coherent or incoherent and
as one dimensiona (1D) or two dimensiona (2D) depending respectively on the
method of detection (or type of optical source) and which domain the signad
pulses are encoded (temporal, spectral or both temporal and spectral) [26, 29-31].
Data encoding/decoding in CDMA can be performed in electrical or optical
domain (opticd  CDMA (OCDMA)) and system implementation could be
synchronous and asynchronous [32-34]. Optical encoding/decoding is preferred
for high speed transmission to avoid the electronic processing burden that would
be placed on encoders and decoders when encoding/decoding is performed in the
electrical domain. In synchronously implemented CDMA systems, the electronic
processing burden is reduced and the code cardinality is improved because a pulse
is transmitted only in a single chip position to represent each user's signal,
whereas a number of pulses depending on the code weight are simultaneously
transmitted in several chip positions to represent each user's signa in
asynchronous CDMA systems [26]. Full system synchronisation is however
challenging, therefore, additional resistance to multiple access interference (MAI)
isobtained in ‘synchronous CDMA systems by simultaneously transmitting more
than one pulse in severa chip positions for each users signal as in asynchronous

CDMA. Asynchronous CDMA is sometimes preferred for easier implementation.
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Fig. 3.3 lllustration of unipolar 1D time encoded signal (L. = code length): (a)
OOK CDMA and (b) binary (M = 1) DPPM CDMA

Both bipolar and unipolar codes are used in CDMA. A bipolar code such as a
Gold sequence is represented in both positive and negative components (i.e. 1, -1),
while unipolar codes such as optical orthogonal codes (OOC) and prime codes are
represented with only positive components (i.e. 1, 0) [26, 35]. A genera
requirement is that code sequences in a family of code are distinguishable from
one another to enable detection of different user's signals at the receiver with
acceptable error rate. CDM/CDMA has been well researched in both optical fibre
[29, 34, 35] and free space communication systems [27, 36, 37], and presents
some advantages over WDM/WDMA and TDM/TDMA which include improved

data security, ease of upgrade and capacity scalability, and simultaneous
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transmission by all users in overlapping wavelength and time without requirement
for a protocol [26, 38, 39]. The initia concern about implementation devices is
gradually easing with advances in optical device technology which has made
available high performing encoders and decoders such as super structured fibre
Bragg gratings (SSFBG) and planer lightwave circuits (PLC) [29]. Similar to
TDM/TDMA, CDM/CDMA however does increase the system repetition rate
above the average user datarate. In this thesis, only incoherent 1D time encoded
CDMA which is easy to realize, cost effective and well suited for intensity
modulation/direct detection (IM/DD) system [26] is considered. Highly
orthogonal unipolar codes, namely OOC, is used with encoding/decoding
performed in the optical domain in Chapter 4 for an indoor system and in Chapter
8 for an outdoor system.

One dimensional unipolar optical encoders and decoders for IM/DD systems
could be implemented using optical fibre tapped delay lines [40, 41]. For signal
encoding, the optical data pulse is split into a number of arms equal to the code
weight (w), with each arm including fibre delay lines corresponding to the
periodic delay before the pulse mark chip positions in the code sequence. For
example, for code 2 in Fig. 3.3a, the data pulse is split into w = 3, with i, T, delay

in the 1% arm, i, T, delay in the 2" arm and i, T, delay in the 3 arm as shown in

Fig. 3.4a[40], (wherei,, i, and i, are respectively equal to 0, 2 and 8 for the case
illustrated). The delayed pulses in the 3 arms are combined together to obtain a
coded data signa of the same sequence as code 2 in Fig. 3.3a. Similarly, optical
signa decoding could be performed using a simple correlator at the receiver
which includes fibre tapped delay lines with mirrored periodic delays of the code
sequence to be detected (see Fig. 3.4b [40Q]), i.e. as in a simple match filtering
process. Recent encoders and decoders are based on FBGs (incorporating a
circulator) [42, 43]. In this approach, low reflectivity gratings are written at the
chip durations corresponding to the pulse mark chip positions in the code
sequence, e.g. a chip positions 1, 3 and 9 for code 2 in Fig. 3.3a. An input signal
is only reflected at the period of the grating, thus resulting in the preferred coded
signal. At the decoder, the gratings are written in a time-reversed direction to the
encoder gratings, producing amirror of the coded signal.
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Fig. 3.4 Schematic of unipolar 1D optical CDMA encoder and decoder using
fibre tapped delay lines: (@) Encoder and (b) Decoder (adapted from [40])

3.4 Impairmentsin optical communication

Optical signals propagating in a channel are subject to various forms of channel
effects that degrade the signal quality and overal system performance. In
addition, different kinds of noise sources are found in the optical communication
systems, and they all combine to decrease the signal-to-noise ratio (SNR) of the
system. While the severity of these impairments may depend on the transmitter or
receiver system, some of them are channel specific and are discussed under

optical fibre and FSO channels in the sub-sections below.

3.4.1 Impairmentsin optical fibre channel

Although light is confined in the core of an optical fibre, several factors affect
its propagation through the channel including attenuation, dispersion and other
component losses. These limitations generally affect the system data rate and link
length.
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3.4.1.1 Fibreattenuation and component losses

Attenuation in optical fibreis primarily due to Rayleigh scattering and different
absorption mechanisms at different wavelengths. Absorption losses are caused by
the interaction of light photons with the particles of the silica glass in the
ultraviolet or infrared wavelength regions which result in the loss of photons.
Furthermore, the absorption of impurities such as hydrogen or hydroxide ions by
the glica glass could increase the fibre attenuating properties at different
wavelengths. Rayleigh scattering is aresult of some glass particles that are smaller
than the wavelength of the optical signal splitting the light in the fibre into
different parts in different directions. The overall effects result in loss of
transmitted optical power. Imperfections in the manufacturing processes such as
random variations in the radius of the fibre core, and both macro and micro
bending losses contribute to attenuation in optical fibre [28]. The attenuation in

fibreiswritten as
L, =100/ (3.1)
where the fibre attenuation coefficient «; ~0.2 dB/km at 1550 nm and I, is the

fibre length. Other passive components including couplers/splitters, connectors
and splices also contribute additional (insertion) loss to the optical fibre link. Thus
for a long reach transmission over the fibre, optica amplifiers are used to

compensate for these | osses.

3.4.1.2 Fibredispersion

Dispersion is the differential broadening of spectrum experienced by different
components of light during propagation in a channel such as an optical fibre.
Signals in single mode fibre experience only intraamodal dispersion while both
intraamodal and inter-modal dispersions occur in multimode fibre. In a single
mode fibre (SMF), the effective modal refractive index is a function of angular
frequency. Signa pulses propagating in the SMF have a spectrum and thus are
made up of different frequency components. These frequencies components travel
a different speeds because the refractive index of the mode changes with their
angular frequencies. This results in temporal broadening of the pulse and is called
group velocity dispersion (GVD). GVD is from two different sources, namely
materia dispersion and waveguide dispersion. Materia dispersion is as a result of

change in the refractive index of the fibre core materia with respect to

54



CHAPTER 3: Performance Evaluation and Multi-user Schemes

wavelength, which causes light of different frequency components in the same
mode to travel at different speeds. Waveguide dispersion is as a result of some
part of the light coupled into the cladding of a single mode fibre. Because of the
refractive index difference between the fibre core and cladding, the light in the
cladding and core travel at different speeds. Dispersion (D) limits the bit rate
length product obtainable in an SMF and is estimated as
_ 2mcp,
2,2
where c is the speed of light and g, isreferred to as the GVD parameter. At 1550

D=

(32)

nm the high frequency components of the signal travel faster than the low
frequency components, resulting in typical values of D ranging from 16 to 20 ps
nm™ km™ [7, 28]. Although this value is higher than the value of dispersion at
1300 nm (about 1 ps nm™* km™ [28]), dispersion shifted/flattened single mode
fibre (particularly non-zero dispersion shifted fibre [7]) with low dispersion at
1550 nm is available for optical fibre communication at 1550 nm where WDM
operation with optical amplifiers (particularly EDFA) is possible. Dispersion
shifting/flattening in fibre is realised by adjusting the refractive index profile of
the fibre core relative to specific wavelengths, however, in a HFFSO system, the
fibre will be typically short enough that we can neglect the impact of fibre

dispersion.

3.4.2 Impairmentsin FSO channel

An outdoor FSO channel is exposed to various forms of impairment due to
harsh weather conditions and the turbulent nature of the atmosphere. Optical
signals are subjected to heavy attenuation and optical turbulence as a result of
varying atmospheric conditions. The effects of optical turbulence include random
fluctuations in irradiance and phase of the optical beam (scintillation), random
fluctuation in the position of the geometric centre of the beam (beam wandering)
and increase in beam spreading [44] asillustrated in Fig. 3.5. Indoor FSO systems
(optical wireless systems) are not affected by optical turbulence or changes in
atmospheric weather conditions but do experience beam spreading due to signd
diffraction. Additionally factors that affect the performance of both outdoor and
indoor FSO communication systems are externa interferences from other light

sources and systems, and physical blockages.
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Irradiance and phase fluctuation

Turbulence eddies

Infrared X
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Fig. 3.5 Mlustration of turhulence effects in an outdoor FSO channel

3.4.2.1 FSO attenuation

Absorption and scattering are the two factors contributing to attenuation in
FSO channels. Both natural and artificial processes result in an abundance of
different gaseous molecules including carbon dioxide (CO,), ozone (O3) and water
vapour (H2O) in the atmosphere, which interact with and absorb propagating
photons at different wavelengths. Because the rate of absorption is dependent on
both the concentration of these gases and wavelength, FSO communications are
established at wavelengths around 780 - 1550 nm where absorption is relatively
low [45, 46]. Scattering however is an unavoidable source of power loss in the
atmosphere. The presence of micro and macro particles in the atmosphere leads to
different scattering processes which attenuate the optical power of the propagating
signal. These micro particles including air molecules and aerosol (dust, haze or
fog) contribute to Rayleigh scattering or Mie scattering depending on their sizes

and the wavelength of the optical beam. Particle size parameter x, = 2ar, /4 [47],
where r, is the particle radius. The scattering process by macro particles such as

rain, mist or snow are described using the geometry of such particles and the rate
of precipitation. The FSO attenuation is written as

Lfs — 10(0‘fso| fso)/lo (3'3)
where a , IS the aimospheric attenuation coefficient (shown in Table 3.2 [48] at

1550 nm) and |, is the free space link length. Optical amplifiers and power
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efficient modulation schemes are necessary to mitigate the attenuating effect of an
FSO channd.

Table 3.2 Attenuation coefficient and visibility range at 1550 nm for various

atmospheric conditions [48]

Atmospheric Particlesize o Attenuation
- Visibility range (m)
condition parameter, Xo (dB/km)
23000 0.2
Clear air 0.0004
10000 0.4
4000
Haze 0.04-4.05
2000 4
500 34
Fog 4.05-81.07 200 85
50 340

3.4.2.2 Optical scintillation

The random fluctuations in signal intensity of an optical beam propagating in
the atmosphere which are caused by turbulence are generally referred to as optica
scintillation. A common approach used in describing the effect of scintillation
along most horizontal paths in the atmosphere is the extended medium model in
which the whole range of the signal propagation path is treated as a random
medium [44]. Turbulent eddies of varying refractive indices are created in the
atmosphere due to constant changes in air temperature over the atmospheric
channel [44, 49]. These eddies are of different sizes as explained in the
Kolmogorov theory of turbulence [50] and the distortion experienced by a signal
propagating in the atmosphere is dependent on the scale size of the turbulent
eddies on its path. The small scale eddies (or inner scale of turbulence) are of the

size |, lessthan the smaller of the spatial coherence radius of the optical wave p,
and the Fresnel zone defined as /I, /k , and have diffractive (scattering) effects

on the optical beam which results in beam spreading and irradiance fluctuations
[44, 51]. In contrast, the large scale eddies (or outer scale of turbulence) are of the

size L, greater than the larger of the Fresnel zone and the scattering disk defined

S |y ko, (Where k=2z/2 is the optical wave number), and their refractive
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(focusing) effect on the optical beam results in fluctuations in phase and drift in
the centroid of the beam [44, 51]. Between the least size of the large scale eddies
and the largest size of the small scale eddies exist several scale sizes where the
medium is considered isotropic and the effect of turbulence on the optical beam is
insignificant [44, 51, 52].

The total scintillation index o2 including the large scale and small scale
scintillations is expressed as a function of the variance of the natural logarithm of
theirradiance 2, , given as [44]

of =exp(o ) -1 (34)
Equation (3.4) can be written in terms of a turbulence parameter called the Rytov

variance o3 as[44]

0.490 3 . 05153
6
(+111525)°  (1+06952%)

ol =exp

(35)

56 |

where ¢ =1.23c2k7/% ,*¥® and c? is the atmospheric refractive index structure
constant. The Rytov variance increases with c2 and the FSO link length I, , and

indicates an increasing strength of turbulence. However, it has been shown
experimentally [44] that the scintillation index does not always increase with the
Rytov variance. The scintillation index as shown in Fig. 3.6 increases with both

the c? and I, (and consequently o3) and reaches a maximum (above unity)
with the strongest fluctuations at the so called focusing regime where the focusing

effect of the outer scale of turbulence near the transmitter completely dominates

the scattering effect of the inner scale of turbulence near the receiver [50]. As both

or either the c2 and I, is increased beyond this point, the beam becomes

partially coherent with most scale sizes unable to focus the beam, and the

scintillation index normalises to unity at the turbulence saturation regime [44, 50].

58



CHAPTER 3: Performance Evaluation and Multi-user Schemes
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Fig. 3.6 Scintillation index as a function of refractive index structure constant

(Cr?) and FSO link length (l+) for a point source receiver.

3.4.2.3 Atmospheric turbulence modelling

Some of the probability distribution functions (pdfs) used to describe the
irradiance fluctuations by atmospheric turbulence include the lognormal (LN),
modified Rician, lognormaly modulated Rician or Beckmann's, lognormally
modulated exponential, negative exponential (NE), gamma-gamma (GG) and K or
I-K distributions [44, 50, 53-56]. Among all these pdf models, the gamma-gamma
distribution is the most popular model because it may be written in a close form
expression that is directly related to turbulence parameters describing the number
of eddies of different sizes involved in the scattering processes, is closely fitted to
experimentally obtained turbulence pdf’s, and could be used to describe a wide
range of turbulence effects from weak regime to strong regime [44, 50, 54]. The
cumulative distribution function (cdf) of the gamma-gamma distribution is
sometimes used for the turbulence modelling instead of the pdf, in which case the
generalised hypergeometric function [44] or the Mejer G-function [57, 58] is
utilised. The lognormal distribution model is aso common because of ease of
computation and finds more use in the weak turbulence regime where the
turbulence pdf gets narrower and complex approximations are required for the

gamma-gamma distribution, whereas the K and NE distributions are generally
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applied in the modelling of strong and saturated turbulence regimes respectively
[44, 56]. The effect of irradiance fluctuations in thisthesisis covered using mainly
the gamma-gamma distribution model fully developed by Andrews and Phillipsin
[44], with the lognormal distribution used for comparison purposes where

necessary.

Gamma-Gamma distribution model

The gamma-gamma distribution model was developed by considering the
irradiance fluctuations due to the large scale and small scale size eddies as two
gammadistributions. The normalised optical field irradiance | could be written in
terms the component irradiance fluctuations contributed by both scale sizes as

Izlinst:

Ty Il

where 1,4 is the instantaneous irradiance of the optical wave, (1) is an ensemble

(3.6)

average of the irradiance of the optical wave, while 1, and |, are small scale and
large scale irradiance fluctuations respectively, and each represented by a gamma
distribution [53]

alal )"

ps(ls): F(a) exp(_als)' a>0,15>0, (3.7)
.00=£%%§iamkﬁhl B>0,1,>0, (3.8)

where o and g are the effective numbers of large-scale and small-scale eddies of
the scattering process respectively and r'(s) is the gamma function. By

transformation of random variables using eg. (3.6), eg. (3.8) can be written as a

different pdf conditional on 1 as

p1
P (HIJ%(&X{[&”—} | >0, (3.9)

The conditionality is removed to obtain a gamma-gamma (GG) pdf by averaging
eg. (3.9) over eg. (3.7), thus[44, 52, 53]

S

pGG (l ):]2 pl (||l s)ps(l s)dl S

(a+pyz (ath)_
2ap) 2 K, ,2fapr). 150,

(3.10)

= |
Ie)r(p)
whereK , () represents the modified Bessel function of the second kind, order n.
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Aperture averaging

Among the numerous techniques proposed for the mitigation of turbulence
effects which include aperture averaging (AA) [54, 59, 60], diversity systems [61]
and wave front reconstruction [62], aperture averaging presents the smplest and
most cost effective option applicable to direct detection systems. The basic ideain
aperture averaging is to increase the receiving aperture above the cell size of the
turbulent eddies responsible for irradiance fluctuations so that such fluctuations
are averaged out over a large receiver aperture [54, 59, 60]. Practicaly, most
fluctuations produced by the large scale eddies (which could be up to few meters
in size [52]) are not averaged out as there is alimitation to the physical size of the
collecting lens or receiver that could be used in a system [63]. The scintillation is
however reduced as most fluctuations produced by small scale eddies are
averaged out.

In an aperture averaged FSO system, the parameters « and B for aplane wave

are given as[44, 60, 64]

- -1
2

a=4{exp 0497 T (3.11)
(106502 +111512°)
osw2fr0e0 %] |

. +0U.

B={exp ——x or |1 (3.12)

1+0.90d2 +0.62d %6 ¥

where d = ,/kD3, /4, isthe normalised radius of the collecting lens (CL) aperture,

Dpx IS the CL aperture diameter and o3 <1 for weak turbulence, o3 ~1 for
moderate turbulence, o3>1 for strong turbulence and o3 »« for saturated

turbulence. The GG pdf model of weak to strong turbulence with and without
aperture averaging is shown in Fig. 3.7.

Lognormal distribution model
The lognormal distribution model is based on the logarithm amplitude of the
optical field (derived from the first-order Rytov approximation) which indicates
that the logarithm irradiance of the optical field follows a normal distribution [44,
65]. The log amplitude fluctuation of the optical field iswritten as [52]
X —E[X]= Lélo) (3.13)

61



CHAPTER 3: Performance Evaluation and Multi-user Schemes

where E[X]=(X) isthe ensemble average of the log amplitude, | istheirradiance
of the optical field and 1, is the turbulence free irradiance. A normal distribution

of the log amplitude fluctuations with variance o % iswritten as

P (X)= ﬂzl_)exp{%} (3.14)

It could be straightforwardly shown that dX/dl =1/21 from eq. (3.13). By

substituting eg. (3.13) into eg. (3.14), and performing variable transformation, the

lognormal distribution of the fluctuating irradiance is written as

Pun (1) = px (X)2—1| = I\/ISl_Z) eXp{— (% lzrfl;)) } (3.15)

Under weak fluctuation conditions o2, =402 [44], and from eq. (3.13)

(1)=1,exp(20%) [52], thus eq. (3.15) can be written as

[

|ﬂi2ﬂ'6|i| ) 207,

Py (1) = >0 (3.16)

The LN pdf model of weak to strong turbulence with and without aperture
averaging isshownin Fig. 3.7. Asseenin Fig. 3.7a, the LN pdf is closely fitted to
the GG pdf in weak fluctuation conditions although some difference may exist in
the pdf tails. The pdfs become narrower as the turbulence weakens. With

increasing o3 and turbulence as shown in Fig. 3.7b, discrepancies are seen

between the GG and LN pdfs. This result isin agreement with already established
experimental and analytical results in the literature which confirms that the LN
pdf model is accurate for weak turbulence regime aone [44, 54]. In Fig. 3.7b, the
pdfs are skewed to the left, with higher degree of skewness indicating the strength
of turbulence. Comparing Figs. 3.7b, 3.7c and 3.7d, the effect of aperture
averaging (AA) could be seen as the pdfs without AA (indicating more turbulence
effect) are more skewed to the left than the pdfs with AA, with the difference
becoming clearer in Fig. 3.7d where a larger aperture with RCL diameter of 50

mm have been used.
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Fig. 3.7 pdf of irradiance fluctuations as a function of normalised irradiance using
the GG and LN model, (a) weak turbulence regime only with AA, (b) weak to
strong turbulence regimes with AA, (c) strong turbulence with AA (RCL diameter
= 13 mm) and without AA and (d) strong turbulence with AA (RCL diameter =50
mm) and without AA

3.4.2.4 Beam spreading
An optical beam propagating in a free space channel is affected by diffraction

limited divergence described by the beam divergence angle (o), transmitter
aperture diameter (D) and the propagation distance [49, 64]. The beam spot

sizeor diameter d, after adistance |, dueto diffraction iswritten as[49]

d; =Dyx +(o1x! 1s0) (3.17)

The presence of atmospheric turbulence aong the path of the beam, causes the
beam to spreads more than the diffraction limited divergence [44] as illustrated in
Fig. 3.5. Thetotal spot size of the beam is written as [44, 66]

63



CHAPTER 3: Performance Evaluation and Multi-user Schemes

5/61Y2
B [ 2
Ded{1+1.330R[k(dl/2)2J ] (3.18)

For areceiver using a collecting lens with diameter larger than the D, the entire
beam could still be collected assuming the centroid of the beam corresponds with
the optical axis of the lens. However as discussed in Chapter 2, there is a practical
limitation on the size of the receiver collecting lens (RCL) and a beam spreading
loss is incurred at the receiver. For an RCL of diameter Dy, , thisloss (in dB) is

written as [49, 64]

D
Lis = 20Ioglo( DRX

e

j (3.19)

3.4.2.5 Coupling loss

Similar to the insertion losses experienced in fibre systems, FSO signals incur
coupling losses when being coupled to a different medium at various interfaces. In
a HFFSO system, such losses are experienced at FSO-to-fibre interfaces either at
the receiver end or at the remote node. For alaser signal propagating through the
atmosphere, turbulence induced fluctuations in its phase affect the coherence of
the signal and leads to a mismatch between the field of the beam and the back
propagated fibre mode field. As a result, the optical signal collected at the lensis
coupled into the fibre at a coupling efficiency [67]

1 1
N = 8a2£ I[(exp{— (aZ +%J(xf +%5 )}I O(Z%‘X X1X2]X1X2 deldx2 (3.20

where a =W, Dg, /2f2 is the coupling geometry parameter, expressed as the ratio

of the RCL radius to the back-propagated fibre mode radius, and optimum for a
fully coherent incident plane wave in the absence of turbulence [68],

An =mD3, /4 is the RCL area, A, =np? is the spatial coherence area of the
incident optical wave, with radius p, = (1.46C2k?l ) %>, 1,(s) iS a modified
Bessdl function of thefirst kind, order zero.

3.4.2.6 Other FSO impairments

So far, we have discussed only FSO impairments that are due to the inherent

nature of the atmosphere. Physical obstacles (such as low flying objects and birds,
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high rising buildings and mountainous terrains), and external interferences from
background ambient signals can be problematic to the propagation of an optical
signas in the atmosphere. Additionally, therma expansion and small movements
of buildings caused by high velocity winds, vibrations by heavy machinery and
minor earthquakes can increase misalignment and pointing errors above that
originally caused by beam wandering [44, 49, 69]. The challenges posed by
physical obstacles are mitigated by adequate link path planning during
instalations, but for FSO links greater than about 100 m range, an automatic
pointing, acquisition and tracking (PAT) sub-system is required to mitigate
pointing and tracking errors [49, 70, 71]. The PAT subsystem optimises the
divergence angle of the transmitted optical beam, and utilises multiple lenses of
varying properties in adjustable positions to focus or expand the beam, while
maintaining an alignment between the transmitter and receiver optical axis.
Automation is implemented with the aid of micro-electromechanical system
(MEMYS), stepping motor system or mechanical gimbals [70, 72]. The effect of
background ambient light which, when unchecked, degrades the performance of

the system as shot noise is discussed in the next sub-section.

3.4.3 Optical system interference and noises

Interference and noise in an optical system can combine with the signal at
various stages of transmission, and they all compound to degrade the performance
of the receiver. The presence of noise during signal reception leads to erroneous
decisions in the receiver and increases the bit error rate (BER) of the system.
Generdly, there is an acceptable optica signal-to-noise ratio (OSNR)
corresponding to targeted BER performance of an optical communication
systems. Typicaly, most systems are designed to provide OSNR of about 20 dB
a the receiver [1], with the ASE noise power calculated using a standard

bandwidth (Bogw) Over which the ASE PSD N, is approximately constant (often,

0.1 nm is used for 1550 nm wavelength region). Shot noise is inherent with the
signa and thermal noise originates due to various components at the receiver.
Other interference and noises, such as ASE noise, crosstalk and interference from
multiple access and background ambient signal originate outside the receiver

circuitry [28].
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3.4.3.1 Thermal noise

The random movement of thermally excited electrons flowing through resistive
elements in the receiver circuitry generates a therma noise signal. Sources of
thermal noise in the receiver include photodetector electrodes and resistors used
for coupling, feedback and post amplification. Therma noise is aso called
Nyquist noise or Johnson noise and is signal independent, statistically described
as a Gaussian process with zero mean. The variance of the thermal noise current
with power in asingle sided spectral density isgivenas|1, 7]

o2 :(‘”;BTJFHBE (3.21)

L
where K is Boltzmann constant, K =1.38x102 J/K, T is absolute temperature
in Kelvins, R, is the receiver load resistance, F, is the noise figure of the
electrical amplifier and B, is the electrica noise equivalent bandwidth of the

receiver.

3.4.3.2 Shot noise

Shot noise is the result of inherent fluctuations in the flow of photoel ectrons
which are randomly distributed during photodetection. These fluctuations also
exist in the flow of photons and are transferred to shot noise current by
photoelectric effects. Shot noise is described by the Poisson distribution, but is
usually approximated as Gaussian for large values of the mean [28]. The variance
of the shot noise current for areceiver with PIN photodetector iswritten as

o4 = 2qiB, (3.22)

where the average generated photocurrent by the photodetector i = RP for receiver
without an optical preamplifier and i = RGP for an optical preamplifier receiver.
P is the optical power incident on the photodetector, G is the optica amplifier
gain and R isthe photodetector responsivity.

For areceiver with an APD, the shot noise current variance is written as[7]

o’ =29gMiF(M ,)RPB, (3.23)
where F(M 5)=kaM 5 +(1-k (2-/M ) is the excess noise of the APD, M, is the
APD multiplicative factor or gain and k, is the ionization coefficient relating the
ionization rates of holes and electrons in the APD material and ranges between 0
and 1[29].
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3.4.3.3 Amplified spontaneous emission noise

The generation of amplified spontaneous emission during optical amplification
was discussed in Chapter 2 and the single-sided power spectral density of the total
ASE noise was written as eq. (2.4) which relates the spontaneous emission

parameter ng, to the optical amplifier gain G. The amplifier noise is described in
terms of its noise figure NF which aso relatesto ng, and G as

SWRn _, (G-1), 1
NF—W—Znsp( . j+G (3.24)

out

where, for G>>1, NF ~2ng,, and N, =4 NF(G-1hv . The ASE noise accompanies

the signal to the receiver where photocurrent is generated by square law detection.
Considering a receiver with a PIN photodetector, the resulting photocurrent is

given as

i(t):R( ., 1)+ Espe(t)J :R( [Egg(t)]2+2Esig(t)ESpe(t)+[Espe(t)]2j (3.25)

where the bar above the equation means time averaging, and both E (t) and
Eqe(t) are the signal and spontaneous emission optical fields (defined in units of

Jw for direct relationship to signal and noise power in watts). As shown in eq.
(3.25), squaring the sum of two input waves (signal and ASE) at different
frequencies generates two noise components due to the signal beating with the
ASE (second term on the right hand side (RHS) of eq. (3.25)) and the ASE
beating with itself (last term on the right hand side (RHS) of eg. (3.25)). Thus the
optical amplifier is responsible for three noise components (including the shot
noise generated by the ASE direct current) namely ASE shot noise, signa-
spontaneous beat noise and spontaneous-spontaneous beat noise which can

respectively be written as [16, 73, 74]

GsizmASE =2m RN, B, B, (326)
0dg - =4R°N,PB, (3.27)
o4 o =2mR*NSB, Be[l— 2BBe ] (3.28)

where B, is the bandwidth of the OBPF and the number of polarisation states of

ASE noiseis m . For linear optical amplifiers, the amplitude of the ASE field is
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considered Gaussian in the optical domain [74], but the beat noises are non-

Gaussian and are best described by non-central chi-square statistics [16].

3.4.3.4 Linear optical crosstalk

Optical crosstalk occurs in a WDM system when signals of different
wavelength division from the desired signal are received aong with the desired
signal. It could aso arise from signals of the same wavelength with the desired
signal, but from different optical source and/or different propagation path, being
received along with the desired signal. Different kinds of crosstalk that can occur
in a WDM system are shown in Fig. 3.8. In a WDM or DWDM system, the
wavelength spacing is in the range of 25 GHz — 200 GHz on the ITU-T grid [75,
76]. Crosstalk that results from a signal of entirely different wavelength on the
ITU-T grid being received along with the desired signa is referred to as
interchannel crosstalk while the crosstalk caused by a signal of the same ITU-T
wavelength with the desired user is caled intrachannel or co-channel crosstalk.
Interchannel crosstalk is independent of the signal polarisation while intrachannel
crosstalk is polarisation dependent (in which case, to perform worst case
calculations, the crosstalk is usually assumed to be polarisation aligned with the
desired signal). When the intrachannel crosstalk signal originates from the same
source as the desired signal but propagated through a different path, it is referred
to as co-channel homodyne, while intrachannel crosstalk that originates from a
different source as the desired signal is called co-channel heterodyne. Depending
on whether the time delay between the crosstalk signal and the desired signal is
less than or greater than the coherence time of the optical source, co-channel
homodyne crosstalk is termed phase correlated or phase uncorrelated. Non-linear
crosstalk also occursin WDM systems and is caused by non-linear effects such as
cross-phase modulation (XPM) and four-wave mixing (FWM) [7].
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Linear Optical
crosstalk
| |
Interchannel Intrachannel
Co-channél Co-channél
homodyne heterodyne
Phase correl ated Phase uncorrel ated

Fig. 3.8 Types of linear crosstalk inaWDM system

Crosstalk consideration is also based on square law detection. Both the signal
and crosstalk optical fields can be written as
Egq (t)= (2P (1)) cos(wt + ¢) (3.29)
Eie ()= (2P (t))¥? cos(w;t + ¢; ) (3.30)
where B, and P, o, ad o;, ¢, and ¢4, are the signa and crosstalk optical
powers, optical frequencies, and phases respectively. By replacing the
spontaneous emission optical field in eg. (3.25) with the crosstalk optical field
E; (t), and substituting egs. (3.29) and (3.30) in eg. (3.25), we can write

i(t)= R{Ps(t% R 1)+ 2Py ()R (1) cosl(og - )t + 5 -4, )} (3.31)

where terms that are twice the optica frequencies have averaged to zero. Equation
(3.31) represents the exact photocurrent that is incident on the decision device at
the recelver in the case of co-channel heterodyne, while for a co-channel
homodyne the angular frequency part of the cosine term equals zero (o, =w;). In
the case of interchannel crosstalk, the electrica filter (which has a smaller
bandwidth than the beat term) prevents the beat frequency from reaching the

decision device leaving only thefirst two termsin eqg. (3.31).

69



CHAPTER 3: Performance Evaluation and Multi-user Schemes

3.4.3.5 Multiple access interference

Multiple access interference (MAI) is a limiting factor in the performance of
CDMA systems. MAI can be likened to co-channel crosstalk in WDM systems
because it arises from interfering signals of the same nominal wavelength as the
desired user but of different optical orthogona code (OOC). The interfering
signals may be from the same laser source or not and may have propagated
through the same path with the desired user or not.

Consider Fig. 3.3a for an OOK system and assume that the desired user is
assigned Code 1 while two other users (interferers) are each assigned Code 2 or
Code 3. In the absence of noise and any other impairment, if both interferers have
transmitted a data 1, the time waveform of the signal pulse train at the desired
user’s decision device (e.g. a correlator) is shown in Fig. 3.9a and Fig. 3.9b for
when the desired user transmitted data 1 and data O respectively (assuming the bits
are synchronised). The correlator sample chips 1, 4 and 11 which are the pulse
mark chip positions of the desired user and with the threshold set equal to the
code weight, correct decisions are made for both data 1 and O irrespective of the
MAI. However in redistic systems noise or other impairments are capable of
introducing additional pulses or attenuating the intensity of existing pulses, thus

leading to errors.

ooci H Code length = 19
ooc2 M Code weight = 3
oocs3 H Chip duration = T,
Bit period =T,

I ntensity ——

Time >

Fig. 3.9 lllustration of signal reception in the presence of multiple access
interference in an OOK CDMA system, desired user transmitting with OOC 1: (a)
desired user transmitted data 1 (b) desired user transmitted data O
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For a DPPM CDMA system, MAI could occur whether the interferer’s
transmitted data is O or 1. Using the same code parameters that were exemplified
in Fig. 3.3b and assuming that the desired user is assigned Code 1, the time
waveforms of a binary DPPM system where the desired user and the interferers
have transmitted the same data are shown in Fig. 3.10a for data O and Fig. 3.10c
for data 1. The integrate and compare circuitry integrates the contents of the
desired users pulse mark chip positions (chips 1, 4 and 11) in the two dlots and
compare the output of both slots to decide which slot bears the signal pulse. For
Figs. 3.10a and 3.10c, the comparison is between 5 pulses and O pulses in the
absence of noise and other impairments. In Fig. 3.10b the desired user transmitted
data0 and the interferers transmitted data 1 while in Fig. 3.10d, the desired user
transmitted data 1 and the interferers transmitted data 0. In this case, the
comparison is between 3 pulses and 2 pulses in the absence of any other
impairments or noise. Similar to the OOK system, error due to MAI does not
occur in al the cases when there is no noise or other sources of system

impalrments.

Code length = 19 ooc1 W
A Code weight = 3 ooc2 H
Chip duration=T_ oocs3 W

Bit period = Ty,

A4

Intensity.
A
_|
o
Y
A

T,
@ (©
<---First dlot---><-Second slot-> <---First dot---><-Second slot-->

I_I_LI_I‘IIIIII LI|||||I|||||||‘,
< ] >
(b) (d)

|
T
Fig. 3.10 Illustration of signal reception in the presence of multiple access

A
—]
\4

—

Time >

interference in abinary (M = 1) DPPM CDMA system, desired user transmitting
with OOC 1: (a) and (b) desired user transmitted data O, (c) and (d) desired user
transmitted data 1
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The illustrations in Figs. 3.9 and 3.10 are for cases where al the users in the
network are active. However, in a redlistic system, some users may be inactive,
and the exact number of users contributing MAI is a random variable.
Additionally, al the interferers may not transmit the same data. For an OOK
CDMA system, thereis no MAI impact when an interferer transmits data O (which
in an ideal case means that the transmitter is off), so the analysis assumes that all
active interferers transmit data 1. However, for a DPPM CDMA system, the
transmitter is not off for data O transmission, but rather sends pulses in the pulse
mark chip positions of the slot corresponding to data O for the particular user.
Although some DPPM CDMA analysis[37, 77, 78] does not consider cases where
the interferers transmit in the same dlot as the desired user, e.g. in Figs. 3.10a and
3.10c, such approach simplifies the BER calculations and results in upper bound
on the BER, but the DPPM CDMA analyses that will be performed in Chapters 4
and 8 consider all the cases and are thus more detailed.

Cross correlation and auto correlation constraints

The degree of similarity between two different codes is specified by the cross-
correlation between the two codes, while the auto-correlation specifies the degree
of similarity between the same codes. OOCs are designed so that there is a
minimum cross-correlation between different codes, minimum auto-correlation
between a code and its delayed copy, and maximum auto-correlation between a

code and its exact copy. Considering Fig. 3.3, the maximum cross-correlation y,
between two different codes and maximum auto-correlation y, between each code

and its shifted version are both equal to one, and since there are only two
interferers, a maximum of two pulses can contribute to the pulse mark chip
positions of the desired user as MAI, thusit is easier for decision to be made at the
receiver (e.g. in Figs. 3.9 and 3.10), by setting the threshold equal to 3 (i.e. the
code weight). For a CDMA system that is not properly designed, high values of
Ye» ¥a @nd number of users would greatly increase the impact of MAI and limit
the system performance.

For cross correlational values z = {1, 2, ..., y.} between the desired user's
OOC and an interferer’s OOC, if corresponding probabilities of MAI between the
two OOCs for each cross correlational values is defined asp, ={ p, P, ... P},

with p'1 as the probability that only a single pulse of the interfering user’'s OOC
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coincides with the pulse chip positions of the desired user’s OOC, p'2 as the
probability that only two pulses of the interfering user’s OOC coincide with the
pulse chip positions of the desired user’s OOC and p'yc as the probability that only
7. pulses of the interfering user’s OOC coincide with the pulse chip positions of

the desired user’'s OOC, then generaly, one can write that the interference
probability between the interfering user’s OOC and the desired user’s OOC is[79,
80]

Ve
R :Zzpzz PL+2P; +. 7P, (3.32)
z=1
where p, = p. — "] s the total probability of interference for each cross
z z\ 4d(w-2)!

correlational values, considering all the combinations of the interferer’s pulses
coinciding with the pulse chip positions of the desired user's OOC. Equation
(3.32) shows that for code words designed with specific y., interferences could
practically occur with cross-correlation values < y, and a consideration of the
exact performance of the system using eqg. (3.32) requires prior knowledge of al
the code words in the OOC family used in the system, which seems unfeasible
[81]. In addition, such analysis is specific to the particular code family used and
may not be generally applied to systems using a different OOC. A straight
forward approach that results in an upper bound for the system performance and is

assumed in Chapters 4 and 8 of this thesis is to set p, =0 for 1< z<y_ -1 and

p,, #0 [79-81]. In that case, eq. (3.32) reducesto P, =y.p, . Since there are only
w pulse mark chip positions out of L chip positions in each OOC, two OOCs can
interfere with each other in w?/L, ways and P, =y.p, =w?/L..For OOK CDMA,
p, =w?/2y.L., with the factor of /2 representing the probability of transmitting

data 1l or dataO.

3.4.3.6 Background ambient light

Background ambient radiation from artificial sources such as lamps,
fluorescent tubes and LEDs used for illumination, and natural sources such as the
sun, can couple into FSO systems and overload the receiver. The ambient light

turns into shot noise at the receiver which can be written as
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o4 A = 29RP, B, (3.33)

where B, is the background ambient light power incident on the photodetector. In

outdoor systems, the major source of ambient light is from the sun. A proper link
layout is required to ensure that the transceiver is not mounted directly facing the
sun or other light source. For indoor systems, the ambient light from the sun is
mostly diffused but the presence of incandescent lamps and other lighting fittings
contribute to additional background ambient light. In some cases where a
preamplifier has been used, the ambient light could be amplified with the signal,
thus exacerbating its impact. The spectrum of the background ambient light
produced by the sun, fluorescent and incandescent lamps are shown in Fig. 3.11
[14]. The radiation from the sun is low at 1550 nm compared to the visible light
wavelengths, but incandescent lamps emits the highest radiation at 1550 nm and
should be a source of concern for indoor systems. However, LEDs are replacing
incandescent lamps as lighting fittings in many homes and offices and they emit
less ambient radiation in comparison [47]. In most FSO systems, an OBPF is

placed before the receiver to reduce the ambient light reaching the receiver.
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Fig. 3.11 Background ambient light spectrum for different sources (adapted from
[14])
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3.5 Performance evaluation methods

In the presence of noise and other impairments the performance of an optical
communication system is degraded. The predictability of the behaviour of the
system under such conditions is dependent on a good understanding of both the
signal and the statistics that describe the noise processes. The bit error rate (BER)
iIs a maor criterion for expressing the performance of digita optica
communication systems and it signifies what fractions of the received bits are
erroneous. Therefore BER of 10 to 10™ have been quoted in the literature [1, 7,
28], with forward error correction required to improve communication systems
operating at BER above 10° [82, 83]. In the exact sense, the BER is the realized
measured result of a BER test experiment, while the binary error probability
(BEP) model attempts to predict the experimental outcome assuming the BER test
experiment runs for the length of time required to achieve a stated BER value.
Thus the BER is aways an approximation of the BEP because it is usually not
feasible to run the BER experiment for long enough time to get the exact value
predicted using the BEP model. However, the approximation can be improved by
increasing the experimental run-time, and it is frequently the case in modelling
sectors that people refer to the BEP as the BER because it is the quantity being
predicted. Different methods of varying complexity and accuracy have been
established in the literature for estimating the BER of digital optical
communication systems, including the Gaussian approximation, and moment
generating function techniques such as the Chernoff bound, modified Chernoff
bound and saddlepoint approximation [74, 84, 85]. These computational methods
have been used in quantifying the BER in this thesis with calculations involving
probability distributions facilitated by numerical integration and Monte Carlo
simulation. They are now discussed below for asimple OOK NRZ system.

3.5.1 Gaussian approximation

The Gaussian approximation (GA) is based on the mean and variance of the
noise contaminated signal and gives a more accurate BER for systems dominated
by Gaussian thermal noise than for systems where non-Gaussian noises are
dominant. In an optically preamplified system, the ASE noise changes the overall
statistics of the noise in a way that cannot be fully described by the first and

second moments of the distribution, and the GA loses some accuracy. However,

75



CHAPTER 3: Performance Evaluation and Multi-user Schemes

the GA is commonly used in the literature to approximate the BER because it is
simple and easy to compute.

The Gaussian distribution pdf is of the same form as eqg. (3.14) with E[X]=iy
and o% as the mean and variance of the continuous random variable X.

Assuming equiprobable ones and zeros, the BER can be written as

BERG, = P(01)P(1)+ P(10)P(0) = %[% erf{lclfl_—w}%]] + % [% erfc['o_[’();\/gﬂ (3.34)

where the RHS of eg. (3.34) has been obtained by definite integral of the tails of
the Gaussian distribution pdf in eq. (3.14) over the ranges of the decision

threshold current i, to wand -« to iy, iy and i, are the mean current level for
transmitted 0 and 1 while ¢ and o7 are the total variances of the noise
experienced by transmitted O and 1 at the sampling instant. The optimum value of
ip that reduces eq. (3.34) to a minimum is obtained by solving dBERg,/di, =0. A

sub-optimal threshold is sometimes obtained, by assuming a binary symmetric

channel (P(01)= P{10)), which is given as

i :% (3.35)

3.5.2 Moment generating function
A genera representation of a distribution from which al of its existing
moments could be found is referred to as the moment generating function (MGF)
of that distribution. By using an MGF, afuller statistical description of the signal
and noise is provided compared to the GA [86]. Where X is a discrete random
variable, for example in a Poisson process with distribution p, =P(X =r), the

MGF iswritten as

<
x
—_
L
Il
m
—_—
()
%
~—
Il
s
°
(]

s (3.36)

r=0
Assuming that X is a continuous random variable, such as in a Gaussian process
with distribution Py (x), the MGF is

['e]

My (s)= E(es")z I Py (x)edx (3.37)

—00

The MGFs describing the statistics of the signa and noise for an optically

preamplified system were developed from successive works in [74, 84, 87, 88],
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with the derivations in [74] closely agreeing with previously established GA
resultsin [89]. The total MGF derived in [74] including the MGF for the Gaussian
therma noise, and modified to include the number of ASE noise polarisation

states m, iswritten as

exp

i {R'e(ewhr«-ﬂ—l)wp(w}df}

1- R N, [ () _q)

—00

exp[ ]S m B, In%L— R'N, (esth (t-7) —1)}dr

—00

2.2
Mz(s) =My ()M, (s) = ] exp{athzS } (3.38)
where R =n/hv, h,(z) isthe optical power incident on the optical amplifier, h,(t)

is the filter impulse response and the Gaussian therma noise MGF is

M (S) = exp(crtf1 s?/ 2) :

3.5.2.1 Chernoff bound

The Chernoff bound (CB) is based on the MGF of a distribution and is a safer
technique than the GA because it provides a sure upper bound on the BER. For a
single independent observation, the original statistical formulation of the CB as

derived by Herman Chernoff [90] can be written as

P(X <9)<e My (s), s<0 (3.39)

P(X > 9)<e My (s), s>0 (3.40)
The probability that a O is received given that a 1 is transmitted P(01) and the
probability that a 1 is received given that a O is transmitted P( 0) can both be
bounded using the CB, and written as

P(O1)=P(i, <ip)<e% oM, (-s),  §>0 (3.41)

P{0)=Pliy >ip)<e ™M, (o)  S>0 (3.42)
Assuming equiprobable ones and zeros, the BER bounded by the CB is given as
[74]

seRe =3 PR [<) s s) | sss0 64

The optimum vaue of i, that reduces eg. (3.43) is obtained by solving
dBER /dip =0, while s; and s, are independently optimised to obtain the tightest
bound. In the days of computer processing power scarcity, setting s, =s, =s

would facilitate an acceptable optimisation. A search algorithm is used to find the
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values of iy, s, and s, that minimises the BER in the work presented in this

thesis.

3.5.2.2 Modified Chernoff bound

The modified Chernoff bound (MCB) was developed as a method of evaluating
communication systems impaired by additive zero mean Gaussian noise and
interference, both originating from a statistically independent process [91, 92].
The MCB provides a tighter upper bound compared to the CB and has been used
in the analysis of optically preamplifed communication systems [74, 76, 92]. The
derivation for the MCB follows similar steps to the CB above with the random
variable X in egs. (3.39) and (3.40) split into Gaussian and non-Gaussian
components. The standard form of the MCB for the conditional probabilities P(01)

and P(10) is given as[74, 92]

Pl <ig)<— " M (- > 44

Pld)= Py o) Ml a0 (3.44)
_ ) e_SOiD

P( 0)= P(IO >|D)_mMiO(SO), So >0 (3.45)

Assuming equiprobable ones and zeros, the BER bounded by the MCB is given as
[74, 92]

ceRc - 5| P rlo) | L S 52 ()] 50 (340
3.5.2.3 Saddlepoint approximation

The saddlepoint approximation (SPA) was developed by expanding the Taylor
series of the exponentia of the MGF and as a result involves high order
differentiations of the MGF [92, 93]. For equiprobable ones and zeros, the BER
formulation using the SPA isgiven as[74, 76, 92]

BERgs =—| P(01)+ P(I0) | < —~ [e[%(sl)] e . 5.5 >0 (3.47)
2[ ! } 2027 | Jyi(s) wolso)
where v, (s;) and y,(s,) are respectively written as
vils)- Ir{ M, (- slilexp(sli D )] (3.49)
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RRILECL SR 3.9

So

The SPA is more complex and computationally intensive compared to the other
evaluation methods considered in this thesis, but it does produce alower BER as
shown by resultsin [74, 92].

3.6 Summary

This chapter describes the common techniques and optical devices used for
signa multiplexing and multiple access in optical communication systems. The
effects of atmospheric turbulence in outdoor FSO systems, dispersion in fibre
systems and other losses experienced in both fibre and FSO systems are
presented. Various types of noise and interference that degrade the performance of
the receiver are aso discussed. Finally, evaluation methods commonly used in
analysing the performance of optica communication systems including the GA
and MGF based methods such as the CB, MCB and SPA, which will be used in
the analysis performed in the later chapters of this thesis, are presented.
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CHAPTER 4 Indoor Hybrid Fibre and Optical
Wireless CDMA System using Optically
Preamplified Fibre Coupled Receiver

4.1 Introduction

Recent advances in indoor optical wireless communication could lead to high
speed all optical transmission from the service provider's hub to user devices.
However, many challenges remain in the reaization of full duplex high speed
indoor optical wireless links. These include the mobility constraint, multiuser
access and stringent power requirements. Fibre coupled receivers have recently
been considered in some free space and indoor optical wireless systems|[1, 2]. The
potential benefits of improving the received optical power and data rate by the use
of a fibre amplifier and a small area detector make such receiver systems
attractive. However, the issue of air-fibre coupling losses, especialy for indoor
systems with mobility requirement, necessitates that direct line of sight be
established between the transmitter and the receiver. The optically amplified
network proposed in this chapter could provide multiuser access and ease both
power and mobility constraints in indoor optical wireless communication systems.
With inclusion of a fibre splitter, many users share the cost of the optical
amplifier, and the system operational unit for all the users could be centralized at a
remote and convenient location, thus reducing the system cost and providing
greater flexibility for the system architecture [3].

The etendue of an optical system limits the amount of light passing from a
source into the optical system [4]. Thus for a fibre coupled receiver, the fibre
numerical aperture (NA) and the core diameter (about 0.15 and 10 um
respectively for a single mode fibre) determine the effective collecting area of the
system as shown by Fig. 2.13 in Chapter 2. Given the small area of the fibre, it is
very difficult for significant power to be coupled into the receiver in a non-
directed transmission link, so adirected line of sight link is considered.

Several techniques of varying complexity and advantages have been proposed

to overcome the mobility constraints in indoor optical wireless systems. Oneisthe
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use of micro-electromechanical system (MEMS) controlled mirrors and image
sensors or tracking systems to establish adirect line of sight transmission between
the receiver and the transmitter [2]. This technique in [2] increases the system
complexity and is adapted for only a single user device. An indoor localization
system using optical signals or radio frequency (RF) profiling and smart antennas
could also be used to locate the position of a mobile target [5-7]. These
localization systems could be combined with steering mirror and adaptive lenses
to establish direct optical wireless communication indoors with limited mobility
as in [7]. The technique involves using a separate (non-signal) wavelength to
communicate with the user devices connected to the link (based on request), in
order to establish their positions with respect to the ceiling transceiver, before a
directed high speed connection is made with protocols required to resolve multiple
request [7]. With the fibre coupled receiver, this model assumes that free mobility
is provided by a sub-system of tracking/localization devices and steering mirrors
as shown in Fig. 4.1 [8], and system coverage of a room does not have the same
constraints as in afixed alignment ceiling unit system.

o

Fibre end

<ui> B

Adjustable
distance
Adaptive v
lens J

< MEM S-controlled

Fixed mirror with
high reflectivity

steering mirror

Working plane

Fig. 4.1 Ceiling unit fibre transmitter (redrawn from [8])
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The transmitter unit shown in Fig. 4.1 can be used with most mobile devices,
but is better suited for devices that are used with occasiona slow movements from
one location in the room or cubicle to the other, such as laptops, and when only
one deviceis used within aroom or cubicle, there is no need for protocol services.

The downstream receiver architecture could include a collecting lens with a
wide field of view (FOV) and a large area photodetector [9], athough a fibre
coupled receiver with a small area photodiode was used in the experimental work
in[7]. Wide FOV receivers are well suited for moderate speed systems as found in
the indoor environment and provide additional robustness for mobility, while the
fibre coupled receiver is better for fixed high speed optical communication
systems.

Code division multiple access (CDMA) can provide a flexible and robust
network and is suited for application in the indoor optical wireless environment
[10]. In [11], we have considered electricall CDMA with data rates in the range of
20 - 25 Mbps, however in this chapter, optical CDMA (OCDMA) capable of
providing higher speed (about 132 Mbps) per user is considered. With OCDMA,
signals are encoded and decoded in the optical domain, this primarily requires that
the OCDMA signals be decoded before photodetection, as opposed to the
electrical CDMA considered in [11] where decoding occur after photodetection.
Optical CDMA encoders and decoders can be implemented using fibre tapped
delay lines asillustrated in Fig. 3.4 or using FBG with a circulator [12, 13]. Since
all the users transmit on the same wavelength and in overlapping time, the signals
reaching the decoder (e.g. a correlator) include all users coded signals. The
correlator applies a copy of the desired user’'s OOC to the received signals and
separates the desired user’s signal which produces a maximum auto-correlation
from other user's signals which produce minimum cross-correlation. In the
downstream of such a system, multiple access interference (MAI) which generaly
limits system performance could be eliminated by proper code selection and
arrangement as shown in [9]. The restriction is thus in the upstream and this
analysis will focus more on the upstream transmission.

Receiver anaysis of an optically amplified CDMA system is fairly complex.
The optical amplifier introduces amplified spontaneous emission (ASE) noise
which beats with the signal and itself to produce signal-spontaneous and

spontaneous-spontaneous emission noise [14] while the CDMA introduces MAI,
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al of which combine to impair the system. Furthermore, there is the issue of
ambient noise which is optically amplified with the signal and could also be
involved in beating with the ASE noise. Such impact is accounted for in the
moment generating function (MGF) model described here.

4.2 Recever system

A schematic diagram of an optically preamplified CDMA ceiling unit network
architecture is shown in Fig. 4.2. The user devices are located in different cells
which could be separate rooms in a building or separate cubicles in alarge office
space. The mobile devices access the localization system to know the position of
the ceiling unit relative to their different positions in each room, and align their
transmitting lenses with the ceiling unit collecting lens establishing a direct line of
sight transmission upstream [7]. With the optical amplifier, the required power to
achieve atarget bit error rate (BER) is reduced, and it is easier to operate within
the eye safety limit (10 dBm for indoor applications at 1550 nm [15-17]).

|COIIzti-ngd!_f?m&s Electrical
ocated in different =
Filtering and Output
rooms Prg N > +D:IDU
Power Power ' _eL . < a
ﬂ* Combiner splitter /7| amplification
Decision

Circuit
PIN

\ _
Optical Photodiode
_-'".-_"L Amplifier
OOC Coded P
Signals plus
Ambient noise Y
from different

rooms —P

Short fibre length — % OBPF

_» located in the ceiling

—> Collimator

Fig. 4.2 Optically preamplified CDMA receiver system: ceiling unit network
architecture
Optica orthogona coded (OOC) signals are transmitted from different users
and are coupled into a fibre with background ambient light via a collimator. The
signals, combined with noise propagate over a short fibre length before optical
amplification and subsequent splitting into signals of equal power for all the users.
Each user's signa is decoded after optical bandpass filtering, and before
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photodetection. The signal is then electrically processed (filtering and
amplification) before decision is made. The optical bandpass filter (OBPF) is
positioned after the optical amplifier to limit the ASE noise following optical
amplification. In the configuration shown in Fig. 4.2, a splitter/combiner with 1 x
4 gplitting ratio has been used. This provides simultaneous connections to 4 users
only, but in some deployed networks, a splitting ratio of 1 x 32 has been achieved
[18, 19]. However, in alarge network, the system capacity could be limited by the
practical number of splits that could be provided by the power splitter/combiner.
In Fig. 4.2, the desired signal (with ambient) enters the system from a
collecting lens in one room while other users signals (with ambient) enter from
collecting lenses in other rooms. Fibre loss is negligible over tens of meters, but
the splitting loss will effectively degrade the user signals. However, the ambient
noise at amplifier input is approximately fixed relative to the number of splits as
additional ambient funnelled through the other lenses will compensate for the
ambient power loss due to the splitter. The additional dBs gained through optical
amplification is used to counter the splitting loss incurred in collecting the signal
from other users in different rooms or cells. The architecture of the network
shown in Fig. 4.2 could be modified to easily connect to a bigger PON in several
ways. The pre-detected signal may be used to drive a laser transmitter in an OEO
converter, and the optical signa may be launched out to an outdoor HFFSO
network or an outdoor all fibre network. Alternatively, the boosted signal may be

launched out to an outdoor network immediately after optical amplification.

43 System model

4.3.1 CDMA analysis

The code length, code weight and correlation constraint of an optica
orthogonal code (OOC) can be defined as (L., w,y) with y =max(y,.7.) if 7. #7¢,
where y, and y, are the maximum autocorrelation constraint between shifted
versions of the same code and cross-correlation constraint between two different
codes respectively [20]. The impulse response of the OOC chip pulse with chip
duration T.can be written as

1 0<t<T,

th ®= {0 Otherwise (41)
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The chip rate R, =YT, is related to the on-off keying (OOK) data rate as
R,=R./L. . For a digital pulse position modulation (DPPM) system, additional
bandwidth expansion is incurred such that R, =R./B,,L., Where B, =2" /M is
the DPPM bandwidth expansion factor [21] and M is the DPPM coding level
which is related to the number of dots (n) in the DPPM frame as n=2M. The
OOC chips are spread over a bit period in OOK and over slot duration in DPPM.

The number of users K that the OOCs can simultaneously support with almost
perfect orthogonality is upper bounded by the Johnson bound on constant weight
codes, and expressed in the following relationship [20, 22]

¢ < | —2)(Le—7) 42)
w (w=1)...(w—7)

Thus the CDMA system is limited by split when the OOC code cardinality is
greater than the number of splits and limited by code when the OOC code
cardinality is less than the number of splits. It has been shown in [22, 23], that by
increasing y , CDMA system could be optimised to improve performance and
code cardinality, although for an on-off-keying system, OOCs with y,=y.=1 are
considered most appropriate in terms of synchronization [23]. Since only w out of
L. chip positions of the OOCs are pulse mark chips, for y,=y.=1, the
interference between two OOCs occurs with the probability p, =w?/L. . A more
detailed formula for the interference probability between two OOCs for a given

value of y. isderived in Section 3.4. Generally for OOK and DPPM systems, the

interference  probabilities between two OOCs are, p,=p, =w’/2yL, and
ps = p,, =W/ny L, respectively, with the factor of 1/2 in p, accounting for the

probability of transmitting data 1 or data O in an OOK system, and the factor of
n in py accounting for the probability that data could be transmitted in any of

the n dlotsin the DPPM frame.

In OOK transmission, the threshold decision method is used and the same set
of interferers impairs the system whether data 1 or data O is transmitted. While in
the DPPM transmission which uses integrate and compare decision method, an
interferer could impair the signal slot or an empty slot, so two sets of interferers
exist. Generally the number of interferers impairing the system can be represented

as l,=(01..,K-1 for be{L0}, where 1, and 1, are the number of interferers
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transmitting on an empty slot and the signa dlot of the desired user's DPPM

frame respectively, and for OOK transmission, I, =1, =1.

4.3.2 BER analysis
The MGF describing the random variable for the signal plus noise is

conditional on the number of interferers I, , and for an integrating over T, it can

be written as a modification of the MGF in [25],

RGE™ _1F, (w,l,) j hy, (‘[)dT]
TC

exp
1—{R'(N0+GNa)(eSq/TC —1)}

My, (d1,) = - (4.3)
{ 1—[R'(N0+GNa)(esq/Tc —1)]}

where the total number of pulses from both the desired user and interferers that
are on the desired user’s pulse mark chip positions for received data 1 or signal
slot and data 0 or empty slot is Fy(w,l,) =wb+y 1, for be {10}, hp (r) =2L.P,, /w is
the peak signa pulse power, P, is the average signa pulse power at the
preamplifier input, G is optica amplifier gain, R =n/hv, n is quantum efficiency
of photodetector, h is Planck’s constant, v is optical carrier frequency, q is
electron charge, N, =1 (NFxG-Dhv is the single sided ASE noise power spectral
density (PSD) in single polarisation, N, is the background ambient noise PSD, B,
is OBPF bandwidth, L =m,B,T. isthe product of spatial and temporal modes [26],
m, isthe number of ASE noise polarisation state and s is the MGF arguments.

The system thermal noise is signal independent and its MGF is included
separately as.

22
Min(s) = exp(%] (4.4)
where the therma noise variance o7 for an OOK CDMA system is
Gt%—OOKC :SpaBe , and fOI' DPPM CDMA SyStefn IS GtzthPPMc :BEXthzhfoOKc f
B. =1/2T. is the single sided electrical bandwidth of the receiver, s, is the

thermal noise single sided power spectral density. The overal signal plus noise

MGF conditioned on 1, is given by
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MTOTb (51|b) =M Y, (5||b) My, (s) (4.5)
The mean current i, (I,) and noise variance oZ(l,) which are the first and second
moments of the MGF are obtained through the first and second derivatives of the

total MGF respectively, with s set equal to 0. The mean and the variance are

Mor, (Sllb)
0

expressed as E{ TOT,} = and V{TOT,} = E{TOT?}{E{ TOTb}]Z

s=0
. oy _ 0*Myor (sllp) . . :
respectively, where E{ TOT2} = ———— . Thevarianceisthus written as
o°s o
ob (Iy) = 0 4rn +G§N,b(|b)+0éBN +USZDBN,b(|b) (4.6)

odrn 1S the signal independent receiver therma noise variance. o3, (l,) iS the
shot noise variance and includes ASE shot noise o i« = 2mB,N,q°R B, ambient
shot noise G As = 2MmB,GN,q°R B, and signal shot noise
o2qp(lp) =20°RGupFy(w,1,)B, . The signal independent beat noise variance is
o4gy and includes the beat noises generated by the ASE-ambient, ASE-ASE and
ambient-ambient noise beatings, jointly written as
ol,=2m(qR)?*(N, +GN,)?B,B, . The signal dependent beat noise variance
coenp(y) includes both the signal-ambient beat noise variance
2 ap(ly) =HaAR)?G*N,upFy(w,1,)B, and signal-spontaneous beat noise variance
o2 oplp) =4aR)*GNyupF, (W,1,)B,, Where up =2L P, /w. The flowchart for the

upstream BER calculations for both OOK and DPPM systemsis shown as Fig. 4.3
for easy understanding of the BER eval uation processes.
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++ Increase | <
Y$¢ ++ Increase lg
Eq. (4.22) Overall BER

++ Incresse |,

Eq. (4.29)

Y&*

Overall BER

Fig. 4.3 Flowchart for upstream BER calculations

For the Gaussian approximation (GA), the bit error rate (BER) conditioned on
the number of interferers (I, =1, =1) for an OOK system is given by [14, 25],

1 (ip-io®), 1, [0 -ip *
BERsA() ZIZHfC(oo(I)\E}FZerft{m(l)\/z]] ( . )
and for aDPPM system [22]
1 i,(1) —ig(lo)
Rie_callo) = Zerfc| L) 1o -
we-callolt) =5 [\/Z(Uj_z(ll)+602(lo)):|

where i, (1) and i; (1) arethe mean currents for data O and data 1 respectively in the
presence of interferers, i is the decision current which is fixed over the number
of interferers, i, (l,) and i,(I,) are the mean currents for the empty slot and the

signal slot in the presence of 1, and I, set of interferers respectively,
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Following [25], the Chernoff bound (CB) on the BER for both OOK and
DPPM systems are respectively written as,

BERcg (1) = % e %o M TOT, (so1) + e%oM TOT, (-s|1) } v (50,8, >0) (4.9)
Rue-ce(lo,11) =M+qr, (S|| o) Mor, (—5||1) ) (so =5 =5>0) (4.10)

Mo, (So||) and MTOTl(—Sl||) aredefined in eq. (4.5)

In addition, a modified Chernoff bound (MCB) on the BER is derived for both
OOK and DPPM systems following [25, 27] and are respectively written as

1 efSOiD eSJ.iD
BER )= M N+——M -5 |, (sp,5 >0 411
mee (1) ZGWOOKCE TOT, (50|) S Tor, ( 51|) (50,5 >0 ( )
1
PWE_MCB(|01|1):—[MT0T0(5||0) MToTl(_5||l)]' (Sp=5,=5>0) (4.12)
SGth—DPPMC\/;

The Saddle point approximation (SPA) for an OOK system for s,,s, >0, iS

written as [25]

1) €% Mo, (sofl)  €¥° Mgy (‘%“)}
BERgp, (1) == + L (4.13)
U2 oawes)  s2wi(s)
where y,(s,) and w,(s,) are respectively written as,
—Soip
Vol() = In(M] (4.14)
%
Sip _
TOE In[%“(%“)] (4.15)
For aDPPM system the SPA is,
| -
Puc sl =| o o) Mror 1) (So=5=5>0) (4.16)
sy2ry (s)
where y(s) iswritten as,
(- m( Mo, (310) sM Tor, (-9 1)} 4.17)

The conditionality of the error probability on | or |, is removed from the total BER
by averaging over the MAI contributions of al the interferers.

The MAI effect is cumulative, and is a binomial random variable with
parameters K -1 as the total number of interferers and p, =w?/2y.L. as the
interference occurrence probability between the desired user’'s OOC and the
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interferer’s OOC in an OOK system. The probability that | out of K -1 interferers
are causing MAI in the system or the probability that the interference random

variable at decision time equals | iswritten as[28],
K -1
P(I){ , J(po)' 1-p)* " (4.18)

Equation (4.18) gives the probability of a particular interference state pattern
occurring in the OOK CDMA system. lllustrations of signal reception in the
presence of the interference pattern when | = 2 are shown as Figs. 3.9a and 3.9b
for when the desired user transmitted data 1 and data O respectively.

The effect of MAI in DPPM CDMA systemsis as aresult of interferersin both
the signal dlot and the empty slots of the desired user. The distribution is a
multinomial with parameters K-1 and p, €{p;,p,} . Following the same
approach in [29, 30], but easing the constraint that no interference occurs in the

signal slot of the desired user, the MAI distribution iswritten as[22, 31, 32]
(K-

Plo ) =1 ik —imr, =iy o) (419)
where, for M =1,
P (lo,1y) = py ™ (L-2py ) 7 H o7 (4.20)
and for M =2,
Prlo,1) = P (L= py) 7 pyo (1-pp) T (4.21)

where p, =w?/ny L. and p,=w?/(n-1)y.L, are the probabilities of interference
between the desired user’s OOC and the interfering users OOC occurring in the
signa dlot (which could be any of the n dlots) and in an empty slot (which could
be any of the n-1 dlots) respectively. Similar to eq. (4.18), eg. (4.19) gives the
probability of a particular interference state pattern occurring in the DPPM
CDMA system, and illustrations of signa reception in the presence of the
interference pattern when |; = 2 and |p = 0 are shown as Figs. 3.10a and 3.10c for
when the desired user transmitted data O and data 1 respectively while illustrations
of signal reception in the presence of the interference pattern when l; =0 and lp =
2 are shown as Figs. 3.10b and 3.10d for when the desired user transmitted data O
and data 1 respectively. The overall BER for an OOK system is calculated as [9],

K-1

BERook = ', P(1) BER; (1) (4.22)

=0
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where zZ represents the GA, CB, MCB and SPA. While for a DPPM system, the
overdl BER iswritten as[22, 31, 32]

K-1 K-1-l,
BERppew =~ (-1 > Plig.l) Rue 7 (lo.11) (4.23)
2n-1 =0 1p=0

The downstream transmission is controlled by the ceiling unit with proper
cyclic shifts which ensure that there is no multiple access interferences between
users, provided that y, =y, =1 and the code length L. is greater than the number of
times interfering pulse (from al the interferers) occur on the desired user’s pulse
mark chip positions in a continuous cyclic shift [9]. Since there are w? ways in
which interference could occur between two different OOCs, MAI could be
eliminated in a synchronised downstream transmission provided that w?(K -1) <L
, and both egs. (4.18) and (4.19) could be replaced with a Dirac delta function [9],
with I =1, =1, =0 in egs. (4.22) and (4.23). In addition, the ambient noise is not

amplified downstream, although some level of beating with other light may occur.

44 Resultsand discussion

Table 4.1: Parameters used for calculations

Parameter Description Value

A Optical wavelength 1550 nm

B, OBPF channel bandwidth 70 GHz

G Optical amplifier gain 26 dB (or 8 dB)

NF Amplifier noise figure 4.77 dB

n Receiver quantum efficiency 0.7
Arx Receiver collecting lens area 1 cm?

m, Polarisation states of ASE noise 2 (no polarisation filtering)
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The parameters used in the calculations are presented in Table 4.1. In the result
section, DPPM1 and DPPM2 refer to DPPM with M = 1 and DPPM with M = 2
respectively while OOK CDMA and DPPM CDMA are referred to as OOK ¢ and
DPPMc respectively. The received average power in the plots which follow is
defined at the receiver collecting lens, and the ambient intensity is estimated from
the background spectral irradiance of diffused sky given as 4.3 uw /(om %sr nm) [33].
A splitter loss of 3 dB per 2 way split is assumed. The thermal noise variance is

back calculated using the CDMA chip rate such that o, oo, = ReofeL /R, , With

olg estimated from amode of anon-CDMA PIN receiver at BER of 10™ using

sengitivities of -36 dBm, -32 dBm and -23 dBm which correspond to data rates of
155 Mbyps, 622 Mbps and 2.5 Ghps respectively [34]. These data rates are chosen
to obtain good estimates of the thermal noise at chip rates of 256 Mcps, 512Mcps
and 2.56 Gcps. A coupling efficiency of 20% is used in the caculations, this is
consistent with the experimental work performed in [35] using a compound lens
arrangement with a fibre collimator. Diffraction limited beam spreading over the
(approximately) 2 m distance between the ceiling and a working plane is
considered negligible, but longer distances are possible with the beam steering
mechanism. The optimum threshold which minimizes the overall BER in principle

is obtained by solving 6BER, /i, =0, but for straightforwardness, the values of
ip, s;and sythat give the minimum BER are obtained using a search agorithm.

For fair comparison, perfect extinction is assumed for both OOK¢ and DPPM¢
systems. Different CDMA parameters including code lengths and weights are used
in the model and can be found in [9, 22, 29, 36, 37] and will be stated for the plots
that follow. The CDMA receiver circuitry operates at the chip rate, and the
maximum chip rate considered in the model is 2.56 Geps and 5.12 Geps for OOK ¢
and DPPM¢ systems respectively. However, the data rate per user, ranging from
about 20-132 Mbps, is comparable to already deployed indoor wireless
communication systems (though a single point-point link with no multiple access

certainly can do better).
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Fig. 4.4 Upstream BER against received average power for 3 usersin both OOK ¢
and DPPM¢ (M = 2) systemsusing {L¢, W, ¢, ya} ={19, 3, 1, 1} with 1 x 4 splitter
(user restricted by code): (a) G =26 dB and (b) G=8dB

The upstream BER for both OOK ¢ and DPPM¢ systems is shown in Fig. 4.4 as
a function of the received average power for low amplifier gain (G = 8 dB) and
high amplifier gain (G = 26 dB) using the GA, CB, MCB and SPA. The data rate
per user is 132 Mbps (equivaent to 2.5 Geps for OOK¢ system and 5 Geps for
DPPMc system with M = 1 and 2). Although the 1 x 4 way power
splitter/combiner (6 dB splitter 1oss) can support 4 users, the maximum number of
usersis restricted to 3 due to the code parameters. The BER results obtained using
DPPMc with M = 2 are shown to be better than the results for systems using
OOK¢c. The GA and SPA predict a better BER than the CB which maintain an
upper bound, exceeding the other methods. The MCB BER curve coincides with
the CB at high gain but moves closer to the GA and SPA BER curves at lower
gain. This shift in MCB BER curve with respect to change in amplifier gain (and
consequently the signal dependent noise) is well known in non-CDMA systems
and seen in [25, 26, 38]. In CDMA system, the MCB results in an upper bound
sometimes tighter than the CB and comparable to SPA, provided that the Gaussian
thermal noise is non-negligible compared to the non-Gaussian noise contributions
from the signal and MAI [27, 39].

In Fig. 4.5, the downstream BER for both OOK¢ and DPPMc¢ is shown as a
function of the received average power for G = 8 dB and G = 26 dB using the GA,
CB, MCB and SPA. In the absence of MAI as previousy explained for
downstream transmission, the GA sometimes exceeds known upper bounds (i.e.
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the CB and MCB) as seen in Figs. 4.5a and 4.5b. Similar behaviour is aso shown
by the GA in non-CDMA systems (e.g. [1, 25]). The GA is thus inconsistent,
although the accuracy penalty is compensated by its simplicity and the ease of
computation. The SPA however consistently presents a lower BER both in the

upstream and downstream resultsin Figs. 4.4 and 4.5 respectively.
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Fig. 4.5 Downstream BER against received average power for 3 usersin both
OOKc and DPPM¢ (M = 2) systemsusing {L¢, W, y¢, 7o} ={19, 3,1, 1} with1x 4
splitter (user restricted by code): () G=26dB and (b) G=8dB

The MCB is used in Fig. 4.6 to compare the downstream and upstream BER
performance of both OOK¢ and DPPMc systems. The presence of MAI in the
upstream is seen to worsen the system performance compared to the downstream
where MAI is absent. The BER curve for DPPM¢c a M = 1 coincides with the
OOK¢ BER curve in the downstream but shows an improvement over OOK¢ in
the upstream. This shows that DPPMc systems are more resistant to MAI
compared to OOK ¢ systems. This is so partly because of the probability that MAI
is distributed over many slots in DPPM¢ systems, but mostly due to the imperfect
threshold acquisition in OOK ¢ systems which is not necessary in DPPM¢ systems
using the integrate and compare receiver. The MCB which is an upper bound has
been used here and has resulted in a tighter upper bound compared to the CB for
the parameters used thus far in the analysis.
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Fig. 4.6 BER against received average power for 3 usersin both OOK ¢ and
DPPM¢ systems using the MCB and for {L¢, W, yc, ya} ={19, 3,1, 1} with1x 4
splitter (user restricted by code)

Fig. 4.7 shows the upstream BER against average received power using the
GA, CB, MCB and SPA for 4 users at different chip rates with 1 x 4 way splitter.
The maximum number of users calculated from the code parametersis 6; however
the number of users is limited to 4 due to the splitting ratio. With increasing
number of users, the effect of MAI is more prominent in this result and others that
follow. The increased effect of MAI results in steeper BER curves in areas where
the system is noise dominated, and some leveling effects or floors in the BER
curves when MAI is dominant as seen Fig. 4.7 and the rest of the results. The
system performance degrades with increasing chip rate resulting in increased
system noise. As shown in Fig. 4.7b, DPPM¢ ill maintains a better BER
performance over OOK( irrespective of the system data rate. However, as the
effect of MAI becomes more prominent compared to the thermal noise (e.g. a

lower chip rate), the MCB suffers alittle loss in tightness.
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Fig. 4.7 Upstream BER against received average power for 4 usersusing { L¢, w,
ve, Vab ={128, 5, 1, 1} with 1 x 4 splitter at different chip rates (user restricted by
split): (a) DPPM¢ system, M = 2 and (b) OOK ¢ and DPPM ¢ systems

So far, we have considered systems with number of users limited to 4. The
MAI effect increases with the number of interferers, and for some code
parameters, the system performance could be limited by MAI. InFig. 4.8, a1 x 8
way splitter is used for the same code parameters used in Fig. 4.7, dlowing the
system to accommodate the maximum number of users specified by the CDMA
codes, while maintaining the data rate at 20 Mbps per user. Thus in this case, the
number of usersis limited by code. The MAI effect becomes more prominent and
results in an error floor when all 6 users are connected to the system, with a

minimum BER greater than 107 for both OOK ¢ and DPPM¢ systems. The floor
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disappears once the number of simultaneously connected users K <6 as the
system becomes noise limited rather than MAI limited. The bumps seen in OOK ¢
BER curves when MALI is prominent are due to the optimization of the decision
threshold in order to obtain the minimum BER for the system. They actually
disappear when an average decision threshold (e.g. half way between the powers
for atransmitted 1 and atransmitted O) is used, but such decision threshold results

in sub-optimal BER curves.
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Fig. 4.8 Upstream BER against received average power for maximum of 6 users
in both OOK ¢ and DPPM¢ (M = 2) systems using the CB and for {L, W, y¢, ya} =
{128, 5, 1, 1} with 1 x 8 splitter (user restricted by CDMA code).

Results for systems with maximum cross correlation constraint y. =2, implying

more users and MAI in these systems are shown for the remaining results. Fig. 4.9
shows the result for BER against received average power using the same splitter
(1 x 8 way) asin Fig. 4.8 but with code parameters that calculates the maximum
number of users as 9. Hence the number of users for the system is restricted by
split. The code cardinality in Fig. 4.9 is improved by the change of y. to 2, and
with the code length reduced to 100, the data rate increased to 25.6 Mbps per user
while the same chip rate is maintained for either the OOKc or DPPM¢ system.
Error floors occurred for both K =8 and 7 in Fig. 4.9, but occurred particularly for
K =7 a alower BER. Generally the error floors occurred at alower BER for the
DPPM¢ system in Fig. 4.9b compared to the OOK ¢ system shown in Fig. 4.9a.
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Fig. 4.9 Upstream BER against received average power for maximum of 8 users
using the CB and for {L, W, yc, ya} ={100, 11, 2, 1} with 1 x 8 splitter (user
restricted by split): (2) OOK ¢ system and (b) DPPM¢ system, M = 2

In Fig. 4.10, a1 x 16 way splitter is used with double the code length used in

Fig. 4.8, and with y_ = 2. The maximum number of usersincreased to 11, limited

by the CDMA code. However, the chip rate remained the same thus the data rateis
reduced to 10 Mbps per user. Thereis error floor only when K = 11 whilst for K =
4 the system is seen to predict a better BER than the other systems considered in
Figs. 4.8 and 4.9, however, at alower data rate per user. The BER floors in Figs.
4.8 - 4.10 are due to MAI and occur when the number of interfering pulses from

other users occurring at the desired user’s pulse mark chip position is greater or
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equa to the code weight i.e. y(K -1)>w. Forward error correction (FEC) may be

employed to eliminate the error floor caused by MAI as in some fibre systems[40].
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Fig. 4.10 Upstream BER against received average power for maximum of 11
users using the CB and for {L¢, W, yc, ya} ={256, 19, 2, 1} with 1 x 16 splitter
(user restricted by CDMA code): (a) OOK ¢ system and (b) DPPM¢ system, M =2

The required received average power to achieve a BER of 10 in both the
upstream and downstream are shown in Fig. 4.11 for an optically preamplified
system using the same parameters as in Fig. 4.10, and a non-optically amplified
system with the same configuration, i.e. with the amplifier turned off by setting
the gan G = 1 and ASE noise power spectral density (PSD) N, = 0. The
preamplified system is clearly shown to require less average power in both the

upstream and downstream. The DPPM¢ system at M = 2 shows an improvement
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in upstream required optical power over OOK ¢ system ranging from 2.9 dB when
1 user is connected to 6.2 dB when 10 users are connected in the preamplified
system. While for the unamplified upstream transmission, DPPM¢c a M = 2
showed only about 4.7 dB improvement over OOK . Depending on the number of
active users, the preamplified system shows an improvement in required power

ranging from 9 — 22 dB over the non-amplified system asis shown in Fig. 4.11.
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Fig. 4.11 Required received average power for both preamplified and non-
amplified OOK ¢ and DPPM¢ systems using the CB and for {L, w, yc, ya} = {256,
19, 2, 1} with 1 x 16 splitter: (a) Upstream, target BER = 10 and (b)

Downstream, target BER ranging from 10 to 10°*? (independent of user number)

The resulting power penalties caused by MAI at various target BER values are
shown in Fig. 4.12. For atarget BER of 10, the MAI penalty is about 1.05 dB
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and 23 dB when 2 users and 10 users are connected to the DPPMc preamplified
system respectively (i.e. relative to when one user is active on the system) as
shown in Fig. 4.12b. This value is better than the OOK ¢ system which reports a
MAI penalty of about 1.2 dB and 26.3 dB when 2 users and 10 users are active on
the preamplified system respectively as shown in Fig. 4.12a. In addition, while the
target BER of 10 is achievable with 11 users active on the DPPM¢ system, only
aBER of about 10 could be achieved with the OOK ¢ system.

P ower penalty (dB)

Fower penalty (dB)

Mumber of users T o Target BER

Fig. 4.12 MAI power penalty in the upstream as a function of target BER and
number of users for the preamplified system using the CB and for {L¢, W, y¢, ya} =
{256, 19, 2, 1} with 1 x 16 splitter (The case for 11 users terminates prematurely
due to error floor, i.e. BER can't be obtained): (a2) OOK¢ and (b) DPPMc, M =2
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45 Summary

This chapter analyses the performance of indoor optically preamplified hybrid
fibre and wiredless CDMA network using both OOK and DPPM formats. The
integrate and compare decision circuitry used in DPPM¢ systems shows better
tolerance to MAI compared to the imperfect threshold acquisition device used in
OOK¢ systems. In addition, the DPPM¢ systems shows improved average power
efficiency compared to the OOK¢ systems. It is also shown that the optical
amplifier reduces the average optical power required from user devices and the
system can support many users at moderate data rate. With less required optical
power, the battery life of the user device is preserved and the stringent eye safety
requirement for indoor power transmission is less difficult to satisfy. The system
restricted by code is easily upgradable and more feasible for practical application.
Also, full mobility could be provided for the users if the system is supported with
tracking/localization devices and steering mirrors. For CDMA systems where
MAI could easily dominate the system, the CB is suggested as the safest method
of system performance evauation. Having considered an indoor system with
CDMA and DPPM in this chapter, it is now necessary to move our attention to
larger outdoor WDM networks with longer FSO links and also to consider the
impacts of optical crosstalk and turbulence on such links.
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CHAPTER 5 Performance Evaluation of Digital Pulse
Position Modulation for WDM FSO
Systems Impaired by Interchannel
Crosstalk

5.1 Introduction

One of the popular modulation schemes widely applied in free space optical
(FSO) communications is digital pulse position modulation (DPPM). This scheme
is well known to be attractive in different FSO environments including
intersatellite, atmospheric and indoor wireless channels [1-3]. Apart from the
power efficiency advantage that is well reported in severa research works, and
also shown in Chapter 4, there is the additional advantage that there is no need to
set and track a decision threshold in many DPPM systems [4, 5]. DPPM has been
proposed and intensively investigated for optical fibre systems [6, 7], however,
DPPM is particularly attractive in an FSO channel relative to an optical fibre
channel because the FSO channel is dispersion free [1]. The advantages of DPPM
however do come at the expense of a bandwidth expansion, but with a moderately
low coding level, DPPM can combine with most multiplexing/multiple access
techniques without considerable bandwidth expansion. In addition, some hybrids
of DPPM with other modulation schemes such as phase shift keying (PSK) and
frequency shift keying (FSK) have been proposed for point-to-point fibre
communication systems [8, 9] and could be alternative options to improve the
DPPM bandwidth efficiency.

With the availability of bandwidth-intensive services such as video on demand
(VoD), Internet Protocol television (IPTV), IP telephony and interactive
gaming/videoconferencing, there has been arapid rise in bandwidth demand from
users [10-12]. In response to this increase in bandwidth demand, wavelength
division multiplexing (WDM) systems have been investigated and/or deployed for
optical fibre, atmospheric and indoor wireless optical networks [13-15]. WDM
could a'so be applied in multiple user access networks, for example WDM passive
optical network (PON) is generally considered as a good solution to the
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bandwidth requirement for future access networks, with potential for higher data
rate, improved data security and longer reach [13, 16]. The drivers for WDM
deployment remain the same whether conventional on-off keying (OOK)
modulation or DPPM format is used in the system (as long as the bandwidth
expansion can be accommodated). DPPM has been considered for use in WDM
systems in [17, 18], and for PON systems in [19], but would have a better
application in coarse WDM systems where the additional bandwidth expansion is
less problematic.

However, in a multiple wavelength communication link, imperfect optical
components (e.g. demultiplexers, filters, etc. [20, 21]), and possibly asymmetric
losses, necessitate the evaluation of the impact of interchannel crosstalk [22, 23].
This is well known for OOK systems, and crosstalk in WDM OOK systems has
been investigated for optical fibre, intersatellite and FSO links [20, 22, 24-26].
But such a performance evaluation for DPPM interchannel crosstalk has not yet
been provided (for any of the redlistic WDM DPPM scenarios whether
intersatellite, atmospheric, indoor, multi-user, PON or point to point). Thus the
analysis performed in this chapter is intended to remedy this shortfall. It should be
noted though, that necessarily this evaluation is somewhat more complex than the
equivalent for OOK.

Specificaly, an optically preamplified WDM DPPM FSO system impaired by
interchannel crosstalk is investigated in this chapter. The presence of an optical
amplifier (OA) further improves the receiver sensitivity, but introduces amplified
spontaneous emission (ASE) noise. The ASE noise beats with the signal and itself
to produce signal-spontaneous and spontaneous-spontaneous beat noises which
degrade the system performance. The GA, and other techniques based on MGF
which gives a full statistical description of the signal and noise [7], including the
CB and MCB, are applied in the BER evaluation of the system. Analyticaly
obtained results (and in the case of multiple crosstalk verified with Monte Carlo
simulations) are compared with WDM OOK results and presented.

5.2 Optically preamplified WDM DPPM receiver
In DPPM signa transmission scheme, a frame of duration equal to MT, is
divided into n=2" equa time slots of length t, = MT,/n, where M is the coding

level and equal to the number of data bits transmitted per DPPM frame, T, = VR,
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is the equivalent on-off keying non-return-to-zero (OOK NRZ) bit period and R,

is the bit rate. The maximum likelihood detection receiver is preferred for the best
performance in DPPM FSO systems [1]. The decision circuitry is required to
integrate over each dlot in a frame and the decision is made by comparing the
results and selecting the dlot with the largest signa as the pulse position [4].
Therefore faster electronic processing speed is required compared to the threshold
method used in OOK systems.

A general WDM DPPM system that might require evaluation of crosstalk
impact could include a fibre or free space (or hybrid) system and may be in a
point-to-point, multipoint-to-point or PON configuration. Different sources and
levels of crosstalk could arise in a WDM DPPM system depending on the link
configuration. In most point-to-point systems with al signa wavelengths
originating from the same place, the major source of crosstalk isimperfect optical
bandpass filter (OBPF)/demultiplexer (demux) rejection and since most readlistic
systems will employ OBPF/demux with good rejection ratio, unless there is a
power drop in the signa wavelength compared to the interfering wavelengths (or
some relative spectral shift of passband and signal), the crosstalk level will be
fairly small. Thisis also the case in point-to-multipoint fibre systems (like WDM
PON downstream) with all signal wavelengths originating from the same place.
But in multipoint-to-point links such as upstream transmission in HFFSO systems
as shown in Fig. 5.1a or in PON (where signals could experience asymmetric
splitting loss, fibre and/or FSO attenuation, beam spreading and coupling 10ss),
signals at different wavelengths will arrive at the OBPF/demux at different power
levels (see PON architecture in Fig. 2.14). Under this condition, the crosstalk in
the system is no longer dependent only on the OBPF/demux channel rejection but
could rise much higher depending on the difference between the signal power of
the interfering wavelengths and the desired wavelength at the input of the optical
filter. Other cases where asymmetry could affect the level of crosstalk include
point-to-multipoint systems with signal wavelengths having different powers prior
to multiplexing.

A generic system structure which could be easily adapted to al the different
scenarios above is shown in Fig. 5.1b. DPPM signals from different wavelengths

are multiplexed and transmitted over an FSO link to a receiving lens (not shown
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in Fig. 5.1b). They could aso in principle arise from different physical locations
as long as they can be collected and coupled effectively into the optical amplifier
(OA) which is done by collimating them into a short fibre length at the amplifier
input before being demultiplexed into different wavelengths for detection by a
PIN photodiode. The optical preamplifier is just treated as a linear gain block
generating noise as in Fig. 5.1b. Thus saturation based effects, and other
nonlinearities, that may justify a more sophisticated treatment to include the
contribution of certain optical amplifiers to the overal crosstalk at the receiver,
are not considered. The demux/OBPF provides an effective bandpass filtering
which helps to reduce the ASE noise prior to detection, and the detected signal is
passed through electrica amplifier and filter before integrate and compare
circuitry is used to decide which DPPM dlot contains the signal pulse. Findly, the

M bit word corresponding to the chosen slot is selected as the receiver output.
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Fig. 5.1 Structure for optically preamplified WDM DPPM system: (a) Specific

system architecture for crosstalk evaluation and (b) Generic receiver system
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5.3 Crosstalk modelling

The analysis of crosstalk in a DPPM system requires some consideration to
ensure that the different scenarios that could arise during frame reception are
taken into account. For example, there may be an alignment of frames (and
evidently dlots) or only slots between the signal and crosstalk (XT) as shown in
Figs. 5.2aand 5.2b respectively. The assumption of frame or slot alignment in this
anaysis is generally for mathematical convenience. However, in a practical
system, it is more likely that there is a misalignment of dots (and evidently
frames) between signal and crosstalk during signal reception (see Fig. 5.2¢). In
Fig. 5.2, the case where signal and crosstalk frames are aigned is referred to as
FA (Fig. 5.2d), the case where the signal and crosstalk have only their dots
aligned is referred to as OSA (Fig. 5.2b) while the case where there is a
misalignment between the signal and crosstalk dlots is referred to as SM (Fig.
5.2c). Consider Fig. 5.2, {n;,n,}eZ (integer) are the number of whole slots in the
earlier and later transmitted crosstalk frames that overlap the signal frame under
consideration, while t, (or t,) is the slot offset between the dots in a particular
signal frame and the dlots in the earlier (or later) transmitted crosstalk frame that
overlap with the signal frame, also t, =t;-t,. Thus both t; and t, define the
fractional or partial crosstalk that could affect the signal slots. Furthermore, in the
case of both OSA and SM there is the possibility in some systems that the
misalignment is maintained for along time period and thus performance would be
calculated for the specific misalignment. Equally in many realistic systems the
misalignment will change sufficiently frequently that the proper evaluation

approach isto average over al different (mis)alignments.
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Fig. 5.2 lllustration of crosstalk in WDM DPPM receiver: (a) Frames aligned
(FA) for M = 3, (b) Only slots aligned (OSA) for M = 2 and (c) Slots (and frames)
misaligned (SM) for M = 2

The moment generating function (MGF) describing the random variable of the

current Yg, (At) (where sig {03 depending on pulse transmitted or not , At isthe

duration of the crosstalk pulse overlap with the slot under consideration) for a
genera slot which contains ASE, possibly asignal pulse and possibly asingle XT
pulse (or some fraction of one) is derived using the same treatment as [23, 27, 28].

It iswritten as:
Role=-1) [sgr, | [Rele™" -1 Py (et
"R, (et;/ts -1) "PITIR No_xit(es‘*/‘s )
My, (ay(9) = (5.1)

[1- RN, e —1) ]

where At=t, if XT dots align with signal slots otherwise t, or t,, and for no

crosstalk in the dot, At = 0. In addition, P, and pr,; are the DPPM rectangular
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pulse and the crosstalk pulse power respectively, both defined at the photodetector
input, R =n/hv, R =n/hv, , n is the photodetector quantum efficiency, h is
Planck’s constant, v and v; are the optical frequencies of the signal and crosstalk
wavelengths respectively, q is the electron charge, N, =0.5(NF xG-1hv is the
single polarisation ASE power spectral density (PSD) at the amplifier output (and
also at the photodetector input if demultiplexer nominal loss is neglected), G and
NF are the optical amplifier gain and noise figure respectively, L =B,mt is the
product of spatial and temporal modes [2], B, is the demux channel optical noise

bandwidth and m, is the number of ASE noise polarisation states. N, ; is the

ASE PSD at the photodetector at crosstalk wavelength and Ry, =P, /Py 1S the
signal-to-crosstalk ratio, fixed at the output of the demux. The MGF has been
modified to account for crosstalk—A SE beat noise assuming the crosstalk and the
desired signal experiences the same ASE noise at the amplifier output [22]. The
overall MGF including the zero mean Gaussian thermal noiseis given as:

s?c2.
My, (8) =My, (an (8) Wp(w (5.2)

where 62 ey 1S the DPPM thermal noise variance.

Following [1, 2], the means and variances of the random variables representing
the integration over the dot that contains only the signa pulse, only crosstalk
pulse, both signal and crosstalk pulses and no pulses (i.e. empty slot) are derived
from the overall MGF, through its first and second derivatives respectively, with
s set equal to 0. They are respectively generaly written as:

LRgN,

+ R'Gq(sigPt, + PT Atj (5.3)

S

Hxgq(at) =
S

L . .
O->2(s‘g(At) =0 ppPM +[ Sk NC;(21+ R NO)}L RIGQZ{(“ ZR‘No)&PU}
° ° (5.4)

+ R{qu{(h 2R N, xr )%}
Given that each symbol has equal probability of being transmitted in a dlot, the
probability that a symbol is successfully received in the presence of crosstalk

Pusg, r) =1-Pueg_ry Where P . isthe symbol error probability in the presence

of crosstalk, r, and I; (i e{s12}) denote the number of crosstalk (of duration t., t;
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or t,) occurring in the signal pulse slot and signal frame respectively. Thus for
single crosstalk case, r; {03 while I, {012 . Following the same treatment as

[1], one can write that:

Pastt; 1) = H P(X1(At) > X))} (5.5)
j=1
j¢;gs|ot
where X; represents the content of the non-signal slot X,(at;) and at; is the

crosstalk overlap with the j™ (empty) slot.

Assuming that the random variables x,(at) and X,(at;) are Gaussian, the
expression P{XO(A'[])> xl(At)} using the Gaussian approximation (GA) of the

ASE beat noises, is of the general form [1, 2]

(5.6)

P{Xo(At;) > X, (A1)} = 0.5erfc = :
207, (at) T T X, (at;))

Hxy(at) — Hxq(at) J

For the CB we have that the general form for random variable X and a fixed
threshold ¢ is P(X > 9)<E{exp[s(X-9)]}, s>0. Thus P(X>9)<M(s)e™>, and

manipulation of this for the difference of two random variables implies that,
P{XO(Atj ) > Xl(At)} SMy ay(-9)M Xo(At)) (s (s>0) (5.7)

For the MCB [2], P(X > 9)<My (s) ™ /soy,+/x . Modifying this inequality for the
difference of two random variables for X,(at;) and X, (at) which both have the

same thermal noise contribution then yields,

M x,(at) (-s)M Xo(At;) (s)

286 th \/;

P{Xo(At;) > X, (A1)} < (s> 0) (5.8)
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Table5.1: List of Probability Parameters

Notation Description

S, Number of crosstalk pulses (from crosstalk sources with frames
misaligned with signal frame) that occur in signal dlot (¢) and
empty slot (¢, ) of the signal frame.

3,3 Number of crosstalk pulses (from crosstalk sources with frames
aligned with the signal frame) that occur in the signa slot (5)
and empty dlot (3,) of the signal frame.

I Number of full (1) or partia (1,,1,) crosstalk pulses occurring in
the entire signal frame.
n;,n, Number of full slotsin the earlier (n,) and later (n,) transmitted

crosstalk frames that overlap with the signal frame under
consideration.

Pray(m) | Probability of I, (I, I, and/or I,) crosstalk occurring in the
signa frame when n, slots overlap that particular signal frame.

Psiy () | Probability of r, (rg, r, and/or r,) crosstalk occurring in the

signa pulse slot when I; (I, I, and/or 1,) crosstalk occur in the

signa frame.

Pueg, 1) | Symbol error probability with I; (I, I, and/or 1,) crosstalk in the
signa frame and r, (r, r, and/or r,) crosstalk in the signa pulse
slot.

f Number of full (r,) or partia (r,,r,) crosstalk pulse(s) occurring

in the signal pulse dlot.

t;,t, Offset between the slots in a particular signal frame and the slots

in the earlier (t,) and later (t,) transmitted crosstalk frame that

overlaps with that signal frame.
At Duration of crosstalk pulse overlap with a genera slot.

At Duration of the crosstalk overlap with the | empty slot.

For the frames aigned (FA) and only dlots aligned (OSA) cases the symbol
error probability in the presence of a specific crosstalk combination is written as,

Is’rs

n-1-(ls-rg)
Pueg, 1) <1-| 1-P{X,(0)> Xl(At)}:| { 1-P{Xo(ts) > Xl(At)}:| (5.9

where I, and r, are the number of crosstalk of duration t, occurring in the signal
frame and signal pulse slot respectively, At =t if crosstalk hits signal pulse slot,

otherwise At=0.
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Similarly, the symbol error probability in the presence of crosstalk for the slot
misaligned (SM) caseis written as,

Paetly ey <1-[1=P{Xo(0) > Xy (At) ] "7 5.10)
x [1- P{Xo(ty) > X (A0}] " [1- P{X, (t,) > X, (AD)}] =2

where 1,,1, and r,r, are the number of crosstalk of duration t;,t, occurring in the
signal frame and signal pulse dlot respectively, y =1, +1,-r, —r,, At=t, Or t, if
crosstalk of duration t; or t, respectively hits the signal pulse dot, otherwise

At=0. Note that in writing eq. (5.10) part crosstalk pulses are counted. So, for
example, a whole crosstalk pulse in the frame will nevertheless count as a unit
contribution to both I, and 1, as shown in Fig. 5.2c. The list of probability

parametersis shownin Table 5.1.

5.4 BER analysis(single crosstalk)

For a single interferer, only one crosstalk pulse can hit the signal slot or an
empty slot, although more than one crosstalk pulse can impair the signal frame if
there is a misalignment between the signal and crosstalk frames. Clearly, for FA

and OSA, only afull crosstalk pulse with overlap duration At = t, may occur. Let
Prg,(n) denote the probability of I crosstalk pulses hitting the signal frame
where n, isthe number of whole slotsin crosstalk frame 1 that overlap the signal
frame. Additionaly, let py,(r;) denote the probability of ry out of I, crosstalk

pulses hitting the signal slot so that the probability that a full crosstalk pulse hits
the signa pulse slot pg, (1) =Is/n and the probability that full crosstalk pulse(s)

hit an (unspecified) empty slot py,(0)=(n-1s)/n. Furthermore, once there is slot
misalignment (SM), any or both partial crosstalk pulse(s) with overlap durations
At=t; and At=t, (where ty=t;+t,) could occur. Thus, p¢,,(n) denote the
probability of I, and I, crosstalk pulses hitting the signal frame and p ;) (r;,1,)
denote the probability of r, out of I, and r, out of I, crosstalk pulses hitting the
signal dot. In order to simplify the understanding of the BER calculation

processes, a flowchart for the BER cal culations has been included and is shown as
Fig. 5.3 (for the SM case, the flowchart continuesin Appendix A).
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Fig. 5.3 Flowchart for BER calculations

5.4.1 Framesaligned (FA)
Since there is only one pulse in aframe, it may be seen in Fig. 5.2athat for FA

only one full crosstalk pulse can impair the signa frame and p;q (n)=1 (seen

from the special case of pf(l)(nl):(nl2 +(n—n1)2)/n2 with n, =n in OSA below). As

every frame's pulse has equal likelihood of being in any slot, the probability that a
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crosstalk pulse hits the signal slot for FA pgy, (1) =¥/n, and the probability that a
crosstalk pulse hits an empty slot pg,(0)=(n-1)/n. The overall BER in the

presence of crosstalk for frames (and slots) aligned is given as [29],

n
ER= 2.0 Psa (1)Pwe(l_l) + P (0) Pue_0) (5.11)

Peqa 1 and P, o arecaculated from eq. (5.9) for r, =1 and O respectively

5.4.2 Only dotsaligned (OSA)
Once there is a frame misalignment, it is possible for zero, one or two crosstalk
pulses to impair the signal frame. Fig. 5.2b shows a typical example of how two
crosstalk pulses from a single interferer can impair the signa frame, however,
these two crosstalk pulses can only be in different slotsin the signal frame as only
one crosstalk can hit a dlot for single crosstalk case. Typicaly, for M = 2, the
crosstalk frame can possibly misalign with the signal frame by 1, 2 or 3 dlots, or
fully align with the signal frame (i.e. n, = 1, 2, 3 or 4 as shown in Fig. 5.4). Thus
during signa frame reception, the interfering signal frame is also being received
either in full alignment with the signal frame or misaligned by 1, 2 or 3 dots. And,
although there is only one pulse in the interfering signal frame, the desired signal
may be impaired by zero (Fig. 5.4, n, = 1), one (Fig. 5.4, n, = 2 and 4) or two
(Fig. 5.4, n, = 3) crosstalk pulses depending on the position of the pulse in the
interfering signal frame and the pattern of (mis)alignment with the desired signa
frame.

Using Fig. 5.4, with n,+n, =n, the occurrence probabilities p¢,(n) for the
three different possibilities of a hit on the signa frame are found as
Pr o) (M) = Pr (M) =m(n—-ny)/n® and p; gy (ny) =(n? +(n—ny)?)/n? . In addition, the
bit error rate contributions for the different possibilities are conditional on n, and
generaly written as,

n
2(n-1)

BER,_(ny) =P+, (M) Py DPaeq. 1 + Psa) (0) Pueg, o) (5.12)

where I, €{01,2} and the no crosstalk symbol error probability P,  is treated
the same as in [1, 2]. P, 5 and P, o are caculated from eq. (5.9) for ry =1

and 0 respectively asin the FA case. However, since there could be two crosstalk
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in the signal frame under OSA, the overal BER in the presence of crosstalk for
only dlots aligned is caculated by summing up al the error contribution
calculated from eq. (5.12) for all values of I, and the conditioning on n; is
removed through averaging (assuming signal and crosstalk walking away from

each other sufficiently fast). It iswritten as

n 2
BER-- > 3 BER (n) (5.13)
n n=114=0
n =4 ‘ é
i framel
i ndots=n
54. ----------------- !
n =3 ‘ L . ‘
5 framel Tframe2
. n slots n dots
Crosstalk FT T
: [ t
N, dots N, dots
I S
n =1
framel frame2
n slots n_dlots !
1 E*_N"HZ ______ »i
tS
Signal -

Fig. 5.4 Illustration of different frame misalignments between crosstalk and signal
in DPPM WDM receiver for M = 2 under the OSA constraint, (n, = 1, 2, 3 and 4

are optional misalignment forms)

5.4.3 Slots misaligned (SM)
The number of different crosstalk combinations occurring in the signal frame

increases with dot misaignment, with the detailed analysis becoming
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complicated. Considering Fig. 5.2c, with n, +n, =n+1 (note the difference to the

OSA case), there are seven different crosstalk distribution possibilities each with

different occurrence probability p; ,,(n) calculated from a given n

(contributing to the overal symbol error probability) regarding how much
crosstalk hits aframe as follows:
i) No crosstalk in the signal frame  with  probability

P00 (M) =M -1(n-n)/n?: eg. as shown when the pulses in XT frame 5

and frame 6 respectively occur before the signal frame 5 begins and after
the signal frame 5 ends.

ii) Only one t, partial crosstalk pulse in the signal frame with probability
Prao(m)=(n -1)/n?: eg. a shown when XT frame 2 pulse occurs at
signa frame 1 end while the XT frame 1 pulse occurs before the start of

signa frame 1.

iii) Only one t, partial crosstalk pulse in the signal frame with probability
Pron(n)=(n-n)/n?: eg. a shown when XT frame 3 pulse occurs after
signa frame 2 ends while the XT frame 2 pulse occurs at the start of signal
frame 2.

iv) One each of t;, and t, partial crosstalk pulse in the signal frame with
occurrence probability p;qp(n) =(n-1%+D)-(2(n-Y(n-n))/n’ : eg. as
shown when XT frame 6 pulse occurs within signal frame 6. The other
possibilities (not shown) are, (a) when XT frame 7 pulse occurs within
signa frame 6 while XT frame 6 pulse occurs before the start of signal
frame 6 and (b) where each of XT frames 6 and 7 contribute a part pulse at
the start and end of signal frame 6 respectively.

v) One t, and two t, partial crosstalk pulses in the signal frame with
probability (pf(lyz)(nl):(nl—l)/nz)i e.g. as shown when whole XT pulse

from XT frame 5 occurs within signal frame 4 and XT frame 4 pulse
occurs at the start of signal frame 4.

vi) Two t, and one t, partial crosstalk pulses in the signal frame with

probability (p; gy (n)=(n-n;)/n?) : eg. as shown when whole XT pulse
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from XT frame 3 occursin signal frame 3 and XT frame 4 pulse occurs at
the end of signal frame 3.

vii) Two each of t, and t, partial crosstalk pulses in the signal frame with
occurrence probability (p¢ ., (n)=(n -2)(n-ny)/n?): eg. a shown when
whole XT pulses from both XT frames 7 and 8 occur within signal frame 7.

Additionally, at the slot level for the SM, the probabilities that partial crosstalk

pulses of duration At=t;, and At=t, hit the signal dot are py,(L0)=I;/n and

P,y (01) =1,/n respectively, and for ahit on empty slot, p ,,(0,0)=(n-1,-1,)/n.

10

e M= 1,RXT:5 dB
MZZ,RXTZS dB

—— M=5R, =5 dB

M=1,R, =10 dB
107 |\ = = .

M=2,R, =10 dB :
M=5,R, =10 dB

BER

10 10 10 10 10 10
Number of slot discretization, m

Fig. 5.5 BER as afunction of number of slot discretization (m) for SM using
MCB, G = 27 dB, for single crosstalk with received power corresponding to BER

=107, (mis adimensionless modelling artefact)

Assuming the dot is discretized into m small units of length t, =t,/m such that
the minimum slot offset equals t., then t, takes values from {, 2t,, 3, ... mt, }
where t, +t, =t, =mt,. Asshown in Fig. 5.5, for values of m>100, the target BER

of 10 is achieved while the BER becomes worse for m<100, especially for lower
coding levels and higher crosstalk power. For definiteness, m=100 is used in the

calculations, as seen in Fig. 5.5, higher values of m do not show any significant
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change on the BER, but rather increases the computational time. The OSA caseis
recovered for m=1, athough a higher received power than those used in Fig. 5.5
would be required to attain the BER of 10°. Note that m is only a modelling
artefact introduced to facilitate the analysis for the SM case.

The bit error rate contribution when there is no crosstalk is written as,

BER(N,) = P+ (0,0 (M) 2(nn—1) Pue(0,0_00) (5.14)

while for the other possibilities, it is generally written as :

tS
Pt 1, (M)
t

t=te

_n

2(n-1)

y [Psal,u) (LO)Pueqyi, 10 J+ [ps(ll,lz) (0D Pueq, 1, oy ]
+ [ps(ll,lz) (0.0Pyeq,i, 00 ]

BER, ), (M) =~
(5.15)

The no crosstalk symbol error probability P, o0 IS calculated the same as
Puwe(_o 1N the SA case, and 1,,1, €{01,2} excluding the case where (,,1,)=(00).
The other symbol error probabilities P 1. 10 » Paet,l, 01 » @d P, 00 A€
calculated using eg. (5.10) for (r;,r,) = (1,0), (0,1) and (0,0).

The overall BER in the presence of crosstalk for slots misaligned is calculated
by summing up al the error contributions calculated from egs. (5.14) and (5.15)

with the conditioning on n, removed by averaging. It iswritten as

1 n 2
BER=— > BER(n,) + BERys () + BER, o(ny) + > [BER, 1(n) + BER ,(m)].  (5.16)
n=1 =1
5.5 Singlecrosstalk results
The physical parameters used in the model are listed in Table 5.2. N, ; is
fixed by N,/R, @t the receiver with Ry >1, i.e. assuming that the crosstalk and

the accompanying ASE have been attenuated by the demultiplexer upon coupling
to the desired signa photodetector. The same data rate is assumed for both
crosstalk and signal. The DPPM thermal noise variance is back calculated using a

bandwidth expansion factor such that o2 _pepy = Bepoiook Where By, =2" /M is
the DPPM bandwidth expansion factor [30] and oy, gox = 7 10" A is obtained

from amodel of a PIN-FET receiver with R, = 2.5 Gbps at BER of 107 assuming
a sengitivity of —23 dBm [21]. The demux (or OBPF) channel bandwidth is 76
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GHz with 100 GHz adjacent channel spacing, this is about the same with those
seen in [31, 32] and will easily accommodate the dlot rate of 45.7 GHz for
maximum DPPM coding level of M = 7 considered [2]. Typical vaues for
adjacent channel rejection ratio ranges from -20 dB to -30 dB [31-33], however in
the work presented in this chapter, the level of crosstalk (relative to signal at the
photodiode) which could be worsened by asymmetric demux input powers is
allowed to vary from negligible case of -30 dB to a very worse case of -5 dB and
the resulting crosstalk effect is calculated and shown for each case. A target BER
of 10™° is considered for systems without forward error correction coding (FEC)
[34, 35], and 1072 is considered for systems with FEC. Furthermore, the required
optical power is defined as the average power at the input of the optical amplifier
required to achieve the target BER.

Table 5.2: Physical parameters used for calculations

Parameters Description Value
R, binary datarate 2.5 Gbps
B, demux channel optical noise bandwidth 76 GHz
Asig signal wavelength 1550 nm
n receiver quantum efficiency 0.9[36]
G optical preamplifier gain 27 dB or 8dB
NF optical preamplifier noise figure 4.77dB [2]
m, ASE noise polarisation states 2

Fig. 5.6 shows the single crosstalk BER curves using the MCB technique for
FA, OSA, SM and no crosstalk cases with signal-to-crosstalk ratios Ry; =10dB

and Ry =5dB, and at coding levelsM =1 and M = 5. The curves for the GA and
CB techniques (not shown) are similar to the MCB, just offset by less than 0.3 dB
at aBER of 107°.
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The BER for FA case is seen to exceed al other cases in al the methods
considered and thus results in the worst case power penaty. The OSA BER
coincides with the FA BER a M =5, while the SM case produces the best BER
curves at al coding levels. The similarity between the OSA and the FA (which
also isaspecia and dominant subcase of the OSA, occurring at maximum overlap
of a particular crosstalk frame with the signal frame) can be understood from the
probabilities of the OSA crosstalk distribution. For example, at n, =1 the OSA
probabilities are dominated by the probability of one crosstalk hitting the signal
frame p;y =@+ (n-D?)/n?> (P = Pry =(N-1)/n?). It is easily seen that as n

getslarger, pru —1 while pyq = prz -0 and OSA approximatesto FA.

--e--FA
--&-- OSA
—————— SM
No XT
o
] |
m
10-12 L L 1 L
-52 -50 -48 -46 -44 -42 -40 -38
Average Power at OA Input (dBm)
0
10 _
107
(b)
10
5 10°
M
10°
10-10 |
10-12
-60
Average Power at OA Input (dBm)

Fig. 5.6 BER against average power at OA input (dBm) using MCB, G = 27 dB,
for single crosstalk with Ry =10dB and5dB: () M=1and (b) M =5
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Fig. 5.7 shows a comparison of the GA, CB and MCB performance at low gain
G =8dB and high gain G = 27 dB with a single crosstalk source and M = 2. The
MCB coincides with the GA at low gain, but shifts close to the CB at high gain as
the ASE noise reduces the significance of the thermal noise. The GA on the other
hand is seen to exceed the CB and MCB (which are upper bounds) at high gain
with no crosstalk and in the presence of crosstalk. The margin with which the GA
exceeds the MCB and CB widens as the coding level and the noise equivaent
bandwidth B, of the DPPM receiver increases. This inconsistent behaviour of the
GA is well reported for both OOK and DPPM systems [2, 27], but it has the

advantage of being asimple and quick performance evaluation technique.

10°
107 1
10 1
5 10° 1
o0
10° .
10 No XT g X
107+ ! S
\\ ! é?
-12 ® \ \
10 L L L L L X
-44 -42 -40 -38 -36 -34 -32
Average Power at OA Input (dBm)
10° :
--0-- GA
107 L TR, N | cB
e -~ -~ MCB
10 g
fo Y
% 10° % g@%
o
10 No XT K T
X \Q \@
-10 *Q \X\‘%
10 L Q \x\\®
\\ (D\ \)2\\®
10_12 I I 1 I I ‘\\‘ Q I \X b\ ]
58 56 54 52 50 -48 -46 -44 42  -40
Awverage Power at OA Input (dBm)

Fig. 5.7 BER against average power at OA input (dBm) using M = 2, for FA
single crosstalk with Ryr=5dB: (a) G=8dB and (b) G =27 dB
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To further understand the single crosstalk system, consider Fig. 5.8 which
shows the result of power penalty as a function of fixed misalignment. Each point
in Fig. 5.8a presents the power penalty for the different fixed slot alignments
(subcases) that is averaged to obtain the overall power penalty for the OSA case.
The penalty at n, = 8 corresponds to the penalty for FA. The best performance for

the fixed dlot alignments is attained at n, = 4, this is because the probability of no
crosstalk impairing the signa frame p¢ ¢, (n,) is highest for such misalignment.

Fig. 5.8b presents the power penalty for fixed frame and slot misalignment SM
and gives a better insight of a more practical system. The result highlights the
importance of the averaging approach for realistic systems as recommended
earlier. All the pointsin Fig. 5.8b are averaged to obtain the overall power penalty
for the SM case as per eq. (5.16). The points along the n, axis at t; = 1 are the

fixed dlot alignment points and are the same as the result presented in Fig. 5.8a
The FA point occurs at n, = 8, t; = 1, and is seen to present the worst penalty.
Optimum points also occur along the t, axisat t;, = 0.5 and implicitly, at t, = 0.5.

This is because the maximum power of either partial crosstalk i.e. max{pR_,R_} is

lowest at that point. On the left of this optimum point, t, > 0.5 and on theright t,

> 0.5. Thus, it is clearly seen that the impact of a single high power crosstalk is
worse than that of many crosstalk of equivalent power. The result in Fig. 5.8
could be of practical importance in a non-dispersive channel like in free space
where fixed misalignment may persist for a longer duration that averaging may
not be required.

The remaining results for single crosstalk analysis are obtained assuming the

FA case (which has just been shown as the worst case performance).
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Fig. 5.8 Power penalty as a function of fixed misalignment using MCB (single
crosstalk) for M = 3 and Ryr = 10 dB at BER = 10 (a) Frame misalignment in
OSA case and (b) Frame and slot misalignment in SM case

In Fig. 5.9, the result of the required signal power or power penalty as a
function of DPPM coding level and signal-to-crosstalk ratio is shown using the
MCB. The required signal power in Fig. 5.9a is seen to decrease as the coding
level increases for al values of signal-to-crosstalk ratio, but at each coding level,
the required signal power increases as the crosstalk power increases. The same
pattern is also seen in Fig. 5.9b with the power penalty increasing as the crosstalk
power increases for each coding level. The OOK power penalty at extinction ratio
r -« coincides with the DPPM power penalty for M = 1 as shown in Fig. 5.9c.

However, the DPPM becomes better than OOK as the coding level increases.
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Fig. 5.9 Required signal power or Power penalty using MCB (FA single
crosstalk): (a) Required signal power and (b) Power penalty as functions of both
DPPM coding level and signal-to-crosstalk ratio, and (¢) Power penalty versus
signal-to-crosstalk ratio
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5.6 BER analysis (multiple crosstalk)

5.6.1 General formulation

Under the constraint that the signal frames and crosstalk frames are aligned, the
following derivation for multiple crosstalk holds for number of crosstalk pulses
(N), number of dlots (n) and number of crosstalk that hit signal slot
(ve{012...,N}). Generaly, the probability that for N crosstalk signals, v of them

hit the signal slot while d=N-v of them hit an empty sot is defined by the

oo [3) (3 (5

where d =d,, d,,ds, ..., d, 4, €{123..,N-v} and d, =0, occurring at the same time as

binomial:

v. The probability distribution of the d crosstalk that hit the empty slots are
derived as follows, the probability that:
d, crosstalk congtitute the first hit on empty slot

N—v 1 d; n_2 N-v—d; n-1
ps(d1|0):( " J (n__lj [Hj (Tj (5.183)

d, crosstalk constitute the second hit on empty slot (i.e. given d, crosstalk hit the

first empty dlot)
d, N-v—d,—d,
ps(d2|d1)=('\"v‘dl] ( L ] [”‘:"j [”;Zj (5.18b)

d, n-2 n-2 2
d, crosstalk constitute the third hit on empty slot (i.e. given d, and d, crosstalk

hit the first and second empty slots respectively)

(N-v-d; ~d, 1 \5 (g \Ntdeds g
ps(d3|d1,d2)—£ d, J(m} (m) (T] (5.18¢)

Thus the probability that for d = N -v crosstalk, d, crosstalk constitute the first hit
on empty slot and d, crosstalk constitute the second hit on empty slot and d,

crosstalk congtitute the third hit on empty slot is equal to the product of egs.
(5.184), (5.18b) and (5.18c).

Without loss to generdlity, and for N>2 and n-1>g<N-v, One can write
that, if ue {1, 2, 3,...,9} represents the {1%, 2™, 3 ... g, } hit on empty Sot,

and d ={1,23..,N -V} constitute the number of crosstalk involved in a hit on empty
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dot, then d, defines the number of crosstalk pulse(s) involved in the u,, hit on an

empty slot. Therefore the probability of d, crosstalk being the 1% hit on an empty

dot isthe same as eg. (5.18a) and can be rewritten as

C(N=VY 2 E (n-@+) VY (-
ps(d1|0>—( . ] ) (=82 (A (5.19)

Generalizing, the probability that d, crosstalk pulse(s) is the u, hit on an

empty slot (i.e. given d,,d,,ds,...d, ; crosstalk pulse(s) are already involved in hit

on other empty slots) is written as:

n-— n—-u

N-v=2 d.s ( 1 ]d“(n—(u+1) 2.
u

N-v-» d
ps(du|d1*d2'd3 """ du—l): =1 j o % (520)

(5.21)

(N-w)! g
———————| | ps(dy|dy,d3,d3,...dy 1)
kl!k2lk3!"'kN—v!lu:11: s “| 1:+2:+3 u-1

where k; isthe number of empty slots hit by i crosstalk pulse(s).
Finally, the probability that d,,d,,d;,.,d, crosstalk pulse(s) are the

g
18,2 3¢ g, hit on the empty slots respectively, and v crosstalk pulse(s) hit the
signal slot iswritten as

ps(d;,dy,ds,..., dgiv): Ps(N—v,v)

_ g
» ((N—W'] [ 1 Ps(dulds. 0z ds ..., 0)

k1|k2|k3|kN—V u=1

(5.22)

(N—=v)!

Theterm | —————

j accounts for the order of the hit on empty slots (i.e.

assuming the position of the empty slots with the hits by crosstalk is shuffled),
and since al the crosstalk have equal power, the denominator in the term
accounting for the indistinguishability of some hits.

The multiple crosstalk probability distribution analysis performed above
ignores empty slots with no crosstalk, and hence considers only the distribution of
crosstalk in empty slots with at least one crosstalk. The advantage of this method
of analysisis that the distribution could be calculated for any DPPM coding level
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(i.e. any value of M ). However, it becomes more difficult to calculate as the
number of crosstalk (N) increases since it requires identifying at least all the ways
the crosstalk that missed the signal slot could hit the empty slots disregarding the
order and with repetition. This difficulty however is somewhat reduced because
empty slots are not considered, thus limiting the number of ways required to be
found for N crosstalk.

An dternative way of performing the multiple crosstalk probability distribution
anaysisis by the use of multinomial. This method facilitates the calculation of all
the likely distribution of crosstalk including slots with no signal or crosstalk pulse.
However, it becomes more difficult and computationally intensive as the DPPM
coding level increases. For example, for M =2 (i.e. n = 4), eg. (5.22) can simply
be written as,

psdist = ps(N-v,v) ps(d;,dy,d;) (5.23)

where d,,d, and d; are the contents of non-signal slots 1,2 and 3 respectively,

N-v 1 N-v
ps(dladz-d3)= (mj (5.24)
d;,d,
N-v |
where = (N-v)! .
d,'d,!(N—v—d; —d,)!
d,,d,

Thus the genera formula for the multiple crosstalk distribution for any value of M

can be written as,

psdist = p(N-V,v) pg(d;,d;,ds,....dyg) (5.25)
where,
N-v 1 N-v
ps(d;,d,,ds,....,d,, ;)= (n—_lj (5.26)
d;,d,,dg,.nd, 4

Calculating eg. (5.25) just for M = 3 (i.e. n = 8) is computationally intensive even
for low values of N.

With the probability distribution known, all that remains is to sum up al the
BER contribution under each distribution of crosstalk weighted by the probability

of occurrence for each distribution.
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Under the constraint of dlot or frame misalignment, the derivation of the
probability of crosstalk distribution for N crosstalk signals arising from different
wavelength channels in the system could be more complex than the above
derivation for FA. It will require examining the content of each slot under every
possible misalignment of slots and/or frame for al the crosstalk in order to
determine their occurrence probabilities and symbol error probability
contributions. However, the possibility of al frames aligning (FA) (acceptable as
argued previoudy for a single crosstalk) becomes less likely with increasing N
such that imposing such constraint may overestimate the BER or power penalty
for large N values. The approach with only slots aligned (OSA) seems to be the
most sensible for multiple crosstalk (at least for low values of M), as it is also
much quicker than the SM approach, and is considered below for M < 2.

5.6.2 Specificcases(M =1and M = 2)

The multiple crosstalk analysis below is considered for coding levels M = 1
and M = 2, which are more practical cases for WDM DPPM systems and the
analysis is facilitated by the GA for computational ease. The probabilities for the
OSA approach have been validated by Monte Carlo simulation and are presented
anaytically only for M = 1. For simplicity, the probability of crosstalk distribution
for M = 2 is generated by Monte Carlo ssimulation. The steps for the Monte Carlo
simulations are detailed in Appendix B. All the crosstalk pulses are assumed to
have equal power. This is the case when there is symmetry in the transmission
link. Alternatively, when the crosstalk power in individual wavelengths are
different or there is a single dominant crosstalk in the system it may be more
convenient to add al the interfering crosstalk power together and treat the
equivalent crosstalk power as if it is from a single wavelength using the single
crosstalk model discussed earlier. This at least provides an upper bound for the
crosstalk power penalty.

5.6.2.1 Framesaligned (FA)

Under FA and for M = 1, there are only two dlots in the frame and crosstalk
pulses can either hit the signal slot or the empty slot. The probability that for N
crosstalk signals, v of them hit the signal slot while d=N-v of them hit an
empty slot is defined by the binomial,
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o3 (] 3

and the overall BER in the presence of N crosstalk pulsesfor M = 1 iswritten as:

N

= 2(nn—1) Z ps(v.d) { 1-{1- P(X o (dtg) > Xy (vts))} (5.28)
v=0

In addition, for M = 2, the probability distribution of crosstalk between the
signa slot and the three empty dots is a binomia while the distribution of
crosstalk within the three empty dlots is a trinomial. The total probability

distribution is a product of the binomial and trinomial distributions, written as:

~ N (N-V)! l v 1 N-v
ps(v'dl’dz’%)_(vj d,!d,!dy! [4] (4] (5.29)
and the overall BER in the presence of N crosstalk pulsesfor M = 2 iswritten as:
n N d
ER= 2n-1) z z ps(v,dy,dy,d3)
v=0 d,,d,,d;=0 (530)

§ {1— 1= P(X o (dyts) > Xy (vts))}
1= P(Xo(dat) > Xy (vte) 1= P(Xo (dsts) > Xy (vt5))

where d,,d,,d; arethe number of crosstalk in empty slot 1, 2, 3 respectively, and
dy=N-v-d,-d,. Xqd,t;) and X,wvt,) aretherandom variablesfor empty slot

z hitby d crosstalk pulsesand signal slot hit by v crosstalk pul ses respectively.

5.6.2.2 Only dotsaligned (OSA)

The simplest method to generate the probability distribution of multiple
crosstalk for the OSA case is by simulation, but for completeness, the analytical
method is presented for M = 1. With the OSA constraint, there is a chance that all,
some, or no crosstalk frames align with the signal.

For M = 1, and considering N crosstalk with f frames aligned with the signal
frame, the total probability that v and d crosstalk pulses hit the signal slot and

empty slot of the signal frame respectively iswritten as,

[ R

where v=>+¢ and d=53; +¢;. > and >,= f—> are the number of crosstalk pulses

from crosstalk with frames aligned with the signal frame that hit the signal slot

and the empty dlot in the signal frame respectively while ¢ and ¢, are the number

of crosstalk pulses from crosstalk with frames misaligned with the signal frame
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that hit the signal slot and the empty dlot in the signal frame respectively. In
deriving the crosstalk distribution in eg. 5.31, we have considered that crosstalks
with frames misaligned with the signal frame are each made up of an earlier
transmitted frame (frame 1) and a later transmitted frame (frame 2) both
overlapping the signal frame. Given that both crosstalk frame 1 and frame 2 are
independent and that the overlap is symmetrical between the two dots of the
signal frame, the distribution from crosstalk frame 1 and frame 2 on the signal
frame have been treated as two independent binomial contributions, each with

(N-f) number of crosstalks involved in the process. The overal BER in the

presence of N crosstalk pulsesfor M = 1 iswritten as:

N-f

pnd] 1) [ 1o B P(Xo(d) > X, (), (5.32)

5.7 Multiplecrosstalk results

Except where stated otherwise, the same physical parameters used for the
single crosstalk model are maintained for the multiple crosstalk model (Table 5.2).
In addition, the signal to crosstalk ratio R,; as used in the multiple crosstalk

results refers to signal to single crosstalk ratio, arising as it does typically from the
demultiplexer crosstalk rgjection. The OOK model follows the same model for
multiple crosstalk sources in [20] and with perfect extinction ratio assumed (so
that any advantage of DPPM is not overstated).

An example BER result obtained using the general formulation under the
assumption of FA is shown in Fig. 5.10a for M < 7and for N < 5, with signal to
crosstalk ratio of 5 dB (possible in the case of asymmetric losses between the user
transmission paths). As generally expected, the BER performance worsens with
increasing number of crosstalk sources, and improves as the coding level
increases. In Fig. 5.10b, the DPPM BER performance is shown to be better than
OOK in the presence of multiple crosstalk sources. The DPPM BER results
obtained under the FA assumption for 30 and 50 crosstalk sources are seen to be
close to the BERs obtained using the crosstalk distributions facilitated by Monte
Carlo simulations. By this result, and considering that most practica WDM
systems consist of about 32 to 64 channels, we can infer that the FA assumption

gives agood approximation of the BER.
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Fig. 5.10 Multiple crosstalk BER plots: (a) BER as afunction of number of
crosstalk N and coding level M for DPPM (FA) and (b) BER against average
power at OA input for OOK and DPPM at M = 2 (1000000 Monte Carlo trials)

The result of DPPM power penalty analyses for multiple crosstalk for M = 1
and M = 2 is compared with power penalty for OOK in Fig. 5.11 for target BER
of 10°. Clearly, DPPM predicts a reasonable penalty which is less than the OOK
penalty for multiple crosstalk, even at low coding levels. The DPPM improvement
in power penalty becomes better as the number of crosstalk sources increases and
as the coding level increases from M = 1 to M = 2. In Fig. 5.11c, the FA is
compared with OSA and simulation for M = 1 and only ssimulation for M = 2.
Although the FA seemsto overestimate the power penalty, the approximation gets
better for M = 2. Additionally, it is computationally quicker than the other
approaches and provides an upper bound for the system. These same trendsin Fig.
5.11 are seen in Fig. 5.12, but with lower power penalties predicted for 10°. This
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result is particularly of interest to modern high-sensitivity optical systems where
FEC is commonly used.
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Fig. 5.11 Power penalty against Signal-to-crosstalk ratio for OOK and DPPM
(multiple crosstalk OSA and Simulation) at BER = 10°%: (&) M = 1 (b) M = 2 and
(c) DPPM FA compared with OSA and/or Simulation (50 XT Signals)
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5.8 Summary

Analyses of crosstalk for optically preamplified WDM DPPM systems are
performed for the first time using the GA, CB and MCB. The FA case is found to
marginaly present the worst power penalty. However the accuracy penalty is
justified by a significant reduction in calculation complexity. For multiple
crosstalk, the probability distribution of the crosstalk is easily obtained using
Monte Carlo ssimulation. However for a fixed coding level, it is possible to
anaytically find the probability distribution of crosstalk in the signal frame by
considering all the different multinomia contributions from every possible
combination of aligned and misaligned crosstalk frames. The approach using the
OSA assumption predicts a sensible penalty compared to the approach with FA
assumption and hence presents a better representation of a practical system.
Furthermore, the MCB is recommended as the safest method of evaluation as it
presents a tighter upper bound than the CB and is more sensitive to the optical
amplification, though the GA is computationally quicker. The DPPM coding level
M = 2isalikely option for WDM DPPM free space and wireless systems because
of its sensitivity improvement for a small bandwidth expansion over OOK, and
when crosstalk is present this is further benefited by a reduced power penalty
relative to OOK. With the model developed and the analysis performed in this
chapter, we are a step closer to evaluating the performance of a full WDM DPPM
network with hybrid fibre and turbulent FSO links. The combined effect of
interchannel crosstalk and atmospheric turbulence in such a network is the topic

of the next chapter.
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CHAPTER 6 Turbulence-Accentuated | nter channel
Crosstalk in Hybrid Fibreand FSO
WDM Systems using DPPM

6.1 Introduction

The optica fibre provides huge and unregulated bandwidth immune from
electromagnetic interference, with low signal attenuation around the 1550 nm
wavelength region [1], and is the medium of choice for high speed access
networks. Optical fibre technology is well developed in access networks, and can
potentially support high speed transmission to usersin their homes and offices[2].
Thus optical fibre is commonly found in various communication links, including
optical interconnects, point-to-point links between local area networks (LANS)
and within passive optical networks (PONs) [3-5]. Other benefits of fibre
networks include compatibility with most multiplexing/multiple access
technology, and lower cost and attenuation compared to the previously used
twisted-pair copper cables found in digital subscriber loop systems|[1, 6]. In some
cases however, it may be problematic to deploy afibre link due to cost, physical
barriers or for environmental reasons [7], or due to a need for fast deployment,
and an alternative optical communication network may be required.

In many cases free space optical (FSO) communication links are easier and
cheaper to deploy than optical fibre links [2, 8]. FSO communication systems
have been widely applied in inter-satellite and deep space communications and
have recently received more interest in terrestrial communication, with specific
applications such as pre-deployed back up link, rapidly deployed disaster recovery
link and enterprise connectivity e.g. LANs and wide area networks (WANS) [2, 4,
8]. Such systems provide extra flexibility and relative ease of upgrade as the user
need changes, and have increasingly been proposed as promising solutions to high
speed transmission in the last mile of optical access networks [9]. FSO
communication, however, requires line of sight between transceivers which
restricts the link penetration and coverage area. The requirement for line of sight
could sometimes be advantageous, for example, in a multiple user connections
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where many users occupy different cubiclesin an office, it is easier to restrict each
user’s signa within the user’s cubicle or cell, thereby reducing interferences
between each user’s signals [10]. In addition, there is also improved safety as any
intrusion might block the signa and are easily detected [11, 12]. Generdly, for
terrestrial (atmospheric) applications, FSO communication systems performances
are adversely affected by attenuation (due to atmospheric particles), beam
spreading and turbulence-induced scintillation [13-16].

Wavelength division multiplexing (WDM) has application in both optical fibre
and FSO systems [1, 2, 4]. With WDM PON, fixed wavelengths are assigned to
each optical network unit (ONU), thus more fully exploiting the high transmission
bandwidth available in the optical domain and avoiding the synchronisation and
threshold acquisition required in the burst mode upstream of TDM/TDMA
systems [17, 18]. Compared to TDM/TDMA PONs, WDM PON systems use
demultiplexers to separate each ONU’s data instead of power splitters, thus
reducing the system loss and extending the network reach. As a result, WDM
PON systems are increasingly being considered as the primary solution to the
continuous rise in bandwidth demand in access networks [19, 20]. In contrast to
gpace division multiplexing (SDM), WDM supports network resource sharing,
which generally reduces implementation cost. Furthermore, unlike CDM and
TDM where the system chip rate and bit rate may be higher than the end user’s
data rate, WDM systems enable simultaneous transmission by all users at full
system bit rate only limited by the electronic processing speed [1].

In the previous chapter, interchannel crosstalk was considered for a WDM
DPPM system, and the analysis could be applied for a fibre system or a non-
turbulent FSO system. A HFFSO WDM system using DPPM, possibly presents a
more feasible solution in some scenarios to high bandwidth users than a fibre or
FSO only system. Such a system combines the numerous advantages of both fibre
and FSO communication with digital pulse position modulation and WDM
techniques and is analysed for the first time in the work presented in this chapter.
Modelling the HFFSO WDM DPPM system is non-trivial; the combined effect of
the different impairments on system performance is complex. Particularly, the
random fluctuations in both signal and crosstalk powers due to turbulence under
various DPPM coding levels could lead to power penalties higher than those
reported in Chapter 5.
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6.2 Network structureand description

The network components as shown in Fig. 6.1 for the upstream and Fig. 6.2 for
the downstream include a transmitter module which comprises of a laser driver
(LD) and laser for optical signal generation, the input message signal (data) and a
PPM modulator (PPM Mod) and a receiver module made up of a photodetector
(PD), electrical amplifier and filter (EA) and the integrate and compare circuitry
(ICC) for system decision. Thus the system is intensity modulated and the signal
is received by direct detection. The downstream collecting lens may include an
optical bandpass filter (OBPF) (shown in Fig. 6.2b) to limit background ambient
light, while the demultiplexer (demux) inherently performs the optical bandpass
filtering in the upstream direction. With DPPM, the system does not require
dynamic tracking of a threshold unlike for some OOK systems [21], and it could
exist in a PON configuration and possibly include an optical amplifier (OA) to
improve the receiver sensitivity and extend the network reach [18]. The optical
line terminator (OLT) is linked to a remote node (RN) via a feeder fibre and
optical signals are distributed to the various optical network units (ONUSs) through
a turbulent free space channel. An automatic pointing and tracking system
including multiple lenses and focusable collimators or beam expanders [22, 23] is
used to launch the light exiting from the fibre end at the remote node or the
transmitter at the ONU to free space. The properties of the lenses used in the
pointing and tracking subsystem will vary depending on the FSO link length.
Different systems to achieve pointing, tracking and alignment can be found in [23-
25]. By using an automatic tracking and pointing subsystem, a narrow transmit
divergence angle is achieved through adjusting the position and focal lengths of
the lenses [22, 23]. The signals are received via a collimator with collecting lens
(CL) at the opposite end. The collecting lenses (CLs) are assumed to be widely
spaced but appropriately orientated and aligned with the respective transmitting
lenses such that signal from one wavelength is not received at another wavelength
through the wrong collecting lens. In this way, it is easy to avoid intrachannel
crosstalk. The optical amplifier, downstream demux and upstream multiplexer
(mux) are conveniently located at a remote node, while the upstream demux and

downstream mux are located at the OLT. This choice for the OA position limits
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the possibility of fibre non-linear effects occurring during the downstream
transmission since the signal would not be boosted before going into the fibre.
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Fig. 6.1 Optically preamplified WDM DPPM upstream network: (@) system
diagram and (b) functional diagram
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Fig. 6.2 Optically preamplified WDM DPPM downstream network: (a) system
diagram (b) functional diagram

Interchannel crosstalk occurs due to the imperfect nature of the demux (in the
OLT for upstream transmission or the remote node for downstream transmission).
Additionally, turbulence puts more stringent demands on the regjection of non-
signa wavelengths by the demux (as a mean signal-to-crosstalk ratio of e.g. 25 dB
could vary widely above and below that value due to the independence of
turbulence on signal and crosstalk paths). However in the upstream, the signals
experience turbulence from different atmospheric links and perhaps different
turbulence regimes before the interfering signa is coupled onto the path of the
desired signal, hence the crosstalk is caused by aturbulent interfering signal and is

more destructive. The downstream transmission is different though, as the
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interfering signal is coupled onto the path of the desired signal before both signals
are subjected to the same atmospheric turbulence. Thus the crosstalk is not

worsened by the turbulence in the downstream.

6.3 Turbulence channel modelling
The effects of turbulence are characterized using the gamma-gamma (GG) pdf

written as eg. (3.10), which can be re-written (conditional on h, ) as[13, 16, 26]

Z(aﬂ)(a+ﬁ)/2
F(a)(B)

where h, =hy; or h is the attenuation due to atmospheric turbulence for the

Pec(hz) = hz((a+ﬁ)/z)_lKa—ﬁ (2 aph; ) ; h, >0 (6.1)

desired signal or interferer respectively and the « and g parametersincorporating
aperture averaging are written as egs. (3.11) and (3.12) respectively for plane

wave propagation. The Rytov variance o3 distinguishes the various link
turbulence regimes (weak turbulence o3 <1, moderate turbulence o3 ~1, strong
turbulence ¢3>1 and saturated turbulence o3 >« ), and is given by
o2 =1.23C2k "% ,*¥° [13, 26], where C? is the refractive index structure constant,
typicaly ranging from ~10m?% to ~10®m %, k=2z/2 is the optica wave
number and I, is the free space link length [13, 16]. The turbulence induced

scintillation of the desired signal and interferer are each treated independently for
the upstream as each is transmitted over different free space path, however, for the
downstream transmission, both the signal and interferer exit the same transmitting
lens and travel over the same physical path.

Thefibrelossis L, =107“"'"/*® and the free space loss (considered for clear air)

is L, =107“='=)® where o, and « , are the attenuation coefficients of fibre and
free space respectively, (in dB/km), and | is the fibre link length (in km). Free

space attenuation however varies for different atmospheric conditions as discussed
in Chapter 3, and under hazy, foggy, rainy and snowy conditions, signal
attenuation is more severe and the FSO link length is limited. The nominal demux

0SS Lgenx /Multiplexer (mux) loss L, is aout 3.5 dB [5, 27], while the

interferer’s demux 0SS Ly, IS the additional loss that interferer experiences

upon coupling to the desired signal wavelength port, and aso defines the signal to
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crosstalk ratio (in the situation when the input signal and crosstalk power are
equal). The free space transmission beam spreading loss in dB for a small

transmitter aperture in the presence of turbulence iswritten as[13, 16, 22].

Lps = 20|0910( DDRX J (6.2)

e

where Dy, IS the receiving CL aperture diameter, D, is the beam diameter at the

CL dueto diffraction and turbulence written as,

o 5/6 1/2
D, =d,|1+1.3303| — = _ 6.3
[ + R(k(dl/z)z] ] ( )
d ~ Dry +orxl e [16, 22] defines the beam diameter due to diffraction only and

both Dy and ¢ are the transmitter aperture diameter and divergence angle

respectively for either the desired or interfering signal.
A coupling loss is encountered at the interface between the free space link and
the fibre link. Assuming that the fibre ends connected to the multiplexers are

within the CL focal plane, the coupling efficiency . isgiven by [28]

{expli— [az N %‘X](xf +x2 )}I 0[2% X,X, Jxlxz ]dxldxz (6.4)

where a=1.12 is the coupling geometry parameter, expressed as the ratio of the

Ne =8a?

O ey
Oty

CL radius to the back-propagated fibre mode radius, and optimum for a fully
coherent incident plane wave in the absence of turbulence [28], Ag, = D3, /4 is
the CL area, A, =np? is the spatial coherence area of the incident wave, with
radius p, = (1.46C2k?l )7, 1,(e) is @ modified Bessel function of the first kind,

order zero.

6.4 DPPM crosstalk modelling
A DPPM frame consists of n=2" equal time dots of duration t;=M/nR, ,
where M is the coding level and R, is the data rate. For example, at binary data

rate of 2.5 Gbps, a DPPM frame with M =2 contains four slots and the pulse in
the frame represents a 2-bit word transmitted at slot rate of 5 GHz. In WDM
DPPM systems, the bandwidth expands with increasing coding level and
appropriate spacing is required between the wavelengths for systems with high
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coding level. At M =2, the bandwidth expansion of the system is minimum, thus
thisanalysisis performed at M =2 which represents a practical trade-off.

For analytical convenience, assuming that only slots of crosstalk and signal
align during reception, for M =2, n, €{12,3,4} as shown in Fig. 5.4. In addition,
the number of crosstalk pulses that can impair the desired signal ranges from 0 to
2, depending on the position of the pulse in the interfering signal frame and the
pattern of (mis)aignment with the desired signa frame. In Chapter 5, this
condition which neglects partial slot misalignment was referred to as only slots
aligned (OSA), and leads to a quick approach which predicts sensible results for
both single and multiple crosstalk sources.

In a practical WDM system, signals in all active wavelengths contribute some
amount of crosstalk to signals on other wavelengths. The effects of crosstalk from
adjacent wavelengths are typically more severe than crosstalk from other
wavelengths further separated from the desired wavelength. Therefore, for
immediate insight into a WDM DPPM system affected by turbulence, the smple
case of a single adjacent interferer is considered in this anaysis. However, the
anaysis is useful wherever we have the possibility of turbulence-accentuated
crosstalk. A typical scenario where the single interferer model could be applied is
in a system where one interferer is much nearer to the remote node compared to
the other interferers. In such case, there is significant asymmetry in crosstalk
power of the interferers and the single dominant interferer could be used for the
system performance calculations. In addition, since it was shown in the previous
chapter that the effect of a single interferer with high power is worse than that of
many interferers with equivalent power, the joint pdf of multiple interferer’'s
turbulences that has been weakened by the demux channel reection when
coupling on to the desired signal wavelength may be replaced by a single pdf of a
stronger turbulence while the interfering signals are lumped into a single
wavelength and then modelled as a single crosstalk with strong turbulence. This
presents an upper bound on the system BER performance (see the result in
Appendix C).

For the upstream transmission, the received DPPM rectangular pulse power at
the photodetector input for the desired signa and the interferer are respectively

written as
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I:’d (hd) = PTU d hd Lfs,d Lbs,d Ned I-muxl-f I-demux (65)
I:>i (hi ) = I:)TU J hi L fs,i I-bs,i77<:,i Lmufo Ldemudeemux,i (66)
and the single polarisation ASE power spectral density (PSD) at the photodetector

input for the desired signal and the interferer are respectively written as
N, = 0.5(NF x G —~1)hov L¢ Lyemux (6.7)

No;i =0.5(NF x G —1)hv; L { L gemu Lermuxi (6.8)
where G and NF arethe optical amplifier gain and noise figure respectively, h is
Planck’ s constant, v and v, are the optical frequencies of the desired signal and
interferer respectively.

Also, for the downstream transmission, the received DPPM rectangular pulse
power for the desired signal and the interferer are respectively written as

Py (hz) = Prp ¢hz Linux Lt Laemux L s Lbs (6.9)

P (hz) = Prp iNz Lo Lt Lemux L demuxi L tsLbs (6.10)
and the single polarisation ASE PSD at the photodetector input for the desired
signal and the interferer are respectively written as

N, = 0.5(NF x G ~1D)hv L genuxl 1sLbs (6.11)
NO,i = OS(NF xG —1)hl)i Ldemux Ldemux,i L fs LbS (612)

Following the same treatment as in Chapter 5, the general equations for the
upstream transmission are derived below in egs. (6.13) - (6.17), the equations for
the downstream are recovered by replacing the attenuation due to atmospheric
turbulence for the desired signal/interferer (hy, ) with h, .

The means and variances of the random variables both representing the
integration over the slot that contains only the signal pulse, only crosstalk pulse,
both signal and crosstalk pulses and no pulses (i.e. empty slot) are derived and

respectively written as:

Hx (hg,hy) =

sig,int

LthN" +Gq{ SgR'P, (hy) +intR P (hi)} (6.13)
LR g*N,(1+R'N,)
t2

S

sigPy (hy )}
614

‘7>2< (hg,hy)= Ut%—DPPM J{

sig,int

J +Gq2R'[(1+2R'NO)

+Gq2R{(1+ 2Ri'N0,i )intFE (h )}

S
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where sig {01 and int {03 depending on the presence of signal/crosstalk pulse
in the dlot or not, R =n/hv , R =n/hv, , n is the photodetector quantum
efficiency, q is the electron charge, L=B,mt, is the product of spatial and
temporal modes [14], B, is the demux or OBPF channel bandwidth and m, isthe
number of ASE noise polarisation states. The means and variances have been
derived with modifications to account for crosstalk—ASE beat noise assuming the
interferer and the desired signal experiences the same ASE noise at the amplifier
output [29].

Given that each symbol has equal probability of being transmitted in a dlot, the
probability that a symbol is successfully received in the presence of crosstalk and
atmospheric turbulence P . (hg. 1) =1-Pueq .y (hg. 1) where Poy . (hy.h) is the
symbol error probability in the presence of crosstalk and turbulence, I, {012}
and r, {03 denote the number of crosstalk occurring in the signal frame and

signal pulse slot respectively. Following the analysis in Chapter 5, one can write
that:

Past,r (a1 )= HP(XLint > Xj|hd’hi) (6.15)
=

j#sigslot

where X; representsthe content of the non-signal slot X, , and

n-1-(l4—rg) Is—Ts
Pwe(ls,rs)(hd h )51_ 1- P(Xo,o > xlint|hd h )} {1— P(Xo,l > xLint|hd h ) (6.16)

Assuming that the random variables X,;, and X,,, ae Gaussian, the
exXpression P(X o > Xy |ng, hy ) Using the Gaussian approximation (GA), is of the

general form [14]

’uxl,m (hd ' hi )_ 'uxo,im (hd , hi )

do2 (hah)+od, (hh)]

(6.17)

P(Xo,int > Xyjng|Ng 1y )= 0.5erfc

6.5 BER analysis
In a WDM DPPM system with a single interferer, there may be no crosstalk

pulse in the signal frame (for example, compare the signal frame in Fig. 5.4 with

the crosstalk frame when n, = 1). Furthermore, one or two crosstalk pulse(s) may
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possibly impair the signal frame (compare the signal frame in Fig. 5.4 with the

crosstalk frame when n, = 2 or 3 respectively). However, only one crosstalk pulse

can hit asingle slot in the signal frame.

The BERs conditiona on turbulence and crosstalk frame overlap (n,) for the

upstream and downstream are respectively written as

BERuls (hd’hi'nl): Pf(|5)(n1) 2(nn—1) { Psq, )() we(l, 1)(hd ) + Py, )( ) we(l,,0) (hd’hi) } (6.18)

and

BERDIS (thnl): pf(g)(nl)z(%_) { ps(ls)() we(l 1)(hz)+ ps(|5)( )Pwe(ls,o)(hz) } (6.19)

1
where p,(n,) denote the probability of I, crosstalk pulses hitting the signal

frame (calculated the same as in Chapter 5), and n, is the number of dots in
crosstalk frame 1 that overlap the signal frame. Also py,(r;) denote the
probability of r, out of I, crosstalk pulses hitting the signal slot so that the
probability that a crosstalk pulse hits the signal pulse slot py,(1)=1,/n and the
probability that crosstalk pulse(s) hit an (unspecified) empty slot py;,(0)=(n-15)/n
. The no crosstalk symbol error probability P, (hy) is treated the same as in
[14], Pueq, s (hy.1v) and Poey g (hy.hy) are calculated using eqg. (6.16) for r,=1 and O

respectively, and represent word error contributions when the interferer and the
desired signa have experienced turbulence from different (i.e. assumed

independent) atmospheric links as in the upstream. Both P, ,(h;) and
Pug. 0)(hz) a@re calculated using eq. (6.16) for hy ~hy ~ h, (i.e. where the interferer
and the desired signal have travelled the same turbulence path like in the
downstream), and for r, =1 and O respectively.

The overall BER in the presence of crosstalk and turbulence for the upstream is
thus calculated by summing up al the error contribution calculated from eq.
(6.18) for al values of I and averaging over all values of crosstalk frame overlap
(n,) and both the turbulence pdf’s for the desired signal and the interferer. It is

written as

|_\

n-.

I% BERJ, (hg, by, my) Pca, a(hg) Yelel (hy) dng dny (6.20)
0

n=0 [,=0

BERy =

o3
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Also the overall BER in the presence of crosstak and turbulence for the
downstream is calculated by summing up al the error contribution calculated

from eq. (6.19) for al values of I and averaging over all values of n, and the

turbulence pdf for only the desired signal. It iswritten as

- 1 n-1 2
BERD —J‘Fz ZB Ro, (hy,my pGGd(hZ)th (6.21)
n=0

=0 1=0

In deriving egs. (6.20) and (6.21), we maintained the same assumption in
Chapter 5 that signal and crosstalk are more likely to arrive at the receiver with
relative frame misalignment, because signals are randomly transmitted in
overlapping time. Thus an average BER for al form of misaignment has been
taken. For analysis assuming fixed alignment or misalignment of crosstalk and
signal frames, egs. (6.20) and (6.21) are simplified by modifying them to exclude
the requirement for averaging over all values of n;, and then calculated for the

value of n; that corresponds to the fixed alignment or misalignment.

6.6 Resultsand discussion

Bit error rate (BER), required optical transmission power and power penalty
results are presented using parameters reported in Table 6.1. The DPPM coding
level M =2 isused for al calculations to keep the bandwidth expansion low while
still maintaining the attractive features of DPPM. The required optical power
referred to in this chapter represents the transmitter power at the OLT (for
downstream transmission) and ONU (for upstream transmission). The
transmission power at the ONU is restricted to 20 dBm to avoid exceeding the eye
safety limits for free space (outdoor) transmission around the 1550 nm wavel ength
region [15, 30, 31]. Refractive index structure constant ranging from
C2=10"m=2/3 t0 10 m2'% are used for free space optical link length of 200 m
to 2000 m, corresponding to Rytov variance (o2) range of 1.04x 10 to 7.10 and
covering all the turbulence regimes. Aperture averaging is incorporated in the
turbulence model for scintillation mitigation through the use of egs. (3.11) and
(3.12). Amplifier saturation based effects, fibre dispersion and other nonlinearities
are neglected in the analysis, and a perfect extinction is assumed for both OOK
and DPPM calculations. Background ambient light power is considered negligible
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in the proposed network which operates at 1550 nm and uses narrow field of view
collecting lenses with small optical noise bandwidth [32]. The mux/demux
channel bandwidth is assumed to be 76 GHz, with insertion loss of about 3.5 dB
and adjacent channel spacing of 100 GHz in the C-band of the ITU (Internationa
Telecommunication Union) grid specification. Demux adjacent channel rejection
values typically ranging from -15 dB to -45 dB have been demonstrated
experimentally in [33-35] and are considered. As seen in Chapter 5, the impact of
a single high power crosstalk is worse than that of many crosstalk of equivalent
power. Thus in this chapter, only a single crosstalk source from a dominant
interferer is considered. Each user corresponds to an ONU, so both terms are used

interchangeably in the following discussion.

Table 6.1: Physical parameters used for calculations

Parameters Description Value

R, Binary datarate 2.5 Gbps
B, Demux or OBPF channel bandwidth 76 GHz

Asig Desired signal wavelength 1550 nm
Prx Transmission divergence angle 0.2 mrad
Dgx Receiver collecting lens diameter 13 mm [31]
n Receiver quantum efficiency 0.8

¢ Feeder fibre link length 20 km

o Maximum free space link length 2km

ag Fibre attenuation 0.2 dB/km
At Free space attenuation (clear air) 0.2 dB/km
G Optical preamplifier gain 30dB

NF Optical preamplifier noise figure 4.77 dB

m, ASE noise polarisation states 2

L gemux Signal demux/mux loss 3.5dB [5, 27]
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The upstream BER curves for a single interferer at both strong and weak
turbulences are shown in Fig. 6.3 for signal and interferer FSO link lengths of
1500 m. For this particular result, we considered an optically preamplified
receiver without any other losses, to clearly show the effects of crosstalk alone,

turbulence alone and turbulent crosstalk. The Rytov variance (o3) is fixed for

each particular curve and the transmitter power for the signal and interferer are
assumed to be the same so only the demux adjacent crosstalk regection loss

(Leemni) 1S responsible for the crosstalk. The crosstalk effect is seen to be small
without turbulence (as shown by the Sig,XT BER curves in Figs. 6.3a and 6.3b)

even for a demux with poor adjacent channel rejection (15 dB). However in the
presence of turbulence, either for the signal or for the interferer or both, the
crosstalk effect is more prominent and resultsin bit error rate floor as seen in Fig.

6.3c. The error floor occurred at a much lower BER (not shown for o3 =0.35) for

non-turbulent signal with turbulent interferer (Sig, TurbXT) because the power of
the turbulent interferer is reduced by the demux channel rejection ratio.

As a result of the random fluctuation in received irradiance, atmospheric
turbulence can increase or decrease the value of the desired signal or interferer
pulse at decision time. Therefore, the error floor occurs when turbulence has
increased the interfering signal (and hence the crosstalk power) value in the empty
slot or attenuated the desired signal pulse value in the signal slot, to a sufficiently
significant extent. This happens at high signa power when the effect of (other)
noise on the system is negligible. To understand this properly, firstly, consider the
extreme situation of a noiseless (i.e. no ASE beat, thermal, shot etc) system. In
such a system for the times the crosstalk power is even fractionally bigger than the
signal power, due to turbulence, there is a perfect detection of crosstalk resulting
in a BER, for the signal, of 0.5. Equally, once the signal is bigger than the
crosstalk, there is perfect signal detection with BER equal to 0. Thus, the error

floor is ssimply given by 0.5x prob (crosstalk power > signal power) . This, under the

assumption of equal long term average powers at the demux input, occurs for

hy < Lgemw,; fOr turbulent signal with non-turbulent interferer, h >1/L ., for non-
turbulent signal with turbulent interferer, and h; /hy >1/L e, for turbulent signal

with turbulent interferer. The BER value where the error floors occur is thus

determined by both the turbulence strength and the demux channel rejection
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(which directly controls the crosstalk power). Before the error floors occur, the
system BER performance is limited by noise (ASE beat, thermal, shot etc.) and an
increase in the signal-to-noise-ratio (SNR) of the system improves the BER.
Similarly at low power, the noise dominates the signal and worsens the BER.
However, in a noiseless system, the BER over the whole power range (e.g. in Fig.
6.3c) would be constant and equal to the BER value at which the system is limited

by the combined effect of turbulence attenuation and crosstalk power.
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The upstream and downstream required optical power at target BER of 10° is
shown in Fig. 6.4 as a function of FSO link length and transmitter divergence
angle for both OOK and DPPM systems. The interferer demux rejection is 35 dB
and both interferer and signal are at the same distance from the remote node. The
required optical power for the DPPM system is seen to be lower than that of the
OOK system for al turbulent regimes considered. This result is consistent with
the findings in the non-turbulent model presented in Chapter 5, which show that
DPPM requires less power compared to OOK in a WDM free space system. In
Fig. 6.4a, the required optical power increases with the C,? and FSO link length
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due to the perceived increase in turbulence strength as either or both parameters
increases. This is not always the case, as will be seen and explained in later
results. However, the increase in required optical power with respect to transmitter
divergence angle and C,? in Fig. 6.4b is a continuous trend owing to increase in
beam spreading loss.

In Fig. 6.5, the required optical power for upstream transmission is considered
for various interferer and signal FSO link lengths at target BER of 10° and demux
rejection of 35 dB. The result in Fig. 6.5 is of the same form as previously
obtained OOK results [15], and reveals that the effect of turbulence-accentuated
crosstalk is worse when the interferer is closer to the remote node compared to the
desired signal. This is because the interfering signal experiences less loss on
average and hence becomes stronger than the desired signal before the demux
taken into account. Thus at certain interferer FSO link length, it is impossible to
attain the target BER and an error floor occurs as seen in Fig. 6.5a. The target
BER is achievable at reduced C,? value of 107 m2/3 for every location within
the FSO link distances considered in Fig. 6.5b, with the required optical power
rising as the position of the desired ONU moves away from the remote node.
Therefore, it is highly important for a network designer to determine the closest
distance to the remote node each ONU should be in order to obtain the required
system performance with adequate consideration to the demux adjacent channel
rejection ratio. For example, using a demux with adjacent rejection ratio of 35 dB
as shown in Fig. 6.5a, when the interfering user is 500 m away from the remote
node, then the desired ONU cannot be more than 1000 m away from the remote
node for the target BER to be met at all turbulence regimes. To avoid some of
these issues, a power control algorithm (PCA) may be included in the system to
monitor each ONU transmit power relative to the distance from the remote node
and ensure that the same power is received at each user’s collecting lens. The
PCA could help in reducing ONU transmit powers and interferences among the

ONUs as have been seen in RF mobile communications.
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regjection and interferer’s FSO link (M) at |59 = 2000 m and target BER of 10°®

In Fig. 6.6, the demultiplexer figure of merit in terms of adjacent channel
rgiection is considered for various interferer’s FSO link lengths at target BER of
10°® and under different turbulence conditions. The FSO link length for the desired
signal is fixed at 2000 m which is the maximum FSO link length considered in
thisanalysis. It isshown in Fig. 6.6athat if the desired ONU is positioned at 2000
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m away from the remote node, then for another ONU (interferer) to be at 500 m to
the remote node, a demux with adjacent regjection ratio greater than 45 dB is
required so that the target BER is met for all turbulence regimes. Alternatively,
the interfering user may be located at 1500 m from the remote node and a demux
with adjacent rejection ratio greater or equal to 35 dB is used to meet the targeted
BER performance. The target BER is easily achieved a weak turbulence
condition asseenin Fig. 6.6b.

The Rytov variance is related to scintillation index and is normally used for
turbulence characterisation. It is directly related to the FSO link length and C.2
and gives an indication of the turbulence strength. Thus in Fig. 6.7, the required
optical power for upstream transmission at target BER of 10 is examined for
variable C,? values and as a function of either FSO link length or demux loss
(adjacent channel regjection). In Fig. 6.7a, with the desired user permanently
positioned at 2000 m from the remote node, error floor are effectively seen
gradually increasing as C.? increases and/or interferer’s distance from the remote
node decreases, indicating positions where the target BER is not achievable.
However, the floor disappears in Fig. 6.7b with both the desired user and
interferer permanently positioned at 2000 m from the remote node.

As previously noted, the Rytov variance constantly increases with C,? and FSO
link length. However, it has been shown experimentally that the scintillation index
and hence optical turbulence strength does not continuously increase with the
Rytov variance [13, 36]. Generaly, as the Rytov variance increases, the
turbulence strength increases until a maximum is reached at a point referred to as
the focusing regime [13] where the worst effect of random focusing is achieved.
After this point, continued increase of the Rytov variance leads to loss of spatial
coherence and a gradual decay in the scintillation index up to the saturated
turbulence regime where it approaches unity [36]. This behaviour is responsible
for therise and fall in the required optical power along the C% axisin Fig. 6.7.
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Fig. 6.8 Upstream Required Optical Power as afunction of the refractive index

structure constant (C,?) and demux adjacent channel rejection at It = 1500 m

The required optica power as a function of the interferer demux loss and
refractive index structure constant for DPPM system is compared with OOK
system in Fig. 6.8. The FSO link lengths for the signal and interferer are fixed at
1500 m so that the system operation is moved closer to the focusing regime for
the C.? values considered. It is seen that the DPPM system requires lower optical
power compared to the OOK system for al values of C,? and Laemui Used in the
analysis. In Fig. 6.8a, for target BER of 10° and Lgemu; Of 35 dB, the single
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crosstalk effect is clearly seen worsening as the turbulence strength increases for
both the OOK and DPPM systems. The system performance at different target
BER valuesis examined for OOK and DPPM in Figs. 6.8b and 6.8c. The result in
Fig. 6.8c shows that for target BERs of 10°, 10° and 10° to be met at all
turbulence regimes, the system requires demultiplexer with adjacent channel
rejection greater or equal to 46 dB, 32 dB and 18 dB respectively. However, to
meet a BER of 10°, high power (above 20 dBm) would be required. With
interleaved FEC implemented in turbulent systems as explained in Section 2.3, it
becomes more feasible for practical FSO systems to operate at BER of 10, and
demultiplexers with 18 dB rejection are readily available.

The power penalty results are shown in Fig. 6.9 for ligsg = 1500 m. Unlike the
non-turbulent WDM DPPM versus OOK crosstalk results in the previous chapter,
Figs. 6.9a and 6.9b indicate that the OOK system has slightly lower power penalty
compared to the DPPM system under moderate to strong turbulence. As shown in
Fig. 6.9a, with no interferer the DPPM power penalty is greater than the OOK
power penaty by 0.2 dB, and increasing to 0.5 dB as the turbulence strength
increases. This reduction in DPPM sensitivity over OOK systems in the presence
of turbulence has been reported in [14], with no interferers. This is specificaly

because the turbulence pdf shifts more to the left with increasing o3 (see Fig.

3.7), thus more area of the pdf coincide with part of the instantaneous BER curve
dominated by signal independent noise such as thermal noise, resulting in a
reduction of the DPPM average sensitivity advantage over OOK as the turbulence
strength increases. The difference between the power penalties of both systems is
reduced in the presence of interferers (see Fig. 6.9a). And under no turbulence as
seen in the result in Chapter 5 or under weak turbulence as seen in Figs. 6.9c and
6.9d, the power penalty for the DPPM system tends to be lower than that of the
OOK system. Asshown in Fig. 6.9d, an interferer that is closer to the remote node

causes more crosstalk to other users farther away, even at low CZ2 value. Thusin

the absence of power control, user positioning should be considered as an
important design parameter. Implementing a PCA ensures that the average signal-
to-crosstalk ratio is independent of the user’s position, and is aimost the same
value as Lgemuxj, Unlike the case shown in Fig. 6.9d. The use of PCA will be
exemplified in Chapter 8.
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Fig. 6.9 Power penalty (dB) for the upstream as a function of the refractive index
structure constant (C,,%) and demux adjacent channel rejection at lfso,sig = 1500 m

167




CHAPTER 6: Turbulence-Accentuated Interchannel Crosstalk in Hybrid Fibre and FSO WDM
Systems using DPPM

6.7 Summary

A hybrid fibre and FSO WDM DPPM network have been studied in this
chapter and the effects of turbulence-accentuated interchannel crosstalk on the
system performance analysed for the first time. For al turbulence regimes, it
could be seen that DPPM systems required lower optical power compared to OOK
systems. At coding level of 2, the DPPM scheme presented about 2 dB
improvements in required average power over the OOK scheme. The existence of
turbulence-accentuated crosstalk for the upstream transmission which somewhat
restricts the relative distances between the remote node and both the interferer and
the desired user for a specified target BER and demux adjacent rejection ratio was
established in the results. Depending on the position of the interferer relative to
the desired user, power penalties of about 0.2 dB — 3.0 dB for weak turbulence
and above 20 dB for strong turbulence regimes was reported for 10° BER target.
Error floor occur in turbulent WDM DPPM systems with crosstalk and the
relationship between the turbulence and the crosstalk at the onset of the error floor
was shown in our analysis. The achievable BER can be improved using
interleaved FEC as discussed in Chapter 2 and by implementing a PCA. In the
next chapter, we will consider another system performance metric referred to as
the outage probability, before we finally consider a laager OCDMA WDM
network with different OOCs used in each WDM wavelength.
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CHAPTER 7 Outage Probability in WDM FSO System
with Turbulence-Accentuated
| nterchannel Crosstalk

7.1 Introduction

Optical signals propagating in the atmosphere are exposed to significant
distortions in intensity and phase because of the inhomogeneous nature of
atmospheric particles, and the consequent variations in the index of refraction
over the atmospheric channel [1, 2]. This, as aready discussed, is referred to as
optical scintillation, and causes deep fades in intensity and random loss of signals
[3-6]. In previous chapters, the scintillation effect of atmospheric turbulence has
been considered entirely as an ergodic random process in which the same result is
obtained for the BER whether the calculation is performed using ensemble
(statistical) averages or by substituting ensemble averages with time averages.
This is justified by the fact that the bit durations considered are shorter than the
correlation time of the fluctuations by atmospheric turbulence which is in the
range of 1 - 10 ms, such that over a bit period (and indeed typically over many bit
periods), the instantaneous fluctuation effects remains approximately the same [7-
9]. While scintillation is a slow time-varying process [4, 10], the instantaneous
BER of a turbulence-affected system may sometimes fall below the target BER,
causing some outages in the system which are not accounted for by the long term
average BER [11]. Therefore, the outage probability of an FSO system requires
proper consideration, and provides an alternative way (to the average BER) of
considering the overall performance of an FSO system. In addition to the generic
analysis of FSO communication outage probability performed in [1], the outage
probability of other FSO systems including multiple-input-multiple-output
(MIMO) and relay assisted multi-hop systems have also been studied in [10, 12-
16]. This however represent the first time that the outage probability of a system

with turbulence-affected interferer is studied.
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7.2 Outage probability

The outage probability or probability of fade is another criterion for expressing
the performance of turbulence-affected FSO systems. For a given pdf of the
randomly fluctuating irradiance, the outage probability indicates the fractional
duration of time [1] in which the (instantaneous) received irradiance in a system
with fading channel is below the required irradiance to meet a predetermined
target signal-to-noise ratio (SNR), bit error rate (BER) or a Gaussian Q — function
(for example, durations x, y and z shown in Fig. 7.1). Unlike the average BER, the
outage probability of the system presents the effect of short time outages during
which the system may experience high error rate due to the fading characteristics
of the atmospheric channel [17]. The target outage requirement in the optical
transport network is about 0.001% (i.e. 5.25 minutes per year), while availability
greater than 99% (i.e. less than 87.7 hours per year) is usualy considered
satisfactory in optical access network applications, e.g. LAN applications [18-20].
Thus for a HFFSO access network, the same outage requirement need to be
maintained in both the fibre and the FSO parts of the link to ensure that the QoSis
not degraded. Except where the FSO link is arepair to the core network or a back-
up link in the access network, then users may be willing to accept a less reliable
network as atemporary link during repair and maintenance than a total outage.

4 Received Random

v

v

I nstantaneous I rradiance

» Time

A

Fig. 7.1 Random signal received at the collecting lens
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7.3 System and channel model
In a non-turbulent OOK NRZ system with ‘optimal’ threshold and no crosstalk,

the BER is simply written as,

_laid Q@ __izlo
BER ook = 2erfc[ \5] where Q P (7.2)

and for non-turbulent DPPM system with integrate and compare receiver and no
crosstalk,
n-1
1 My, = Hx,
BERppem 1cR = —— {1{1—Eerfc(%ﬂ } where Qz% (7.2)

- 2
2(n-1) o} ok

where i; and o2 (d =0,1) are the mean and variance of a transmitted one or zero

bit, and uy and o%, are the mean and variance of a transmitted pulse slot or

empty slot. Equations (7.1) and (7.2) are modified accordingly in the presence of
crosstalk to accurately determine the effective threshold above which the signal
quality meets the required performance.

Using the transformation of random variables from eq. 3.6, the gamma-gamma
(GG) pdf written as eg. (6.1) could be rewritten as[1, 21],

_ 1 2(aﬂ)(a+ﬁ)/2( | ]((a+ﬁ)/2)1 [ | J
pGG(|v<|>)_WW ay Ka-p| 2,|aB wll | >0 (7.3)

where | istheinstantaneous irradiance, (1) isthe average or mean irradiance, and
h, =1/(1) is the normalized optical field irradiance written as eq. 3.6 and
implicitly expresses the signa attenuation due to atmospheric turbulence induced
scintillation. In addition, the irradiance fluctuation in a turbulent FSO channel
could be characterized by K-distribution and log-normal (LN) pdf, respectively
written as[1, 21],

1 Z(a)(a+1)/2 | ((a+1)/2)-1 |
pKD(I,(I>)‘mW(m) Kyl 2 a(m) ’ o (74

2

1 {M((:)]*—;GE}
exp — , | >0 7.5
lo v2r P 20 ¢ - (7:9)

pLN(|’<|>):

of = expla +1/B]-1 is the log-amplitude variance which is made up of the large-

scale and small-scale log-irradiance variances.
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The outage probability in a turbulence-affected system without any interferer is
written as[1],

Iy

POUT(<I>):P(| §|T|<|>):jpx(|a<|>)d| (7.6)

0

where 1; is the required instantaneous irradiance to achieve the predetermined
performance threshold in a non-turbulent system, and py (s) represents the GG,

KD or LN pdf.
For aturbulence-affected system with interferer (e.g. as shown in Fig. 6.1), we

denote the average (turbulence free) irradiances for the data and crosstalk as (1)
and (1;) respectively, such that the independent turbulence pdfs of the signal and
interferer is respectively written as py_(14,(14)) and py (1;.(1;,)) where 14 and |;

are the instantaneous irradiances of the signa and interferer both defined at the
photodiode facet or as the equivalent irradiances referred back to the collecting
lenses. Idedlly, the system is expected to perfectly filter-out the irradiance of the
interfering signal so that the desired signal is unimpaired. However, in most
WDM FSO built systems, the desired signa is accompanied with some level of
turbulence-affected crosstalk due to imperfectionsin the demultiplexer.
Independent of turbulence, the instantaneous BER of the system is a function

of 14 and |;, and for an OOK system the instantaneous BER can be written as,

_1 Qllg.1i)
BER; g (I 4 ,|i)_zerfc(TJ (7.7)
ol 1) o) fagl1a.1) 79

o1ollg1i)+o0allg.1i)
where the exact value of BER,q and Q inegs. (7.7) and (7.8) depends on the point
where I4 and |; are defined in the system, and considering system gains and |osses.
Equation (7.8) implies that for a fixed Q, a relationship 1, =f(l;) exists, or
equivaently, there is a signal-to-crosstalk ratio for a given Iy that is required to
achieve a defined instantaneous BER target. For a DPPM system, this relationship
isimplicitly expressed in eg. (6.17) which can be re-written as,

‘uxl,mt(l d:» I i )_‘uxo‘im(l dr ||)

P(Xo,int > xlint|lda|i): 0.5erfc
o5 o)+ 0%, (160,

(7.9)
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The relationship 14 = f(1;) defines a curve where the instantaneous BER is equal
to the target BER as it is illustrated in Fig. 7.2. Above the curve is the region
where the instantaneous BER is less than the target BER and below the curve is

the region where the instantaneous BER is greater than the target BER and
indicates the outage area.

d

A e

z

BER (I, 1)< BERtarget

Region (R,)

’ ’ Region (Ry)
Required I 7

-

—>
for no XT BER (I, 1) > BERtarget

inst

> |i

Fig. 7.2 lllustration of outage area (region Ry) for a turbulence-affected WDM
FSO system

The joint pdf of the turbulence on the desired signal and the interfering signal
iswritten as py x (14,11, (14)(1;)). For aRytov variance o4 =1.23C2k "l ,,"° ~ 4.2

(indicating a strong turbulence), and L = 25dB, thejoint pdf is shown in Fig.

demux,i
7.3 as afunction of both I4 and I; using the GG distribution and for a target BER
of 10°. The red curve represents the points where the instantaneous BER is equal
to the target BER and the region below the curve is indicative of the outage area.
Note that both signal and interferer are assumed to have the same FSO link length

(Itso) Of 1500 m here.
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Fig. 7.3 Joint turbulence pdf of the desired signal and the interfering signal for C2

=1x10"° m?° I, =1500m, L, . . =25dB, (14) =10 dBm/m” and target BER

of 10%in an OOK system, and using the GG pdf with parameters defined in Table
6.1, (the red curve signifies the points where the BER;,¢ = BER target): (a) Joint
pdf (full view) and (b) top view

The outage probability is thus obtained by integrating the joint pdf over the
areathat the instantaneous BER is greater than the BER target, and is written as,

Pour (1) (11))= [[ P, (1as 11 (T (1)) dll gl (7.10)

where Ry isthe regionin (I4,1;) space where BER,4(14,1;)> BER target (e.g. as
shown in Figs. 7.2 and 7.3). Equation (7.10) could be simplified further as,
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)
Px, (Id’<|d>)pxi (Ii-<|i>)d|dd|i

:T Px, (|i,(|i>)[|lﬂjﬁli|c)>xd (1g,(1g))dl d]dli

0 0

O'—.i

POUT(<Id>*<Ii>):T

(7.11)

where 14(1,) is the threshold instantaneous irradiance required to achieve a
BERin« that is equal to the BER target and is dependent on the instantaneous
irradiance of the interferer.

For quick insight into the outage probability analysis of a system with
interferer, consider a non-amplified system with only thermal noise and ignoring

component and path losses. Equation (7.8) for such a system could be written as,

hturb,sig|:Rs'g (Pl - PO):| + h[urb,int|:Rint (POXT - I:):LXT ):|

20 th

Q(hturb,sig ’ hturb,int ): (712)

where Ryg and R are the responsivities of the signal and interferer, P, or Po and
Pixt or Poxt are defined as the turbulence-free received power in a transmitted
one or zero of the signal and interferer respectively, (i.e. the power received when

hubsg @d gy are both equal to 1), of is the thermal noise variance, while
hurbsg =1a/{1a) @nd hypi =1;/(1;) are the attenuations due to turbulence induced

scintillation on the desired signal and the interfering signal respectively.
Assuming equal responsivity and extinction ratio (r) for signal and interferer, eqg.
(7.12) could further be simplified as

urb,sig Nurb,int J\T 1
h[urb,sig = hlurb,intLdemux,i It Q(ht ;Pg (:1_;) t)( ’ ) (713)
where we have used the relationships B =P, (2r/(r+1), P,=P,(2/(r+1) and

Paxt = PuwLlaens; » aNd Pay is the turbulence-free received average power. In

addition, eg. (7.13) could also be written in terms of the instantaneous and mean
irradiances as,

|i<|d>Ldemuxi Oth Q(hlurb sig’ hturb int)(r +1)
lgr(li)=14 = 4+ : ' 7.14
dT( ) d <||> RARX(r—l) ( )
where P, =(14)Axx , and Ag isthe areaof the receiving lens aperture.

The relationships in egs. (7.13) and (7.14) are fully depicted in Fig. 7.4. for
Q(Murb sig - Purbine) €QUIVaAleNt of BERjng = 10, From both the equations and Fig.

7.4, it is clearly seen that the threshold instantaneous irradiance (lq41) increases as
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hwrbine INCreases. This is expected because higher threshold is required to counter
the rise in attenuations due to turbulence induced scintillation on the interfering
signa if a BERj,« equal to the BER target is to be achieved. Additionally, I4r dso

increases as the mean irradiance (1,) increases. This is because the interfering

signa power aso increases when the mean irradiance increases, necessitating an
increase in the required l4r to maintain a BERi that is equal to the BER target.
Furthermore, the influence of aperture averaging on turbulence induced
scintillation can be deduced from eq. (7.14) which shows that required 147 could
also be reduced by increasing the aperture area of the receiving lens.
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Fig. 7.4 Threshold instantaneous irradiance (l41) as afunction of turbulence
attenuation on interferer (huwem,in)) and mean irradiance, C,2 = 10 m?3, FSO Link
Length = 1500 m and Lgemuxi = 35 dB: (a) OOK and (b) DPPM
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7.4 Numerical results

In setting the target threshold for the instantaneous received irradiance, an
(adaptive threshold) optically preamplified FSO receiver is considered with the
input optical power defined at the receiver, thus only the effect of attenuation due
to turbulence is taken into account. Except if it is stated otherwise, in the

following results I+ for the system without interferer and 1, for the system with

an interferer are set to be consistent with a BER target of 10 (i.e. assuming
interleaved FEC as discussed in Chapter 2 is implemented, and aso to gives a
gualitative feel for more stringent BER). It should be noted that while BER target
of 10 may seem high, it has been shown by resultsin [22-24] that it is possible to
reduce the BER and recover transmitted data using FEC as found in recent high-
sensitivity optical communication systems. Perfect extinction is assumed, and the
DPPM coding level is fixed at 2. Other parameters used in the analysis are taken
from Table 6.1 and for straightforwardness the desired user and the interferer are
both assumed to be at equal distances from the remote node.

The outage probability for both OOK and DPPM systems without interferer is
shown in Fig. 7.5 using the GG, KD and LN turbulence distribution models. The
Rytov variance o3 is approximately 4.2 (with o ~ 4.44 and g ~ 2.15), thus the

turbulence regime is characterized as strong. The result obtained using the LN pdf
model is generally optimistic. As noted in Chapter 3, the LN pdf is commonly
used in modelling weak turbulence conditions, but the difference between the pdf
tails of the LN and GG distributions widens as the turbulence becomes stronger.
On the other hand, the K-distribution is widely used in modelling strong to
saturated turbulence conditions, but is only dependent on the « parameter. The
KD is the limit of the GG when p — 1. This explains the discrepancy shown in
Fig. 7.5 between the GG and the KD outage probability curves when g ~ 2.15.
The GG model however predicts aworse but more realistic result compared to the
LN model. Fig. 7.5 clearly indicates that DPPM systems predict a better outage
probability than OOK systems. In previous chapters, it was established that
DPPM systems are more power efficient than OOK systems. For the same reason,
DPPM systems are more resistant to turbulence induced outages which only occur

when the received instantaneous power is below the target threshold.
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Fig. 7.5 Outage Probability versus Mean Irradiance for a turbulent system with no
interferer: FSO Link Length = 1500 m and C,2 = 10 m™?3

The remaining results are presented using the GG distribution model which has
a closer fit to previously obtained simulation results [1, 25]. Fig. 7.6 shows the
result of the outage probability as a function of the mean irradiance and FSO link
length for both OOK and DPPM systems without interferer. Both results in Figs.
7.6a and 7.6b seem identical but a point to point comparison actually reveals that
DPPM have a dightly lower outage probability compared to OOK as already
shown in Fig. 7.5. For afixed mean irradiance in Fig. 7.6, the outage probability
increases with the FSO link length (and consequently, the Rytov variance (o3)).
An increase in Rytov variance indicates increase in the strength of turbulence of
the link, thus higher threshold instantaneous irradiance is required to achieve the
BER target. A corresponding increase in the transmitter power (and implicitly the
mean irradiance) is therefore necessary to reduce the likelihood of the system
being in outage, as shown in Fig. 7.6, where the outage probability is decreasing
as the mean irradiance is increasing.
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(a) OOK and (b) DPPM

for aturbulent system with no interferer, C,2 = 10 m™?3:

Figs. 7.7 and 7.8 show the outage probability result in the presence of a single

turbulent interferer for OOK and DPPM systems respectively. The system outage

),

demultiplexer adjacent channel rejection (Lyeny ) and target BER are examined

2
n

performances with variation in the refractive index structure constant ( C

for an FSO link length (lts) of 1500 m for both signal and interferer. With the

error floors similar to those obtained for BER evaluations

presence of interferer
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in Chapter 6 and in [26] occur. As explained in Chapter 6, when a turbulence-
affected signal is impaired by a turbulence-affected interferer, error floor occur at
a probability of error determined by the turbulence attenuation on both the signal

(hurnsig) @nd interferer (hy,in) as well as the demux adjacent channel rejection
Ldemusi » @Nd SELS iN ONCE hyyepin /M sig =Y Laemuxi - THIS IS alSO expressed in eq.

(7.13) which shows that for a large value of Py, the last term on the RHS of the

equation tends to zero, and hy,, s ~ hueint Laemuxi 91VES the value of the error floor

as evidently seen in Figs. 7.7a — 7.7b and 7.8a — 7.8b where the error floor

position shifts with change in CZ or/and Lyen,y - The error floor is independent of

the predetermined threshold performance and target BER, (see Figs. 7.7c and
7.8c), however for a fixed mean irradiance, the outage probability worsens with
decrease in target BER (increase in required threshold instantaneous irradiance)
before the error floor occurs. It should be noted that DPPM system till retains a
margina advantage on outage probability over OOK systems even in the presence
of interferers. However, thisis only obtainable before the error floor setsin as the
error floor occur at the same outage probability value for both the OOK and
DPPM systems.
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Fig. 7.7 OOK Outage Probability versus Mean Irradiance for a turbulent system
(FSO Link Length = 1500 m): (a) for different values of C2 (b) for different
values of Lgemuxi @nd (c) for different values of the target BER
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Fig. 7.8 DPPM Outage Probability versus Mean Irradiance for aturbulent system

(FSO Link Length = 1500 m): (a) for different values of C,2 (b) for different
values of Lgemuxi @nd (c) for different values of the target BER

The outage probability as a function of the mean irradiance and of either the
FSO link length or the demux adjacent channel rejection is shown in Figs. 7.9 and
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7.10 for OOK and DPPM systems respectively. In Figs. 7.9a and 7.10a, the C% is
fixed a 10" m?® with Ly, = 35dB. The outage probability is shown

increasing as the FSO link length of both the desired user and the interferer
(which is assumed equal in this chapter) is also increasing. The results in Figs.
7.9a and 7.10a are of similar trend to Fig. 7.6 for a system without interferer,
except for the occurrence of error floors and higher outage probability values in
Figs. 7.9a and 7.10a due to the presence of an interferer. The error floor becomes
more prominent, and the achievable outage performance becomes increasingly

limited as the FSO link length and Rytov variance (o3) (and implicitly the
strength of the turbulence regime affecting the desired signal and the interfering

signal) increases. The impact of the demux adjacent channel rejection is
investigated in Figs. 7.9b and 7.10b for OOK and DPPM systems respectively.
The FSO link lengths of the signal and interferer are fixed at 1500 m with C,? =

10™ m™?3, resulting in 2 = 4.2 and indicating a strong turbulence regime. As

expected, in Figs. 7.9b and 7.10b, the outage probability is shown decreasing as
the demux adjacent channel rejection isincreasing. Thisis simply due to decrease
in both the interferer’s power and the accompanying scintillation effects. In both
Figs. 7.9 and 7.10, it could be seen that the outage probability decreases as more
power is transmitted, this further emphasises the need for a system with power
efficient modulation scheme such as DPPM. It is important to note that athough
the BER at every point in Figs. 7.9 and 7.10 is 10, the outage probability ranges
from approximately 1 to 10™, depending on the mean irradiance, the level of
turbulence and the demux adjacent channel rejection. This clearly highlights the
importance of the outage probability analysis to transport or network layer design
in turbulent FSO channel, as such analysis ensures that the system is stable and
robust to turbulence induced fading. To further buttress this point, we compare the

outage probability for a DPPM system with Ly, = 250B andoi = 4.2 (i.e. Ci2

= 10" m? and I, = 1500 m) as shown in Fig. 7.8b with the average BER
calculated using the same parameters and shown in Fig 6.3b. Both results are
obtained for an optically amplified receiver system with all losses ignored except
the turbulence induced scintillation effect. The comparison shows that the
required average received power to achieve an average BER of 107 is about -39.1
dBm while an average irradiance of about 6.5 dBm/m? (an equivalent of -32.3
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dBm in average received power using receiving lens aperture diameter of 13 mm)
is required to achieve an outage probability of 103 Thus, in a high sensitive
system that may require high degree of accuracy (e.g. in defence and security
systems) it may be necessary to transmit more power than indicated by the
average BER to ensure that the integrity of the received data is not compromised
due to deep fades experienced in the atmospheric channel.

Dutage Probability

1500

Cutage Probahility

Mean Irradiance (dEImImzj 100 45 Ldemux,i (dB)

Fig. 7.9 Outage Probability for an OOK system at BER target of 10° and C,* of
10 m?3, as afunction of the mean irradiance and: (a) the FSO Link Length
(Lgemuxj =35 dB), and (b) the demux adjacent channel rejection (It = 1500 m)
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7.5 Summary

The anaysis of outage probability for WDM FSO systems impaired by
turbulence-accentuated interchannel crosstalk is performed in this chapter for both
OOK and DPPM systems. The presented results show that systems with
acceptable BER performance could suffer from high outages if the received
instantaneous irradiance is not properly considered in the design of an FSO
network. Predictably, the outage probability increases as the crosstalk power
increases, and as the turbulence attenuation on the interfering or/and desired
signal become stronger. As have been shown in previous chapters, the DPPM
system presents an advantage in power efficiency over the OOK system. This
advantage is marginally reduced in the presence of turbulence, athough, in
applications where the DPPM bandwidth expansion is not a direct concern, the
DPPM power efficiency may be improved by increasing the DPPM coding level
(M) above the value of 2 which has mainly been used in this thesis. Thus far we
have investigated the performance of the hybrid fibre and FSO network for indoor
application using CDMA, and for outdoor application using WDM. An outdoor
WDM network incorporating CDMA for network scalability, which could be
seamlessly integrated with the indoor CDMA network analysed in Chapter 4, is
considered in the last chapter.
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CHAPTER 8 Optical CDMA over WDM in Hybrid
Fibre and Turbulent FSO Network

8.1 Introduction

The passive optical network (PON) was experimented and standardized within
the last two decades, and has topologically evolved at different times in attempt to
open up the optical access networks. Compared to the copper-based access
networks, the PON was maor progress in providing higher bandwidth to the
access networks [1]. Nevertheless, further upgrade is desired in the optical access
networks to avoid capacity saturation and adequately provide for the increasing
traffic demands[2], and optical CDMA could provide the additional capacity.

In a typical PON, only two wavelengths are used for signal transmission (one
each for the upstream and downstream transmissions). Recent studies on PON
propose wavelength division multiplexing (WDM) as the possible solution to
providing higher bandwidth in PON [1-3]. Additionally, integrating WDM into
PON provide a smooth and flexible upgrade path for the legacy PON and presents
a platform for the coexistence of future and present PON devices [2]. Although
WDM has attracted major interest in research and industry, commercia
deployments of WDM systems have been slow. Advances in optical access
technology and current traffic demands in access networks have eased some of the
concerns over large scale WDM deployment in PON (such as high bandwidth
market availability, undeveloped device technology and software support) [1].
The present challenge to commercial deployment is the high cost of equipment
compared to existing TDM systems [3, 4]. Some of the schemes proposed to
mitigate the cost of equipment in WDM PON are found in [5-7].

The wavelength grid for CWDM was provided by the ITU-T Recommendation
(G.694.2, supporting 18 channels from 1271 nm to 1611 nm at 20 nm wavelength
gpacing [8-10]. Appendix Il of the same recommendation further relates to
wavelength alocation for video distribution signa multiplexed with BPON, and
with only 18 wavelength channels available, further capacity upgrade may be

necessary to support large number of users in an access network [8, 9]. Optical
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code divison multiple access (OCDMA) technique has been studied and/or
experimentally demonstrated for use in different channels [11-14], and can
potentially combine with WDM to provide additional capacity in the access
network. Hybrid WDM and OCDMA systems have been investigated for PON
application in [9, 15-18]. In addition to the boost in capacity and high scalability,
a hybrid WDM and OCDMA access network would benefit from the remarkable
progress made in optical encoder/decoder device technology and enhanced system
security, while still maintaining many advantages of the WDM PON [9, 10].
While such a hybrid system provides numerous advantages, there is a drawback in
the average end user’s data rate which is generally considerably lower than the
system chip rate for each wavelength. However, in a more flexible multi-rate
network, dedicated wavelengths could be provided for high data rate customers at
asuitable cost.

The architecture of the PON is predominantly based on optical fibre. High
percentages of homes in some Asian countries (e.g. Japan, Hong Kong and South
Korea) are served by fibre to the home (FTTH) networks [19]. Currently in
Europe, about 15 million subscribers have fibre terminating at their homes or
buildings [20], as telecom operators are slowly upgrading from aready installed
copper twisted pair (using ADSL/VDSL). In the Middle East and Africa, the
FTTH network is in the emerging and developing phase [21]. Some of the
challenges to fast roll-out of fibre include installation cost, limited access to
installation location and infrastructural or topographical barriers [22]. Free space
optical (FSO) communication system is an alternative means of extending
broadband services to users homes within the access network, and in some cases
are easier to set-up compared to optical fibre links [23-25]. However, both optical
fibre and FSO technol ogies could potentially be combined to provide a robust and
flexible solution to the high bandwidth demand in optical access networks.
Optica fibre network incorporating FSO distribution links have been proposed
and studied in [4, 11, 26, 27]. It is also possible in certain network arrangements
to connect some ONUSs to the remote node through a fibre distribution link while
others ONUs are connected using FSO distribution link.

Interchannel crosstalk is awell reported impairment in WDM systems [28-30].
The effects of atmospheric turbulence and interchannel crosstalk in a HFFSO
WDM system have been considered in [26, 27]. As established in [26, 27],
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atmospheric turbulence in the FSO link of HFFSO WDM system causes random
fluctuations of crosstalk signal, and significantly worsens its effect on the system.
On the other hand, OCDMA systems are susceptible to multiple access
interference (MALI), and have been well researched for turbulent FSO links and for
fibre links [12-14, 31-33]. The influence of interchannel crosstalk in an all-fibre
OCDMA over WDM on-off keying (OOK) system has been considered in [9, 34].
However, the combined impact of turbulence-accentuated interchannel crosstalk
and multiple access interference (MAI) on the performance of such a system has

not been previously considered, and hence is the basis of this work.

8.2 Network structure and description

A diagram of the proposed network is shown in Fig. 8.1. The same types of
code sequence used in Chapter 4, the optical orthogonal codes (OOCs) are aso
used for this network. Each K users on the same wavelength use distinct OOCs
from the same family, and a user corresponds to a single optical network unit
(ONU) so both terms are used interchangeably in this analysis. In the downstream,
coded signals are transmitted on multiple wavelengths from the optica line
terminator (OLT) via a feeder fibre and distributed to individual ONUs by FSO
link. At the ONUS, upstream coded signals are transmitted through a short fibre
length and from a transmitting lens (TL) to the corresponding collecting lens (CL)
at the remote node using the FSO link. Equally, downstream coded signals for
each ONU are transmitted from the transmitting lens at the remote node to the
receiver collecting lens (RCL) at the ONU through the same FSO link. A pointing
and tracking subsystem is assumed to be located at the remote node to maintain
appropriate alignment of the transmitting and collecting lenses. In an OCDMA
network, signals from other users on the same wavelength (e.g. 4,) as the desired
user signal leads to multiple access interference (MAI) during reception. As these
signals have been transmitted over a turbulent FSO link, turbulence induced
scintillation could combine with MALI to further degrade the system [35]. In the
hybrid WDM and OCDMA network shown in Fig. 8.1, optical signals from users
on other wavelengths (e.g. 2, ) are aso received by the desired user due to
imperfect performance of the demultiplexer (demux) in the OLT for upstream

transmission and in the remote node for downstream transmission. This type of
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interference which could be accentuated by turbulence is referred to as
interchannel crosstalk.
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8.2.1 Upstream transmission

Multiple ONUs limited by the number of OOCs share a dedicated wavelength
and establish a point-to-point upstream transmission link with the OLT (see Fig.
8.1b). The operating wavelengths are assumed to be set around 1550 nm on the C-
band of the ITU-T grid, thus benefiting from the low signa attenuation and
developed optical device technology in those range of wavelengths. Each group of
ONUs transmitting on a fixed wavelength uses the same laser transmitters
operating at a set central wavelength. Optically encoded signals from the ONUs
located at homes, buildings or kerb are transmitted upstream through a turbulent
FSO link to the remote node. The optical signals for all the ONU on each
wavelength are combined separately using a power combiner before the signals on
all the wavelengths are multiplexed, amplified and conveyed to the OLT through a
feeder fibre. At the OLT, the demux separates the signals according to their
wavelengths and a power splitter divides each wavelength signal into the number
of ONUs for further decoding and reception. Thus, similar to the system discussed
in Chapter 4, encoding and decoding are performed in the optical domain for this
network. OCDMA encoder/decoder technology has improved over the years with
various classifications either in terms coding dimension (1D or 2D) or with
respect to light source coherency [9]. The traditional fibre delay line and simple
correlator are commonly used as 1D encoder/decoder [31, 36] asit isillustrated in
Fig. 3.4, and sometimes they are used in combination with optical logic gates as
either 1D or 2D encoder/decoder [33, 37, 38]. Multi-port encoder/decoder and
high performing encoder/decoder based on superstructured fibre Bragg gatings
(SSFBG) have aso been proposed and demonstrated [9, 39, 40] and are redlistic
device options for the hybrid WDM and OCDMA network. The wave front of the
signals transmitted by the ONUs are distorted by atmospheric turbulence as they
propagate through the FSO link, causing additional beam spreading above the
diffraction limited range [41]. Suitable positioning of the CLs at the remote node
is necessary to avoid the optical beam from ONUs on one wavelength spreading
into the field of view of the CLs meant for signals from another wavelength, and
causing intrachannel crosstalk due to multipath effect. The signas collected at
each CL is coupled into a short fibre to the power combiner, experiencing a
coupling loss dependent on the back propagated mode profile of the fibre and the
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coherence area of the beam [42]. Additionally, the signals experience free space
attenuation and nominal losses due to the power combiner and multiplexer (mux)
before the power is boosted by a fibre amplifier (e.g. (EDFA)). Besides, as we
have seen in previous chapters, the optical amplifier introduces ASE noise which
propagates with the signals to different OLT receivers. In this network, both
signals and noise incur further losses due to attenuation in the feeder fibre and
inherent demux and power splitter |osses.

The imperfect nature of the OLT demux results in turbulent signals from
undesired wavelengths being received on the desired user's wavelength as
interchannel crosstalk. It is important to note that since the OOCs are reusable at
different wavelengths, the crosstalk signals could possibly include signal of the
same optical code as the desired user and signals of different optical code as the
desired user. Thusin addition to MAI caused by turbulent signals from other users
with different optical code but on the same wavelength, the desired user is also
impaired by interchannel crosstalk caused by turbulent signals from other users
with different optical code but on different wavelength, and interchannel crosstalk
caused by turbulent signal from a single user with the same optical code but on
different wavelength. As will be shown later in this anaysis, the effect of
interchannel crosstalk (interference from another wavelength) caused by the single
user with the same optical code as the desired user is worse than the combined
effect of interchannel crosstalk from the other users with different optical code
from the desired user, provided that the number of users in each wavelength does
not exceed the theoretical upper bound of a CDMA system.

Background ambient light enters the upstream system from all the RCLs at the
remote node and is amplified just like the signals. However, ambient light mainly
from the sun has lower power at 1550 nm wavelength compared to shorter
wavelengths such as the visible light spectrum, and is non-directional, thus it is
largely restricted by the narrow FOV of the fibre and lens system. It also
encounters fibre coupling loss, demux/mux losses, splitter/combiner losses and
fibre attenuation. Based on these considerations, and by the use of narrow field of
view collecting lens that rarely points to the sun, and small channel optical noise
bandwidth, the background ambient power reaching the upstream receiver is

considered negligible in thisanalysis.
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8.2.2 Downstream transmission

The downstream architecture is similar to the upstream but the system
operation is different. Each wavelength at the OLT has a separate laser source
which transmits the signal for the group of ONUs on its wavelength. As shown in
Fig. 8.1a, the signa on each wavelength is split into the number of ONUs on the
wavelength and separately encoded with the OOC for each ONU before being
recombined for wavelength multiplexing. The multiplexed signals propagates
through the feeder fibre to the remote node for optica amplification and
demultiplexing before each wavelength’'s signal is split into each ONUs signal
and further transmitted through the FSO link for decoding and reception. The
downstream crosstalk arises from the imperfect performance of the demux at the
remote node. Compared to the upstream transmission, there is additional splitter
loss in the downstream, this is an optional operational cost that reduces the
number of optical sources required at the OLT to the number of wavelengths (N),
instead of one per user (i.e. NK) as is obtained in the upstream. Where cheap
optical sources are available, it may be a better option to have one source per user
in the downstream, and avoid the additional splitter loss. As discussed in Chapter
4, for unit auto and cross-correlational constraint, MAI could be eliminated in the
downstream as long as the number of interferers in each wavelength is less than

the ratio of the code length to the square of the code weight (i.e. K —1 < L./w?)

[13]. Under such condition, a cyclic shift(s) for which there is no MAI between all
the users always exist, and under the control of the OLT, each downstream signal
is transmitted with the appropriate cyclic shift to ensure that no MAI exist
between al the users. Furthermore, since crosstalk signals (interfering signals
from other wavelength) originate before the turbulent FSO link, and propagate
through the same physical FSO link with the desired ONU'’s signal, the effect of
the crosstalk is not exacerbated by the turbulence (i.e. not exacerbated by the fact
that turbulence for each is statistically independent, (see below)). Similar to the
upstream consideration, the effect of background ambient light is considered
negligible in the downstream as the ambient light is non-directional and
encounters fibre coupling loss. Additionally, the RCL could be coated with athin
film optional optical bandpass filter (OBPF) to limit the amount of ambient light
reaching the receiver.
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8.3 Channel modelling

The location of each ONU could be quite distant from the others such that
signals from each ONU propagate through a physicaly distinct FSO path to the
remote node (e.g. where the users are located in different buildings that are far
apart). Under such condition, each ONU’s signal in the upstream direction as
shown in Fig. 8.1b would have uncorrelated turbulence and hence require separate
consideration. For computationa ease, in this analysis we assume 0 km between
the ONUs on the same wavelength (although redlistically, the correlational length

of turbulence is in the order of i, .4 [41, 43]). This assumption is valid, for

example, by changing the location of the power combiner in Fig. 8.1b from the
position after the mux to a position before the transmitting lenses (TLs), and then
replacing the set of TLs and CLs with a single TL and CL, such that different
ONU'’s signas on the same wavelength which are combined together exit the
same TL and propagate through the same physical FSO Link to the same CL
before being multiplexed together with signals from other wavelength. This makes
the analysis adaptabl e to a network extending indoors such as the one discussed in
Chapter 4, and implies that different ONU’s signals on the same wavelength
experience similar optical turbulence behaviour over the atmospheric link (e.g.
where the ONUs are located in a block of flats in the same building). Thus each
group of ONUSs on the same wavelength have the same time varying fluctuations
and their turbulence induced scintillations are correlated in time and considered
the same. In the downstream, the turbulence on the signal and the crosstalk is
correlated irrespective of the distance between the ONUSs. This is because if the
ONUs are in the same building, the same TL and CL could be used for the signals
on the same wavelength, which then travel through the same physical FSO link
between the remote node and the building, accompanied by crosstalk, and is split
into the number of ONUs on the wavelength after the CL. Alternatively, if the
ONUs are far apart different TL and CL could be used as shown in Fig. 8.1a, in
which case each ONU’s signal accompanied by crosstalk, travel through distinct
physical FSO link and is received independent of other ONU’ s signals.
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8.3.1 Atmospheric channel modelling

The irradiance of the optical signal arriving at the CL is constantly fluctuating
as optical energy is randomly redistributed across the beam due to turbulence
induced scintillation along the FSO link. The strength of the turbulence is

classified as weak, moderate, strong or saturated using the Rytov variance

o2 =123c2k"% ¢ [41], and atmospheric turbulence effect is commonly

characterised by the gamma-gamma (GG) pdf pgg(h;) = f(a,8,h,) (See eg. (6.1)),
where the « and B parameters incorporating aperture averaging are written as
egs. (3.11) and (3.12) respectively. The free space attenuation in clear ar is

L, =100='=) where ., =02 dB/km is the free space attenuation coefficient,

while the beam spreading loss (L,,) and coupling efficiency (i) are calculated
using egs. (6.2) and (6.3) respectively, as detailed in Chapter 6.

In the upstream direction, the turbulence induced scintillation effect on the
ONUs that are on the desired signal wavelength is treated independently of the
scintillation effect on other ONUs on the crosstalk wavelength as each group is
assumed to be transmitted over a distinct free space path. However, for the
downstream transmission, both the desired signal with interferers on the same
wavelength and crosstalk exit the same transmitting lens and travel over the same

FSO path, hence the turbulence effect is considered the same.

8.3.2 OCDMA modelling
Each ONU'’s data is recognized by a signature sequence represented in the
form of optical orthogonal codes (OOCs) which is defined as (L., w,7,,7.) where

L. is the code length, w is the code weight, y, is the maximum autocorrelation
constraint and y, is the maximum cross-correlation constraint [13]. In order to
limit the effect of MAI, unit values of y, and y, are considered. For chip duration
T, and chip rate R, =T, , the impulse response of an OOC chip pulse is written as

eg. (4.1), and the number of users K that a family of OOCs can simultaneously
support is constrained by the Johnson bound [44, 45] , and is expressed as eq.
(4.2). Thus K is the maximum number of OOCs and is the number of ONUSs that
can connect at the same time to a single wavelength in the network. The OOCs are

also reusable on all other wavelengths in the network. An ONU transmits a one bit
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by sending a pulse on each of w pulse mark chip positions and for a zero bit, no

pulse is sent. With y. =1, other ONUs with different OOC can only contribute a

maximum of one pulse each to the pulse mark chip positions of another ONU and
this is the cause of MAI. Although in a practical system, as a result of timing
jitters and delays between the OOC signals in the same wavelength, there is a
possibility that zero interfering pulse may be introduced in the pulse mark chip
positions of the desired ONU. As explained in Chapter 4, considering such exact
analysis is not only unfeasible, but also renders the analysis code specific. A
genera approach which results in an upper bound is to consider that any user can

only interfere with the maximum cross-correlational constraint y. [45, 46].

8.3.3 Crosstalk modelling
Signals from undesired wavelengths propagate through the network and

encounter power losses with respect to their transmission path. At the demux, a
fractional part of such signals, dependent on the demux channel rejection couples
on to the wavelength of the desired signal. For an OCDMA system, the pul ses that
contribute to crosstalk are those that are on the pulse mark chip positions of the
desired ONU’s signal. With y, =1, other wavelength ONUSs transmitting with
different OOC from the desired ONU can contribute a maximum of one pulse to
the pulse mark chip position of the desired user (provided that any time delay
between the signals () is a multiple of the chip duration T_). However, an ONU
in another wavelength, transmitting with the same OOC as the desired signal can
contribute a maximum of w pulse(s) to the pulse mark chip positions of the

desired user when =0, and a single pulse when 0< < L, because the maximum

autocorrel ation between an OOC and its shifted versiony, =1.

8.4 BER evaluation and analysis

Additional to the losses encountered by the signals at the FSO distribution link,
other network losses are also incurred at the remote node, feeder fibre link and
OLT. The inherent power splitter/combiner loss L, is 3 dB per 2-way split which
is atotal of 6 dB for each power splitter or combiner. The nomina demux loss
(Loemw) /Multiplexer (mux) loss (L) is about 3.5 dB [29], while Ly, IS the
additional loss that a crosstalk signal experiences upon coupling to the desired
signa wavelength port at the demux, and also defines the signal to crosstalk ratio
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(in the situation when al the ONUs have the same transmitting power and

experience equal losses). The fibre loss is L, =100/ where a; =0.2 dB/km is
the attenuation coefficient of fibre, and 1 isthefibrelink length (in km).

The average optical received power at the OLT photodiode from an ONU on
the desired signa wavelength and an ONU on the crosstak wavelength are
respectively written as

Py (hg) = GPry gy LtsaLlpsaMedls2Llmmxk f Loemu (8.1)
P (hy) = GPry ihi L LpsimeiLs 2Lt Laemux L demuxi (8.2)
where Py, 4 and Py, ; are the transmit power of an ONU on the desired signal

wavelength and an ONU on the crosstalk wavelength respectively, and L ; isthe

total loss for j number of power splitters or combiners. The single polarisation
ASE power spectral density (PSD) at the OLT photodetector inputs from an ONU
on the desired signa wavelength and an ONU on the crosstalk wavelength are
respectively written as

Ng = 0.5(NF xG—1)hv L{ Lg;Lgenx (8.3)

No;i = 0.5(NF x G —1)hv; L { L1 L germun e (8.4)
where G and NF arethe optical amplifier gain and noise figure respectively, h is
Planck’s constant, v and v, are the optical frequencies of the desired signal and
crosstalk signal respectively.

In the downstream, the average optical received power at the ONU (from the
OLT transmitters) on the desired signa wavelength and on the crosstalk
wavelength are respectively written as

Py (hz) = GPrp ¢"z Lol L 3L gemul s LosTe (8.5)
R (hz) = GPrp Nz L 1 Ls sl demux L demuxi L 15 Loslci (8.6)
where P, and Pp; are the OLT transmit power to the ONU on the desired

signal wavelength and the ONU on the crosstalk wavelength respectively. The
single polarisation ASE power spectral density (PSD) at the ONU photodetector
inputs experienced on the desired signal wavelength and on the crosstalk
wavelength are respectively written as

N = 0.5(NF x G—Dhv LyemnLsal 1sLoslc.q (8.7)

No,i = O'S(NF xG _1)hUi Ldemudeemux,i Ls,lL stbsnc,i (88)
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8.4.1 OOK BER analysis
In OOK OCDMA, ahit period T, isdivided into L, equal chips of duration T,
where L, is the code length and the data rate R, =R,/L. . AS shown in Fig. 8.2,

pulses equal to the code weight w are sent in pulse mark chip positions 1, 4 and
11 of the transmitting user’s OOC for data one transmission, and no pulse is sent

for data zero transmission.

Intensity
i OOK-NRZ
< Tp >
0 1
OOK-OCDMA
T
¢
e |
T Y T R prvr el g [ Time

Fig. 8.2 lllustration of time waveform for OOK OCDMA signa with L, =19 and
w=3

The maximum number of ONUs contributing to MAI on the desired signdl
wavelength is K -1 where K is the number of ONUs on a single wavelength. For

va =7 =1, the probability of MAI occurring between one ONU and another is

given by p=w?/2L, [31], the factor of 1/2 accounting for the fact that an
interfering ONU may transmit data 1 or data O.

8.4.1.1 Upstream transmission

In order to ease the understanding of the OOK upstream transmission BER
calculations, a flowchart for the calculation processes is provided as Fig. 8.3. The
peak received signal power for a pulse a the OLT from an ONU on the desired
signal wavelength is conditional on the attenuation due to atmospheric turbulence
for the desired signal, and is related to the average received power. It iswritten as

2LcPy (hg)
w

Hpg, (hg) = (89)
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For an ONU on a different wavelength from the desired signal wavelength, the
peak received crosstalk power for a pulse a the OLT is conditional on the
attenuation due to atmospheric turbulence for the crosstalk signal, and is written

as

fip (h) = 2o 1) (8.10)

where P,(hy) and P (h) are the OOK average power received at the OLT

photodiode from an ONU on the desired signal wavelength and an ONU on the
crosstalk wavel ength respectively, and written as egs. (8.1) and (8.2).
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| nterference from the same wavelength (MAI)

The probability of a particular interference pattern occurring when | ONUs are
causing multi-access interference to the desired ONU has a binomial distribution
and is of the same form as eg. (4.18). It iswritten as [13]

_ (K-D! I (1_ K-1-1 _W2
P(I)—m(po) (1 po) ’ p0_2LC (811)

Because some ONUs may be inactive in the network at any particular time, |

ranges from o0 to K -1 at the decision time.

I nterference from different wavelength (Crosstalk)
The vector state of a typical crosstalk corresponding to the number of pulses
contributed to the pulse mark chip positions of the desired user could be written as
Ji =(6,, 6,2, ...5; (K)) (8.12)
where 6,(2) {0,1,A}, A=w for r =0, A=1for 0<z<L, and r is the time delay
(in multiples of the chip duration T.) between the signas on the desired
wavelength and the signals on the crosstalk wavelength, and occur with the
probability p(z) =1/L. . For the code parameter {L.,w,y.,7.} = {19, 3, 1, 1}, using
€g. (4.2), there are three ONUs in each wavelength (i.e. K =3). Assuming the first
ONU on the crosstalk wavelength uses the same OOC as the desired ONU, the

elements of the crosstalk vector state s, (z) could further be define as

A, if 1st ONU isactive
5 (=4 1 if 2ndor 3rd ONU isactive (8.13)
0, if any ONUisinactive

A full set of al the crosstalk vector states (J;) could be represented as L and

written as
(3, ] [0 0 O]
J, A 0O
Js 010
J 0 01
L =] * = (8.14)
Js A 10O
Js A 01
J; 011
| Jg A 1 1)

By representing the number of nonzero elements in J; as |J;| and the sum of all

the elements in J; as I, , the probability that |J;| ONUs are active on the
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wavelength adjacent to the desired signa’s wavelength and contributing 1,

crosstalk pulses to the desired signal could be written as
P(5) = Po! (0 po) < P, (8.15)

Note that eq. (8.15) is of similar form to eq. (8.11), the only difference is that the
binomial term expressed as factorials in eg. (8.11) has been separately expressed
as a set of vector states (see eqg. (8.14)), to enable a proper consideration of the
crosstalk contribution by the first ONU on the crosstalk wavelength, which uses
the same OOC as the desired user and could contribute either 1 or w pulses to the
pulse mark chip positions of the desired user depending on the value of + .

Assuming that the random variables for the mean and variances of the desired
signal, MAI and crosstalk are Gaussian, using the Gaussian approximation (GA),
the mean and variances of the received signa (including MAI and crosstalk and
conditional on turbulence attenuation) could be written respectively as

ip,xr (15, ha ) = LR aN, +q{ (Wo+1)R pp, (ng)+15 Rpp, (hi)} (8.16)
9 ' wb+1)up. (h
Ug,m(|,|3i'r,hd,hi)=(LRq Nf,r(;LJrRNO)J+q2R-[(1+2R.NO)( + ):psg( d):|
C S (8.17)
+q2Ril|:(l+2RilNo,i )—JLT#PXT : } + O ook,

where b = 0 or 1 depending on the transmitted bit, o, oo IS the OOK OCDMA

therma noise variance, R =n/hv, R =n/hv, , n is the photodetector quantum
efficiency, q is the electron charge, L=B,mT, is the product of spatial and
temporal modes, B, isthe demux channel bandwidth and m, =2 is the number of
ASE noise polarisation states. Eg. (8.17) includes the thermal, ASE-shot, signal-
shot, signal-spontaneous beat and spontaneous—spontaneous beat noise variances
of the desired signal with MAI as well as crosstalk-shot and crosstalk-
spontaneous beat noise variances. It is assumed that all the signals experience the
same ASE noise at the amplifier output [47].

The OOK upstream bit error rate (BER) conditioned on the MAI, crosstalk and

turbulence is written as

1 1 1 iD_iO,XT(leJi‘,'hdvh) 1 il,XT(I’lJiJ'hd'h)_iD
3R ull )= T2 E{Em{%,mﬂ,uw,hd,hkfz}im{ Goxrlly e V2 H
(8.18)
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where i, is the optimum decision threshold which is fixed over the number of
multiple access interferers and crosstalk, but varies with the instantaneous
irradiance of both signal and crosstalk. A search agorithm will be used to obtain
this threshold in this chapter. The average OOK upstream BER is written as

~
LN

BERook _u =T T > P)P(, JBERook u (115, ha i) (8.19)

1l
(=)

Pce,d (hd ) Paca,i (hi )dhd dh;

8.4.1.2 Downstream transmission
The downstream system is with less restriction. Multiple access interference
could be eliminated in the downstream if the product of the number interferers and

the square of the code weight is less than the code length (i.e. (K-)w? < L.) [13].

Thus with proper code design and arrangement, the downstream desired user
signal and crosstalk at the photodiode are each equivalent to the logically gated
OR signal of al the ONU signals in their wavelengths [13]. Furthermore, the
crosstalk effect is not turbulence-accentuated since the crosstalk signal propagates
through the same physical FSO path with the desired signa and basicaly
experiences the same turbulence effects.

The mean and variances of the received signal in the presence of crosstalk is
conditional on turbulence attenuation and could be written respectively as

LRgN,

isig,int (hz) =
c

+ q\’\{ SgR u Pag (hz)+ intRi‘,UP><T (hz )} (8.20)

LRg?N,[1+R'N : . \Sigup. (hy)
Ugg,im (hz) = thFOOKC +[ _T_(z °)J+ R qz\/\{(1+ 2R NO)—_F’g
c c

+ R{QZW{(M 2R N )—i ntuF.’lx.T (hZ)}

C

] (8.21)

where sig {0} and int {0} depending on the presence of signal/crosstalk in the

pulse mark chip position of the desired signal or not. tp,, (hz) and up_(hy) are

the same as egs. (8.9) and (8.10) respectively, with P, (hy) and P, (h;) redefined as
the OOK average power received at the ONU photodiode from the OLT
transmitter on the desired signal wavelength and the OLT transmitter on the
crosstalk wavelength respectively asin egs. (8.5) and (8.6).

The probability that data O is received given that data 1 is transmitted in the

presence of crosstalk and turbulence is written as
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. 1 I2int (hz)_iD
P(OLint, h, )= Eerfc{mj (8.22)

Also, the probability that data 1 is received given that data O is transmitted in the
presence of crosstalk and turbulence is written as

P(lo,int, h, )=%erf{%} (8.23)

Assuming independent and equiprobable data for both crosstak and desired
signal, the bit error rate for the OOK downstream system is

1
BERook o (h; )=% > [ P(OLint,h, )+ P(L0,int, hz)}
int=0 (824)
= %{ P(d10, h, )+ P(OLL h )+ P00, h, )+ P{LOL h, )}
The average BER for OOK downstream is written as
BERooK _p = I BERook b (hz) Pag,a (7 )dn; (8.29)
0

8.4.2 DPPM BER Analysis

DPPM signalling results in bandwidth expansion beyond that of OOK systems
by a factor B,, =2"/m [48], where M is the DPPM coding level. In DPPM
OCDMA, a hit period T, is divided into B,,L. equal chips of duration T., where
L. isthe code length, and the data rate R, = R, /B, L. . For binary PPM OCDMA
(M = 1), the normal chip duration in OOK OCDMA is subdivided into 2 equal
parts to obtain the binary PPM OCDMA chip duration. As shown in Fig. 8.4, w
pulses of T, duration are sent in pulse mark chip positions 1, 4 and 11 of the first
slot (followed by O pulses in the second slot) for data zero transmission. For data
one transmission, the pulses are sent in pulse mark chip positions of the second
slot while O pulses are sent in the first slot. The probability of MAI occurring in any
slot of the desired ONU is given by p, =w?/y.nL, [45], where n=2" is the number of
DPPM slotsand 1/n isthe probability of data being transmitted in any of the DPPM dlots.
In addition, the probability of MAI occurring in one of the empty dots of the desired
ONU isgivenby p, =w?/(n-1)y.L. [49].
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Intensity OOK

NRZ
< Th >

0 1
BPPM
OCDMA
T.C Tpll.‘c

Chorcc o i o b oecr e e g T;me

Fig. 8.4 lllustration of time waveform for binary DPPM OCDMA signal with L. =
19andw=3

8.4.2.1 Upstream transmission
A flowchart for the DPPM upstream BER calculation processes is provided as
Fig. 8.5, so asto facilitate the understanding of the BER analysis.

| nterference from the same wavelength (MAI)
For DPPM, the probability of a particular interference pattern occurring when

I, interferers are causing MAI in the slot conveying the desired signal pulses and
I, interferersare causing MAI in an empty slot has atrinomial distribution and is

of the same form as eq. (4.19). It iswritten as [45, 46, 49]

(K-1)!

P(g.l7) =
(o.1) ol (K =1=1o -1,

)! pr (|O'|1) (826)

where p, (Io,1,) isasdefined by eq. (4.20) for M = 1 and eqg. (4.21) for M = 2.
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Fig. 8.5 Flowchart for upstream BER calculations in a DPPM network
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Fig. 8.6 Illlustration of signal and crosstalk pulses on the pulse mark chip positions
of the desired ONU which uses OOC 1 in a DPPM system with t=0, A =w and
Psg = 3Pxr: (8) all active ONUs on crosstalk wavelength transmit different data as

the desired ONU (worst case) and (b) al active ONUs on crosstalk wavelength
transmit the same data as the desired ONU (best case)

Consider an instance where + =0 (i.e. A =w), and the desired ONU using OOC

1 has transmitted data O as shown in Fig. 8.6. The worst case occurs when active
ONUSs on the adjacent wavelength transmit data 1 as shown in Fig. 8.6a with the

signal pulses three times greater than the crosstalk pulses (i.e. assuming demux

adjacent rgjection ratio of -4.77 dB). This represents crosstalk vector state 1 in
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Table 8.1, with J; in the signal slot and H; in the empty dlot. In this case, given
that an ONU may be inactive at any time, there are eight possible ways in which
the ONUs on the adjacent wavelength can introduce crosstalk pulses into the
desired ONU'’ s pulse mark chip position as shown by the pulses in the empty slot
of the desired user in Fig. 8.6a. In the first incidence, al the crosstalk ONUs are
inactive, so there is no pulse. In the second incidence, only ONU 1 is active and
introduces three pul ses because it uses the same OOC 1 with the desired ONU and
r=0. In the third and fourth occurrences, only ONU 2 and ONU 3 respectively

are each active and introduces a single pulse because y. =1. The fifth, sixth and

seventh occurrences are when both ONUs 1 and 2, ONUs 1 and 3 and ONUs 2
and 3 respectively are active and in the last incidence, al the ONUs on the
crosstalk wavelength are active.

The second case shown as Fig. 8.6b presents the best case as all the ONUs on
the adjacent wavelength are active and transmitted data O as the desired ONU,
thus there is no pulse in the empty slot of the desired user and no MAI at the
correlator. This represents crosstalk vector state 8 in Table 8.1, with Jg in the
signa slot and Hg in the empty slot. Between these two cases, there are other cases
in which one ONU or two ONUSs are active and have transmitted the same data as

the desired ONU. In addition, there is a second instance where o<z <L, ( i.e

A=1). Each of these incidences could be represented in vector state, and the
whole events generally could be represented as a set of vector states.

The vector state of a typical crosstalk impairing the slot conveying the desired
user's signal pulses could be written as J; =(5,(2), 6,(2), ....5(K)) while the vector
state of atypical crosstalk impairing an empty slot of the desired user could be written
as Jy =(6,(D, 6,(2), ...8,(K)) . If the full set of all the crosstalk vector states

impairing the slot carrying the desired user’s signal pulses is represented as L in
€g. (8.14), for every J; in L, we may define acorresponding set H; of all possible
crosstalk vector states that could impair the desired user’s empty slot. Thus H; is
the set of all the crosstalk vector states J, impairing an empty slot of the desired
user when J; vector state of L isimpairing the desired user’s pulse slot. Table 8.1
depicts all the sets H, of crosstalk vector state J, in the desired user’s empty slot

given aparticular crosstalk state vector J; in the desired user’s signa pulse slot. If
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the number of nonzero elements in J, and J, are defined as |J;| and |J,]
respectively, and the sum of al the elements in J; and J, are defined as 1, and
I, respectively, the probability distribution for J; crosstalk vector state in the slot
carrying the desired signal pulses and J, crosstalk vector state in the desired
user’s empty slot could be written as

M=1

Py .15,) = py 7+ (1-2p,)"*" ] =1 (8.27)

Py, .15,) = plm (- pl)K7 14 pz‘Jk‘ (- pz)Ki PR M =2

It should be noted that egs (8.27) and (8.28) are of the same form as egs. (4.20)
and (4.21) respectively. This is because the crosstalk is also a CDMA signal with

(8.28)

the same probabilities of interference p, and p, between two OOCs.

Table 8.1 Set of crosstalk vector states for DPPM signal pulse slot and empty slot

L H;

[0 0OAOOAADOA
J;=|0 H;=|0 01 01 01 1

0 00010111

A 0000
J,=|0 H,=/0 1 0 1

10 0011

[0] [0 A 0 A]
Jy=|1 H;=|0 0 0 O

0] 0 0 1 1)

0] [0 A 0 A]
J, =0 H,=/0 0 1 1

1] 0 0 0 0

[A] [0 O]
Js=|1 H;=|0 0

1 0] 01

A [0 0]
Je=|0 He=|0 1

1] 0 0]

0] 0 A
J, =1 H,=/0 0

1] 00

A 0
Jg=|1 Hg=|0

1 0
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The means and variances of the received signal (including MAI and crosstalk
and conditional on turbulence attenuation) in the slot conveying the desired signal

pulses and an empty slot are each written respectively as

. LR'gN, , ,
o (2,1, g B == +q[(w+I1)RupsQ(hd)+|J_,RuPXT(hi)] (8.29)
. LRGN, . :
oo (ool hesh) =5 Mo ol R (hg)+1, Rite () (8.30)
q° ' W h
GlZ’XT(Il’lJi.f'hd'hi):{LRq N?r(21+RN°)J+ R'q2[(1+2R'NO)M]
T ° (8.31)
+Ri'q2|:(1+2Ri‘No,i )Jup—”':l A S—
q° ' | h
a&XT(IO,IJkJ,hd,hi):(LRq N0(21+RNO)]+R.q2[(1+2R.NO) oup;g( d)]
i i (8.32)

|Jky, Hp,, (h)
T,

C

' R’qz{(ma'l\lo,i)

2
:l *+ Oth-DPPM,

where pp,, (Ng) and up, _(h) are as defined in egs. (8.9) and (8.10), with R, (hy)

and P, (h,) redefined as the DPPM rectangular pulse power received at the OLT
photodiode from an ONU on the desired signal wavelength and an ONU on the
crosstalk wavelength respectively as in egs. (8.1) and (8.2). o7 pppvc IS the
DPPM OCDMA thermal noise variance.

The DPPM upstream symbol error probability conditioned on the MAI,

crosstalk and turbulence is given by

Rve-u (|1-|01|Ji s 'hd-h): iLil Z erfe iLXT(IlJJ” ,hd,h)_iO’XT(lo,IJkJ ,hd,h)

L5 (8.33)
- \/Z{O-EXT(IPIJLT’m’h)_’—G&XT(IO'IJkJ’m’h)}

The union bound of the instantaneous symbol error probability is derived as [14,
35, 50-52]

Pe, (hd,hi)g(n—l)z > P(y.1o) P('Ji:hk) (8.34)

Rae_u (111005 15, Ny )

The average DPPM upstream BER iswritten as

BERDPPM U = (nn—1)~([ .([ Pey (hy. 1) Pcc,d (hy) Pce,i (hy ) dhydhy (8.35)
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8.4.2.2 Downstream transmission
Similar to the OOK system, the mean and variances of the received DPPM
signal in the presence of crosstalk are independent of MAI and conditional on
turbulence attenuation. They are respectively written as
LRGN,
T

C

LRg*N,(1+R'N,) | . - \Sigup, (hz)
o &gint (N2) = 5 ppeu, +[ ?I'z °> |+Rg? (1+ 2R NO)L
C C

+ Ri'qzm{(“ 2R N,; )—i ntﬂF_le_T (hZ)}

C

isig,int (Nz) =

+ Q‘“{ SigRI/ngg (hZ)+intRi“uPXT (hz) } (8.36)

} (8.37)

where sig {01 and int {03 depending on the presence of signal/crosstalk in the
pulse mark chip position of the desired signal or not. tp,, (hz) and up_(hy) are
the same as egs. (8.9) and (8.10) respectively, with P, (hy) and P, (h,) redefined as
the optical DPPM rectangular pulse power received at the ONU photodiode from
the OLT transmitter on the desired signal wavelength and the OLT transmitter on
the crosstalk wavelength respectively asin egs. (8.5) and (8.6).

The probability that the random variable of the current in an empty dot is

greater than the random variable of the current in the signal slot in the presence of

crosstalk and turbulence is written as

iint (Nz) =ignt (Nz)

\/Z{Olz,int (hZ ) + O—g,int (hZ )}

: . 1
Pliojm (n7) > iy (7)) =5 et (8.38)
where int {03 depending on the presence of crosstak in a dlot in the desired

ONU signal frame or not, and for slots with no signal or crosstalk, both the mean

current and variance are independent of turbulence (i.e. h, =1 for iy, and o§,).

The instantaneous symbol error probabilities when the crosstalk pulse hits the

signal slot and when the crosstalk hits an empty slot are respectively written as
1 : . n
Rie oL h;) < ;{ 1- {1 Plioo(h7) > i1, ()} " } (8:39)

Rue-o (L0.h) < ”T‘l{ 1-{L-Plioo(n2) > ot )" 1L Plioa (hz) > s (n; ))}} (8.40)
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where I/n is the probability of crosstalk signa impairing any sot in the desired
signal frame and (n-1)/n is the probability of crosstalk signal impairing any
empty sot in the desired signal frame. The total instantaneous symbol error
probability iswritten as

Pep (h; )= Rue_o (11 hz )+ Rie o (L0, ;) (8.41)
The average DPPM downstream BER iswritten as

n

BERDPPM _D = 2n-1)

[ Peo(hz) Pes.a(hz)dh; (8.42)
0

8.5 Numerical results

Results are presented using the parameters reported in Table 8.2. In the result
section, DPPM1 and DPPM2 refer to DPPM with M = 1 and DPPM with M = 2
respectively while OOK CDMA and DPPM CDMA are referred to as OOK ¢ and
DPPM  respectively. Mux/Demux with adjacent channel spacing of 100 GHz in
the C-band of the ITU (Internationa Telecommunication Union) grid
specification and inherent loss of about 3.5 dB [29] is considered. The
mux/demux channel bandwidth is 70 GHz; we assume this to be the optical
channel noise bandwidth. Adjacent channel rejection values between -15 dB and -
45 dB [53, 54] are considered. Perfect extinction ratio is used in all calculations
and the DPPM coding level is restricted to M <2 so as to reduce the bandwidth
expansion that is common with DPPM signalling. The thermal noise is estimated
using baseline value o,z = 7x 107 A which is obtained from a model of a PIN

receiver with R, = 2.5 Gbps at BER of 10™2 assuming a sensitivity of —23 dBm
[28], such that of ook, = Roge /R, for OOKc system and o h-DPPM ¢ = BepTih-00k,

for DPPM¢ system calculations. Typical OLT transmitter power is 10 dB [55],
however, both the OLT and ONU transmitters may require to transmit more
power (not more than 20 dBm for safety reasons [56]) to counter splitter/combiner
losses and turbulence attenuation respectively. A splitter loss of 3 dB per 2-way
split is assumed. Fibre dispersion and other nonlinearities, and optical amplifier
saturation effects are neglected in the analysis. The results are based on the effect
of users with dominant crosstalk power on a single adjacent wavelength. The
impact of such high power single crosstalk source is more damaging compared to

many other crosstalk sources with equivaent power. Except if it is stated
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otherwise, the FSO link length (lts,) Of the ONUs on the desired wavelength and

the ONUSs on the crosstalk wavelength are assumed to be equal in the presented

results, and in such case, the average signal-to-crosstalk ratio is equal to the

demux adjacent signal rejection (Lgemui). The Rytov variance o2 =1.23c2k /%, *®

is used to characterise the strength of turbulence as weak (o3 < 1), moderate

(c3~1), strong (c3>1) and saturated (o3 — =), thus in the following result

discussion, the turbulence is referred to as strong turbulence and weak turbulence

when the FSO link length (I1s) and the C,* values used in obtaining the particular

plot resultsin o2 value greater than 1 and o3 value less than 1 respectively. The

number of users in each wavelength (K) is fixed at 3 for al the results shown

below, except if it is stated otherwise for any particular plot.

Table 8.2: System parameters used for calculations

Parameters

NF

Description

Binary datarate

Demux channel bandwidth
Desired signal wavelength
Transmission divergence angle
Receiver collecting lens diameter
Receiver quantum efficiency

Feeder fibrelink length
Maximum free space link length

Code length

Code weight

Number of ONUs per wavelength
Optical preamplifier gain

Optical preamplifier noise figure

Value

132 Mbps
70 GHz
1550 nm
0.2 mrad
13 mm
0.8
20 km
1.5km

19

30dB

4.77 dB
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The upstream BER results for OOK ¢ system are compared with the results for
DPPMc systems in Fig. 8.7 for 62 = 4.2 (i.e. with lig, = 1500 m and C,* =

1x10™® m™?3, indicating strong turbulence regime), and with a poor adjacent
channel rgection (Lgemuxi = 15 dB). In the absence of turbulence as in Fig. 8.73,
DPPM¢ shows an improved BER performance compared to OOK¢, and even a
better improvement is shown for M = 2 (DPPM2). The trend is the same when
there is no crosstalk in the system, for example, the TurbSig BER results in Fig.
8.7c. However, the improvement recorded in this case is less than that seen in Fig.
8.7a. As stated in Chapters 6 and 7, there is areduction in power efficiency shown
by DPPM in turbulent systems compared to non-turbulent systems. This happens
because the turbulence pdf is skewed or shifts more to the left with increasing
Rytov variance (and consequently turbulence strength) as shown in Fig. 3.7, thus
more area of the pdf coincide with part of the instantaneous BER curve where the
thermal noise is dominant, resulting in an average BER which is dominated by the
left tail of the pdf where both DPPM and OOK evenly converge to 0.5, and a
consequent reduction in DPPM average sensitivity advantage over OOK as the
turbulence becomes stronger. The combined effects of turbulence and crosstalk in
a CDMA system result in error floors which are marginally raised compared to
those seen in Chapter 6. Thisis shown in Fig. 8.7b for cases where only the signal
is affected by turbulence (TurbSig,XT), and only the crosstalk is affected by
turbulence (Sig,TurbXT), and also shown in Fig. 8.7c for the case where both the
signal and crosstalk are affected by turbulence (TurbSig, TurbXT). In systems with
strong turbulence and crosstalk, the DPPM¢ advantage over OOK¢ is limited to
the areas of the BER curve before the error floor occurs. However, the error floor
is lowered (particularly for the DPPMc system with M = 2) for the case where the
turbulence affects only the crosstalk (Sig, TurbXT) as is shown in Fig. 8.7b. This
is because the signa is turbulence free and the turbulence attenuation on the
crosstalk is reduced by the value of Lgemuxi, @ could be deduced from eq. (7.13)

where the crosstalk term iswritten as hy,p i Lgemu,i -
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Fig. 8.8 Upstream BER versus Received Average Power for DPPM¢ system (M =

2) with It = 1500 m and C,? values of 1x 10 m?* and 8.4x 107 m?3: (a)
Ly = 1508, (B) L

demi = 290B, (©) Ly =15dBand(d) L, . ,=25dB
Fig. 8.8 shows the result of the upstream BER for a DPPM¢ system using M =
2 with C.2 values of 1x10 *m?® and 8.4x107** m™® which correspond to o2 ~
4.2 and 0.35 for |t = 1500 m and indicate strong and weak turbulence regimes
respectively. Leenwi iS fixed for each sub-figure while C,? is varied to show the
impact of turbulence on the network BER performance. The BER is shown
worsening with increase in turbulence strength in Figs. 8.8a— 8.8d, with the error
floors raised for BER curves at strong turbulence conditions. A comparison of
Figs. 8.8a and 8.8b and Figs. 8.8c and 8.8d shows the effect of crosstalk at both
strong and weak turbulence regimes. The BER is improved and error floor
lowered in Figs. 8.8b and 8.8d compared to Figs. 8.8a and 8.8c respectively, as
the crosstalk at the desired ONU is reduced by using a demux with Lgemxi = 25
dB. In Figs. 8.8c and 8.8d, the error floor for TurbSig,XT is raised above that for
TurbSig, TurbXT at C.2 = 1x 10" m™?3, Thisisasaresult of high crosstalk power
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in the TurbSig,XT case because the crosstalk is not turbulence affected and does
not experience turbulence-related losses such as increased beam spreading and

coupling losses.
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Fig. 8.9 BER versus Received Average Power with It = 1500 m: (@) upstream
DPPM¢ system (M = 2) with fixed C,? and varying L e (b) upstream DPPM ¢
system (M = 2) with fixed L e and varying C,%, (c) upstream and downstream

for DPPMc and OOK ¢ systemswith both L. and Cy” fixed and (d)

downstream for DPPM ¢ and OOK ¢ systems with fixed L demui and varying C,?

The effects of MAI on the upstream BER at both strong and weak turbulences
are shown in Figs. 8.9a and 8.9b, with demux adjacent channel rejections of 15 dB
and 25 dB. The impact of MAI (as seen by the difference between K =1 and K =
3 curves) is marginal at strong turbulence in Figs. 8.9a and 8.9b, and more
pronounced in Fig. 8.9b at weak turbulence, with raised error floor in the presence
of MAI. However, it should be noted that MAI in the system is dependent on the
CDMA code parameters {L.,w,7..7,} = {19, 3, 1, 1} used for this anaysis, and
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some changes in the parameters may worsen the MAI effects, for example, as
shown in Fig. 8.10 where the code length has been increased to accommodate 4
users according to eg. (4.2). MAI is dominant in this case, and results in error
floor in the absence of crosstalk as shown by the TurbSig curves for K = 4, and
also resultsin a dlight raise in the error floor above that of Figs. 8.9a and 8.9b for
the TurbSig, TurbXT case. Note that for OOCs with y, =y, =1, error floors could

be eliminated by choosing code parameters that satisfy the inequality K < w.

The upstream BER is compared with the downstream BER at strong turbulence
in Fig. 89c for both OOKc and DPPMc systems. Turbulence-accentuated
crosstalk and MAI which do not exist in the downstream, results in error floor in
the upstream. The upstream BER is however better than the downstream BER
before the error floor occurs. This is because of extra splitting loss experienced by
the downstream signals as shown by the network architecture in Fig. 8.1a, which
is optional and could be avoided by using one transmitting source per ONU
instead of a single transmitting source for al ONUs on the same wavelength.
Similar to the upstream, DPPM¢ with M = 2 results in improved BER compared
to OOK¢ in the downstream, as shown in Figs. 8.9c and 8.9d. In the absence of
MAI and with the crosstalk not worsened by turbulence in the downstream, the
performance of the downstream system is primarily affected by optical
scintillation as shown by the BER resultsin Fig. 8.9d.
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Fig. 8.10 Upstream BER versus Received Average Power for DPPM ¢ system (M

=2) withli =1500m, L+ = 15 dB, and using the code parameter {Le: W, e,
va} ={25,3,1,1}: (8 C2 =1 *x 10¥ m?®and (b) C,> = 8.4 X 103 m?3
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The required average transmitter power for the upstream and downstream
operations for DPPM¢ system using M = 2 is shown in Fig. 8.11 for ademux with

improved adjacent channel rejection (L, i = 35 dB). The required optical power

X,

isshown in Fig. 8.11aincreasing in both the upstream and downstream systems as
the C,? (and consequently, the turbulence strength) and the target BER increases.
In the upstream, target BER of 10 is not achievable for high values of C,? (strong

turbulence regimes) with L, . = 35 dB because of the error floor. A

demultiplexer with better adjacent channel rejection (e.g. above 45 dB as shown
in Fig. 6.8c for non-CDMA WDM FSO system) could do better. However, such
target BER is achieved at high ONU and OLT transmitter powers (above 20 dBm
for the downstream as shown in Fig. 8.11a) which may introduce non-linear
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effects in the system and will raise concerns for eye safety. Target BERs of 10°®
and 10 are achievable for al C,? values in Fig. 8.11a and at average transmitter
powers less than 20 dBm. The required average transmitter power is reduced for

short FSO link lengths as shown in Fig. 8.11b because of decreasing o3 (and

turbulence strength) as FSO link length decreases. The OLT is required to
transmit more power compared to the ONU in Figs. 8.11a and 8.11b. This is
because unlike the upstream transmission, a single transmitter at the OLT
provides power which is split for downstream transmission to the three ONUs on
the same wavelength. The extra splitting loss in the downstream is 6 dB. However
at avery weak turbulence and low crosstalk power, the upstream required average
transmitter power exceeds the downstream because of the presence of MAI
(which is the dominant source of impairment under such conditions) in the
upstream. This is shown in Fig. 8.11b and occurs for low target BERs (BER
<107®) which are achieved at relatively high optical power when the effect of
MAI is more pronounced. For higher target BER values that are achieved at low
power when the system is dominated by signal independent thermal noise instead
of MAI (e.g. BER of 10°), the required optical power for the downstream remains
greater than that for the upstream as shown in Fig. 8.11a for low C,? values. The
increase in upstream required optical power due to MAI at weak turbulence is
clearly shown in Fig. 8.11c at different target BER values.

The system power penalty is shown in Fig. 8.12a for different FSO link
lengths. The power penaty at very weak turbulence (C,% = 1x10%® m??) is
dominantly contributed by MAI, and ranges from about -5.7 dB for target BER of
10 and It, of 500 m to 6.9 dB for target BER of 10 and I of 1500 m. In strong
turbulence conditions, the power penalty exceeds 25 dB for target BER of 10°
and lt, of 1500 m, and BER of 107 is not achievable for li > 800 m. The power
penalty caused by MAI aone (i.e. relative to when one ONU is active on the
desired wavelength) for various target BER values is shown in Fig. 8.12b. The
effect of MAI is less prominent at strong turbulence conditions with a maximum
power penalty contribution of about 1 dB when the 3 ONUs are active and at
target BER of 10°®. No result is shown for target BER of 10 at strong turbulence

conditions, as previously shown, such BER is not achievable at Iz, of 1500 and

C.2 of 1x107® m?3. The effect of MAI is more prominent at weak turbulence
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conditions and for C,? of 1x10® m?3, a power penalty of about 6.6 dB is
predicted for target BER of 10”° when the 3 ONUs are active. This valueis 0.3 dB
less than the power penalty of 6.9 dB stated above for all the system impairments
under the same condition, probably due to minor contributions from crosstalk and
the much weakened turbulence.
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Fig. 8.12 Upstream Power penalty (dB) for DPPMc system for varying C,* and
L jemuxi = 35 dB: (a) against FSO link length, (b) against number of active ONUs
on the desired wavelength with It = 1500 m

In Fig. 8.13, the assumption that the FSO link lengths of all ONUs are equal is
removed, and results for the upstream required optical power are presented with
and without power control algorithm (PCA), for different values of the FSO link
length for ONUs on the crosstalk wavelength lis i and different values of the
FSO link length for ONUs on the desired wavelength | sq. The power control

procedure could be initiated from the remote node under the control of the OLT,
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which tries to estimate each ONU’s distance from the remote node in order to
determine the required transmit power from such distance to achieve the defined
quality of service. Implementation of PCA saves transmit power for both the
ONU and the OLT and helps in the reduction of interferences between ONUSs in
the system by ensuring that equal power is received from each ONU irrespective
of the distance from the remote node. Figs. 8.13a and 8.13b show the upstream
required optical power without PCA and with PCA respectively, for various
distances of the ONUs on the desired signal wavelength and the ONUs on the

crosstalk wavelength, with C2 = 1x107° 28 | . = 35 dB and for target
BER of 10°. The result in Fig. 8.13a (without PCA) is of the same trend with Fig.
6.5a for the HFFSO WDM DPPM system considered in Chapter 6, with more
power required when the ONU on the desired wavelength is farther away from the
remote node. Furthermore, the effect of crosstalk is aso accentuated when the
interfering ONUs are closer to the remote node compared to the desired ONU,
resulting in the target BER not being achieved in some area due to the occurrence
of error floor. As explained in Chapter 6, this is magorly due to decrease in
average signal-to-crosstalk ratio because of asymmetric losses experienced by the
desired ONU and the interfering ONU when they are at unequal distances (with
the interfering ONU being closer to the remote node). With power control
implemented, the average-signal-to-crosstalk ratio is approximately constant and

equal to L, . for al distances, thus the error floor does not occur, and the

required optical power is lower for the points of unequal distances between the
interfering and the desired ONUs as shown in Fig. 8.13b. In implementing a
power control, the system determines the required transmitter power (Prxmin)
independent of the net link path loss to achieve the set QoS or BER. For
downstream operation, the average transmitted power from the OLT to the ONU
on the desired wavelength Prp 4 is included in the data frame sent to each ONU as
power control information (PCI) [57], the PCI is detached at the ONU, and the
ONU estimates the received average power Py(hz). The net link path loss at the
ONU distance in dB is obtained as PLpe = Prp g - Pa(hz) as can be deduced from
eg. (8.5) which is expressed in linear power. Finaly, the OLT transmitter power to
the ONU at that distance with power control is set as Prxmin + PLnet. Thisis then
embedded into the upstream data as PCI for the OLT. The process is the same but
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performed differently for upstream since the path loss for upstream and
downstream may differ, and it is repeated each time the ONU distance changes
significantly for mobile users.
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8.6 Summary

The analysis of a novel network of hybrid WDM and OCDMA systems
including both fibre and FSO links is performed in this chapter for both OOK and
DPPM systems. Obtained results show the superiority of DPPM over OOK with
regard to average power performance. The error floor in this system is raised
above that which is seen in Chapter 6 because of the presence of MAI. Depending
on the CDMA code parameters used in the network design, MAI aone could limit
the network performance and may result in error floors at high BER values.
However, by using a code weight that is equal to or greater than the number of
users, the effect of MAI is reduced, and is predominantly noticed only in weak
turbulence conditions. At the target BER of 10°®, the required average transmitter
power for both the downstream and upstream systems is less than 20 dBm and
considered safe, but the OLT is required to transmit more power than the ONUs
because of the additional (but optiona) power splitting in the downstream. The
effect of turbulence-accentuated crosstalk is shown to be mitigated using power
control in this chapter. The primary advantages of this network over the HFFSO
WDM network analysed in Chapter 6 are the increase in user capacity and better
utilization of wavelength, although at the expense of reduced data rate per user.
However, increase in data rate per user is possible, and will require additional
processing speed. This network can easily be extended to an indoor environment
and the data rate of 132 Mbps used in the analysis is comparable to current data
rate in most indoor wireless systems. With stiff competition among service
providers, and increasing demand for reduction in the cost per data rate by users,
the proposed network is a sensible option to service providers and would help in
satisfying the users need at reduced cost because no licence fee is required for the
optical frequency band, and the cost of the network components is borne by many
users compared to the HFFSO WDM system discussed in Chapter 6.
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CHAPTER 9 Conclusionsand FutureWork

9.1 Concluding summary

Thisthesisis focused on the performance of hybrid fibre and free space optical
(HFFSO) communication systems in optical access networks, and a modelling of
the effects of multiple access interference, crosstalk, atmospheric turbulence and
amplified spontaneous emission noise in such systems has been presented. A
historical overview of fibre and free space optical communication systems and an
introduction of optical fibre access networks were provided in Chapter 1, with an
emphasis on the potential importance of HFFSO access networks. Devices and
processes involved in signal generation, transmission and reception, and the
modulation schemes employed in the system modelling, namely OOK and DPPM,
were discussed in Chapter 2, along with a brief review of passive optical networks
and the physical channels used for optical communications.

The performance evauation methods used in optical communication system
BER modelling, including the GA, CB, MCB and SPA, and the various
techniques used in the implementation of multi-user services in optical access
networks were discussed in Chapter 3. Factors that can impair a HFFSO system,
including attenuation and dispersion in fibre, beam spreading, coupling and
scintillation-induced losses in free space, MAI, optical crosstalk, and other system
noises were also discussed in Chapter 3, with the gamma-gamma and log-normal
pdf models used to characterise the effect of atmospheric turbulence.

In Chapter 4, amodel of an optically amplified HFFSO network using CDMA
for multi-user service delivery in an indoor environment was presented and
analysed using the performance evaluation methods discussed in Chapter 3.
Previous indoor CDMA systems have been unamplified and analysed using
mainly the GA, which does not provide a full description of the signal and noise
processes in an opticaly amplified system. Therefore an MGF formulation
including multi-user contributions was derived for use in the CB, MCB and SPA
BER calculations for both OOK NRZ and DPPM systems. The BER calculation
complexity is somewhat increased using the MGF based methods, which require a
recalculation of the s parameter for each interfering user in the system before
averaging over the number of interferers. The BER results showed that the CB
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maintains an upper bound on the system BER and the SPA gives a BER lower
than the other methods regardiess of the amplifier gain. The MCB BER changes
with amplifier gain, moving closer to the SPA at low gain (G = 8) and closer to
the CB at high gain (G = 26), but could exceed the CB when the system is
dominated by non-Gaussian MAI due to the fact that its origina derivation
assumes non-negligible Gaussian noise [1, 2]. The GA is less reliable than the
MGF methods because it sometimes predicts BER which exceeds known upper
bounds (CB and MCB), and for a CDMA system with unpredictable MAI states,
the CB could be recommended as the safest method for system BER evaluation
because it maintained an upper bound for al parameters used in the analysis in
Chapter 4. Lower average power is required to meet target BER in the DPPM
CDMA system compared to the OOK CDMA system, and lower transmit power
is required from user devices in an optically amplified system compared to a non-
amplified system.

Having shown the efficient power utilization of DPPM in the CDMA system
considered in Chapter 4, which could seamlessly be integrated with an outdoor
access network using WDM for network scalability, Chapter 5 considers a (non-
CDMA) WDM DPPM system impaired by interchannel crosstalk. A model for the
estimation of the performance of such a system, aong with evaluation methods
using the GA and the M GF-based methods were both developed for the first time
in the work presented in Chapter 5. A novel analysis applicable to any physical
channel was derived, and was applied to a non-turbulent WDM FSO system for a
better and a quick insight into the performance of such systems. Under the
assumptions of frame alignment (FA), only slot alignment (OSA) and slot
misalignment (SM) between the desired signal and crosstalk, results were
obtained for a system impaired by (i) a single crosstalk source and (ii) multiple
crosstalk sources, using the GA, and both the CB and MCB where computational
processing time and calculation complexity permits. Compared to the OSA case,
the FA case presents a marginally higher BER and power penalty for both single
and multiple crosstalk sources, while the SM case (considered only for single
crosstalk for analytical and computational convenience) results in a lower BER
and power penalty. The performance of the GA and the CB remainsthe same asin
Chapter 4, but in the absence of MAI, the MCB is found to be more consistent

compared to when MAI is dominant in the system as seen in Chapter 4. The
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DPPM system maintained a lower BER and lower power penalty compared to
OOK, in the absence of MAI and turbulence, only when the coding level (M) is
greater than 1. When M = 1, the BER curves (and also the power penalty curves)
for both the DPPM and OOK systems coincide.

The applicability of the model developed in Chapter 5 to practical outdoor FSO
systems was demonstrated in Chapter 6 where the model was used to anayse a
novel HFFSO WDM network using DPPM, and impaired by both atmospheric
turbulence and interchannel crosstalk. The network structure includes a feeder
fibre connecting the OLT to a remote node from where the signals are distributed
to different ONUs on distinct wavelengths through a turbulent FSO link. The GG
pdf, which is a close fit to simulation data [3-6], was used to characterise
atmospheric turbulence from weak to saturated turbulence regimes, and the
impacts of beam spreading and air-fibre coupling losses on the system
performance were considered. The analysis performed in Chapter 6 was
simplified by the GA, and exemplified how design parameters such as the free
gpace link distance of the interferer and the desired signal from a remote node,
transmitter divergence angle and the demultiplexer adjacent channel rejection, and
atmospheric turbulence parameters such as refractive index structure constant
could affect the performance of the system. BER results for cases where both the
signa and crosstalk are affected by turbulence (TurbSig, TurbXT), only the signal
is affected by turbulence (TurbSig,XT) and only the crosstalk is affected by
turbulence (Sig, TurbXT) were presented. The results showed that the effect of
crosstalk is accentuated in the upstream of the WDM FSO network due to the
presence of turbulence and that the combination of both impairments resultsin an
error floor in the upstream system. The system using DPPM (with M = 2)
presented a lower BER and required optical power compared to the OOK system
but has a power penalty advantage over OOK only for very weak turbulence.

An outage probability analysis for a network with both signal and interferer
affected by turbulence, such asin the WDM FSO network considered in Chapter 6
was performed in Chapter 7 for both OOK and DPPM systems. To the best of the
author’s knowledge, the work presented in Chapter 7 represents the first time the
outage probability of a system with turbulence-affected signal and turbulence-
affected interferer is investigated. The results indicated that a system with
acceptable BER could experience deep fades due to turbulence which generaly
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affects the quality of service. Such fading increases as either the crosstalk power
or turbulence attenuation on the interfering signal or turbulence attenuation on the
desired signal becomes stronger. It was aso shown in Chapter 7 that DPPM is
more tolerant to turbulence induced fades compared to OOK.

In Chapter 8, an extensive outdoor OCDMA over WDM network, which could
easily be integrated with the indoor hybrid fibre and optical wiredless CDMA
system anaysed in Chapter 4, was proposed and investigated using the GA for
quick computation. The result showed that the presence of MAI in the system
results in raised error floors, and higher power is required for the downstream
transmission at target BERs for moderate to strong turbulence conditions. The
MAI contribution to the system performance is more prominent at weak
turbulence conditions for the parameters used in the analysis. A power control
algorithm was aso implemented in this chapter, and it showed to be promising in
suppressing the error floor caused by turbulence-accentuated crosstalk due to

asymmetric loss between the desired ONU and the interfering ONU.

9.2 Conclusions

The work done in this thesis shows the potential of HFFSO networks to
provide high speed broadband services in an optical access network. The
following conclusions can be drawn from the theoretical analysis and

computational modelling performed in thisthesis:

i. A HFFSO network is apromising solution to an all optical access network
and could provide limited mobility to user devices in an indoor
environment. However, there is a safety concern on the use of lasersin an
indoor FSO system, and user mobility may only be achieved with the aid
of atracking and beam steering mechanism.

ii. An opticaly amplified upstream transmission could ease the difficulty in
satisfying the stringent transmitter power required from user devices in
indoor FSO systems due to concerns for eye and skin safety.

iii. Several evaluation methods have been used in this thesis because of their
different strengths in terms of reliability, ssmplicity and computational
time, and aso to check that the behaviour of the models correspond to
already established trends from similar anaysis performed with these
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V.

Vi.

Vii.

methods. The MCB and CB are usually more trusted because they are
upper bounds, but once turbulence is involved in the analysis, the
calculation complexity and computational time with the MGF-based
methods becomes high and the GA (which shows better consistency for
turbulence affected systems than for non-turbulent systems) is used for
quicker analysis.

Optically amplified DPPM receivers in HFFSO networks can provide
sensitivity improvement over equivalent OOK NRZ receivers of up to 2.8
dB at coding level of two (M = 2) with minimal bandwidth expansion and
depending on the turbulence conditions. However, in CWDM systems
where the DPPM bandwidth expansion is not problematic, greater
sensitivity improvements can be achieved by increasing the DPPM coding
level.

The reduction in the sensitivity advantage of DPPM systems over OOK
systems in the presence of turbulence is attributed to the behaviour of the
turbulence pdf which is skewed to the left and has its peak shifting more to
the left with increasing Rytov variance (and consequently turbulence
strength). This means that more area of the pdf coincides with part of the
instantaneous BER curve where the thermal noise is dominant, resulting in
an average BER which is dominated by the left tail of the pdf where both
DPPM and OOK instantaneous BER evenly converge to 0.5 (i.e. the limit
of the instantaneous BER as the instantaneous power tends to zero), and a
consequent reduction in DPPM average sensitivity advantage over OOK
as the turbulence becomes stronger.

The effects of interchannel crosstak are exacerbated by optica
scintillation in the upstream of a HFFSO WDM system, and results in
error floors. The error floor is raised when CDMA is incorporated into the
system, resulting in both crosstalk and MAI combining with turbulence-
induced scintillation to impair the system.

A full estimation of the effects of turbulence-induced scintillation in a
WDM system with an FSO link requires an assessment of its outage
probability which is worsened by increasing strength of turbulence and
crosstalk power.
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viii. A HFFSO WDM access network with a feeder fibre link length of 20 km
and a distributive FSO link length of 1500 m can provide high speed
broadband services to users at acceptable BER and safe transmit power
for al turbulence regimes and in clear atmospheric conditions. Such a
network would, however, require an automatic pointing, acquisition and
tracking subsystem, and an implementation of a power control algorithm
may be necessary to enhance its performance.

iIX. The required transmitter power is dependent on the system losses which
varies based on the network architecture and level of turbulence. Higher
power is required from the ONUs than the OLT in the HFFSO WDM
network described in Chapter 6 because of air-fibre coupling losses
incurred in the upstream transmission but not the downstream
transmission (as signals are directly coupled to the photodetector in the
downstream), while in the OCDMA over WDM HFFSO network
described in Chapter 8, more power is required from the OLT than the
ONUSs because of more splitter losses and losses incurred in coupling the
signal from air to fibre (which could be extended indoors) in the

downstream transmission.

9.3 Proposalsfor futurework
The scope of thisthesis has been covered, with regard to the primary objectives

set out at the beginning of the research work. However optical communicationsis
a wide research area the totality of which cannot be covered within the time limit
of the research. Other related research works that could be performed to extend

the work carried-out in this thesis are now recommended.

= Through the use of additional power splitters‘combiners or by adjusting
the positions of existing ones, the outdoor HFFSO networks proposed in
Chapters 6 and 8 could be merged with the indoor system described in
Chapter 4 to form a larger all optical access network. Such extended
network architecture may include a fibre-FSO(outdoor)-fibre-
FSO(indoor) link connection and an evaluation of its performance is
recommended as future work.

= In an OCDMA over WDM network, the code cardinality and network

user capacity could be improved by the use of prime codes or more
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complex encoding in two dimensions [7, 8]. As the effect of MAI
increases with number of users, evaluating the combined impact of MAI,
crosstalk and turbulence-induced scintillation in such a system is an
interesting research topic.

In addition to aperture averaging, the use of saturated optical amplifiers
[9] and diversity schemes such as multiple-input-multiple-output (MIMO)
[10-12] have been proposed as turbulence mitigation methods, and could
be incorporated into the networks analysed in this thesis for further
investigations.

The bandwidth utilization of DPPM could be improved without reducing
the average power advantage by hybridizing DPPM modulation with
BPSK [13]. Similar multilevel modulation techniques with higher signa
constellation, which use direct detection, such as differential phase shift
keying (DPSK) [14, 15] could also be used in combination with DPPM for
DWDM systems. The models devel oped in this thesis could be extended to
investigate the effects of turbulence-affected interfering signals with the
hybrid modulation technique. For such a direct detection (e.g. using MZI
based balanced receiver) DPPM DPSK system, the effects of interchannel
crosstalk is two dimensional, with the crosstalk capable of causing error in
the pulse position as well as the differential phase of the pulse.

The methodology used in this thesis involved only anaytical and
computational modelling, experimental verification of the results is
recommended as future work for full system characterization. One of the
major challenges anticipated during experimentation is the issue of timing
recovery (for transmitter and receiver clock synchronisation), and a very
likely solution is the use of a phase-locked loop (PLL) to lock-in the slot
and frame frequency components as long as they are obtainable from the
transmitted PPM signal. For DPPM systems transmitting square pulses in
a full dlot, a pre-processing of the detected signal is necessary to ensure
that a strong frequency component at the slot frequency is present in the
input signal tothe PLL [16, 17].

The behaviour of FSO links has been considered under the assumption of
a clear air atmosphere, which is the predominant atmospheric condition

over a one year cycle. In more than 10% of time per annum, the
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atmospheric conditions consist of mist, rain, snow or fog, or a mixture of
any of these conditions [18]. The design of FSO systems that can sustain
the required availability in all weather conditions is of high practical
interest. Straightforwardly, additional link margin could be provided to
enable the system to cope with an increase in attenuation under unclear air
atmospheric conditions. However, since these conditions are constantly
changing, a variable optical attenuator controlled using rea-time data
obtained from hydrometric and visibility measuring devices could be
included in the system for safety reasons.

= Diffused downstream transmission could be implemented for the indoor
hybrid fibre and wireless optical system, since air-fibre coupling is not
required in the downstream. Such a system could be susceptible to
multipath dispersion [19] and may require more downstream transmit
power but could also improve user mobility. Investigation of the effects of
multipath dispersion/distortion in such a system could be atopic for future

work.
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Appendix A: Continued flowchart for BER calculations for SM case
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Appendix B: Stepsfor the Monte Carlo simulations

Choose coding level M, number of slotsn = 2¥.
Choose number of crosstalk sources N

Assign integer numbers ranging from 1 to n as slot numbers for signal and
crosstalk sources

Assign a specific slot number as the slot containing the pulse in the signa
frame

Define the number of crosstalk sources that contribute a crosstalk pulse to
doti of thesignal frameask; < {0, 1, ..., N}; (i € {1, 2, ..., n}).

Create n dimensional matrix of size N+1 to represent bins. Each bin
corresponds to a position { ki, k, ..., ko} in an n dimensiona matrix and is
incremented when exactly ki, ky, ..., ky number of crosstalk sources
contribute a crosstalk pulse each to slot numbers 1, 2, ..., n of the signal
frame respectively.

Perform T trials
In each trial:

» for each crosstalk,

e (generate a random integer number (2) from 1 to n to represent the
slot number in the signal frame that aligns with the nth dot in
crosstalk frame 1

e (generate a random integer number (x) from 1 to n to represent the
slot number in crosstalk frame 1 that contains the crosstalk pulse

e (Qenerate a random integer number (y) from 1 to n to represent the
slot number in crosstalk frame 2 that contains the crosstalk pulse

e dlot number in signal frame in which crosstalk frame 1 contributes
acrosstak pulseisfound as: x+z—n

e dlot number in signal frame in which crosstalk frame 2 contributes
acrosstalk pulseisfound as: x + z

At the end of each trid:

> obtain ky, k, ..., ky asthe countsin dlot 1, 2, ..., n of the signal frame
respectively

» increment the bin that corresponds to position {ki, ko, ..., ko} inthen
dimensiona matrix

At the end of fina trial:

> probability of ki, ky, ..., k, crosstalk sources contributing crosstalk
pulsesto dot 1, 2, ..., nof the signa frame respectively is obtained by
dividing the content of the bin corresponding to position {ki, k, ...,
ka} inthe n dimensional matrix by the number of trials T.

241



Examplefor codinglevel M =1 (i.e.n =2)

R/
A X4

Coding level M = 1 and number of slotsn =2
Choose number of crosstalk sources N

Assign integer numbers ranging from 1 to 2 as slot numbers for signal and
crosstalk sources

Assign a specific slot number as the slot containing the pulse in the signa
frame

Define the number of crosstalk sources that contribute a crosstalk pulse to
dot 1 of thesigna frameask; € {0, 1, ..., N} and the number of crosstalk
sources that contribute a crosstalk pulse to slot 2 of the signal frame as k;
€ {0,1,...,N}.

Create bins of row N+1 and column N+1 in a 2 dimensional matrix. Each
bin corresponds to {row, column} = {k;, ko} and is incremented when
exactly ki and k, number of crosstalk sources contribute a crosstalk pulse
each to slot numbers 1 and 2 of the signal frame respectively.

Perform T trials
In each tria:

» for each crosstalk,

e (Qenerate a random integer number (2) from 1 to 2, to represent the
slot number in the signal frame that aligns with the nth dot in
crosstalk frame 1

e (Qenerate a random integer number (x) from 1 to 2, to represent the
slot number in crosstalk frame 1 that contains the crosstalk pulse

e (Qenerate a random integer number (y) from 1 to 2, to represent the
slot number in crosstalk frame 2 that contains the crosstalk pulse

e dlot number in signal frame in which crosstalk frame 1 contributes
acrosstak pulseisfound as: x +z— 2

e dlot number in signal frame in which crosstalk frame 2 contributes
acrosstalk pulseisfound as: x + z

At the end of each trial:

> obtain k; and k; as the counts in slot 1 and slot 2 of the signal frame
respectively

» increment the bin that corresponds to {row, column} = {kj, ko}

At the end of final trid:

probability of k; and k, crosstalk sources contributing crosstalk pulsesto slot 1
and slot 2 of the signal frame respectively is obtained by dividing the content of
the bin corresponding to {row, column} = {k;, ko} by the number of trials T
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Appendix C: BER comparison of the impact of two
crosstalk sources and a single crosstalk

sour ce of equivalent power
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BER comparison of the impacts of two crosstalk sources and a single crosstalk
source of equivaent power in aturbulent FSO WDM DPPM system under the FA
assumption (M = 2, lispsig = ltso,ine = 1500 m and signal-single-crosstalk ratio =
I—demux,i)

243



