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GLOSSARY OF ABBREVIATIONS

AON
APON
ASE
ATM
AWGN
BER
BISDN
BOD
BPM
CATV
CCITT
CcCw
CPMZ
Ccw
DSF
DWDM
E/O
EDFA
FDM
FP-SLA
FWHM
FWM
GVD

ITUT-T

LAN
MEMS
MZI
'NLE
NLSE

All-Optical Network

Asynchronous Transfer Mode Based Passive Optical Network
Amplified Spontaneous Emission
Asynchronous Transfer Mode

Additive White Gaussian Noise

Bit Error Rate

Broadband Integrated Service Data Network
Bandwidth on Demand

Beam Propagation Method

Cable Antenna Television

International Telegraph and Telephone Consultative Committee
Counter Clockwise

Colliding Pulse Mach Zehnder

Clockwise

Dispersion Shifted Fibre

Dense Wavelength Division Multiplexing
Electro-Optic

Erbium-doped Fibre Amplifier

Frequency Division Multiplexing

Fabry-Perot Semiconductor Optical Amplifier
Full Width Half Maximum

Four Wave Mixing

Group Velocity Dispersion |

International Telecommunications Union — Telecommunications
Sector

Local Area Network
Micro-Electro-Mechanical Systems
Mach Zehnder Interferometer
Non-Linear Element

Non-Linear Schrédinger Equation



NLWG
NOLM
NRZ
O/E
oC
OEO
OOK
OTDM
PDH

. POTS

PSDN
QoS

RFLB

RZ

SBS

SDH
SLA/SOA
SLALOM
SMF
SMZ
SNR
SONET
SPM

SRS

STM

STS
TDM
TOAD
TON
TWA
UNI

Non-Linear Wave Guide
Non-Linear Optical Loop Mirror
Non-Return-to-Zero
Opto-Electronic

Opﬁcal Carrier
Opto-Electro-Optical

On Off Keying

Optical Time Division Multiplexing
Plesiochronous Digital Hierarchy
Plain Old Telephone System

Packet Switched Data Network
Quality of Service

Random Access Memory
Recirculating Fibre Loop Buffer
Return-to-Zero

Stimulated Brillouin Scattering
Synchronous Digital Hierarchy
Semiconductor Laser Amplifier / Semiconductor Optical Amplifier
Semiconductor Laser Amplifier Loop Optical Mirror
Single Mode Fibre

Symmetric Mach Zehnder
Signal-to-Noise Ratio

Synchronous Optical Network
Self-Phase Modulation

Stimulated Raman Scattering
Synchronous Transfer Mode
Synchronous Transport System
Time division Multiplexing
Terahertz Optical Asymmetric Demultiplexer
Transparent Optical Network
Travelling Wave Amplifier

Ultra-fast Non-linear Interferometer



GLOSSARY OF SYMBOLS

Symbol
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Definition

Differential operator

Non-linear opefator

Angular Frequency

Attenuation

Change density

Confinement factor

Non-linear coefficient

Phase

Wavelength

i" order material susceptibility

Permeability of a vacuum

Permittivity of a vacuum

Propagationbonstant

Inverse of the pulse velocity

Group velocity dispersion (GVD) parameter
Third order dispersion parameter

Internal waveguide scattering loss
Recombination time

Coupling factor

Intrinsic fibre loss (in decibels)

Fibre loss per loop iteration

Line enhancement factor

SPM phase shift

Time difference between the two control pulses
Slowly varying envelope of optical pulse at spatial position z and time ¢
Effective fibre core area |
Relative amplitude

Bit rate

Magnetic flux density



&

Electrical bandwidth
B, Optical bandwidth
C Speed of light in a vacuum
D Electric flux density
E Electric field vectors
Ey Signal energy
G Amplifier gain
g(N) Material gain coefficient
Go Small signal gain
g8 Brillouin gain coefficient
gr Raman gain coefficient
H Magnetic field vectors
h Planck’s constant
I Optical intensity
I Bias current
J Current density
Kp Boltzmann constant
L Length
Ly Amplification period
Laup Amplifier length
Lp Dispersion length
Ly Effective fibre length
Iy Loop traversal number
Lyt Non-linear length
M Magnetisation polarisation
M Storage capacity in bits
N Carrier density
n Refractive index of the fibre
N Soliton Order
Ny Noise spectral density
n; Non-linear refractive index

Ny Number of amplifiers



Ngp Spontaneous emission noise factor

Ny Carrier density at transparency

P Dielectric polarisation

P Power

Py Peak power

Py Probability of a bit error

q Electron charge

q0 %2 the time separation between two adjacent soliton pulse
R Photodiode responsitivity

Ry Load resistance

Ssp Noise spectral density of optical amplifier
T Temperature

t ] Time

Ty Normalised pulse Width

Ty Bit period

Trwam FWHM pulse width

Tiop - Unitloop traversal time

14 Volume of active medium .

Xiatio Normalised crosstalk energy ratio
z Distance

Zy Soliton Period

Ax Eccentricity of SOA

Twin Temporal duration of switching window
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ABSTRACT

The development of a practical solution to all-optical buffer remains a challenge for
high-speed (= 20 Gbit/s) optical networks. Most of the research in the field has
concentrated on building test-bed solutions, however the literature review shows little
evidence in the use of mathematical models to aid in the design process. This PhD study
is an attempt to design and develop a mathematical model of an all-optical buffer
suitable for use within optical time division multiplexed systems. The emphasis is
placed on recirculating fibre loop buffers because of their inherent storage advantages.
The most critical of these advantages is that the storage delay time is independent of the

fibre length.

While there is a precedent of employing large recirculating fibre loop afchitectures to
simulate ultra-long haul transmission lines in research projects, their use in short length
(< 500m) buffering architectures is not prevalent in the literature. This work finds a
niche in this domain where the physical effects of the buffer components (e.g. optical
switches) have not been previously documented.

In order to optimise the bit error rate performance and characterise its dependence on
the physical buffer characteristics, the buffer models are designed and simulated in
MATLAB and VPI. The associated mathematical models, developed in this work, are
validated by the results produced using these simulation packages.

The benefit of this research is reflected in the fact that varying the parameters of the
mathematical model effectively. simulates the changing of physical device
characteristics. Consequently, the designing process becomes less arduous, as lengthy
simulation times are now reduced. Moreover, as physical implemenfation can now be

delayed until the buffer design is optimised, production cost may be reduf:ed.
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Chapter 1

Introduction

Over the last century, advances in technology have prompted the move from electrical
to optical based communication networks. The primary motivation for this transition
was the dramatic increase in the available bandwidth offered by the optical fibre.
Additionally, the bulk manufacturing cost was comparably cheaper, there was increased
securitf since it is difficult to physically tap, and the light waves travelling within
optical fibres were immune to electromagnetic; interference and crosstalk. Finally, as
attenuation within the fibre is significantly lower than in electrical wiring, long-haul
high capacity communication systems became feasible. The first generation optical -
systems comprised of point-to-point links with opto-electrical (O/E) and electro-optical
(E/O) repeater stations littered along the path to maintain signal integrity. More
recently, the proliferation of all-optical fibre-based communication systems has resulted
from the relentless pursuit of increased bandwidth utilisation to satisfy consumer
demands. Today optical networks employing wavelength division multiplexing (WDM)
technology oberating at tens of gigabits per second are commercially available. In such
networks, each data channel has a unique optical carrier and may be transmitted
simultaneously. However, the inherent growth of non-linear effects as the number of

channels per optical fibre increases, places restrictions on the capacity of such systems.

An alternative approach, and an area of active research, is optical time division
multiplexing (OTDM). In this scheme, the channels are time multiplexed and

transmitted using a single wavelength at spéeds in the region of hundreds of gigabits per



second. Consequently, the end node equipment is conceptually simpler as only one
wavelength net?ds to be considered. OTDM is considered an essential feature of future
all-optical networks because of its flexibility. Essentially, the number of channels can be
varied without the need for additional hardware components (e.g. tuneable lasers) by
simply adjusting the timing ‘intervals. Although OTDM is not envisioned to be a
replacement for WDM, it may be employed in scenarios where major traffic is carried
by an OTDM backbone or where each channel in a WDM system is optically time

division multiplexed to further increase the network capacity.

Solutions to the challenges facing the commercialisation of high-speed OTDM systems
such as ultra-short pulse generation, add/drop time division multiplexing, optical
regeneration, all-optical clock extraction and synchronisation has been demonstrated in
many laboratories. However their large-scale non-commercialisation is due firstly, to
the fact that they still remain to be proven economically beneficial in point-to-point link
transmissions compared to current 10 and 40Gbit/s WDM systems. Secondly, they must
ensure that high-speed (>100Gbit/s) systems comply with a flexible all-optical network

and offer time-domain routing capabilities.

The importance of an all-optical buffering solution to resolve flow-control and
contention resolution issues within high-speed OTDM networks cannot be ignored. In
this work a buffering solution based on a recirculating fibre loop architecture is
investigated by developing a mathematical model for both the passive and active

versions of the device.



1.1 Organisation of Thesis

The thesis is divided into eight chapters. Following the introduction, a literature review
showing the history of communication networks is given in Chapter 2. This chapter
highlights the various electrical switching strategies technologies, in chronological
order, that preceded the transition to the optical domain. Additionally, the motivation
behind WDM and OTDM and their associated challenges are discussed along with the

envisioned future development of multiplexed network systems.

The performance of the optical buffer critically relies on the switching mechanism
employed. Factors such as switching time, repetition rate, noise figure, integratability
and control pulse energy (where applicable) may be used to characterise the switches
and to gauge their practicality and applicability. In Chapter 3, a review of the current
optical switching architectures is presented. Subsequently, the above criteria are used to

select the most likely candidate for the all-optical recirculating fibre loop buffer.

In chapter 4, a mathematical analysis of wave propagation in optical fibre is presented
along with the origins of the factors that contribute to performance deterioration within
the WDM and OTDM systems. This information is presented as a precursor to the beam
propagation method (BPM), and is deemed critical for a thorough understanding of the
algorithm. The BPM is employed throughout this work to numerically model the
propagation of light within optical fibre. The evolutionary properties of propagating
soliton pulses and their use in communication based systems are also discussed in this

chapter.



The. passive recirculating fibre loop buffer is the focus of Chapter 5. First, the
uncomplicated architecture, which is based on a fibre loop and a switching mechanism
that is initially assumed ideal, is presented. Subsequently, the BER performance of an
OTDM system model employing such a buffer is investigated using both computer
simulations and an extended mathematical model. The performance of the buffer is also
investigated for different incident pulse shapes, namely soliton and Gaussian-soliton, bit
rates and fibre types. Finally, the performance after the inclusion of insertion and

crosstalk switch losses are considered.

In Chapter 6, the passive recirculating fibre loop buffer model is extended to include an
active element. A mathematical model for the resulting active device, which considers
the noise sources associated with both thé buffer and receiver, is also presented. The
BER performance is investigated as a function of delay (i.e. number of loop traversals),
amplification period and fibre type. Additionally, the effect of amplifier noise, switch
losses and optical filtering on the buffer performance are also investigated. In each

instance, the amplifier model is assumed to be generic with a linear gain.

Chapter 7 investigates the performance of the recirculating fibre loop buffer, which
employs a symmetric Mach Zehnder (SMZ) to provide the gain and switching
functions. As the SMZ critically relies on the properties of the non-linear amplification
element, the operation principle and mathematical model of the semiconductor optical
amplifier (SOA) are presented first. Subsequently, two novel modes of operation for the

SMZ are presented and mathematically modelled, highlighting the gain-switching and



crosstalk properties of each operational mode. It is envisioned that the application of
such a switch will have wide implications especially in the optical broadcast networks.
Simulation results, based on the mathematicél model, show the successful
implementation of the buffer and highlight the far reaching benefits of buffers
employing this switching technique. Eye diagrams, which indicate the perforﬁance of

the architecture, are also presented.

Finally, conclusions and suggestions for further works are discussed in Chapter 8.

1.2 Aims and Objectives

The fundamental aim of the work presented in this thesis is to design, model and
investigate the performance of an all-optical recirculating fibre loop buffer suitable for
use within OTDM systems. In order to achieve this aim the following research

milestones were identified:

» Design and simulate the use of a simple passive recirculating fibre loop buffer
within an OTDM system, and develop a mathematical model that characterises its
BER performance.

» Investigate the characteristics of the passive optical fibre loop buffer against several
system parameters such as bit rate, pulse shape, delay, and fibre type.

> Extend the work on the passive version of the device to form a simple active
recirculating fibre loop buffer and investigate its BER performance. Furthermore, to
develop a new mathematical model which characterises this performance.

> Investigate the characteristics of the active optical loop fibre buffer against several
system parameters such as bit rate, fibre type, delay, and amplification period.



» Design, simulate and mathematically model a more realistic version of the active
all-optical buffer, which incorporates a practical switching component. Moreover, to
investigate its performance with respect to two novel operational modes.

1.3 Original Contributions

During this work the following original contributions have been made:

> Generally within the literature, either Gaussian or hyperbolic secant profiled
data pulses are employed for the transmission of OTDM signals within a
communication system. In this work the use of Gaussian-soliton pulses is
considered for the first time. The communication system and its BER
characterisation is realised by simulation using a combination of MATLAB and
VPI software packages. (Sections 5.3 and 5.4)

> Development of an analytical expression for determining the BER of a passive
recirculating fibre loop buffer as a function of the packet delay (i.e. loop
number). Such an expression is absent from the literature. (Section 5.4.2)

» Development of an analytical expression for determining the BER of an active
recirculating fibre loop buffer as a function of the'packet delay (i.e. loop
number). Such an expression is absent from the literature. (Section 6.5)

» The influence of the physical characteristics of the switch on pulse propagation
dynamics within RFLBs was detailed for the first time. More specifically,
simulations using the VPI software package facilitated the investigation on the
effects of switch loss on peak power fluctuations. This is crucial as the peak
power of the data pulses is associated with their stability and by extension
achievable the BER. (Section 6.6)

> Two novel modes of operation for the SMZ were designed and their associated
mathematical models were developed. These modes, refereed to as the joint- and
independent- modes of operation do not rely on relative a n-phase difference
between the arms of the SMZ device to effect switching and are simulated using
the VPI software package. (Sections 7.3 and 7.4)

> Optimisation of the recirculating fibre loop buffer employing the SMZ switch,
employing the independent mode of operation, to eliminate the inter-packet
crosstalk is investigated using simulations. (Section 7.5)
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Chapter 2

Literature Review — The History of
Communication Networks and
Future Methodologies

2.1 Introduction

The ultimate goal of the infbrmation age is to revolutionise the way data is accessed. An
important objective is to provide end users with total access to information network
resources (e.g. Internet), from any location and in real time [1]. Indeed, this is already
becoming a reality with some mobile phone operators employing 3G technologies to
make email, photo-messaging and video conferencing services available to their
customers. These developments are the latest tools employed both by company
employees to maintain their competitive edge and by individuals for personal use. In -
this chapter, the history of communication networks is traced from the computer era to
its current position. In addition, the current trends are extrapolated to forecast the trends
that will emerge in the near future. In section 2.2, the progression from circuit switched
to message and packet switched networks in the electrical domain is discussed.
Thereafter, the transition to optical networks is justified. The bandwidth utilisation
schemes, namely wavelength division multiplexing (WDM) and optical time division
multiplexing (OTDM) and their associated technological issues will be presented in

sections 2.3 and 2.4, respectively. In section 2.5, a brief discussion on the current state



of these multiplexing technologies is presented. Second generation transparent optical
networks (TONS) and third generation all-optical networks (AONS) are then introduced

in section 2.6. Finally, the chapter concludes with a summary in section 2.7.

2.2 Network Switching Strategies
2.2.1 Circuit switching

In a circuit switched network, a dedicated link is established between the
communication parties before any transfer of information occurs. As illustrated in
Figure 2.1, the link (nodes A, D, E, G and H) may extend over many communicating
(router) nodes and networks. Moreover, the link may also include satellite and
microwave components and is maintained for the entire length of the communication
process. The inherent advantages of such a strategy include, data format (voice, fax,
etc), bit rate, and framing transparency. Additionally, once the initial communications

path is established there is no need for complex routing decisions.

routernode

comminucations
link

network
clouds

destination

Figure 2.1 Schematic of an arbitrary network topology

The exclusive link setup between the two communicating parties means that congestion

does not occur, as all the required bandwidth is reserved in advance. A serious

drawback of this method is that periods of available bandwidth are not fully utilised.
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2.2.2 Message switching

Message switching presents an alternative strategy whereby no physical link between
the communicating parties occurs prior to information transfer. Instead, this method
operates on a store-and-forward premise. Entire blocks of data, which have no
determinate size limitation, are sent from the source to destination node via intermediate
nodes. Each intermediate node has the responsibility for storing, error- checking and
then forwarding the blocks that it receives. This mode of operation reduces the initial
communication overhead time, as no acknowledgement is required from the receiving
party before the information is sent, and is well suited for connection-less oriented
systems. However, as there is no limit on the block size each node must have sufficient
buffer capability to store very large blocks of data. Moreover, large; blocks of data may
result in an increased monopoly of the inter-node links rendering message switching

useless for dynamic traffic routing scenarios [2].

2.2.3 Packet switching

Packet switching improves the overall system throughput by increasing the link
utilisation efficiency. This is achieved by separating large message blocks into smaller
entities called packets and routing them independently between the source-destination
pair. This ensures that no packet can monopolise an inter-node link for an extended
period. Moreover, subsequent packets are transmitted in quick succession, reducing any

delays.

As the packets are routed independently, it is possible that they may not arrive in the
same chronological order that they were transmitted, and a reordering mechanism must
then be employed at the receiver. This is further compounded by the fact that error

checking is performed on a point-to-point basis as opposed to end-to-end as in the
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circuit switching strategies. However, independent routing has the inherent advantagé
that single link failures do not necessarily terminate communications between
communicating parties, as other paths to the destination may exists (see Figure 2.1). The
major disadvantage in packet switching is that large surges in the traffic dynamic may

result in packets being dropped at the nodes.

Each of the above switching strategies was developed to meet the specialised
requirements of a particular information service. For example, circuit switching was
employed in plain old telephone service (POTS) as it was suitable for voice services.
Electronic data transfer applications were realised by employing a packet switched data
network service (PSDN) [1]. However, transmission speeds were limited to 9600 baud
due to the relatively small bandwidths. Services such as the original community antenna
television (CATV), were developed to provide larger bandwidths capable of
transmitting commercial video. However, CATV was unsuitable for high-épeed data
communications because the information flow was unidirectional. These factors,
coupled with the goal of the information age, prompted the development of the
broadband integrated service data network (BISDN). This integrated service is capable
of handling telephone, high-speed data transfer, video-on-demand, video conferencing,
distance learning and future information formats [1], [3-4]. BISDN is employed in many
modern asynchronous transfer mode (ATM) networks including local area networks
(LANs) and the Internet. It exploits both circuit and packet switching concepts for
effective movement of information across the network. More specifically, the virtual
circuit model is loosely based on the circuit switching strategy employed in connection
oriented service applications such as Telnet. The datagram model resembles the packet

switching strategy employed in connectionless oriented service applications such as
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email. Note that although the virtual circuit is implemented on packet switching
networks, the packets within the message are not routed independently as a logical path
is first initiated between the communicating parties. Furthermore, the path is not
dedicated and may thus be shared with other virtual circuits connecting any
communicating source-destination pair by employing multiplexing techniques to fully

exploit the availablp bandwidth [5].

2.2.4 Plesiochronous digital hierarchical multiplexing

In digital time division multiplexing (TDM) networks a number of tributary rate signals
are combined onto a single transmission line. This is achieved by allocating a dedicated
time slot to the signals from the lower bit rate sources and multiplexing them in a
rotating repeating sequence (i.e. round robin fashion) onto a high bit-rate transmission
line. North America, Japan and the International Telecommunications Union —
Telecommunications sector (ITU-T) has developed a suite of standard protocols that are
based on multiplexing a number of voice channels sampled at a rate of 8 kHz [1]. The
basic multiplex grouping used by both the North America and Japan standard is 24
voice channels whilst that of the ITU-T is 30 resulting in aggregate data rates of 1.544
and 2.048 Mbit/s, respectively. Table 2.1 [5] lists the aggregate bit rates achieved using

each of the multiplexing hierarchical schemes.
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Table 2.1 Multiplexing hierarchies used in digital transmission systems

Circuit Bitrate (Mbit/s)  Voice/Data Channels

North America/Japan  DS1 1.544 24
DSIC 3.152 48
DS2 6.312 96
DS3 44,736 672
DS4E  139.264 1920
DS4 274.176 4032
ITU-T El 2.048 30
‘ E2 8.448 120
E3 34.368 480
E4 139.264 1920
E5 565.148 7680

The higher aggregate link bit rates are achieved by multiplexing together the lower bit
rate lines with additional bits provided for framing and control purposes. Note the
scheme is termed a plesiochronous digital hierarchy (PDH) as each lower bit rate stream
has its own clock source. In this scheme, the multiplexed output bit rate is slightly
higher than the sum of the combined lower input bit rates. Any unused bit slots are then

filled with justification bits.

2.2.5 SDH/SONET

Electrical signals travelling within relatively short lengths (<200m) of coaxial cables are
capable of accommodating relatively high (100+ Mbit/s) data rates [3]. However,
optical fibre is becoming more popular as they have low absorption and dispersion
coefficients. The fibre loss is at a minimum of ~0.6 dB/km and ~0.2 dB/km in the
wavelength ranges ~1.3 to ~1.4 pm and ~1.5 to ~1.7um, respectively. It is relatively

inexpensive, and not susceptible to electro-magnetic interference, making it relatively
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secure to external hacking. Additionally, it has a huge potential bandwidth (25THz).
The synchronous digital hierarchy (SDH), produced by Bellcore, and the synéhronous
dptical network (SONET), produced by the CCITT, were primarily developed to exploit
the superior high-speed data rates made practical by optical fibre [3]. The basic data rate
of these hierarchical digital transmission systems, defined as synchronous transport
module level 1 (STM-1), is 155.52 Mbit/s. However, as Table 2.2 [6-7] illustrates, the
highest data rate to date is ~40 Gbit/s. Note that in SONET the term synchronous
transport system (STS) or optical carrier (OC) is used to define the equivalent STM

signal in SDH.

Table 2.2 SDH/SONET multiplexing hierarchies

SONET SDH Bit rate (Mbps)
STS-1/0C-1 51.84
STS-3/0C-3 STM-1  155.52
STS-9/0C-9 466.56
STS-12/0C-12  STM-4  622.08
STS-18/0C-18 933.12
STS-24/0C-24 1244.16
STS-36/0C-36 1866.24
STS-48/0C-48 ~ STM-16 2488.32
STS-96/0C-96 4876.64

STS-192/0C-192 STM-64  9953.28
STS-768/0C-768  STM-256 39,814.32

The transition to the optical domain and the provisioning for the ultra high-speed data
rates of hundreds of Gigahertz spurred the advancement of both WDM and OTDM
technologies. In the following sections the technical issues, challenges and advances of

each of these technologies are presented.
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2.3 Wavelength Division Multiplexing Technology

The principle operation of WDM is analogous to the frequency division multiplexing
(FDM) in the electrical domain. As highlighted in Figure 2.2, optical signals from
multiple sources, each at a different wavelength (A,), are combined and transmitted
simultaneously over a single fibre. By exploiting the wavelength domain to obtain
greater transmission bandwidth, it is possible to implement optical networks with many
attractive features. Namely the ability to add services or to increase the network
capacity without disturbance to existing customers by increasing the number of unique
wavelength channels. This process is completely transparent, as eaf:h channel may offer
any service at any arbitrary bit rate and modulation format. The increase in the number
of wavelengths requires that only the end-node terminal equipment needs to be
upgraded. However, employing wavelength tuneable devices reduces the need to change

the end-node équipment every time another single wavelength is added.

Payload

e

Figure 2.2 WDM operating principle

A significant benefit offered by the WDM technology is that the constituent
componenfs have been commercially available for over a decade. Early prototype WDM

networks include one developed by the British Telecom Laboratories in December
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1990. This simplified network supported telephone services at 1300 nm, with two
distributive video services at 1320 and 1340 nm, and a bi-directional dialogue service at
1280 nm [8]. The latter being based on an asynchronous transfer mode passive optical
network system dubbed APON. This system operated at 155 Mbit/s with a payload of

140 Mbit/s. _

The development of more wavelength stable laser ;ources resulted in greater
exploitation of the 1.3 pm window as more wavelengths could now be added due to the
reduction in the crosstalk. A further increase in the network capacity is attributed to
shifting the operating wavelength into the third transmission window at 1.5 pm as
shown in Figure 2.3. This facilitated the development of dense wavelength division
multiplexing (DWDM) where the number of wavelengths per fibre link is greatly
enhanced [9]. As a result, basic WDM systems with 40 Gbit/s capacities are now readily
available, and test systems with capacities over 1 Tbit/s have been reported [10].

<> 1.3 um window
<> 1.5 pm window

Loss (dB/km)

0.8 1 12 ) 1.6
Wavelength, A (nm)

Figure 2.3 Spectral loss profile of optical fibre

In realising these phenomenal ultra-high speed bit rates, WDM has to overcome many

obstacles. In particular, continually increasing the number of wavelength channels per
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fibre to enhance fibre capacity has a practical limit, as each wavelength channel must be
spaced from its neighbour to mitigate against damaging non-linear effects. These effects
namely, four-wave mixing (FWM), stimulated Raman scattering (SRS), stimulated
Brillouin scattering (SBS) and cross phase modulation (XPM), and methods to reduce
their effects will be the subject of the following subsections. The issues of dispersion
and self-phase modulation (SPM) that can occur to an extent in WDM will be presented
in section 2.4, where the factors that degrade the performance of the OTDM systems are

presented.

2.3.1 Four-wave mixing (FWM)

The FWM effect can be described by equation (2.1), which shows three optical fields
with different carrier frequencies ®, co-propagating within the same fibre medium.
FWM causes a new composite field to be created from the mixil‘lg of these signals. This 7
process is a major source of non-linear crosstalk within WDM systems [10].

Oy =0, T 0, T, 2.1)

For a large M-Channel WDM system p, g and » may vary from 1 to M, resulting in)an
abundant combination of new FWM channels. These newly created channels degrade
system performance by either coherently interfering with the existing closely spaced
data channels or by increasing the background noise thereby reducing the signal-to-

noise (SNR) ratio.
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2.3.2 Stimulated Raman scattering (SRS)

Stimulated Raman scattering is an inelastic scattering process in which incident (pump)
photons are annihilated on propagating through a dielectric fibre medium. A photon at
the down shifted Sfokes frequency and a phonon with sufficient energy and momentum
to maintain that the laws of conservation are created in the process. Note that the SRS
process results in optical power losses for the pump signals and the optical phonons
created co-propagate with the diminished pump signal. For low signal powers, the
power loss is negligible [11]. However, the intensity of the scattered light grows
exponentially once the incident power crosses a threshold value, which can be estimated
by considering how the scattered light intensity grows from noise [12]. The threshold
power Py, defined as the incident power at which half of the power is lost to SRS at the -

output of the fibre, is given as [11]:

P, =164, /g: Ly, 2.2)

where gr is the Raman gain coefficient, 4.y is the effective fibre core area, and L,yis the

effective fibre length given by:

Ly =(1-c)a, 23)

where o and L are the intrinsic fibre loss and length of the fibre, respectively. Using
typical fibre characte;ristics, 0gg = 0.2 dB/km and 45= 50 um?, then for long lengths of
fibre (Ly=1/a), with gg = 1x10™2 m/W, the threshold power is approximately 570 mW
near 1.55 pm [11]. This does not represént a significant problem when a single channel,

at ~10 mW of power, is propagating down the fibre. However, in WDM applications it

places an upper bound on the number of channels allowed as each channel has an
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associated incident power. Moreover, the fibre acts as a Raman amplifier whereby the
shorter wavelength channels amplify the longer wavelength channels as long as the

wavelength difference is within the bandwidth of the Raman gain.

2.3.3 Stimulated Brillouin scattering (SBS)

Stimulated Brillouin scattering is another inelastic scattering process. However, it
differs from SRS in two fundamental ways. First, acoustic phonons are produced and
second, they propagate contrary to the incident pump pulse. The threshold power for

SBS is given by:

P, =214, /ga L,, (2.4)

where gp is the Brillouin gain coefficient and the other terms are as defined previously.
By using the parameters from the previous subsection and taking gz = 5x10™!, note that
the threshold power is approximately 1 mW near 1.55 pum [11]. This low threshold
power makes SBS the more dominant scattering process, severely limiting the input
power and repeater spacing in lightwave systems [13-19]. Consequently, techniques that
exploit the relati;)nship between the SBS threshold and the spectral width of the incident
light are employed to increase the threshold level. These include increasing the source
linewidth through phase or frequency modulation [16-17] or alternatively, broadening
the Brillouin gain of the fibre by applying a non-uniform Brillouin frequency downshift
along the length of the fibre. The downshift may be achieved by either changing core
dimension or dopant concentration during the fibre manufacturing process [13], [16], or

by producing a strain or a temperature gradient on the transmission fibre. Temperature
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distributions within highly non-linear fibre were used by Hansyrd to raise the input

power to a possible few hundred milliwatts [15].

2.3.4 Cross phase modulation (XPM) -

Cross'phase modulation is the nQn-lineaf phase shift that occurs when signals of
different wavelengths co-propagate within optical fibres and results in asymmetric
spectral broadening. In addition to this, the SNR is deteriorated as fibre dispersion
converts the phase modulations into amplitude fluctuations. As the phase of each
wavelength channel is affected by the average power and the bit pattern of all other
channels it limits the total number of channels that can be physically realised. Reducing
the number of channels and appropriate wavelength spacing are methods used to reduce

the power penalties caused by XPM.

2.4 Optical Time Division Multiplexing Technology

The principle operation of OTDM is analogous to time division multiplexing (TDM) in
the electrical domain. As depicted in Figure 2.4, optical signals from multiple sources,
each at the same wavelength (A;), are time interleaved in a round robin manner and
transmitted over a single fibre. The simple N-packet interleaving architecture shown
inset in Figure 2.4 consists of a passive N+1 star splittér/combiner pair, N+1 modulators
Mod i, i =1, 2... N+1, and N+1 optical fibres with their lengths adjusted to provide the

appropriate delays. The clocking signals that are input to Mod 1 are used as framing

- pulses for system synchronisation. Both bit- and packet-interleaving OTDM systems are

possible with this architecture with minor modifications to the fibre delay lengths and/or
bit rate. However, packet-interleaving OTDM provides better throughput efficiency in

slotted networks where statistical multiplexing is employed [20].
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Figure 2.4 OTDM operating principal

The interest in ultra-high bit rate OTDM lightwave systems began in the 1990s when
transmission at 1 Tbit/s over a single channel was proposed [11]. Using this technique,
many of the performance inhibiting non-linear effects that hindered WDM could be
avoided [8]. On of the early demonstfations of OTDM was in 1992, when Mollenauer et
al successfully used this technique to transmit data at 5 Gbit/s over 15,000 km [21].
Nakazawa et al improved the bit rate and achieved penalty-free transmission at 20
Gbit/s over 1020 km in the same year [22]. Research results for full systems first
appeared in 1996 [23] and are now commercially available. Today testbeds that
demonstrate transmission rates exceeding 100 Gbit/s are now commonplace [20], [24-
27]. Indeed, there are cases of 640 Gbit/s and 1 Tbit/s [28-30] reported in the literature.
To obtain these ultra-high speed data rates, the traditional non-return-to-zero (NRZ)
format that was commonly used in WDM light wave systems was replaced by a return-
to-zero (RZ) format [11], [31]. At these rates, the effects of dispersion and self-phase
modulation are the dominant performance inhibitors of OTDM. These processes will be

considered in the following subsections. Gordon-Haus timing jitter, which is also
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responsible for degrading the performance of OTDM amplified lightwave systems will

be considered in Chapter 6.

2.4.1 Dispersion

Increasing the bit rate leads to the requirement for narrower pulse widths, which results
in a broadening of the spectral profile of the pulses. Each of the frequency components
within the profile will propagate along the fibre at a slightly different velocity. The
resulting temporal 'separation of the components is responsible for the distortiox;
observed when transmitted pulses travel an appreciable distance. Dispersion
management then becomes necessary when the optical path length extends to tens of
kilometres [7]. One solution is to litter the link with opto-electro-optical (OEO)
converters to help combat the dispersion. However, this option is not practical for ultra-
high speed systems as the converter will be a potential source of bottlenecks.
Alternatively, an all-optical approach employing lengths of normal and anomalous
dispersion fibre may be used. This technique exploits the inherent nature of the two
fibre types in maintaining the pulse profile. Pulses propagating along the normal-fibre
experience a medium with a positive first order dispersion parameter (82) that broadens
the pulses with the increasing distance. In the length of anomalous dispersion fibre,
where 3, is negative, the pulse widths are reduced. Interleaving these two types of fibre,

as illustrated in Figure 2.5, then creates an effective dispersion management tool.
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Figure 2.5 A simple dispersion management system
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Mid-span spectral inversion (MSSI) presents another dispersion management technique.
In this technique, the spectral components of the data pulses are inverted at the halfway
point of the optical path link using a FWM technique. The components that were red-
shifted during the first half of the propagation path are blue-shifted along the second
half, and visa versa. Consequently, the spectrum realigns itself over the second half of

the journey and the distortion effectively reverses itself.

2.4.2 Self-phase modulation (SPM)

Self-phase modulation refers to the self-induced phase shift experienced by an optical
ﬁeld as it propagates within an optical fibre. This results in chirping and a spectral
broadening of the optical pulses. The magnitude of the SPM phase shift ¢ng,
experivenced by an optical carrier with power P, after traversing a length of fibre L, is

given as:
du =V.L.P, 2.5)
The non-linear coefficient y is defined as:

27n, (2.6)

where 1z, A and 4.y are the non-linear refractive index, the wavelength of the optical
carrier and the effective fibre core area, respectively. Substituting (2.6) into (2.5) to
form (2.7) reveals that the SPM contribution is proportional to the optical intensity J of

the pulse and the distance propagated.
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Consequently, SPM is particularly damaging on the long haul optical paths. Note that
although SPM leads to pulse broadening in normal dispersion fibre, it has the reverse
effect in anomalous dispersion fibre. This feature is exploited by the soliton pulses in
anomalous fibre, which attempt to balance the compressibﬁ effect induced by SPM with
the broadening effect of dispersion to create a stable pulse profile [32]. Soliton pulses

will be described in further detail in chapter 4.

2.5 Further Development of Multiplexed Network
Systems -

The practical realisation of OTDM and WDM lightwave systems has allowed data rates
to be extended into the terabit region. However, both systems fail to exploit the full
bandwidth of optical fibre. Recent advances have combined both OTDM and WDM
technologies to provide even greater link éapacities. More specifically, each wavelength
channel within a WDM transmission links may contain OTDM signals. Zhu et al
successfully transmitted 3.08 Tbit/s over 1200 km. In that work, each of tﬁe 77 WDM
channels contained OTDM multiplexed channels with an aggregate data rate of 42.7

Gbit/s [33-34].

Nuss et al demonstrated that the number of wavelength channels could also be increased
to 206 by employing a technique referred to as the chirped-pulse WDM. Essentially,

femto-second pulses are chirped by passing them through dispersive fibre and then
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modulating them using a high-speed modulator [35-36]. In [37] the same authors
suggest that the number of individual wavelength channels may be increased from
approximately 300 to 1021 l;sing spectral slicing. Each of these channels may then be
time division multiplexed. However, in their experiment, only 110 WDM channels were
used and each was time division multiplexed at 2.35 Gbit/s to yield an aggregate data

rate of ~258 Gbit/s. This highlights the enormous potential of future systems.

With the development of coded division multiple access schemes [38], and the
generation of optical pulses as short as 4.5 ps [37], the possibility of even higher data

rates is a reality.
2.6 Optical Network Infrastructures

The first generation optical networks needed O-E-O regenerator stations at strategic
positions along the fibre link to maintain the data integrity. Contention resolution,
packet loading and unloading within such networks were implemented at the electrical
stage of the re-generation process. With the advent of lithium niobate (LiNbOj)
modulators and the erbium doped fibre amplifier (EDFA), second generation
transparent optical networks (TONs) were developed, and the data signals remained in
the optical domain over the complete transmission path. However, as the control and
routing mechanisms were essentially electrical, packet loading and unloading was still
relatively easy. Network topologies that are based ‘on the TONs concept include the

Shufflenet and Manhattan Street Network [7], [39-41].

Third generation optical networks are commonly referred to as all-optical networks

(AONs) as both the data signals and control signals are optical. AONs were developed
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specifically to accommodate transmission at the ultra-high data rates offered by modern
OTDM and WDM technologies. With WDM being a mature technology, issues
surrounding synchronisation, routing and buffering are relatively straight forward as
each channel is assigned a unique wavelength. However, corresponding OTDM
'functions are handicapped by strict timing constraints making these tasks non-trivial.
Synchronisation may be achieved by recognising and extracting the framing (clock)
pulses [42]. The extracted clock can then used for header recognition and by extension,

self- routing [43-49].

In the next chapter, interferometric switching architectures that are capable of
performing clock extraction are presented. Moreover, all-optical router employing such

switches is found in Appendix A.

2.7 Summary

In this chapter, a historical review of optical networks was presented, tracing their
origins from the electrical counterparts. The evolution from first- to second- and third
generation optical networks was chronicled. Finally, a technical review of the issues and
challenges surrounding the WDM and OTDM technologies were discussed giving

insights as to their foreseeable futures.

A critical review of the current switching architecture technologies is presented in the
next chapter. This review is then employed to identify the optimal switch architecture

for use within the RFLB.
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Chapter 3

Review of Optical Switching
Architectures

3.1 Introduction

The growth of the Internet and the associated surge in multimedia traffic has
necessitated the transformation from electrical to optical network infrastructures that are
capable of realising future bandwidth on demand (BOD) requirements. The second
generation transparent optical networks (TONs) are systematically being repiaced by the
third generation all-optical networks in an effort to increase the communication
throughput efficiency. Recall that in TONs, the data signals remain in the optjcal
domain for the complete communications path between the source and destination
nodes. However, the electro-optic switches employed by the routers limit the speed of
these networks to tens of gigahertz [11]. This bottleneck is avoided in AONs where both
the data signals and routing control mechanisms exist solely in the optical domain. The
all-optical switches employed in these networks are well well-matched for operations in
the order of 100 GHz or more [10]. In addition, their switching action enables them to
be easily employed as either single-bit demultiplexers, or packet switches, with only
minor architectural or operational modifications. The functional role of the all-optical
switch has also been extended beyond demultiplexers and packet switches to all-optical
devices such as the Boolean gates [50-55], wavelength converters [56-58], filters [11],

[59], equalisers [60], regenerative memories [61-63] and routers [43;45;64;65;65;66]. In

28



“this chapter, a number of existing optical switching architectures are presented. More
specifically, the Mach Zehnder Interferometer (MZI) and some of its derivatives, the
non-linear optical loop mirror (NOLM), terahertz optical asymmetric demultiplexer
(TOAD), the symmetrical Mach Zehnder (SMZ) and colliding-pulse Mach Zehnder
(CPMZ) interferometers. In addition, the ultra-fast non-linear interferometer (UNI) and
the non-linear waveguide (NLWG) switch are highlighted along with emerging
switching technologies suchv as those employing micro-electro-mechanical systems
(MEMS), bubble technology, liquid crystals and holograms. A comparative study will
be employed to select the optimal switch configuration to be integrated firstly within an

all-optical router and secondly, within the buffering architecture presented in Chapter 7.

3.2 Switching Architectures

In this section, a review of the optical switches highlighted previously is presented. The
MZI and NOLM architectures are presented in subsections 3.2.1 and 3.2.2, respectively.
Also in subsection 3.2.2, the semiconductor lasef amplifier loop mirror (SLALOM) is
introduced as a precursor to the TOAD architecture and its derivative, the SMZ that are
presented in subsections 3.2.3 and 3.2.4, respectively. The UNI and the NLWG
architectures are described in subsections 3.2.5 and 3.2.6, respectively. Finally, some of

the emerging switching architectures are highlighted in subsection 3.2.7.
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3.2.1 The Mach Zehnder interferometer (MZI)

The MZI, shown in Figure 3.1, has long been established as 'a mature switching
technoldgy. The device uses the relative phase difference between the data signals
travelling along two waveguide paths to achieve a switching action. A common
cohﬁguration uses lithium niobate (LiNbO;) for the waveguides. In the absence of an
external voltage, the data signals entering the device are divided into two identical

copies after the first 50:50 3-dB coupler (C,).

Upperﬁweguide

T

A —>—(C ~——-8

) \’\ /Cz

Lower waveguide

Figure 3.1 - Schematic of a simple MZI configuration

As signals traverse the upper and lower waveguides, they experience identical phase
shifts and interfere constructively at the output (B). An external voltage applied to one
‘of the waveguides induces a refractive index change, which results in a relative phase
difference between the two paths. iFor a particular voltage, where a relative phase
difference of 7 is generated, the interference at the second 3-dB coupler (C;) becomes
destructive. Note that although the LiNbO3; MZI modulator is electro-optic, but it is
capable of operating at speeds up to 20 Gbit/s [11]. A variation of this concept is
observed in the thermo-optic switches where the variation of the refractive index of the
dielectric material results from varying the temperature of the material itself. In this

case, one arm of the MZI is saddled with a heating electrode.
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3.2.2 Non-linear optical loop mirror (NOLM)

Figure 3.2 illustrates the NOLM architecture which is constructed from a 2x2 3-dB
coupler (C;) and a long loop of mono-mode fibre that is formed by connecting the two
ends of the fibre to ports ‘C’ and ‘D’ of C,. An additional 3-dB coupler (C,) is placed
within the loop to enable the input of a control pulse. This device relies on the weak
interaction between the control pulse and the data signal as they co-propagate the loop

to produce the switching action.

Fibre
loop

Control

pulse \

Data
signal

Filter

G

Figure 3.2 - Schematic of the NOLM architecture

The operation is very similar in principle to the MZI, in that data entering the loop via
port A is split at C; into two identical streams that counter-propagate the loop. In the
absence of a control pulse at C,, both data streams encounter the same medium
conditions and therefore experience the same phase change. Consequently, on
recombining at C; the pulses interfere constructively and exit via the input branch.
Conversely, when a control pulse is suitably aligned with a given co-propagating (CW)
pulse within the stream, XPM causes the phase of that pulse to continually change over

the length of the loop mirror. As this action is not replicated within the associated
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counter-propagating (CCW) pulse, a relative phase change is produced. Depending on
the relative phase shift, a portion of the data pulse intensity is transmitted to the output
port (B) on recombining at the coupler. A relative phase difference of n generated
between the counter-propagating pulses ensures that the entire pulse (intensity) is
transmitted to the output port (B). An optical band-pass filter is then employed to
prevent the control pulse from propagating with the switched data signals. Note that as
all the remaining pulses experience the same medium, they are completely reflected to

the input port (A).

The NOLM relies solely on the intensity dependent non-linearity produced within the
fibre loop. Consequently, a long length of fibre L (100m < L < ~1 km) [44], [67] is
needed to produce a m phase difference. The introduction of a semiconductor optical
amplifier (SOA) within the loop architecture, as shown in Figure 3.3, eliminates the
need for such lengthy loop mirrors as the phase change now depends on the non-
linearity within the SOA. The principle operation of this device, called the
semiconductor laser amplifier in a loop mirror (SLALOM), is not dissimilar to the
NOLM. The clockwise signal reaches the SOA first and is amplified by its gain profile
(gew(t1)). At time T seconds later, the counter-clockwise signal arriving at the SOA
experiences a different gain profile (gccw(%2)), which depends on the saturation of the
amplifier caused by the previous signals and the gain recovery characteristics of the
device. Having traversed the loop, the counter-propagating signals are superimposed
and the ensuing interference determines the output port destination of the signals. More
specifically, if the g..(#1) = gccw(f2) then the injected signal will be totally reflected to the
input port. This occurs when the eccentricity of the SOA within the loop (Ax) is small.
Note that in addition to the relative phase difference between the counter propagating

pulses this device is also affected by the relative gain to produce the desired switching
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action. Although the rising edge of the temporal switching window is only a few
picoseconds, the falling edge is dependent on the gain recovery time of the SLA
(>100ps) [68]. In the next subsection we consider an architectural innovation, which

builds on the strengths of the NOLM and SLALOM. It combines the use of a control

Figure 3.3 - Schematic of the SLALOM configuration

pulse, to effect switching, with a change in the asymmetry of the SOA within the loop,
to limit the influence of the gain recovery on the falling edge of the temporal switching

window.

3.2.3 Terahertz optical asymmetric demultiplexer (TOAD)

The TOAD is an interferometric switch that uses an active non-linear element (NLE),
such as a SOA, to produce a phase change in the signals to be switched. Figure 3.4
shows the basic configuration of the TOAD. The major differences between this
architecture and the SLALOM lie in the introduction of a control pulse and the
eccentricity of the NLE. Whereas the SLALOM in [68] was used to investigate the
optimisation of contrast ratios, the TOAD was specifically designed to enhance ultra-

fast switching capabilities [69].
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Figure 3.4 - Schematic of the TOAD configuration

In the absence of a control pulse, injected data signals are split into two signalé of equal
intensity by the 50:50 3-dB coupler (C;). The counter-propagating signals enter the
SO'A at two different instances of time, determined by the difference in path length Ax,
and then recombine interferometrically at the C,. Assuming that the intensity of the data
signals is insufficient to cause saturation, then both the clockwise (CW) and counter-
clockwise (CCW) components experience the same attenuation and phase shift as they
propagate within the fibre loop. On recombining at C; the data signals are reflected to
the input port (A). When a suitable aligned control pulse is injected into the loop, the
device operates in a manner very similar to the SLALOM. More specifically, the control
pulse, which arrives at the SLA just prior to the CW propagating data signals, causes the
SLA to saturate. The associated gain and refractive index change results in the counter-
propagating signals experiencing different gain and phase shifts as they traverse the
SOA. This differential gain and phase shift is responsible for the switching action of the

TOAD. Under ideal conditions, a n-radian phase shift produces complete switching of
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the intended data signal(s) at the output port of the device. The temporal duration of the

switching window is given as [67]:

Twin = 2Ax_n ) (3 1)
c
where ¢ is speed of light in a vacuum, # is the refractive index of the fibre and Ax is the
offset of the SOA from the centre of the loop. Only data pulses that co-propagate with
and travel just behind the control pulse by up to twice the optical path length of the
SOA offset are effectively switched to the output port. The filter at the output port
prevents the control pulse from propagating with the data. Equation (3.1) highlights that
the switching window duration can be adjusted by varying the asymmetry of the SOA

within the loop. This feature is exploited in the TOAD router presented in Appendix A.

3.2.4 Symmetric Mach-Zehnder (SMZ)

The SMZ is an architectural innovation of the TOAD switch and closely resembles the
original MZI configuration. As illustrated in Figure 3.5, this interferometric switch

employs a SOA in each arm of the device [70].

= At ﬂé
CP1 -

Data

Cp2
Figure 3.5 Schematic of the Symmetric Mach-Zehnder (SMZ) switch
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The opérating of the device is similar in principle to the switches considered in the
previous sections. However, in this device two control pulses co-propagate with the data
signals to produce the switching action. When the control pulses are injected into the
device, a differential phase shift caused by carrier depletion in the SOA is generated
between the two arms of the interferometer. Consequently, data signals may be switched
to output port B. As with the TOAD, data pulses following the control pulse pass
through the switch during the recovery period of the SLA are switched to dutput port C.
The control signals are removed from the data using an optical filter. Assuming that
each SOA is in the same relative position within the interferometer, the temporal
duration of the switching window 7, is determined by the relative time difference
between the two control pulses (Af) prior to entering the interferometer such that
7., ® At. In the absence of control pulses, the SMZ is characterised as “balanced” as
the data pulses traversing both arms of the device experience the same medium
conditions. On recombining at C, the data pulses emerge from the output port B.

The colliding-pulse Mach-Zehnder (CPMZ), shown in Figure 3.6, is a small variation of

the SMZ.

SOA1

SOA2
Figure 3.6 Schematic of colliding pulse Mach-Zehnder (CPMZ)
switch architecture
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In thié derivative the control pulses counter-propagate with the data signals inside the
interferoineter. As a result the control pulses can be injected into the interferometer
without additional coupling losses and no optical filter is required to reject the control
pulses. In princible, the CPMZ operates identically to the TOAD and it achieves the
same temporal switching window width as given by Equation (3.1). However, the
minimum switching window is constrained by the length of the SOA in both devices
[71]. Note the CPMZ may require temperature stabilisation as the data signals travel

along separate waveguides in this device.

3.2.5 Ultra-fast non-linear interferometer (UNI)

The UNI, shown in Figure 3.7, is a single arm interferometer, which uses an SOA as the
NLE to implement switching. A long length of birefringent fibre is used to temporally
separate orthogonally polarised components of the data pulses. This birefringent
property arises in fibres that are not perfectly circularly symmetric, thus allowing the
propagation of two orthogonally polarised modes, each having a different propagation

constant.

Birefringent

Polariser

Figure 3.7 Schematic of the UNI architecture
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A suitably aligned control pulse is then introduced between the data pulse components
to be éwitched. After traversing the SOA, only the data pulses that are separated by the
control pulse experience a differential phase change. Consequently, when the data
pulses are realigned (by using another length of birefringent fibre) they interfere and
only the data pulses that have experienced the differential phase shift are switched out to

the polarisér located at port B [72].

3.2.6 Non-linear waveguide (NLWG) switch

The NLWG switch uses a Mach-Zehnder configuration with passive semiconductor
material for the waveguides offset within each arm. This approach is very similar to the
SMZ with the exception that the switching action is accomplished via passive means.
For this reason the device is loosely described as a passive-TOAD [73]. The operating
principle is based on the data and control pulses being sufficiently separated in
wavelength to produce a band filling effect within the waveguide. Essentially, when a
control pulse with the required wavelength is introduced to the device it is absorbed by
the NLWG creating an instantaneous change in the refractive index of the
semiconductor material. Subsequent data pulses entering the switch then experience a
differential phase change, which is responsible for the switching action. The control
pulse is then separated from the switched output by a wavelength selective optical band-

pass filter.

3.2.7 Emerging optical switching alternatives

In this section, alternative optical switching techniques that are currently being

considered commercially are presented.
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Presently, the le;clding technology manufacturers are designing circuit» switches that
employ micro-electro-mechanical systems (MEMS) switching fabrics. These switches
use electrostatic or magnetic forces to adjust the positions of tiny pivoted mirrors whose
diameters are no larger than the human hair. In essence, optical pulses from an iriput
fibre are incident to a mirror, which is directed to move the light onto another mirror on
a facing array. This mirror than reflects the optical pulses to the desired output fibre [74-
75]. Complex fabrics are available in which the directing mirrors have two degrees of
freedom thereby making a three dimensional architecture realisable .[76]. MEMS
architectures offer the advantages of protocol transparency, low power consumption,
low loss, compact size good scalability and the data signals remain in the optical
domain. However, because the switching mechanism is inherently mechanical, they are
generally slow to reconfigure (10 ms) [77] and are thus unsuitable for switching packets
as in IP routing. MEMS based switches are thought to be best suited for use by
~ interconnect service providers where large continuous streams of traffic are maintained
for extensive periods of time betweeﬁ fixed locations. Lucent pioneered this field by
establishing their Lambda Router which has port dimensions of 256x256 and is capable

of supporting single data rates as high as 40 Gb/s [78-79].

Lucent’s sister company, Agilent, has pioneered an optical switching device that is
based on mature ink-jet and planar lightwave circuit technology [80]. The switching
fabric is made of a horizontal and vertical array of permanently aligned waveguides.
Optical pulses traverse horizontal light paths from the input to the output port unless a
switching operation has occurred. In that case, a bubble is created at the intersection of
the desired waveguide and the infbrmation is reflected down the vertical path to the

switched port. Bubble technology switches share all the desirable attributes of MEMS
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type switches and have the added advant'age of no movabie parts. Consequently, they
are perceived as more durable. The disadvantages centre around the latency required for
the bubble creation and annihilation processes (=5 ms) [81]. As both the bubble and
MEMS switching technology have relatively long switching latencies, they compete for

the same target applications.

Liquid-crystals may be used in conjunction with polarisation-dependent materials which
absorb or reflect light with a specific polarisation to make liquid-crystal switches [82].
This technology exploits an inherent property of the liquid crystal material to produce
the switching action. In the liquid-crystal phase, molecules align themselves in
accordance with their permanent electrical dipole moment. When a voltagg is applied
across the liquid-crystal the orientation of the molecules, and hence the optical
properties of the material, are altered. Consequently, the development of a simple on/off

switch can be easily realised.

The advantages of employing liquid crystals are that the technology is well developed
and reliable. However, the switching action is slow (especially at low temperatures),
and it is generally difficult to integrate with other optical components. Additionally,
there are high losses from the liquid crystal itself and it is difficult to implement, as the
polarisation of the input pulse is completely uncontrolled. Note however that an
innovati;)n proposed by Digilens Inc. [83] combined liquid-crystals with polymers to

form small sized 1x2 electro-optic switches.

Electro-holographic switches are the newest optical switching technology used in WDM

applications. A solid-state switch matrix is created form rows and columns of
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ferroelectric crystals. Essentially the switching action is based on the ability to control
the reconstruction process of (volume) holograms using an electric field [84]. In the
absence of an applied voltage, the crystal is transparent and optical pulses pass straight
through. Conversely, using a suitable driving voltage, the optical pulses crossing the
crystal are deflected. By exploiting this phenomenon, it is possible to adjust the light
path of the optical pulses traversing the array to perform switching. The main advantage
of this technology is that each crystal may store several holograms making it possible to
drop single wavelengths, or groups of wavelengths from a WDM signal. Additionally,
they are very fast and consume negligible power. However, increasing the switching |
matrix size requires the addition of more specialised components e.g. devices for
collimating and focussing the beams. Consequently, Athese devices don't scale well. In
addition, the non-energised blocks in the optical path will contribute to loss and cross-
talk of the switch. Dispersion and polarisation-dependent losses occur also as the light

signals travel through the crystals.

3.3 Comparison of Switching Architectures

This section presents a critique of the previously described switching methodologies.
More importantly, the optimal switching technoiogies for the buffering and routing
devices presented in Chapter 7 and Appendix A, respectively, are highlighted. Here, the
switching mechanisms are considered for an OTDM system, and have to be transparent
to the protocol used, require low power, and capable of operating at ultra-fast data rates
with high repetition rates. In addition, they must be reliable and be capable of

integration into other optical devices.
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Among the emerging éwitching technologies highlighted in section 3.2.7 MEMS have
emerged as the most popular choice within industry [85]. This is due to their precision,
simplicity, small size and low manufacturing cost in high volume. In addition, they
exhibit exceptional optical performance with a high reflection coefficient leading to low
loss and cross-talk. Unfortunately, these opto-mechanical devices are slow, taking
milliseconds to switch, require moving parts and have a limited scalability. The bubble
switches considered have the added advantage of having no movable parts but again the
switching process is still slow. Moreover, scalability is limited to about 100 ports
because of the loss and cross-talk at each intersection. The liquid-crystal switches are
reliable and well characterised but are slow and difficult to integrate with other optical
technologies. The high losses experienced by the optical pulses as they traverse the
medium prohibit its uses for packet switching. Eiectro-holographic switches are very
promising especially for WDM technology despite their limited scalability. They are
fast and consume negligible amounts of power, however because of their limited
scalability they are not considered. In summary, these emerging technologies are better

suited for circuit switching applications within TONs because of their slow speeds.

The interferometric switches highlighted in sub-sections 3.2.1 — 3.2.6 are all capable of
accommodating the rigorous requirements for packet switches. The challenge is to

determine which of these is the best option for routing and buffering applications.

The NOLM is reputed to be the first successful architecture used by groups such as
British Telecom and Michigan for ultra-fast switching. This architecture relies solely on

a passive non-linearity for its switching operation with the minimum temporal switching

42



duration reported to be ~0.6 ps [86]. Because of its passive operation the refractive
index change rapidly relaxes. Consequently, the repetition rate of the device is very high
(~100 GHz) as it only relies on the pulse rates of the control pulse laser source.
Unfortunately, the passive operation requires long lengths of fibre for the non-linearity
to be effective for switching. Even though modern techniques have reduced the fibre
length to 10 m from the original 1 km the relatively high control pulse energy of tens of

picojoules remains a strong deterrent to making this a practical switching option.

The NLWG is another passive structure but unlike SOA-based switches it does not
exhibit intraband carrier dynamics or carrier heating. This technique has recently
produced the smallest temporal switching window width of 200 fs at a repetition rate of
10 GHz [87]. Moreover, rates of up to 40 GHz have been demonstrated experimentally
[88]. These rates are significantly slower than those produced by NOLMs because of the
recombination time required for the photo-generated carriers produced by the control
pulse. This passive switch has a poor control pulse coupling efficiency and requires a
significant amount of energy (50 pJ ) to facilifate switching. Moreover, the wavelength
separation between control and data pulses places the data signals in the impractical 1.7

pm region. Consequently, applications for this device are very limited.

The UNI has a reported switching window of 1 ps at a repetition rate of 100 GHz {89].
Higher repetition rates are difficult to achieve because of the SOA carrier dynamics.
Note that as the UNI employs a birefringence mechanism to temporally separate the
orthogonally polarised pulses far enough to insert the control pulse, long lengths of fibre
(= 15m) are needed. In addition, as strict polarisation cqntrol measures are essential,

auxiliary components, which increase the cost of the device, are required.

The TOAD and the SLALOM operate on the same principle, with the main difference

between the being the asymmetrical position of the SOA. With small asymmetries, these
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devices can produce a very narrow switching window, which is independent of the long
carrier relaxation time (100 to 500 ps) of SOA. Consequently, they are both capable of
similar performance and will be considered together (denoted TOAD/SLALOM). Note
that in each device the minimum switching window width (1ps) is limited by the length
of the SOA. The other beneﬁts of these architectures are that the required control pulse
energy is very low (<1 pJ), the repetition rates are similar to the UNI (100 GHz), and

they are highly integratable because of the short fibre lengths (< 0.5 m) [90].

The only architecture that currently rivals the TOAD/SLALOM performances is the
SMZ. This device is capable of switching even narrower pulses because the length of
the SOA does not limit the minimum switching window. In theory, the minimum
switching window width is determined by the control pulse width. Another advantage of
the SMZ is that the switching windows are symmetrical with sharp rise and fall times
thereby effectively reducing optical cross-talk at the window boundaries. The
asymmetrical switching windows of the TOAD/SLALOM can be avoided by cascading
two of these devices ensuring that the asymmetry of the SOA in one device is the mirror

image of the other [91].

Table 3.1 [92-93] lists the essential properties of each device separately to facilitate
direct comparisons. Note that all the architectures that employ SOAs have an inherent
noise figure, which is dependent of the amplifier noise characteristics. Note that the

device is classified as integratable if it can be monolithically produced.
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Table 3.1 Characteristics of optical switches

Switching | Switching | Repetition | COPtrol Noise
. . Pulse i B Integratable
Device Time Rate Energy (pJ) Figure (dB)
SMZ <1ps 100+ GHz 0.25 4-6 Yes
TOAD/ A
<1ps 100+ GHz 0.25 4-6 Yes
SLALOM
UNI <1ps 100+ GHz 0.25 4-6 No
NLWG 0.2 ps 40+ GHz 50 <2dB Yes
NOLM 0.8 ps 100+ GHz 50+ Low No
MZI
- 20+ GHz N/A Low Yes
modulator
MEMS 10 ms <1kHz | N/A N/A Yes
Bubble 10 ps <1kHz N/A N/A Yes
Liquid-
- - N/A N/A No
crystals
Electro- '
- - N/A N/A -
holography .

The SMZ and the TOAD/SLALOM architectures are best suited for optical packet
switching because of their fast switching times, high repetition rate, low control pulse
energy and good integratability. In addition, these devices have a high degree of
operational flexibility and can be manufactured from off the shelf components. In
Appendix A the TOAD architecture is used an all-optical 1x2 router, which directs
fixed-length packets form its input port to either of its two output ports based on the

address information. The SMZ architecture will be used as a switching element within a
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recirculating buffer architecture, this is presented in Chapter 7. Such an architecture is
ideal for this purpose as the assumption of fixed size data packets is removed. Unlike

the TOAD architecture, no physical changes to the device will be required.
3.4 Summary

In this chapter the most popular optical switching technologies available today have
been highlighted and their performances compared. The opto-mechanical and opto-
electrical devices such as MEMS and Bubble switches, respectively, are identified as
more suitable for TONs as they are highly integratable and their relatively slow speed is
not a limiting factor. Electro-holography was presented as an innovative technology
better suited for WDM switching applicatidns, and investigations revealed that liquid-
crystal switching architectures have too many inhibiting features to make them
practical. All-optical architectures employing long lengths of fibre (e.g. NOLM and
UNI) or requiring large control pulse energies (e.}g. NLWG) were also ruled out as
contentions for the optimal switching designs. Only the TOAD/SLALOM and SMZ met
the requirements for an ultra-fast packet switch. More detailed aspects of these switches
will be considered in Appendix A and Chapter 7, when the analysis of the TOAD router

and RFLB employing an SMZ switch are presented.
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Chapter 4

Wave Propagation and Soliton
Transmission

4.1 Introduction

In the previous chapter, various.factors that contribute to the performance deterioration
of OTDM and WDM transmission systems were highlighted. The origins of these
inhibitors can be traced to the non-linear relationship between the refractive index and
the electric field intensity. More speciﬁcélly, because a small non-linear index
coefficient arises as the magnitudes of the higher order susceptibility terms are non-
zero. In this chapter, a robust mathematical analysis of optical wave propagation is
presented. In section 4.2, the Maxwell’s equations are employed to develop the general
wave propagation equation. The inherent effects of the non-linear contributions are
then highlighted in the following section; The non-linear Schrédinger equation
(NLSE), which describes the evolution of the pulses within the fibre medium, and the
beam propagation method (BPM) along with its numerical implementation, are then
presented in sections 4.4 and 4.5, respectively. Soliton theory and the issues
surrounding soliton transmission are the subjects of sections 4.6 and 4.7, respectively.

Finally, the chapter concludes with the summary section 4.8.
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4.2 Non-linear Wave Propagation in Single Mode Fibre

Traditionally, the geometrical optics approach is used to describe the transmission of
light rays along optical fibre core by the total internal reflection mechanism. However,
this is only valid for multi-mode fibres where the radius of the fibre core is much larger
than the operating wavelength [7]. For small core radii, such as in single mode fibres
(SMF), geometrical optics fails as it only describes the propagation direction of planar
waves. This eliminates any properties of planar waves that interfere during transmission
of light along the fibre. To be more precise, light waves within SMF propagate by
diffraction. Moreover; the diffraction is duly compensated for by refraction as the core
refractive index is higher that the refractive inde;; of the cladding material. In other
words, the inhomogeneous medium acts to continuously focus the light into the fibre
core. Consequently, the light may be guided over long distances. This is crucial to this
study as only SMF are employed since they inherently avoid the inter-modal dispersion
associated with multi-mode fibres. The wave theory approach using Maxwell’s
equations (4.1) — (4.4) [94] are employed to fully expound the dynamics governing the

propagation of electric E(r,?) and magnetic H(r,f) field vectors in space r and time #

within the SMF medium.
V . D = p (4. 1)
V-B=0 4.2)
JB
VXE = —— 4.3
& 4.3)
VxH=J+ aa_lt) 4.4)
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Note that D, B, p and J are the electric flux, the magnetic flux, charge and current
densities, respectively. Where J is defined as product of the electric field vector and the

conductivity ¢ of the material, given as:

J=GE 4.5)

The field variables are related to the material equations by:
D=¢g,E+P (4.6)

B=pH+M 4.7

where € and [ are the permittivity and permeability of a vacuum, respectively. P and
M represent the dielectric and magnetisation polarisation, respectively. In optical fibre,

M = 0 and the dielectric polarisation is related to the electric field intensity by [95]:

!
P(r,t)=80 ,[X(l) (r’t_tl)E(r’tl)dtl :
D - (4.8a)

s | [ [x® (=t = 1,0~ E (e, 1 B, 1, )E e, 1, )ty d
P(r,?)=P,(r, 1)+ Py (r,?) ’ (4.8b)

where the subscripts L and NL denote the linear and non-linear components of the

dielectric polarisation. Additionally, %" and %@ are the linear and third order non-linear
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material susceptibility, respectively. Since (4.8a) represents a convolution, it is more
convenient to represent it in the frequency domain by taking its Fourier transform.

Assuming 3®() to be instantaneous yields:

P(r,0)=£,7(r,0)E(r,0)+£,5? (r,0)E* (r,0). 4.9)

Substituting (4.9) into (4.6) gives:

D(r,0)=¢, E(r,0)+ .7 (r,0)E(r,0)+ £, (r,0)E (r,0)
=g, [1 +7 O, 03)] E(r,0)+¢, [’)Z‘” (r,0)E(r, oa)] E*(r,0)

=eE(r,0)+¢ - E*(r,0) (4.10)

~where £ =¢, 1+%°(r,0)] and ¢ = 80[’)3(3’ (r,0)E(r, m)]

Further substitution of (4.6) and (4.7) into the Maxwell equations allows the elimination
of the flux densities from curl equation (4.3) in favour of the electronic and magnetic
field vectors. These details are presented in Appendix B, where the final solution is as

shown in (4.11) and (4.12). Note that the assumption that Py, was negligible

(i.e.¢ E*(r,m) = 0) was made to simplify the calculations.
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Vxfo,:posof]TI (4.11)

VxVxH=pe0’H (4.12)

Equations 4.11 and 4.12 are commonly referred to as the wave equations and they

assume that the medium is isotropic.

Note that from this point only the electric field will be considered as it conventionally
used to describe the amplitude of the optical signals. Thus (4.14) is obtained by taking
the Fourier transform of (4.11) and employing the vector identity in (4.13) where X

represents any arbitrary vector.

VxVxX=V(V-X)-vX (4.13)

V2E +p,80°E = V(V-E) | | (4.14)
Assuming a homogenous medium (4.14) may further be simplified to form (4.15).
VE+pe0’E=0 (4.15)
By noting that the speed of light ¢ and the refractive index » are given byc = 1/ \/g;_p_o

and n® =1+ [95], respectively, (4.15) may also be defined as:
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E=0 (4.16)

Equations 4.15 and 4.16 describe the propagation of waves in a linear, isotropic
medium. However, for the fibre medium, the linearity criteria assumed in its derivation
must be relaxed especially under ultra-high speed transmission conditions. More
specifically, the higher order susceptibility terms defined in (4.8) must be employed to
account for the non-linear dielectric polarisatioﬁ. This concept is presented in the next
section where the origins of the non-linear performance inhibitors previously discussed

in Chapter 2 are highlighted.

4.3 Non-linear Phenomenon

The general form of the wave propagation derived in section 4.2 does not readily lend
itself to the explanation of the origins of non-linear phenomena present in high-speed
communications within optical fibre. To resolve this issue, first rearrange (4.15) to

reveal the dielectric polarisation contribution as shown below:

~ (Dz ~ 0)2 ~ R
V’E+—E+—yV"E=0 4.17)
c c
VE+2 oy ot B0 4.18)
— Hok" = (4.18)
C

Second, form (4.19) by finding the inverse Fourier transform of (4.18) [96].
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1 aEZ(r,t)_u oP*(x,1) (4.19)

V2E(r,t)=-—
(v.) 2 o o

Finally, note that both the linear and non-linear dielectric polarisation contribution

defined in (4.8) must be considered in (4.19).

In describing the effect of the non-linearity on the electric field propagation lets assume

a monochromatic plane wave with an electric field defined by [10]:

E(z,¢) = E cos(w,t - Boz), (4.20)

where z and [ represent the distance and the propagation constant, respectively. Taking
the inverse Fourier transform of the second term in (4.9) and considering propagation in

the z direction alone yields (4.21).

Py, (z,1) = e x P E? cos® (0, —B,z),

=g, E’ B cos(wy? —Byz) +%cos(3mot - 3602)}

~ (%x“)EzjsoEcos(mot —-Boz). 4.21)

As is shown in Appendix B, when the non-linear contributions are taken into account in

the wave propagation equation it may be solved for By yielding [7]:

O 3 G2
=—n+=yYE"|,
Bo c (n 3 X )
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po=—lrtmE?) (422)

b

where n; represents the intensity dependant refractive index.

The effect of n, is observed in the magnitude of SPM, which is defined as [96] ( also see
2.5)):

ou =2, E2L (4.23)
C ’

where L is the propagation length.
Applying the above definition, to the scenario where two electrical fields of the same
magnitude given by E, (z,7) = E, cos(w,? —B,z) and E,(z,t) = E, cos(w,¢ —B,z) are co-

propagating within the fibre medium, the magnitude of the resulting non-linear phase
shift is given by ¢,, = 9—"—n2L (E 2 +2E} ) Here, the first and second terms within the
c

brackets represents the contributions due to SPM and XPM, respectively. XPM is a
major concern in long haul high-speed WDM links since it contributes twice as much as

SPM to the phase change.

4.4 Pulse Propagation within Single Mode Optical
Fibre

Assuming the transmission of monochromatic plane waves, then the associated electric

field of a fundamental mode may be described by [95]:

E(r,t) = A(z,t)e™ ) (4.24)

3
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where A(z,?) represents the slowly varying complex wave envelope. To highlight the
relationship between the angular frequency and refractive index {3y, defined in (4.22), is

rearranged to form:

Bo(0) === n(w) + P @29

where the non-linear coefficient y is equivalent to wny/(4qpc). Note that E? is
normalised so that it is proportional to the power P of the pulse. To account for effects
of fibre dispersion the (linear) propagation constant is (Taylor series) expanded about

the centre frequency (wo) to give:

20 (o) =By + By (40)+ 2 B, (80} +-B, (8a) +--

=B, +AB, (4.26)

where AB = B,(Aw) +—:1):B2 (Aw)? +Ils—[33 (A®)’ +..., Aw = 0-0p, 1/ is the velocity of the

pulse, and B, and f3; are the group velocity dispersion (GVD) parameter and the third

order dispersion parameter, respectively.

To mathematically describe the variation of the amplitude profile 4(z,?) as it propagates

within SMF first note that its Fourier transform pair is defined by [97]:
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A(AB,Aw) = [[A(z,1)e™ e d(AB)d (Aw) 4.27)

Azf) = (771;)7 [[ 488, A0)e"* e d(AB)d(Aw) (4.28)

Taking the partial derivatives of (4.28) with respect to z and ¢, results in:

OAz0) _inB- A(z,1) (4.29)
0z
@Y iag. A(z,1) (4.30)
ot
4G _ . gz 4.31)
ot |
Mf_’fl —iAGP - A(z,0) (4.32)

Substituting the expression for AP into (4.29) and then further substituting (4.30) —
(4.32) into the resulting expression eliminates the A and Aw terms and forms the pulse

evolution expression given as [11], [96], [98-99]:

0%A(z,1) 1 0 A(z,t
g, THD L p P

Az,1) | PR

iy P A(z,0)=0
oz a2 iy - P-A(z,1)

(4.33)

It is useful to employ this frame of reference before solving the pulse propagation
equation. By utilising the transform t = ¢ - ,z and assuming loss free fibre (4.33) may

be expressed as [11], [96], [98-99]:
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. 2 3
’—'*""ﬂz'M"l'ﬁs'é‘g‘(ffr—)—i%-’"/i(zﬁ):o (4.34)

Equation 4.34 is commonly referred to as the non-linear Schrodinger equation (NLSE).

4.5 Beam Propagation Method

In general, the exact analytical solution of (4.34) is difficult to obtain unless the effects
of fibre loss and higher order non-linear terms are assumed to be negligible [11], [96],
[98-99]. However, no such assumptions are required in the beam propagation method
(BPM), which is a numerical technique that can readily be used to model pulse profile
evolution in optical fibre by means of computer simulation.

As illustrated in Figure 4.1, this recursive algorithm splits the entire propagation
distance into small segments of length Az and exploits the independent nature of
dispersion including fibre loss and the fibre non-linearity over small distances. More
specifically, the dispersion and loss effects are considered as the pulse propagates over
the first and second halves of the segment whereas the non-linear effects are assumed to

be lumped at the centre.
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Figure 4.1 Schemati c illustration of the beam propagation technique

To include the effects of the intrinsic fibre loss o in the NLSE (4.34) may be expressed

as [11], [96], [98-99]:

2A(z7) ad(zT) i ﬂz_aZA(z,r) L,

dz 2 2 or? 6

B AE)
or?

—iy-P-A(z,r)=0  (4.35)

For convenience, (4.35) may then be separated out into its differential operator D,

- which accounts for the dispersion and loss, and non-linear operator N, which governs

the effects of non-linearity on pulse propagation to yield [11], [96], [98-99]:

A=) _ (D W) A(z,o) (436)
dz

where
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i &* 1
or?

]V=iyoP

Substituting (4.31) and (4.32) into (4.37) results in:

A

Pl 6 2

which can now be numerically manipulated.

63
_'Bz ._+g.B3 .g_

D=i[32 -co2+i§3—-a)3—-—.

(4.37)

(4.38)

(4.39)

As (4.36) is a first order differential equation, the general solution for A(z,7) is an

exponential form. Consequently, using the algorithm as explained above and further

illustrated in Figure 4.1, the profile at distance z+Az may mathematically express as:

Az+Az,7) = exp[%lﬁ] -exp| V(A2 +Az/2,7)- ] exp[ézz—b]. Az7).  (440)

The first and last exponential product terms in (4.40) represent the dispersion and loss,

whereas the second exponential product term represents the non-linearity. This process

may then be repeated recursively over the entire propagation distance Ly, to determine

the pulse profile A(Ly, 7).
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4.6 Solitons

The analytical NLSE solutions are obtained by employing the inverse scattering
technique under the assumptions outlined in Section 4.5 [99]. In the anomalous
chromatic regime (i.e. 32 < 0) the solution are termed soliton pulses. The envelopes of
these pulses are either stationary with distance or periodic. Moreover, the initial

amplitude profile at z = 0 is described by the general equation:

(4.41)

FWHM

A0,7)=N sech(L 763 TJ

where Trwppy is the full width half maximum pulse width and N is the soliton number

defined by:

]Vz=Tp2WHM'7"Po (4.42)
3.108-|3,| '

where Py is the peak ’optical power of the launched pulse.

The parameters listed in Table 4.1 were input to the BPM equation and the resulting
fundamental (N = 1) soliton propagation pulse profile is shown in Figure 4.2. The
pulse width chosen is typical for high-speed communication as it allows for the narrow
‘inter-pulse spacing. Observe that in the absence of fibre loss the pﬁlse profile remains
unchanged over the entire propagation distance. The negative time on the x-axis results
from the temporally retarded frame of reference () in (4.34), and is consistent with the

literature.
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Table 4.1 Parameter listing for fundamental soliton propagation

Value

Parameter

17.63 ps

Pulse width (Trwam)
GVD parameter (3;)

-18 ps® km

3.2x10°® pm? W'

50 pm?

Nonlinear refractive index (#,)

Effective cross-sectional area (4.

1.55 pm

Carrier frequency (o)

0 dB km''

Intrinsic fibre loss (o)

3x10% ms™

1

Speed of light in a vacuum (c)

Soliton Order (N )
Peak power (Po)

69.38 mW

17.6 km

Total propagation distance (L)

/
~
Q
o

0.06 <

0.05

Time (ps)

Distance (km)

Figure 4.2 Evolutionary profile of the fundamental soliton pulse

3) order soliton pulses are obtained by using the same

2) and third (N

Second (N

parameters in Table 4.1 except for changing the peak powers to 277.5 mw and 624.4

mw, respectively. The associated changes to the propagating profile are as shown in
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Figures 4.3 and 4.4. Note that the second and third order solitons pulse profiles oscillate

with a period (Zo) defined by [11], [96], [98-99]:

2
7, =0.505 T|g—|M (4.43)
2

For the second order soliton, the launched pulse is initially compressed to a narrower
width and higher peak power at the initial stage of pfopagation due to the positive
chirping induced by SPM. The presence of small side lobe pulses are observed between
~3 and ~4 km. The maximum peak power is obtained at distance Zy/2 = 4.36 km after
which the pulse broadens and returns to its original launched profile at Z, = 8.72 km.
The third order soliton is also observed to undergo initial compression, however at Zy/2
= 4.36 km, two distinct pulses are created due to the SPM and GVD forces. The second
half of the propagation distance is a mirror image of the first with the pulse merging to

regain its initial shape at the end of the soliton period. Longer propagation distances for
the higher-order solitons (N > 2) result in the pulse profile cycle being repeated.

1.4 <
1-2\
14
go.e\
5
£0.6
a.
0.4

0.2

0l
20

Distance (km)

Time (ps)

Figure 4.3 Evolutionary profile of a second order soliton pulse
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Figure 4.4 Evolutionary profile of a third order soliton pulse

4.7 Soliton Based Communication Systems

’ Recall that RZ pulses are exploited by the OTDM communication systems to increase
the transmitted bit rates. For the ultra-high speed transmission rates this amounts to
more than just changing the duty cycle of square wave pulses as the profile of the
launched pulses also provides benefits. Soliton profiled pulses have been promoted as
the solution to obtaining ultra-high bit rates as they inherently balance the effects of
SPM and GVD to avoid pulse broadening. Moreover, they remain stable during
collisions with other soliton pulses. Experimental results using soliton transmission
systems have been reported to achieve bit rates ranging from 2.5 Gbits/s to 100+ Gbits/s

[100-110] over long distances (>> 200 km), therein authenticating their application to
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communications systems. Moreover, Nakazawa et al [111] have employed synchronous
modulation controls to demonstrate soliton transmission over infinite distances (100
million km). Other soliton applications include empioyment within pulse position
modulation systems [112], which inherently provide a degree of error detection apd as
control pulses to produce symmetric switching windows in NOLM and TOAD switches
[97]. Eric Lerner [113] even touted them as the basis for replacement of WDM

technologies.

While decreasing the bit period effectively increases the bit rate, a practical limit exists
as soliton pulses may interact causing them to oscillate within their allocated bit
positions [11], [96], [99], [114-115]. This will inevitably result in an increase in the bit
error rate performance of the transmission. The interaction can be shown to be

proportional to the relative amplitude 4, and relative phase 6 of the pulses. Moreover,

the interaction is found to be attractive when the relative phase is equal to zero and
repulsive when the pulses are in anti-phase. To fully illustrate this point, consider
(4.44), which describes the launched amplitude profile of the two adjacent soliton pulses

with arbitrary relative amplitudes and phase [11], [96], [98-99].

FWHM FWHM

A(0+1) = Nsech{M]+N-A, -sech[w]e"" (4.44)

Note that 2q, represents the initial separation between the pulses.
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The evolution profile is then determined numerically By substituting (4.44) into the
BPM algoritﬁm and again using the key parameters listed in Table 4.1. Figure 4.5 shows
the evolutionary profile when the both pulses are identical, that is 4,= 1 and the pulses
are in-phase; the initial separation of the pulses is 40 ps. Observe that the pulses first
coalesce at Z = 35 km to form a single peak with a maximum power of ~250 mW before

reacquiring the original two-pulse profile. This pattern repeats itself periodically.

Power (W)
o o <
N w -+
Z

e
-

100

Distance (km) 40 S0

-100

Time (ps)

Figure 4.5 Evolution profile of two propgating soliton pulses (N=1,4x=1,0=0,
go=20ps)

Figure 4.6 shows the evolutionary profile when both pulses are launched with the same
amplitude (i.e. 4,= 1) and the relative phase is 180 °. In this scenario the pulses which

where were initially 40 ps apart are observed to repel each other over the propagation

distance, becoming apart 80 ps after 50 km.
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Figure 4.6 Evolution profile of two propgating soliton pulses (N =1, 4g=1,0 =,
go= 20ps)

Techniques to alleviate the interaction between the pulses include using pulses with
different initial amplitudes and increasing the distance between the adjacent pulses. The
latter effectively places an upper limit on the achievable bit rate. To illustrate, lets
revisit the scenario where the two identical adjacent pulses are in phase. Figure 4.7
highlights that increasing the separation distance to 80 ps mitigates the interactive forces

and effectively prevents the periodic oscillations.
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Figure 4.7 Evolution profile of two propgating soliton pulses (N=1, 4g=1,0=0,
q0=40ps)

4.8 Summary

In this chapter, the propagétion of light within optical fibre has been examined. In
addition, the origins of the non-linear phenomenon such as SPM and XPM have been
presented. Moreover, the critical role that SPM plays in negating the effects of GVD for
soliton propagation was highlighted. The NLSE equation and the BPM, which governs
the propagation of pulses with the fibre medium, were also presented. Finally, soliton
pulse dynamics and their implications on soliton based communication systems were

examined.
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The core material présented within this chapter is utilised in the subsequent chapter
where the passive fecirculating fibre loop buffer is modelled and its BER performance

is characterised.
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Chapter 5

The Passive Recirculating Fibre
Loop Buffer (RFLB)

5.1 Introduction

The growing demand for increased network capacity has genérated interest in the
development of ultra-fast optical networké where the tardy opto-electrical (O/E) and
electro-optical (E/O) conversions that are inherent in common fibre network systems are
avoided [116-117]. Intuitively, this results in a significant reduction in bandwidth
bottlenecks and superior quality of service (QoS) standards [118]. Recall that in OTDM
netWorks where signals are combined for transmission on a single communications line
or channel, the use of short duration (soliton) pulses allows information to be
transmitted at very high bit rates (>100 Gbit/s) [49], [118-120]. Within such networks a
mechanism for resolving contention among multiple input ports going to a single output
port is a crucial requirement [121]. Thus it becomes necessary to provide a temporary
storage element in order to avoid dropping packets. Since electronic buffering and
retransmission reduces system throughput, then an all-optical approach is the preferred
option. In addition, at the transmitter node, the optical buffers may hold data packets
while they wait for access to the netwérk. Similarly, at the receiver they may be used
firstly, to present multiple copies of the incoming data packets to a demultiplexer or rate
converter. Secondly, to compensate for the slow speeds inherent to the O/E interface.

All-optical buffer designers are faced with a vast number of design variables and careful
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analysis is required to determine the optimal configuration for given applications and
network topologies. This is to ensure that both bit and packet integrity is maintained and
maximum storage times are achieved without unrealistic expectatidns on power or
energy requirements. In this chapter, we present a mathematical analysis of an all-
optical passive RFLB. First, the RFLB model and its optimisation is briefly discussed in
the section 5.2, followed by a case study of the propagation of different pulse profiles
types within the buffer architecture in section 5.3. Next, a communications system
model is presented in section 5.4 along with its associated simulated and theoretical
results. The influence of optical fibre type and data rate on the BER performance for the
buffer architecture is then presented in sections 5.5 and 5.6 respectively, before the

chapter concludes with a summary in section 5.7.

5.2 Recirculating Fibre Loop Buffer Model

The key issues in designing the buffer model are simplicity with regard to the control
mechanism and its suitability for OTDM systems. Given the current impracticality of
storing the data (light) pulses, and in the absence of optical random access memory
(RAM), lengths of fibre are employed as the popular choice of delay mechanism.
However, light entering such buffers has a fixed propagation delay thereby making
them impractical for long delay times and/or dynamic storage applications. Figure. 5.1
shows a typical passive RFLB [122-124]. Pulsesk entering the buffer via path AB
circulate for a discrete period of time, until they are ready to be switched out via path
BC. Conversely, unbuffered pulses travel along the path AC. The switch is assumed to

be ideal with no insertion loss and crosstalk due to leakage, unless otherwise stated. -
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Figure 5.1 Schematic of passive RFLB

For a given fibre length L, the maximum delay per loop traversal T, is defined as

[122-124]:

Tioop =7 (5.1)

where » is the refractive index and c is the speed of light in the vacuum. Moreover, the
maximum number of bits M that can be stored within that length of fibre for a given bit
rate B is defined as [122-124]:

m="Lp. (5.2)
C

As indicated in (5.1) and (5.2) optimisation of the passive RFLB inherently depends on
the fibre length and bit rates. Increasing L results in longer storage times and the
possibility of storing a larger number of bits. To aid synchronisation, Tj,,, should be
chosen to be an integer multiple of the packet duration including the appropriate guard
band time required for any overhead processing. Consequently, M = Packet length (bits)

+ Processing time (bits).
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Combining (5.1) and (5.2) produces the partial differential given by:

a7,
—_Loop _ M ) , (5.3)
6L BL
The second order partial derivative of the above equation yields:
0Ty, M
P = , 5.4
oL BL? ©-4)

which may be employed to measure the utilisation efficiency of the buffer. Whilst
simultaneously increasing the number of bits and the data rate results in increased buffer
storage capacity, the resulting inter-pulse interactions become non-negligible and
degrade the BER. To avoid this scenario, the initial configuration is taken as the point

where the numerical value of (5.4) approaches zero.

The efficiency derivative is normalised to one by dividing each efficiency derivative by
the maximum efficiency derivative obtained. Figure 5.2 shows a plot of this normalised
buffer efficiency under various conditions. In the first scenario, B and L are taken to be
constant with values of 100 Gbit/s, and 500 m, respectively. M is then varied over the
range of 1 kbit to 1 Mbit. The plot shows that reducing the number of bits increases the
utilisation efficiency. Conversely; in the second scenario, M and L are taken to be
constant with values of 1 kbit, and 500 m, respectively. B is then varied over the range
of 2.5 Gbit/s to ~2 Tbit/s. In this case the utilisation efficiency is observed to increase as

the bit rate is increased.

Significantly, the crossover point (efficiency derivative = 3.13E™) represents a valid
solution of (5.4) when L, M and B are 500 m, 38.2 kbits and 80 Gbit/s, respectively.
Note that although this is the valid solution for the equation, it does not consider the

soliton interaction or dispersive effects, which deteriorate the QoS performance of the
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buffer. The task of the designer is to determine the optimal performance using this
crossover point as a benchmark. Typically, better performances are obtained by

lengthening the fibre, decreasing the data rate and increasing the number of bits.
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Figﬁre 5.2 Plot of the buffer utilisation efficiency

5.3 Buffered Pulse Propagating Profiles

Two different pulse waveforms, namely the soliton and Gaussian, are used for
circulation within a unit buffer length of fibre (500 m). The initial launched optical

pulse profiles are defined by [11]:

Soliton: S(0,7) = N Sech [/, ], (5.5)

Gaussian: (5.6)

vl
GO,5)=Ne ™/,
where N, T and T are as defined previously in Chapter 4.
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However, note that for the soliton and Gaussian pulses, Tj is defined as the full width
- half maximum divided by 1.763 and 1.665, respectively. The evolutionary profiles of
these circulating pulse types were produced by substituting (5.5) and (5.6) into the BPM

algorithm and employing the parameters listed in Table 5.1.

Table 5.1 Passive RFLB global simulation parameters

Parameter Values

Wavelength of signal (A;) 1.55 pm

Refractive index of fibre (n) ~1.5

Speed of light (c) 3x10% ms™

Effective fibre core area (4ep) 50 pm’

Non-linear refractive index (n,) 3.2x10°® pm?® w!
Loop unit length (L) 500 m

First order dispersion parameter ([3,) -18 ps* km™

Fibre loss parameter (c.;z) 0.2 dB/km

Number of bits generated 2x10° bits

Data rate(s) ' 2.5, 5.0 and 10 Gbit/s
Pulse shapes Soliton and Gaussian

Figures 5.3 and 5.4 show the resulting output power versus the buffer loop number and
the propagation time for the soliton and Gaussian pulses, respectively. Note that the
intrinsic fibre loss limits the propagation distance of soliton transmission, since solitons
need sufficient power to balance the non-linearity against dispersion. As is usually
expected, in both cases the dispersion serves to broaden the pulses. This is due to power
loss‘of the signal propagating along the fibre. To sustain soliton propagation, it is
necessary to employ an optical amplifier to maintain the peak power level. Note that in
both cases, the initial pulse width Ty is 10 ps and the conditions necessary for
fundamental soliton propagation (i.e. N = 1) are employed. Notice that after a few loop

traversals, the Gaussian shape is in the transformation process of becoming a

74



fundamental soliton shape before dispersing, due to the intrinsic fibre loss. Thus there is
no reason why one should not employ Gaussian pulse within an optical buffer, provided

it has enough peak power to sustain the soliton properties.
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Figure 5.4 Power profile of propagating Gaussian pulse (7 = 10 ps)

Furthermore, as both pulse profiles attenuate exponentially, it suggests that using higher

input powers and dispersion compensation fibre would result in longer storage times.
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Note that Gaussian pulses launched under the conditions that allow them to become
soliton will now be referred to as the Gaussian-soliton pulses.

Figure 5.5 shows the simulated energy pulse for both the soliton and Gaussian-soliton
pulses as a function of the loop number /, traversed. Notice that in both cases, the
relationship between the gradient descent and the fibre attenuation parameter is
highlighted. More specifically, we find that the gradient is equal to the fibre loss per
loop iteration «,. This result could explain the flattening of the Gaussian-soliton pulse
profile for loop numbers from 9 to 30. In this region, to compensate for the energy
decay rate and to therefore keep the balance between power loss and dispersion the

pulse becomes narrower.

2.0 ; ,
eqn: y =Eoe'°x, [E,=1.39, b=-0.0230]

§ o Soliton Pulse Energy

t\) —-— ean:y=E e, [E ,=1.74, b=-0.0230] .

15¢% o Gaussian-soliton Pulse -

0 - 1 1 1 1
0 20 40 60 80
Loop Number (7n)

Figure 5.5 Energy against the loop number for the soliton and Gaussian-
soliton pulses (74=10ps)

- This is confirmed in Figure 5.6, which shows the normalised pulse width versus the

loop number for both the soliton and Gaussian-soliton pulse. Whereas the pulse width
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of the soliton pulse generally increases, there is an initial contraction for the Gaussian-
soliton pulse, which corresponds to the region in which its peak power remains

relatively constant over the loop traversals.

—e— Soliton
—— Gaussian-soliton

Figure 5.6 Normalised pulse width against the loop number for the soliton
and Gaussian-soliton pulse types

5.4 OTDM System Employing a Passive RFLB

Figure 5.7 shows a block diagram of a typical OTDM transmission system employing
an optical buffer. It consists of an OTDM transmitter, an additive white Gaussian noise
(AWGN) channel, an all-optical demultiplexer, an optical buffer, an optical receiver, a
matched filter and a detector. The transmitter, which consists of a continuous wave laser
source, M modulators and several lengths of fibre, is used to produce the OTDM
packets. The data signals produced by the first modulator (Mod 1) are not delayed and
are used for packet delimiting purpose. The reader is asked to refer to Chapter 1 (section

4) for details about the operation of the transmitter. The AWGN channel is used to
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account for the effect of noise on the OTDM signal as it traverses an optical path that is
littered with optical amplifiers. The all-optical demultiplexer is an ‘array architecture
based on the terahertz optical asymmetric demultiplexer (TOAD), which was presented

~ in Chapter 3. Each TOAD within the array is responsible for switching the incident data

4 N\

e
AWGN TOAD2 }——-------

> channel »
TOADN }
All-optical
OTDM Transmitter | Demultiplexer

[ Detector fiter  [€] Photodiode J buffer

f
Data Optical Receiver Unit

Figure 5.7 Block diagram of OTDM system. Mod i represents modulator 7, i =
1,2,..N

signals to the correct output port. The optical buffer, which provides an interface
between the incident data signals and the receiver unit, acts as a flow control device to

reduce the packet loss probability.

The optical receiver unit consists of a PIN photodiode, a matched filter and a detector. If
the received voltage is above (/below) a predetermined threshold level, then the detector
determines the logical identity of the received bit to be one (/zero). Finally, the BER
unit compares the identity of the received bit stream with the associated data bit stream
used to modulate the optical signal in the OTDM transmitter, to determine the ratio of

incorrectly received bits to the number of bits transmitted.
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;Fhe proﬁles of the pulses at various points within the OTDM system are presented in
the next subsection. Thereafter, the BER performance of the buffer when placed within
the OTDM system is examined as a function of the threshold detection level, input pulse
profile, and delay. These results are considered over a range of SNRs. Finally, the
effects of both the bit rate and buffer length on buffer capacity are highlighted. It is
assumed that the photodetector is ideal with unity responsivity and that the noise added
is representative of cumulative effects of the amplifier noise and other noise sources.
Table 5.1 lists all the adopted simulation parameters. Under these conditions, Ty, = 2.5
us and M = 6250 bits and B = 2.5 Gbit/s. This date rate is used throughout this section,

unless otherwise stated.

5.4.1 Results

The proposed system shown in Figure 5.7 is simulated using the combination of an
optical simulation software package and Matlab. Figure 5.8 shows the OTDM soliton
waveform for a two-channel system. The data, in chronological order, for the first and

second channel (i.e. ‘1,1’ and ‘0’1’) are shown in Figures 5.8(a) and 5.8(b);

respectively.
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Figure 5.8 Waveforms associated with OTDM source: (a) modulated data train for first
channel, (b) modulated data train for second channel, and (c) transmitted OTDM waveforms
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Note that each frame in the OTDM signal is initiated with a high intensity clock pulse in

order to provide the necessary frame synchronisation (see Figure 5.8 (c)).

The intensity of the clock pulses was heuristically chosen to be twice that of the payload
to highlight the frame boundaries. The data and frame rates that result from the

multiplexing of the lower bit rate channels are 2.5 Gbit/s and 833 Mbit/s, respectively.

After the AWGN channel, the OTDM signal is demultiplexed using a TOAD array and
the waveforms observed are shown in Figure 5.9. As expected the waveforms have the
same profile as that of the transmitter, but suffer frqm attenuation, dispersion and noise.
Making minor modifications to the function generator within the modulators at the

transmitter generates Gaussian shaped pulse train.

0.05 T H
0.04 L R i T B :
0.03 ---------------;--- -----------§--------------;--—----- -----% ---------- —
0.02 f------mmmmmne- P e LEREE
0.01 |-~ fedl-mmmemennn- fromcmoocnannns
D A i Lo.atd -l ).ixA 1 L "
1000
Time (ps)
(e
0.05 T ki) T T T
0.04 ------------—--i—--------------é--------------%--------------% --------- -
YC=Y S S S — S S T -
0Do02p-------------- booecmaocuccoon O S R | - —
0.01 |- mmmmmmmmeeee oo enanse A R —— J ----- .
U P TPRR TS PTIrI N WY ‘:A‘. JOTTYSIPYTY P | ‘: } Y Lo -Ji Py ) PYEY S .A.J..L L 1
u} 500 1000 1500 2000
Time (ps)
)

Figure 5.9 Received waveforms: (a) first channel, and (b) second channel

Figure 5.10 shows the BER versus signal-to-noise ratio (SNR) at different detector
threshold levels for unbuffered soliton transmission. As can be seen, the best
performance is achieved at an optimum threshold level, set midway (50%) between the

maximum and minimum signal level at the output of the matched filter. At BER of
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1x107, an additional ~0.4 dB and ~1 dB are required if the threshold value is set 5% and
10% below or above the optimum level, respectively. Due to limited computational
resources the lowest BER performance is approximately 1x10™*. The performance for

the optimum threshold case is similar to the predicted result for the on-off-keying

(OOK) system.
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Figure 5.10 BER against the SNR for un-buffered soliton transmission at different
threshold levels

Figure 5.11 shows the eye diagrams of the received data signalsv for a buffered and
unbuffered soliton pulse (7o = 10 ps) at SNR of 10 dB, respectively. In Figure 5.11 (a),
-the number of loop circulation is 20, which results in a reduced SNR and therefore a

reduced eye opening compared with Figure 5.11 (b).
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Figure 5.11 Eye diagrams for received voltage: (a) buffered, and (b) unbuffered

An important feature of the eye diagram is that it may be employed as a tool to gauge
the optimal threshold level setting. Careful examination of these diagrams confirms Ty,
to be half of the maximum eye opening for both cases. Note that this value is expected
to shift slightly in the presence of thermal and shot noise [125]. In particular, as shot
noise is more prominent on 1-bits, T, will generally be lower than half of the

maximum eye opening

5.4.2 BER performance

For B = 2.5 Gbit/s, the BER performance versus the SNR for different buffer circulation
loop numbers for soliton and Gaussian-soliton shaped pulses are shown in Figures 5.12

and 5.13, respectively. In each case, both 10 and 40 ps pulse widths are considered.
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Figure 5.12 BER against the SNR for soliton transmission over a range of loop
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Figure 5.13 BER against the SNR for Gaussian-soliton transmission over a
range of loop traversals
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For comparison, the theoretical BER performance for unbuffered and buffered (loop
number = 20) OOK is also shown. Note that for convenience, the longer delay instances
are taken relative to the unbuffered OOK case to highlight the performance degradation
with increasing loop number. For a clear description of the curve legends refer to Table

5.2.

Table 5.2 Key for legends in Figures 5.12 and 5.13

Legend Meaning

OOK On-Off-Keying

ST10LO Soliton Shaped Pulse (Ty=10ps), (unbuffered)
ST10L20  Soliton Shaped Pulse (To=10ps), Loop number 20
GT10L20 Gaussian Shaped Pulse (Tp=10ps), Loop number 20
STI0L80  Soliton Shaped Pulse (Tp=10ps), Loop number 80
GTI0L80  Gaussian Shaped Pulse (T¢=10ps), Loop number 80
ST40L20  Soliton Shaped Pulse (T(=40ps), Loop number 20
GT40L20  Gaussian Shaped Pulse (T¢=40ps), Loop number 20
ST40L80  Soliton Shaped Pulse (Ty=40ps), Loop number 80
GT40L80  Gaussian Shaped Pulse (T¢=40ps), Loop number 80

For the unbuffered case in Figure 5.12, the 10 ps soliton pulse displays a performance
that is identical to OOK. However, the BER performance degrades significantly as the
number of l<’)op circulation increases. For example, fqr BER of 10, the SNR penalty for
20 loop traversals is about 2 dB compared with the unbuffered case. Moreover, there is

a 6 dB power penalty between loop circulation numbers 20 and 80.
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It can be shown (see Appendix C) that the BER for a given loop number may be defined

as:

E -o,l, '
Pb(ln)=Q[ ";T} (5.7)

where Ej is the signal energy of the received unbuffered pulse and N, is the noise power
spectral density. Note that when the number of loop traversals is zero (i.e. /, = 0), the
expression is identical to that for OOK [126]. Comparing Figures 5.12 and 5.13 reveals
that the performance of the soliton pulse is virtually the same as the Gaussian-soliton
shaped pulse. In addition, the performance at a given loop circulation number is the
same for the 10 and 40 ps pulse widths regardless of the input shape pulse. While larger
pulse widths facilitate less complex synchronisation procedures, they become a limiting
factor when the data rate is increased. That is, as the data rate is increased the shorter
pulse widths would be a definite asset, as this would minimise the crosstalk between
neighbouring pulses, which degrades the overall system perfonnaﬂce.

Figure 5.14 shows the BER as a function of loop number for SNR = 15 dB and 40 ps
pulse width for both soliton and Gaussian-soliton pulses. Due to limited computational
resources the performance for loop numbers 0-4 could not be obtained. As can be seen,
the BER performance is the same for both cases; they increase exponentially as the loop

number increases.
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Figure 5.14 Buffer performance as a function of loop number for SNR = 15 dB,
and pulse width of 40 ps

Lastly, for soliton pulse of 40 ps width, the BER versus SNR for 20 Vloop iterations at
different data rates is shown in Figure 5.15. Notice that BER performance is the same
for 2.5 Gbit/s and 5 Gbit/s, whereas at 10 Gbit/s, there is deterioration, due to
intersymbol interference. For example, at BER of 1x107, 10 Gbit/s data rate requires an

additional ~2 dB of SNR.
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Figure 5.15 Buffer performance at different data rates using 40 ps soliton
pulses

The case where the switch within the buffer is non-ideal with loss and crosstalk values
of 1dB and 30 dB, respectively, has also been considered. Figure 5.16 shows the BER
performance versus SNR for different unit loop lengths (L) at 2.5 Gbit/s. In each

instance a total buffer delay of 10 ps is established by controlling the number of packet

circulations.,
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Figure 5.16 BER performance versus SNR for different unit buffer lengths (L)

The total buffer delay for each fibre lengh (i.e. /, -T;,,,) is 10 ps. For a given BER, the

shorter buffer length (L = 500 m) requires higher SNR. This is because of the increased
number of loop traversals (in this case it is 4). As the loop length increases the number
of times the signal passes through the switch reduces, fhus resulting in improved
performance.

According to (5.2), increasing the data rate and fibre length results in a greater buffer
capacity. This is shown in Figure 5.17 where the size of the packet was arbitrarily
chosen to be 3 bits long; one bit each of the header, address and payload. Moreover, for
a data rate of 10 Gbit/s; increasing the buffer length from 500 m to 2 km results in the

quadrupling of the buffer capacity. However, it is not always advisable to increase
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buffer capacity by increasing the data rate alone, as pulse interactions and crosstalk

degrade performance and impose an additional penalty, about 2 dB in the case of Figure

5.16.
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Figure 5.17 Number of packets vs. Data rate for buffer lengths of 0.5 km, 1
km and 2 km. Packet size is three bits.

5.5 Performance Dependence on the Dispersive Fibre
Property

In Chapter 4 we noted the relationship between the peak power of the launched soliton
pulses, the soliton number, the pulse width and the first order dispersion parameter. For

convenience equation 4.42 is rearranged and reproduced below:

_3.108-N’-[B,|

0 2
Y Tewnn

(5.8)
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It is evident that employing dispersion-shifted fibre (DSF), which has a lower dispersion
parameter value, reduces the required peak power. For example, if |3;| in Table 5.1 is
reduced to —1 ps® km™ then the peak power changes from 69.4 mW to 3.86 mW given
that the calculated hon-linear coefficient is 2.59 W' Km™, N =1 and Trymy = 17.63

ps.

To investigate the inherent effect of using DSF the communication system model shown
in Figure 5.18 was simulated using the VPI simulation software package, with the key
parameters listed in Table 5.3. The simulation package uses proven mathematical
models to define the operations of each of the devices employed within the transmission
systetﬁ. Consequently, for practical input parameters matching the physical
characteristics of each device, the simulated results are accurate and experimentally
reproducible. However, as the chosen soliton source and clock recovery unit parameters
reflect ideal devices, the simulated results are generally expected to be better than those

produced experimentally.

i |

Y A 4
. . Clock .
Soliton Optical Receiver | -
Source — Buffer — Attenuator — Relcj?l\i/tery —> Unit —» BER

Figure 5.18 Block diagram of passive RFLB system model

The model consists of an optical source, which generates fundamental soliton pulses

(N = 1), a passive optical buffer, an attenuator, a clock recovery unit, an optical
receiver unit, a detector and finally a BER module. The attenuator is used to obtain the
BER performance over a range of receiver sensitivity values. The clock extractor

determines the timing delay between transmitting and received signals for
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synchronisation purposes. The receiver unit consists of an ideal PIN photodetector (i.e.
unity responsivity), followed by a third order electrical low-pass Bessel filter. The order
and type of filter is chosen to avoid pulse shape and phase distortions. The transfer

function of the filter is defined by [126]:

15
15p* +6p* +15p +15°

H(p)= (5.9

with p=i-f / fias » Where f3ap is the cut off frequency of the filter. These filter types

are inherently linear, and consequently preservation of the wave shape of the filtered

signal in the pass-band is possible.

Table 5.3 Simulation parameters for the passive RFLB fibre type investigation

Parameter Values
Wavelength of signal (A;) 1.55 pm
Speed of light (c) 3x10° ms™
Effective fibre core area (4p) 50 pm?

Loop unit length (L) 500 m

First order dispersion coeff. (B2) (Normal fibre) -18 ps* km™
First order dispersion coeff. (B,) (DSF fibre) -1psfkm?
Fibre loss parameter (04p) 0.2 dB km
Packet size 500 bits
‘Non-linear coeff. (y) 2.59 W'km
Data rate 20 Gb/s
Pulse shape Soliton

Pulse width (7p) 5

Switch insertion loss 1dB

Switch Crosstalk 30dB

First, note that from this point onwards the BER performance curves for the buffered
instances are no longer relative to the unbuffered case. This allows for easier

observation of the deterioration effects by visual inspection when they are not induced
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solely by the intrinsic fibre loss. Second, the SNR reference criteria (i.e. x-axis) is now

replaced by the receiver sensitivity. This is due to the nature of the simulation package.

Figures 5.19(a) and 5.19(b) show the BER performance versus the receiver sensitivity
over a range of loop numbers for the passive RFLB employing both standard and DSF
fibres, respectively. In the case of normal fibre, for a BER of 10, a power penalty of

~0.8 dB, ~1.6dB, and ~2.6 dB is observed at loop numbers 15, 20 and 25, respectively.
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Figure 5.19 BER against the received power for various loop traversals of the passive
RFLB using (a) normal fibre, and (b) DSF fibre

Conversely, when DSF fibre is employed for the same BER the receiver sensitivity is -
29 dBm, which is 0.8 dB better than the best case in Figure 5.19 (a), and it shows no
observable power penalty over the same loop numbers as in Figure 5.19(a). The
relatively poorer BER performance of the buffer employing normal fibre can be traced
to the ISI caused by the broadening of the soliton pulse as it traverses the loop. For

soliton transmission the dispersion length for buffers employing normal and the DSF
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fibres are ~1.39 km and 25 km, respectively. As the rate of pulse broadening is related
to the reciprocal of the dispersion length, pulses with lower dispersion lengths
experiende faster broadening rates [126]. This is evident from the eye diagrams, shown
in Figure 5.20 for 15 loop traversals using normal fibre and DSF fibre. Observe that the
ISI, which manifests itself as the pulse spreading outside of the bit period, is

significantly reduced when DSF fibre is employed.
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Figure 5.20 Eye diagrams for the passive RFLB after 15 loop traversals for (a)
normal fibre, and (b) DSF fibre

5.6 Performance Dependence on the Data Rate

The investigation of the effect of data rate on the BER performance employs the same
system model identified in Figure 5.18 and the parameters listed in Table 5.3. In this
instance, the switch is again assumed to be ideal with negligible insertion and crosstalk

losses. This ensures that the BER performance characteristics are due to the variation of
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the data rate alone as it excludes any external factors. This assumption is removed in the

subsequent chapters.

For the passive RFLB with loop numbers of 20 and 40, the BER performance versus the
receiver sensitivity for different data rates is shown in Figure 5.21. For comparison
purposes, the ratio of bit period to pulse width (73/Tp) of the launched pulses is kept at
10%. As expected, the BER performance deteriorates as the loop number increases. For
example, at BER = 107 for the data rate of 20 Gbit/s, there is a power penalty of ~1.1
dBm when increasing the loop number from 20 to 40. More specifically, at BER of 10
the power penalty changes from being insignificant at 5 Gbit/s, to ~0.3 and ~1.1 dBm
for the data rates of 10 and 20 Gbit/s, respectively. This is because dispersion becomes

the critical limiting factor at higher data rates and higher loop numbers.
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Figure 5.21 BER against the receiver sensitivity at different data rates

5.7 Summary

.In this chapter, the propagation of both standard soliton and the Gaussian-soliton shaped
pulses within a recirculating fibre loop buffer were examined. It is believed that this is
the first time 'Gaussian-soliton pulses are considered for the transmission of OTDM
signals within a communication system. The simulation model is based 0;1 the non-
linear Schrédinger equatién (NLSE) and accounts for fibre loss within the
communications channel. Simulation results for BER performance at different buffer
loop numbers and eye diagrams for buffered and unbuffered cases were presented. The

simulation results indicated that in high-speed soliton transmission it is not necessary to
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lunch soliton shaped pulse, defined by the sech function, into the fibre. Employing a
Gaussian shaped pulse with the N = 1 would give the same performance as that of the
soliton case. This is because the Gaussian pulse evolves asymptotically into a
fundamental soliton. Moreover, for a given delay the buffer could be engineered such
that optimal performance is achieved. For the buffer architecture with an ideal
switching, simulation results showed that the system imposes a 1 dB penalty for every
10 loop traversals. Further investigations also highlighted the relationships between the

BER performance and both fibre type and System data rate.

The inclusion of an active element within the loop to extend the delay storage times is

the emphasis of the next chapter
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Chapter 6

The Active Recirculating Fibre
Loop Buffer (RFLB) |

6.1 Introduction

In the previous chapter, chromatic dispersion and intrinsic fibre loss were identified as
the main BER performance delimiters for the passive RFLB. To counter the latter, an
amplifying element may be introduced into to loop to compensate 'for the inherent losses
within the system, thereby increasing the buffer storage time. In this chapter such a
buffering architecture is investigated and its BER performance is mathematically
characterised for several storage times. An application for such a buffer and the buffer
model are presented in section 6.2, where the inherent performance inhibitors are also
considered. The effects of storage time, amplification period and ﬁbré-type on the BER
are investigated in sections 6.3 and 6.4, respectively. Thereafter, the mathematical
model is then developed in section 6.5. The effects of switch loss, and in-loop filtering
to reduce amplifier spontaneous emission (ASE) accumulation are considered in
sections 6.6 and 6.7, respectively. Finally, the 'chapter concludes with a summary in

section 6.8.
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6.2 The Active Recirculating Fibre Loop Buffer

Photonic networks are viewed as excellent candidates for supplying the required
bandwidth as the Signal remains in the optical domain during propagation thereby. The
Manhattan Street Network, shown in Figure 6.1, is a popular example of a symmetric
photonic network topology, which employs a simple self-routing scheme. This
facilitates the use of a simple addressing scheme resulting in low packet processing
overheads, making it ideal for an all-optical buffering solution. Traditionally, such
networks use ‘hot potato routing’, which is a special case of deflection routing with no
buffering, to handle contention resolution. In essenée, when a contention occurs, all but
one of the offending packets is misrouted resulting in an increase in their propagation
time. Hence for each source-destination pair the number of hops is not fixed and the
entire networks essentially acts as a large optical buffer. Consider the case were two
packets A and B destined for node ‘01’ simultaneously arrive at node ‘00°. Packet A,
may be forwarded to its destination but packet B must at least traverse a minimum path
distance of four hops, (e.g. nodes ‘10°, <20°, ‘30’and finally ‘00’), before it can be

routed to the desired destination node.

o

o

-
S

o
-
©-
HE-

Figure 6.1 4x4 Manhattan street network photonic network topology
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The introducing of limited buffering capacity locally at each node, has been shown to
increase the throughput of the system [39]. Moreover, packets have a higher probability
of traversing between the source-destination pair using minimum number of hops.
While increasing the buffer depth beyond a critical value does not improve the

throughput performance [39], it would allow for limited priority routing capability.

In contrast to [40], [127] where a length of fibre is used as the buffer, the use of an
active recirculating fibre loop buffer, see Figure 6.2, may be employed to increase the
flexibility. Again, pulses entering the buffer via path AB will continue to circulate until
the time that they are ready to be switched out via path BC.

Conversely, unbuffered pulses travel along the path AC. As in the case of the passive
RFLB, the maximum delay per loop traversal Tio0p for a given length of fibre L, is as

given by equation (5.1) in the previous chapter.

Fibre

=~
Optical

amplifier /

Figure 6.2 Active RFLB

The optical amplifier is employed to compensate for any system losses and to maintain
the peak intensity necessary for soliton propagation [128]. Note however, that infinite

storage times are not achievable in such a buffer structure primarily because the
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amplified spontaneous emission noise that accumulates on each circulation serves to
degrade the SNR. Furthermore, Gordon and Haus showed that the continual
amplification of optical pulses within a long-haul communication link results in a pulse
delay variance or oscillatory random walk behaviour, which directly affects the system
performance [129]. More specifically, the generated ASE induces a random jitter of the
central optical frequencies among individual soliton pulses, which is then transformed
into timing jitter.
Filtering is the most common soliton-control technique employed to extend the Gordon-
Haus limit. In essence, a band pass filter appropriately centred on the soliton spectrum
effectively excludes the ‘excess’ noise outside the filter pass-band, thereby reducing
ASE noise and timing jitter. However, the eventual ASE noise accumulation withiﬁ the
pass-band stiil becomes a BER performance-limiting factor. Moreover, bandwidth
“limited amplification with fixed centre frequency filters eventually leads to the soliton
instability because the excess gain that must now be provided for the loss at the wings
of the soliton spectrum also amplifies the co-existent linear waves. These unstable
background linear waves serve to degrade the SNR and may destroy the soliton if their
powers become comparable [130]. Sliding frequency filters are employed within some
long-haul amplified communication links to account for the self induced Raman shift in
the soliton centre frequency. The centre frequency of each post amplifier filter is
progressively offset from the previous filter instance so that each filter effectively tracks
the continual shift in the soliton central frequency [131-132]. In this scenario, the linear
waves eventually become attenuated, as they do not track the centre frequency of the
filter. Although' this prevents the eventual filtering of the soliton signal itself due to
misalignments, ASE noise still accumulates within the ‘tracking’ pass-band and

continues to be primary performance delimiter.
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Another jitter reduction technique involves the use of dispersion management systems
[133-135] as described in Chapter 3. In essence, this technique diminishes the
accumulated effect of fibre dispersion by making the average dispersion value as close
to zero as possible. This mitigates the Gordon-Haus effect as chromatic dispersion is
now minimised thereby reducing the relative group velocity spread of the propagating
pulses within the soliton trains.

The final alternative is the use of more efficient optical amplification elements. More
specifically, the Raman amplifiers, which have a lower noise figure than erbium doped
fibre amplifiers (EDFAs) are known to produce much less ASE noise. Consequently,
this translates into a corresponding decrease in timing jitter [136-137].

In [138], Marcuse extends the original work done by Gordon and Haus to derive an
expression for the pulse delay variance in real as opposed to soliton units. For a

periodically amplified communication link, the delay variance is defined by [138]:

(ac, ) = 2mnPeln he(G VL,

TNeAysLiQ

(6.1)

where ng,, and G correspond to the spontaneous emission noise factor, and gain of the
amplifier, respectively. L, and L, are the total distance and amplification period,
respectively. Finally, Ny, A, /# are the number of amplifiers, the carrier wavelength and

Planck’s constant, respectively. The Q term is a measure of the effective length and is

defined by [138]:
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a-L,
l_e-a-LA *

(6.2)

Figure 6.3 shows the normalised root-mean-squared timing jitter and the jitter tolerance
for the active RFLB as a function of loop number for the conditions listed in Table 6-1.
The jitter tolerance is defined as the product of the RMS timing jitter, the normalised
pulse width T and the data rate (B = 20 Gbit/s) [11]. For comparison, two different
fibre types, namely normal and dispersion-shifted fibre, and several pulse widths are
considered. Note that in each case Ly is taken to be 500 m, and G exactly compensates

for the ﬁbfe loss as well as the insertion and crosstalk switch losses.

Table 6-1 Numerical parameters for timing jitter

Parameter . Values
Wavelength of signal (A;) 1.55 pm
Speed of light (c) 3x10% ms™
Planck’s constant (/) \ 6.626x107* Js
Effective fibre core area (4ep) 50 pm?
Amplification period (L) 500 m

First order dispersion coeff. (B2) Normal fibre) -18 ps2 km!
First order dispersion coeff. (B,) (DSF fibre) -1 ps* km™!
Fibre loss parameter (04g) 0.2 dB km
Non-linear coeff. (y) 2.59 W'km?
Pulse width (Trwam) 8.82,4.41, 1 ps
Switch insertion loss 1dB

Switch crosstalk 30dB

Figure 6.3(a) highlights that the RMS timing jitter is more prominent when the pulse

width is very narrow (i.e. 1 ps). Additionally, DSF systems experienée less timing jitter
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than those employing normal fibre. In Figure 6.3(b), the worse case jitter tolerance for
the normal fibre is ~55% of the bit period at /, = 400 when the pulse width is 1 ps. This

would result in severe BER performance degradation.
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Figure 6.3 (a) RMS timing jitter and (b) jitter tolerance against the loop
number for normal (B, = -18 ps’km™") and DSF (B, =-1 ps?%km™)
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For an acceptable jitter tolerance of ~10% [129], the system is limited to ~125 loops.
Conversely, ~332 loops are possible for systems employing DSF for an equivalent 10%
jitter tolerance. For our buffer simulations (Trwum =8.82 ps (DSF)), the timing jitter is

less that 3.4% at [, = 400, and is therefore negligible.

After each amplification stage, the soliton pulses undergo an adjustment period where
the pulse width adapts itself to regain a fundamental soliton profile. During this period
the solitons losé some of their energy as linear dispersive waves. The effect of these
potentially hazardous waves critically relies on the relationship between the loss per

dispersion lengthal, and the amplifier periodZ,. Where the dispersion length Lp is

given as:

L, =T; /B, (6.3)

If .bothaLD <<land L, >> L,, the amplification regime is termed quasi-adiabatic. In
this regime the soliton is capable of adjusting itself to the energy loss adiabatically (i.e.
without a temperature change). Conversely, when L, << L,, the modus operandi is
referred to as the average soliton regime. Here the soliton shape is not distorted
significantly despite the energy loss and the pulses may consequently be amplified
hundreds of times. The main disadvantage is that the relatively close amplifier spacing
makes it unsuitable for long-haul high-bit rate (> 20 Gbit/s) communications. Note that
in the quasi-adiabatic regime, continuous amplification of the soliton pulse stream
eventually leads to signal degradation. This is due, to the interaction between the soliton
pulse stream and the accumulation of the amplified dispersive waves formed when the
solitons shed some of their energy. In this work both regimes will be considered, as the
BER performance of the buffer will be compared for several amplification periods,

when normal and DSF fibre are employed within the buffer architecture.
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6.3 Effect of Amplification Period on BER
Performance of Active RFLB

In this section, the increased storage times and lower power penalties achievable when
in-loop amplification is employed is illustrated when the BER performance of passive
and active buffering are compared. Additionally, the effect of amplification period on
BER performance of Active RFLB will be highlighted. For easy comparison between
the passive and active schemes the switch within the buffer architecture is initially
assumed to have no insertion losses. The effect of the switch on soliton propagation is

considered in section 6.4 and onwards.

Figure 6.4a shows the system model block diagram. Note that the internal configuration
of the active optical buffer is shown in Figure 6.2. A description highlighting the
function of each component is given in Chapter 5. The proposed system was simulated
using the VPI Photonic simulation software (see Figure 6.4b) employing the key
parameters are listed in Table 6-2. These parameters are chosen to first, match the
physical device characteristics, and second, to ensure that the pulse width and data rate
parameters allow for suitably spaced data pulses thereby avoiding soiiton interactions
during the high-speed communication. By default, quasi-adiabatic amplification is

assumed under these conditions, as aL, <1. However, the case where L, > L, is also

considered.
Clock Y
, . oc
Soliton Optical Receiver
Source Buffer Attenuator Reﬁz\i/tery Unit —» BER

Figure 6.4a Block diagram of active RFLB system model
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Figure 6.4b VPI Syetem design for active RFLB system model

Table 6-2 Simulation parameters for the active RFLB amplification period investigation

Parameter Values
Wavelength of signal (A;) 1.55 pm
Speed of light (c) 3x10° ms™
Effective fibre core area (Ap) 50 pm?
Loop unit length (L) 500 m

First order dispersion coeff. (B,) -18 ps® km
Fibre loss parameter (04p) 0.2 dB/km
Packet size 512 bits
Non-linear coeff. (y) 2.59 W'km
Data rate (s) 20 Gbit/s
Pulse shape Soliton
Pulse width (7o) 5ps
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For comparison, Figures 6.5(a) and (b) show the profile of the soliton waveform as it
propagates within the passive and active RFLB, respectively. As established previously,
the waveform within the passive RFLB attenuates exponentially and disperses as the
number of circulations (loop number /) increases. Conversely, the peak amplitude
within the active RFLB is maintained throughout the propagation period and the

presence of ASE noise is also observed.
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Figure 6.5 Power profile of soliton pulse (7p=10 ps) , (a) in passive RFLB and (b) in

active RFLB
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‘For the passive RFLB operating data rate of 20 Gbit/s, the BER performance over a
range of receiver sensitivities for different buffer circulation numbers (i.e. delay) is
shown in Figure 6.6. As expected, the BER performance deteriorates as the loop number
increases. For example, at BER of 10® there is a power penalty of ~1.1 dBm when

increasing the loop number from 20 to 40.

Later the Figure 6.6 will be used to provide evidence of the advantage in employing

active buffering.

160 7 T
! |

R e b -—cﬁ“_,____h - E : 20lo0ps *
e M:\? \ B ey S “Dlotps s 7
') PSS IS I e [ TR e SRUU DS B o
: N e e A A I [
[ ISV SO IR RN BUSRY N < \\ Y ISR . G SO B
T \ I N
103 ¢ W
s H \ % . . \ . . . O \ -

D

1e~12 : \} \ i
“‘”z Ny . P . e - . SURT . l\ . SN U5, WU

-38 37 -3 35 34 -3 32 3 30 .29 -8 27 2% 25 24 -23
Receiver Sensitivity [dBm)

Figure 6.6 BER against the receiver sensitivity for different
values of loop number and for a data rate of 20 Gbit/s

Figure 6.7 shows the BER performance of an active RFLB for different amplification
periods L4. Also shown for comparison is the result for the unbuffered case, which
provides the best performance. This is as expected as the unbuffered pulses do not
suffer from the inter-symbol-interference (ISI) and cumulative effects of ASE noise

experiences by the buffered pulses as they circulate the buffer.
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The results indicate that with active buffering, the best performance, comparéd with
unbuffered, is achieved when the upper limit of the amplification period is L4 = 6 loops
and the circulation time is 300 ps (20 passes). This is equivalent to 3 km, which is far
less than the 22 km suggested in [11], [96]. Increasing the number of passes to 60,
results in a significant deterioration of the BER performance. Observe that the relatively .
poor performance for the cases when L, = 10 and 20 loops is caused by the crosstalk
arising from ISI due to the pulse broadening before amplification. For these relatively

large amplifications periods the performance degraded significantly due to ISI.
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Figure 6.7 BER against the receiver sensitivity for buffered (active) and
: unbuffered cases

The benefit of employing active buffering can be observed by comparing Figures 6.6

and 6.7. The delay time for /,= 60 loops in the passive RFLB is equivalent to the delay
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time for 10 passes with L4 = 6 loops in the active RFLB, therefore these two plots are
used to make a direct comparison. At BER of 107 the active buffer offers a ~3.4 dBm
performance gain over the passive buffer. The additional gain can be utilised by

increasing the buffered storage time.

6.4 Improving BER Performance Within Active
RFLBs

In this section the focus is on improving the performances by employing dispersion-
shifted fibre to reduce GVD. This will lead to an increase in the dispersion length such

that L, << L, therein effecting the transition to the average soliton regime. The system

model .and parameters described in section 6.3 are employed, with B; = -1 ps’km™ for
DSF. Consequently, Lp is now 100 km. In this investigation, L, is taken to be equivalent
to 1-loop traversal (500 m), which is well below the upper 6-loop traversal limit
determined in the previous section. Note that here the switch has an insertion loss of ~1

dB.

Figures 6.8 and 6.9 show the BER results of the active RFLB against the receiver
sensitivity over a range of loop numbers for normal and DSF type fibres, respectively.
For the active RFLB employing normal fibre, a power penalty of ~0.1 dB, 0.2 dB, and
0.3 dB is observed at BER of 10 for loop numbers 15, 20 and 25, respectively. These
power penalties may be attributed to the continual amplification of the crosstalk due to
IST as the packét circulates within the buffer. Moreover, the relatively high powers
required for soliton propagation within the normal fibre results in greater power

penalties incurred from ASE noise induced fluctuations. For the active RFLB

110



employing DSF fibre, there is no noticeable power penalty at lower looﬁ numbers,
which suggest lower ASE noise penalties and reduced ISI. However, when the loop
number is increased to 100 and 400, there is a ~0.25 and ~1.15 dB power penalty (at
BER of 10 ™), respectively. This increase in power penalty is attributed to the build up
of ASE noise and the switch alteﬁng the soliton dynamics due to its inherent insertion

loss property. These two factors are the subjects of the section 6.5 and 6.6, respectively.
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'6.5 Mathematical Model of Active RFLB

Figure 6.10 shows the detailed system model employed by VPI highlighting the receiver

structure and synchronisation (/timing) mechanisms. Thus, in defining the mathematical

model of the active RFLB there is also an account for the noise sources associated with

the receiver (see Table 6-3). Furthermore, in determining the BER performance

characteristics the following assumptions are introduced. First, no additional timing

jitter has been introduced at the transmitter. Second, the optical amplifier is

characterised by a frequency- and wavelength-independent gain. Last, the low gain and

the delay times under consideration are chosen so that amplifier saturation does not

occur. Note that the optical amplifier preceding the active RFLB is employed to

compensate for the initial switch insertion loss.

Optical Amp

Packet
Source

Pn

out

Pre- Bessel V
Active v&\\ Amplifier || Filter
RFLB 7 5 _I BER

Clock

Recovery Unit

Receiver Unit

Figure 6.10 System model highlighting the receiver unit

Table 6-3 Active RFLB global simulation parameters

Parameter

Values

Switch insertion loss
Switch crosstalk

Data rate

Optical Amplifier Gain (G)
Temperature (7)

1dB
30dB

20 Gbit/s
~1.1 dB
293K
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Load resistance (Ry) 1820 kQ
Electrical bandwidth (B,) 0.7 * Data rate Hz
Optical bandwidth (B,) 1.28x 10" Hz
Attenuation (k) 30-40 dB

Let P be the average peak power of the incoming soliton pulse train and P!, the

average output power at the output of the active RFLB after the i loop circulation.

After one loop circulation, the average output power can be written as:

P, = G(P exp(-aD)|a, )+ B, (6:4)
where o is the intrinsic fibre loss, o the switch insertion loss including the crosstalk
leakage, and L the unit buffer length. Additionally, G and Py, are the gain and total
spontaneous signal power of | the optical amplifier, respectively. By recursively
substituting the average output power (6.4)‘from the prior circulation for the average
incident peak power at the subsequent buffer circulation, it can be shown that after /,

circulations the output power is given by:

1,-1
Pl =[Gexp(-aL)a,]" Py + P, [Gexp(-aL)a,]’, (6.5)
i=0

Equation 6.5 highlights the independence between the signal and noise contributions.

As depicted in Figure 6.10, the a‘verage power of the k-dB attenuated data signal at the

-K

detector input is given by P, = P" 10 . The variance equations for the receiver noise

out
[11], [135], [139] and spontaneous beat noise terms associated with the preamplifier

[11], [139], [140] are, respectively,
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B, (6.6)

pre’ s e

L

ozﬁ[zqze(c; P +za,,>+4’<a"]

PSS, +4R*S2B, +44RS, B, )B,, 6.7)

sp~o

o2, =(4R*G

pre

where B, is the noise equivalent electrical bandwidth of theA receiver, Gy, the unity
preamplifier gain, B, the optical bandwidth of the receiver, g the electron charge, Kp the
Boltzmann constant, R the photodiode responsitivity, and R, the load resistance of the
photodetector. The noise spectral density of the optical amplifierS,, =n_(G-1hB,,
where /4 is Planck’s constant. It can be shown that the inversion population factor rg, of
the optical amplifier is related to the noise figure F, according to the expression
n, = O.S(F,,G—l)/(G—l) [141]. In (6.6) the first and second terms represent the shot
and thermal noise variances, respectively. In (6.7) the three terms represent the signal-
spontaneous, spontaneous-spontaneous and shot-spontaneous beat noise contributions,

respectively.

Equation 6.8 accounts for the intensity fluctuations that arise from ASE noise to
amplitude coupling [10].

oi=SE, 63)

where S, is the ASE spectral density, n and & are the amplitude and propagation

distance in soliton units, respectively. Furthermore, note that &=2z/L,and

S, =n,hf (G-1)2 /L 4TI, . Substituting S, and & into (6.8) and using the
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. —)/2 . . Do Do
transformation ¢, = (cs p / P,.n)/ the variance in the power fluctuations in physical is

given by:

o—f,=(nsphf(G—1)%--R-P_..l

0

]2 (6.9)

where 171,, , z and 7, represent the average power of the incident soliton pulse train, the

distance in real units and nonlinear coefficient, respectively. Moreover, the loop number

I,=z/Lyand L, =T} / B, where B; is the group velocity dispersion parameter.

Adopting the same approach as in [142], [96]and [97], the BER can be given as:

1 |: (6.10)
BER = Ee;fc

Note that oy and o; in (6.10) are readily obtained form (6.6), (6.7) and (6.9) by

-K

substituting P, =0 for oo and P, =1”‘,';,10W for o;. Furthermore, the attenuator also

reduces 6%, by k-dB.

The proposed system was simulated using VPI and the results obtained for the BER
performance were compared with predicted data. At each of the simulated loop
circulation instances, the BER performance is averaged over 100 buffered packets to

increase the statistical validity of the results.
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As shown in Figure 6.11 there is a good agreement between the simulated (dotted
curves) and theorétical (solid curves) models. For 100 loop circulations the power
penalty incurred at a BER of 10” is ~0.2 dB. Extrapolation of the results to 400
circulations (7 Loop = 1 ms), well exceeds the forecasted storage time requirement [143]

and results in a power penalty of ~0.77 dB.
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100 loops (simulated)
-- 400 loops (simulated)
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100 loops (theory)
400 loops (theory)

10" i
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Figure. 6.11 Theoretical and simulated results of BER against the receiver sensitivity

On comparing Figures 6.9 and 6.11 it is evident that without the pre-buffer amplifier
there is a 0.41 dB difference between the theoretical and simulated results. This is due
to the assumption that the average peak power of the pulses within the packet remains
constant as it traverses the loop. However, this approximation is only valid if the effect
induced by the switch is negligible and if soliton interactions are marginal. The
influence of .the switch and ASE noise on the BER performance is highlighted in the

following section.
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6.6 Effect of ASE and Switch Losses on BER
Performance

Lets consider the case where there is no pre-buffer amplifier to compensate for the
switching loss. In this scenario, fundamental solitons are transmitted by the packet

source. Under these conditions the dispérsion length Lp and the non-linear length Ly, =

1/yPy are equal and N =,/L,/L,, =1 ensures that the delicate balance between GVD

and SPM over the distance Lp = Ly;. On passing through the switch, the insertion loss (~

1 dB) reduces the optical peak power required to maintain exact N = 1 propagation,

which ensures that the pulse envelope is constant over the dispersion (or non-linear)
distance. However, N remains in the acceptable range for first order soliton

propagation (i.e. 0.5<N <1.5). The decrease in power results in a reduced N
parameter and an increase in the non-linear distance making it greater than the
dispersion distance. Consequently, the effect of SPM now has a longer influence on the
propagating pulses as the non-linear limit is increased. The propagation of the pulse

now becomes similar in many aspects to the Gaussian-soliton pulses considered in the

previous chapter where the pulses try to regain a pure N = 1 profile.

The inverse relationship between the peak power and pulse width results in the pulses
initially expanding to compensate for the power loss. This behaviour repeats itself on
subsequent amplification instances until the lower peak power boundary required for
soliton propagation is reached. At this stage the pulses contract and their average peak
power increases until an upper boundary is reached. Evidence of this cycle is borne out
in‘Figures 6.12 through 6.15, which show the evolution of the average peak power of

the pulses within the packet with increasing loop traversal number. For each of the cases
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presented DSF was used and three main scenarios have been considered: i) an ideal
switch with no ASE noise being generated by the SOA (i.e. loss-less legend), ii) a non-
ideal switch without ASE noise (i.e. no noise legend) an'd iii) a non-ideal switch with
ASE noise (i.e. noise legend). Results are presented for different pulse widths and data
rates B and the effect of pattern dependence on the cycle period is examined by
considering scenarios where both an all ’1” (All ones) and a pseudorandom (PRBS) bit
pattern sequence is employed. Note that the all ‘1’ sequence is not typical for an actual
communication scenario and is only used here to allow for easy comparison of the test

cases.

Figure 6.12 shows the average peak power versus loop number for B = 40 Gbit/s and
Trwam = 8.82 ps, where an all ‘1’ sequence is considered. As expected there is little
variation in the average peak power when the system is loss-less. The slight variations
are primarily due to the optical amplifier not exactly compensating for the inherent fibre
loss. Evidence of the oscillations described above is observed in the scenario where the
switch loss is included and ASE noise is excluded. Here the average peak oscillates with
a period of approximately 450 loops. The periodicity remains unchanged with the
inclusion of ASE noise, but results in a divergence of the average peak powers with
increasing loop number. The difference which is negligible at /, = 10, becomes 1.14,
1.52 and 2.67 mW where /, = 210, 150 and 670, respectively.

A similar trend is observed in Figure 6.13 which shows the average peak power versus
the loop number for B = 40 Gbit/s and Trymuy = 4.41 ps. Again, an all ‘1’ sequence is
considered for the cases where the system is assumed to be both ideal (i.e. loss-less) and

non-ideal (i.e. with and with out noise).
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Note that as there is little variation in the average peak power in the loss-less scenario
the trend is only presented for up to /, = 410. Moreover, as the peak power divergence
trend between the cases with and without ASE noise is repeated, only values of /, over
the same range for the case with noise are considered. This divergent trend is not
present for 7, < 50 loops, and is negligible for 50 /, < 330. Beyond this value of-/, the
divergence becomes more apparent and is ~1 mW at /, = 410 loops. In comparison with
Figure 6.12, the smaller pulse width results in the decreased periodicity of the
oscillations (~300 loops). This is expected, as the soliton period is directly proportional

to the square of the normalised FWHM pulse width (see equation 4.43).

Figure 6.14 shows the average peak power verses the loop number for B = 10 Gbit/s,
with the pulse width remaining at 4.41 ps. The loss-less case is as expected with the
average peak power remaining relatively constant over the range of loop numbers
considered. The scenario where both all ‘1’ and pseudorandom sequences are
considered is investigated for the first time. Note that ASE noise is present in both
cases. The results show that the periodicity is not bit pattern dependent when the pulses

are widely spaced.

Finally, Figure 6.15 shows the average peak power versus the loop number for B = 20
Gbit/s and Trymy = 8.82 pé. On comparison with Figure 6.12, note that average peak
powers for the all-ones loss-less cases are similar, and that the all-one (noise) and all
one (no noise) scenarios follow the similar previous divergence trends. The periodicity
could not be determined for the Figure 6.15, as the average power does not return to its
initial value over the range of /, considered. However, the undulating variation of the

average power is still observed. Moreover, nature of the undulating pattern is observed
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to be also bit-pattern dependent. This may result in situations where the BER of a given
packet may be better at longer storage times. For example, lets consider the case where
the PRBS packet is examined at /, = 250 and 400, respectively. Figure 6.15 confirms the
average peak power at 400 loops is greater than that at 250. Furthermore the noise
contributions are similar in both instances. The plot of BER versus the received power,
shown in Figure 6.16, confirms that /, = 400.provides better performance with a gain of

0.34 dB over I, = 250 at BER = 1x107.

To avoid this type of scenario, a pre-buffer amplifier is employed to compensate for the
initial switch loss. This scenario is highlighted in Figure 6.15 (‘PRBS Pre-buffer
(noise)). Here the increase in average peak power is attributed to the accumulation of
ASE noise. For comparison, the case where no pre-buffer amplifier is employed and
ASE noise accounted for within the in-loop amplifier is also considered for a PRBS
sequence (‘PRBS No Pre-buffer (noise)). Comparison with the all ones (noise) case then
- provides further evidence that the variation of average peak power with /, is bit pattern

dependent.

In the next section the introduction of in-loop filtering to reduce the ASE noise

contribution and improve the buffer performance is presented.
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6.7 Soliton Control by In-loop Filtering

In the Section 6.5, the BER performance of the buffer with respect to the loop number
was observed to be optimised once the fundamental soliton property (i.e. peak power
remained constant) was maintained over loop successive traversals. Moreover, the linear
growth of the intensity variations due to the accumulation’ of ASE was highlighted. In
this section in-loop filtering, common within loop experiments to reduce the amplifier
noise contributions [144-147] will be investigated, as a technique for further

improvement of the BER performance.

The simulation model is as given in Figure 6.10 with the exception that an optical third-
order band-pass filter has been placed after the optical amplifier the loop.

The transfer function of the filter is given as [148]:

15
15p° - (f = £.) +6p° -(f = £)? +15p-(f = [,) +15

H(p)= -exp(i27/1),

(6.11)

where p=i. 2/ fias » Where f; and f345 are the optical carrier frequency and the cut off

frequency of the filter, respectively. The simulation parameters are as listed in Tabie
6-2. Additionally, the filter cut-off frequency is set to ~20x10'! Hz, which is ﬁ.ve times
greater than the first harmonic frequency, as the solitons are transformed limited. A
bandwidth that is too narrow should be avoided as this causes significant reduction in

the power of the soliton pulses thus requiring excess optical gain. Furthermore, in
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severe cases, this results in the same type of péak power fluctuations induced by the
switch insertion loss.

Figure 6.17 shows simulation results for the BER against the réceiver power for a
buffered system with and without the optical filter. Loop numbers 10 and 100 show no
marked irﬁprovement in performance when the filter is introduced. However, there is an
~0.21dB improvement in the power penalty at BER of 10° when the loop number is

increased to 400.
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_Figure 6.17 BER against receiver power for system employing filter

6.8 Summary

In this chapter, the performance of the active RFLB was examined both theoretically
and through simulations. The effect of different fibre types with different first order

dispersion parameters was investigated and it was found that DSF fibre performed better
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than normal fibre. In addition, both the effect of the soliton amplification regime on
BER performance of the buffer and the inﬂuenpe of the Gordon-Haus timing jitter were
examined. The maximum soliton amplification period was found to be 6-loop traversals,
and the Gordon-Haus jitter was determined to be negligible over the delay times
considered. The theoretical results highlight the noise accumulation effect, which is
responsible for the degradation of BER performance on each loop circulation. This
accumulation, along with its associated spontaneous beating noise dynamics, and the
thermal and shot noises at the receiver is the main performance degrading factors. In-
loop filtering was shown to reduce the accumulation of ASE noise providing a gain of

0.21 dB over the unfiltered case at BER of 107 for I, = 400.

In the next chapter, the generic switch employed within the RFLBs thus far is replaced
with a more practical switching architecture. Moreover, the performance of the

amended buffer model is investigated.
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Chapter 7

Active RFLB Employing SMZ
Switch

7.1 Introduction

In the previous chapter, the performance characteristics of an active all-optical buffer
under varying conditions were examined when the switch and amplification elements
were taken to be generic. Since the performance inherently depends on the
characteristics of these core components, a more practical device model is developed
where the SMZ is employed to provide a gain-switching action. First, the theoretical
concepts and mathematical model of the SOA are presented in section 7.2. In the next
section, the mathematical model is then employed to optimise the SOA parameters used
in the SMZ switch. In section 7.4, novel operational modes for the SMZ switch used
within the buffering architecture are presented, and the associated theory describing
these modes is presented in section 7.5. The buffer performance is monitored using eye
diagrams to investigate the effect of these operational modes in section 7.6. Finally, fhis

chapter concludes with a summary in section 7.7.
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7.2 Semiconductor Amplifier Concepts and Numerical
Model ’

As illustrated in Figure 7.1, amplification within semiconductors is two-stage process.
First, the atoms within the valence band absorb the photonic energy contained within
the incident light. Subsequently, these energised atoms are temporarily promoted to the
conduction band in the process is known as stimulated absorption. In the second or
emission stage, the excited atoms return to the ground state releasing the stored photonic
energy as light. These emissions may either be stimulated or spontaneous, with the
difference being that the former is initiated by another incident photon, whilst the latter
occurs randomly. Both types of emissions are realised in practical devices; however, in
an ideal amplification scenario it is desirable for the stimulated emissions to be the
dominant. This is due to the stimulated emission photons having the same energy (E, =
nf) and propagation direction as that of the incident light, théreby effecting
amplification. In contrast, spontaneously emitted photons have a random propagation
direction and lack any phase relationship. Consequently, they are responsible for the

noise produced by the amplifier.

Conduction band Conduction band Conduction band
= i s N T e

Valence band Valence band Valence band
(a) (b) ©

Figure 7.1 Amplification process; (a) stimulated absorption, (b) stimulated
emission, and (c) spontaneous emission -

This amplification process is further illustrated in Figure 7.2 where the length of the

amplifier has been divided into segments. Moreover, population inversion, where the
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number of carriers in the conduction band is greater than the number of carriers in the
valence band is assumed. This is achieved by applying a bias current I5 to the device.
Observe that the incident pulse is effectively amplified within each segment and

stimulated emission is dominant.

~+v> Spontaneous emission
~~> Stimulated emission

. Segment_,

R, i Conduction band

Valence band
Figure 7.2 Amplification process within a TWA

Here the schematic is based on the travelling wave amplifier (TWA) where the facet
reflectivities R; and R, are such that G,/RIR2 <0.17[149]. For an ideal TWA,R; =R, =

0 and the incident signal only travels in the forward direction through the active
medium. Conversely, for R;> 0, R; > 0, the incident signal resonates within the amplifier
cavity. On each oscillation the gain of the signal is increased until a steady state is
reached where the stimulated emission is equal to the rate of photon loss. Due to the
inherent multi-pass gain, these so-called Fabry-Perot (FP) semiconductor laser
amplifiers (FP-SLAs) require less bias current than their TWA counterparts to provide
the same high output gain. Additionally, they require a lower carrier density to attain a
high internal gain and introduce less ASE noise due to its narrower bandwidth [97].
However, the TWAs exhibit many desirable characteristics thus making them more

appropriate for the switching functions required. Namely, they have a low sensitivity to
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signal polarisation, high tolerance to bias current and temperature fluctuations.
Moreover, their wider bandwidth capability permits amplification of narrower pulses

with reduced distortion [97].

The numerical model for such a device is based on a system of rate equations that relate
the amplifier gain to the carrier density. Moreover, the physical quantities, such as light
power, are averaged over the amplifier’s length Lsuyp. The gain per unit length or

material gain coefficient g(&) is defined as [149-154]:

_ % (N
gN)=SEW-N,), .0

where N and N, represent the carrier density and the carrier density at transparency,
respectively. dg/dN is referred to as the differential modal gain and characterises the
slope dependence of g(N). More specifically the net gain g,,(N) coefficient is defined by

[141], [155]:

gtat(N)=r'g(N)—aAMP: (7.2)

where oypp is the internal waveguide scattering loss, and I is the confinement factor,
which is defined as the ratio between the cross-sectional area of the active medium and

the transverse area of the optical waveguide. In essence, I' accounts for the fact that
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only a portion of the optical distribution travels within the active medium and therefore

experiences a gain.

Using (7.2), and assuming a constant carrier density at any given location z within the

amplifier, the total gain experienced by an the optical wave at z is then given by:
G(N,z) = ="M+ (7.3)

Consequently, the average output power P,,; over the length of the amplifier becomes,

1 LAMP

[P.GWN,z)dz. (7.4)

P, =

LAMP

Note that P, is a function of time as the input signal power P;,(f) and the carrier
density N(f) are both time-dependent. Moreover, the rate equation which defines the

N() is given by [141]:

_dﬂ_I_B__]i_r'g(N)'Pavg(N,t)'LAMp
at qv V-h-f '

(1.5)

where g, 1. and V represent the electron charge, recombination time and volume of the
active medium, respectively.
The first term on the right hand side of (7.5) represents the stimulated absorption

process, where the biased current is applied to promote carriers from the valence to the
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conduction band. Conversely, the final term denotes the decrease in the carrier density -
due to the stimulated emission and consequently represents the amplification process.
Finally, the second term denotes the decrease in the carrier density due to the
spontaneous emissions. To account for both radiative and nonradiative recomiaination

this term is rewritten as: [141], [151-152], [155]

R(N)=—]£=AN+BN2+CN3 (7.6)
T

[4

with A, B and C representing the surface and defect recombination, the radiative
recombination and the Auger recombination coefficients, respectively.‘ Both definitions
of the spontaneous recombination rate are popular within the literature, however the
latter will be employed in this work. This sacrifices a small amount of computational

power for increased flexibility and is consistent with the VPI model.

7.3 Semiconductor Amplifying Characteristics

The physical amplifier properties listed in Table 7.1 were employed in conjunction with
equations 7.1-7.6 to investigate the amplifier gain characteristics under various
operating conditions. Namely the effect of optical carrier frequency, biased current and
amplifier dimensions on the gain of the device are examined. These results will be used
asa pl‘recursor in determining the optimal parameters for amplifier employed within the

SMZ architecture.
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Table 7.1 Global SOA parameters

Parameter description

Value (units)

SOA width

SOA depth

Confinement factor
Differential gain

Transparént carrier density
Linewidth enhancement factor
Internal losses A
Recombination constant A
Recombination constant B

Recombination constant C

8x10° (m)
0.4x10°° (m)
0.15

2.78x10%° (m?)
1.4x10* (m>)
5.0

40x107 (m™)
1.43x10% (s™)
1.0x10¢ (m%?)
3.0x10™! (m’s®)

Figure 7.3 shows the plot of amplifier gain against the average incident power for three

optical carrier frequencies. Note that in this case the SOA length is 1 mm and the bias

currents are 100 and 150 mA.
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Figure 7.3 Amplifier gain against the incident power for different carrier frequency
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The results show that there is little difference in the gain characteristics over the range
of frequencies considered. However 193.1x10'2 Hz is chosen for future results as this

corresponds to the 1500 nm window range where the intrinsic fibre loss is lowest.

Figure 7.4 shows the amplifier gain against the average incident optical power for
different bias currents and amplifier lengths. The numerical legend below the figure
indicates the SOA length for the given simulation scenario. The results show that for a
given fixed SOA length, increasing the bias current generally results in a greater initial
gain. Moreover, for a fixed bias current, an increase in the device length affects both the

gain saturation and roll-off dynamics.
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The challenge to the buffer designer in using this device in the switching architecture is
to employ the appropriate dynamics such that firstly, there is a large gain for the pulses
that are to be switched. Secondly, the roll-off is relatively steep. Thirdly, the incident
power, and by extension the average input energy, required to drive the device into an
absorption mode is feasible and finally, that the device parameters are indeed not
impractical. The curve labelled ‘9’ showed the most promise with regard to meeting

these criteria.
7.4 Model of RFLB Employing SMZ Switch

Previous investigations carried out in this work on soliton propagation, all optical
switches and RFLBs have produced results that the buffer designer may use to optimise
the BER'performance for a given delay storage time. In this section, the design
considerations are amalgamated and the best specifications to produce what is

considered to be the optimal buffer architecture are chose.

This revised architecture presented in Figure 7.5, employs a dispersion shifted fibre loop
and accounts for the new switching mechanism. Note that in this case, packets entering
via the path connecting ports A and B, circulate around the loop for a delay time, Tio,p =
nL/c, before exiting via path ‘AC’. Accordingly, unbuffered packets travel along the

path connecting ports A and C.

136



Fibre loop
&
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— C Out

Figufe 7.5 Revised block diagram of RFLB

Figure 7.6 shows the detailed configuration of the SMZ switch as it relates to the
buffering architecture. A length of fibre L connects output port B of the switch back to
the input port A. An inherent advantage of this switching architecture is that the
switching speed and the symmetric property of the switch window profile is not
dependent on the carrier dynamics of the semiconductor amplifier (SOA) [67], [156-
157]. Additionally this device has the capability to vary the amount of data bits (packet
length) that can be switched (i.e. switching window A¢), without physical éhanges to the
device, by simply controlling the relative delay between the control pulses in the two

arms of the device.
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CP1

Data

CpP2

Figure 7.6 Symmetric Mach-Zehnder (SMZ) switch

Switching packets of different sizes in other non-linear switching devices such as the
terahertz optical asymmetric multiplexer (TOAD), where the size of switching window
depends on the spatial location of the non-linear device would present quite a challenge.
As illustrated in Figure 7.6, packets entering the SMZ at port ‘A’ travel along the upper
(UA) and lower arms (LA) after being split by the 50/50 coupler c;. The first control
pulse CP1 arrives at the semiconductor optical amplifier (SOA1) ahead of the packet
thereby inducing saturation. This results in a relative phase change'in the pulse(s) that
immediately follow CP1. Concurrently, the data packet travelling along LA emerges
from SOA2 with a different amplitude profile. On recombining at the coupler c4 the
induced relative phase and amplitude changes cause the data to be transmitted to port B.
In the absence of control pulses, the packet exits via port C, thus this condition is used
to clear the loop and for unbuffered pulse operation. The delayed control pulse CP2

effectively serves as a switch-off mechanism closing the switching window, avoiding

138



the reliance on the relatively slow recovery times of the SOAs. This operation enables
the SMZ to demultiplex at data rates in the sub-picosecond range [158]. Not shown in
Figure 7.6 are the orthogonally polarised contrél pulses, which are removed using
polarisation splitters located before c4 in eéch of the device’s arms. Switching packets
however introduces another complexity whereby much wider switching windows need
to be produced. Multiple control pﬁlses can be employed to ‘extend the width of the
switching window profile but maintaining the required relative n-phase shift becomes

very challenging.

To overcome this problem, a novel approach has been adopted where the control pulses
CP1 are used to reduce the gain of the data pulses (/packet) in the UA that are to be
switched. Concurrently, the gain-enhanced pulses along LA emerge from SOA2. The
delayed CP2 pulses trailing the packet along LA once again act to close the switching
window. In essence on recombining at the 50/50 coupler the UA packet will have little
contribution, where as the LA packet is transmitted at ports B and C (at half the
intensity). Such an operation where the packet is unperturbed, as it propagated is
particularly desirable in broadcast networks where a copy of the packet is required at
each node. More importantly, there is no bottleneck introduced by O/E and E/O
conversions. Note that in the buffering scenério, the output from port B is attenuated
just before it is reinserted to the system via port A. This is necessary because of the

gain switching nature of the SMZ switch.
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7.5 Analysis for Buffering

The approach adopted here builds on the work done by Eiselt [68] and Agrawal [11].
Assuming ultra-short pulses such that Ty << 7, it can be shown that the device’s

gain characteristic is given by [11], [150], [159]:

G,

Gt) = >
Go—(Go—l)-exp(%] -0

sat

where Gy, E;(f) and Ej, denotes small signal gain, the time variant energy of the input

pulse and the saturation energy of the amplifier, respectively.

Moreover, the momentary gain during the recovery stage is given by [68]:

G(t expl(tya—1)/7.]
G() =G, [—(G—QJ , fort2 foa, (7.8)
0

where £, denotes the time at which saturation occurred. Note that the derivations of

(7.7) and (7.8) can be found in Appendix D.

To account for the Afy,-spaced control pulses, and the dual operation modes of the

device, the generalised form of the above equations become:
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( G,
R

sat

for (m—1)-(t, + A1) St <m-(t, +At,) - At,,

G, (1) =1

Gt.) xpl(tyu=1)/ ]
LGO [G—ot} form-(t, +At,)—At, <t<m-(t, +At,)

(1.9)

where the gain due to the control pulse saturation is denoted as G,(f). Additionally, m,
and ¢, represent the control pulse number and its temporal duration, respectively. Note

that in (7.9) ¢, ~m-(¢, +At,)— At for narrow, high intensity control pulses.

Moreover, for closely spaced pulses (Af,, ~= 0), the gain of the device does not recover.

The phase change associated with the changing gain profile between the arbitrary times

t; and ¢, is given by [68]:

A9() =<p(t2)—<p(t,)=—%-1n[%} @1

where v, is the line enhancement factor of the device.

For the upper arm of the device, the output power is then defined as:

PLl,) =P, ()Gl (). (7.11)
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Conversely, the output power within the lower arm depends on the time-lag A7 between
the control pulses in the upper- and lower arms and is defined as:
R (t,)-G,'(,) t, <At

PH(1,)=1R4(1,)-GX(t, +Af)  t,>At (joint mode)

Pin(t,) GE(t, + A1) (t, +t,g) St, St (independent mode)

packet total

(7.12)

With #,. and #,.a representing the initial guard band time and the total switching time

inducing the pre- and post guard band times, respectively.

Given that P;,(f) represents the power profile on the incident pulses then the power

coupled into UA and LA by C, are defined by the transmission matrix defined by:
PY(¢ 1-8, -9, P (t
*M() =l .7 ! ( Ul (7.13)
B (@) - SCf 1- SCf 0 v

Similarly, Py, (f) and P,f;f (¥) may be inferred from (7.13) as shown below.

Pl,Ll,:(t) — l—Scf —Scfj.( 0 J
(Pz‘,’& (t)J ( -9, 1-9,) (B¥@) (7.14)
E,l;:(t) _ 1_95]' _Scf ) IDZLA(t)
[sz{L (t)] - ( -3, 1-90J [ 0 ) (7.15)
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where the coupling factor, 94 is bounded by 0 <8< 1.

The final output power at B and C of coupler c4 depends on the relative gain and phase
of the incident pulses within the upper and lower arms. Thus, using the coupling

transmission matrix, Pp(f) and Pc(f) may be expressed as:
Pyt 1-9, P”" t
B() = of out() (7.16)
PC (t) - 8‘-'f 1- S oul (t)

Equation (7.16) may then be expanded using (7.13) — (7.15) to yield:

Pt =(1-9, ) B,(0-G¥t)-9,, -(1-9, ) B, (®)-GH (1) (7.17a)

P)=(-9,) -8, B0 GH®-9,-(-9,)-B,()-GL(®)  (7.17h)

Furthermore, to highlight role of the dynamic gain-induced phase shift of the amplified
pulse profile, it is instructive to express the pulse power and power gain as the complex
electric field intensity and electric field gain equivalents. Consequently, equations

7.17(a) and 7.17(b) become:

(-9,)-6%w+9,-(-9,)-G= @)

P,(t)=P,(t):
—2- -8, ) 9,7 - G¥(©) GE (1) - coslp () ~ 0, ()]

(7.18a)
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(1—90,)2-,94.G“(t)+'9 2.(1-9,)-G¥ @)
PC(’)—_— in(t)° 7
-2-1-9,) -9, G5 065 - coslpus (1)~ 0, (0)]

(7.18b)

where cos(Ag) is related to the gain ratio and line enhancement factor as shown in
(7.10). The device is defined as balanced when G (t) G 5 (#) as there are equal

contributions at the switched output for the upper and lower arms of the device. In this

2,in

work 9.7= 0.5, resulting in |PU" (t)l = |F;f,ﬁ (t)l and a relative phase difference of /2 rad.

Consequently, the final derived equations that describes the switched output are:

IAOE —;-P () |G2 () + GE (1) =2+ G2 (1) GE (1) - coslp,, () - O @19

P(0)= %Pm (0)-|G5' O+ G5! (1)~ 2+/G5' () G (1) - coslo,, () - 9y, (t)]] (7.19b)

The numerical model derived above was simulated using the parameters listed in Table
7.1 along with the optimised parameters determined in the previous section, and the
output for the key stages of the switching function catalogued in Figures 7.7 through .

7.12.

Figure 7.7 shows the power profile Py, (f) of the all-one pulse train incident to the SMZ
switch. The peak power of each pulse, the associated FWHM pulse width and data rate
are 1 pW, 4 ps and 40 Gbit/s, respectively. The control pulses injected to both arms of
the switch, see Figure 7.8, have peak power of 5 W and have the same FWHM pulse
width and data rate as the signal, resulting in an average control pulse energy of ~23 pJ.
The 0.1 ns offset between the start of the control pulses in each arm effectively

determines that four out of the 512 bits are to be switched at the output of the device.
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Figures 7.9 and 7.10 show the power and phase profiles after SOA1 (P2 (¢)) and SOA2

out

P (#)), respectively. Firstly, observe that the power depletion in each arm coincides
out p .

with the onset of the control pulses. Secondly, note the inherent phase difference of 90°
between each arm (directly observable at the peak phase values), is a result of the
coupling action. Lastly, observe that the power and relative phase in both arms and are
identical until the onset of the control pulses. Furthermore, the 0.1 ns delay in the lower
arm results in an equivalent phase change delay. These key factors are responsible for
the switched output observed at port B (Figure. 7.11) and port C (Figure. 7.12),
respectively. More specifically, there is no information present at port B prior to the
control pulses, as the phase relationship dictates that everything is reflected to the output
port C. Furthermore the output at port C is doubled as is inferred by the ﬁrst two terms
in (7.19). The switched output at port B occurs in the time window between the control
pulses. Observe that the same pulses are also present at port C with similar peak
intensities as the 50:50 couplers split the switched data. Finally observe that the sum of
the peak intensities for the 4-bit switched window target at both ports B and C is only
30 mW, Which is half of the reflected output. This is due to the third term within the
square brackets of equation(s) 7.19. In the next section, crosstalk at the closing end of

the switching window will be investigated.
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7.6 Simulated Buffer Characteristics

The system model illustrated in Figures.7.5 and 7.6 was simulated using the VPI Virtual
Photonics™ software package. The major system parameters used for the simulation are
listed in Table 7.2. Using these parameter settings the time taken for one loop traversal

(i.e. unit delay) is 100 ns.

Table 7.2 Simulation parameters for the recirculating buffer employing a SMZ switch

Parameter Value SOA'Parameters Value
Fibre length 20m Injection current 0.15A
Fibre dispersion 0.7846x10° sm?  SOA Length 500.0x10° m
Non-linear index 3.2x10° m*W!  Active area | 3.2x10™"° m?
Fibre core area 50.0x10™"2 m? Confinement factor 0.15
Data pulse duration (FWHM) 4x10™"% s Differential gain 2.78x10% m?
Control pulse duration (FWHM)  4x10™%s Transparent carrier density 1.4x10%m>
Control pulse Peak power 5W Linewidth enhancement factor 5.0
Data pulse peak power le-6 W Recombination const A 1.43x10%s™

- Couple factor 0.5 Recombination const B 1.0e-16 m’s™
Bit Rate 40x10° bit/s Recombination const C 3.0e-41 m’™

Iniitially, two simulation scenarios investigating switching properties of the SMZ were
undertaken. First, a single laser source was used to generate a train of control pulses. A
Y-splitter was then employed to produce the CP1 -and CP2 pulses. Secondly, two
separate laser sources were employed to produce the control pulse trains. The operating
conditions of the first and second scenarios will ndw be referred to as the joint- and

independent- source modes, respectively. Note that in both cases, a train of ‘1’ bits
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logically representing a series of closely spaced N-bit (N = 2,3.,...) packets (see Figure.
7.7) was initially input to the switch.

Figure 7.13 shows a 4-bit data packet switched to port B using the joint mode operation.
Observe that the first bit of the packet is slightly attenuated with respect to the other bits
within the packet. This is due to the slight gain and phase difference experienced at the
edge of the switching window due to the misalignment between the control and data
pulses. Subsequent realignment of the packet within the switching window prevents this
from acquiring a cumulative effect on recirculating around the buffer and highlights an
important point regarding synchronisation. Also observed in Figure 7.13 is a ‘delayed’
crosstalk contribution, which is due to the tail of the CP2 control pulses extending-
beyond that of the CP1 control pulses, creating different gain and phase components at

coupler c4.
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Figure 7.13 Output at SMZ port B employing the joint operation mode
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The eye diagram inset in Figure 7.13 shows the effect of crosstalk on the eye opening.
Here the peak crosstalk contribution is 3.1 pW. Increasing the number of control pulses
from the single source only serves to delay the occurrence of the crosstalk. Moreover,
the crosstalk grows rapidly wifh increasing the packet size, and on every loop
circulation. Eventually, power levels may increase to a level that damages the integrity
of the fibre. The continual crosstalk growth results in a decreased signal-to-crosstalk
ratio and is illustrated in Figure 7.14 where the normalised signal-to-crosstalk energy

ratio X4 is plotted as a function of loop number, where X, is defined as:

1

1 packet 1 L
X =——- [P®dt | ————. [P@)dt, ,
o =~ [P@) /(t,w—t [P@) (7.20)

packet 0 packet 7 4,10

where the optical power, packet duration and temporal switching window width are

denoted by P(¥), tpackerand s, TESpECtively.
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Figure 7.14 Normalised crosstalk energy ratio against the loop number (joint mode)

For loop number greater than 2, the signal-to-crosstalk ratio decreases rapidly. This is

due to the rapid growth of the crosstalk within the switching window.

This mode of operation would be acceptable for switching/demultiplexing single bits
from an ultra-high bit rate stream. However, in the context of a buffer, where the
number of bits to be switched is greatly increased, this mode of operation is less
desirable. Moreover it is only advised if the time span occupied by the intended
buffered bits (i.e. excluding the delayed crosstalk) is to be considered, or if the intended

buffer storage time (i.e. loop circulations) is small.

A better solution, as illustrated in Figure 7.15, encapsulates the data packet within the

control pulses while ensuring that the control pulses in both arms terminate
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concurrently. This method attempts to synchronise the carrier density recovery of each

SOA so as to obtain a square-switching window.

<« A—3
SV ViVIV.V.Y S
Data >
/\ Encapsulated
CP2 >

Time

Figure 7.15 Waveform diagram showing packet encapsulation

Figure 7.16 shows a 16-bit data packet switched to port B using the joint mode
operation. The peak powers of the pulses serve to indicate that the profile of the
switching window is relatively square. The eye diagram inset in Figure 7.16 shows that
the peak crosstalk contribution has been dramatically reduced to a value of <0.2 pW.

An investigation of the normalised X.; under this operational mode reveals that
crosstalk outside the temporal packet boundary is reduced on each loop circulation. This
is highlighted in Figure 7.17 where multiple loop traversals of a 16-bit packet is

considered.
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Figure 7.18 shows the output from the buffer after storing the 16-bit packet for 10 loop
traversals (1 ps). Although the switching window profile is not completely square,
simulation evidence suggests that the peak-amplitude of the constituent data pulses can

be made equal by extending the switching windows and aligning the buffered packet

accordingly.
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Figure 7.18 Buffer output after 10 loop circulations

7.7 Summary

In this chapter, a novel operation of the symmetric Mach-Zehnder switching
architecture that does not rely on achieving a n-phase change to effect switching has

been presented. The application of such a switch has wide implications especially in the
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optical broadcast networks. This architecture was employed to develop an all-optical
fibre loop buffer suitable for use in optical time division multiplexed networks.
Simulation results showed the successful implementation of the buffer and highlighted
the far-reaching benefits of buffers employing this switching technique especially as it
relates to buffering packets of varying length. In addition, it is shown that the
architecture can be configured in such a way to effectively reduce the inter-packet

crosstalk at the edges of the switching window profile.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

The primary objective of this work was to model and analyse an all-optical recirculating
fibre loop buffer, which was suitable for use within high-speed all-optical networks.
Such networks would remove the inherent bottlenecks associated with first- and second-
generation optical networks. The literature review in Chapter 2 highlighted history of

this t.ransition and also discussed the technological advances that precipitated the
transition to the third-generation optical networks in existence today. More specifically,
the development of WDM and OTDM technologies and their associated implementation
challenges were discussed. Although most of the research to date has concentrated on
the WDM technologies, it is believed that OTDM networks are excellent candidates for
meeting the bandwidth demands of future ultra-fast networks. Therefore this work has
focused on the development of a buffering architecture that is suitable for OTDM

communications systems.

The crucial components required to develop a basic buffering architecture include a
switching mechanism and a loop of optical fibre. As the performance of the buffer
critically relies on the characteristics of these components, they were the subject of

chapters 3 and 4, respectively.

157



In Chapter 3, many optical switching device candidates were presented including
several interferometric configurations. The important evaluation criteria were switching
time, repetition rate, control pulse energy (where applicable) and practicality. The
restriction on switching times and repetition rates automatically excluded MEMS,
bubble, liquid crystal and electro-holographic switches from consideration, as they are
better suited to TONs. From the review, it may be concluded that the best switching
architectures are the TOAD and the SMZ, as they have similar noise figure
characteristics, exhibit low control energy requirements (0.25 pJ) and are highly
integratable. In addition, both architectures have fast switching times (< 1ps) and high
repetition rates (100+ GHz). The operation principle of the TOAD and the SMZ is
based on the non-linear properties of the SOA. However, in the former, the temporal
duration of the switching window is determined by the asymmetrical offset of the SOA
from the centre of the loop, whereas it is determined by the temporal duration between
the two control pulses in the latter. As the size of the switching window is coupled to
physical implementation of the TOAD switch, it becomes unsuitable for the cases where
variable sized packété are employed by the optical network. Consequently, the SMZ
switch is used within the buffering architecture in this work to provide added flexibility.
The TOAD switch is better suited for routers within the network where the sizes of the

packets are more likely to be static.

In Chapter 4, the equation governing the propagation of light waves within optical fibre
was presented. As the exact solution to this equation is difficult to determine in the
presence of the fibre loss and higher order non-linear terms, a numerical algorithm
called the beam propagation method was introduced to enable the computational

simulation of (data) pulses within SMF. In particular, soliton (data) pulses were
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modelled to highlight their inherent properties. Namely, the collision between soliton
pulses is elastic, and the profile of fundamental solitons doinot change over the
propagation distance making them ideal for data transmission in high-speed optical
networks. However, there are limits placed on the maximum bits rates and peak powers
as the integrity of the information critically relies on the relative phase and distance
between adjacent soliton pulses. If the pulses are too closely, spaced then inter-soliton
forces caused them to oscillate about their centre position. This has implications that can

lead to an increased BER at the receiver in a communications system.

In Chapter 5, the key components of the RFLB were combined to model a passive
version of the device using the MATLAB sofiware package. Inmitially, the BER
performance was investigated using both soliton and Gaussian-soliton wave profiles
under the assumption that the switching architecture was assumed ideal. The simulation
results showed that the performances of both pulses were similar. However, it should be
noted that the initial contraction of the Gaussian-soliton pulse might have implications
in decreasing the effects of crosstalk caused by neighbouring pulses. The theoretical
equation developed to analyse the BER performance of the passive RFLB was one of
the original contributions of this work. Relaxing the assumptions about the switch
* highlighted the need to employ a mechanism to compensate for both the intrinsic ﬁbre
and switch insertion losses in order to maintain the peak powers required for soliton
propagation. This was the primary focus in Chapter 6, where an optical amplifier was
introduced into the fibre loop. The VPI transmission software package was employed to
model the active RFLB. This powerful package uses a graphical user interface, which
makes design of complex architectures easy to implement, and is a well known and

respected tool used by engineers within the optical communications industry.
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Simulation results confirmed that the active RFLB was capable of providing longer
storage times than the passive version. However, the performance was limited by the
accumulation of the ASE noise and the timing jitter due to the amplification element.
Moreover, these simulation results were found to match those predicted by the
mathematical model, which was developed to determine the BER performance over

several loop traversals. This work was another original contribution of this thesis.

Evidence of the importance of the pre-buffer amplifier in minimising the intensity
fluctuations caused by the switch was also presented in Chapter 6. Simulation results
showed that the absence of the pre-buffer amplifier resulted soliton breathing.
Moreover, the associated peak power (/intensity) fluctuations are bit rate and bit pattern
dependent. This has strong implication for optimising the RFLB design to achieve the
best BER performance. Further optimisation of the BER performance was achieved by
using an optical band-pass filter to reduce the accumulation rate of ASE noise.
Simulation results showed that for low loop traversal numbers (<100) there is no
marked improvement in performance, however there ‘is a performance gain of ~0.21 dB

at BER of 10® when the loop traversal number is 400.

A more comprehensive implementation of the RFLB detailing the SMZ switching
architecture was presented in Chapter 7. As the operation of the SMZ critically relies
on the non-linearity produced by the SOA, a mathematical model for this device was
first presented. This model was then used to optimise the physical parameters of the

SOA device for use in the SMZ architecture.
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The numerical model developed to describe the novel approach employed to effect
switching removed the reliance of a relative n-phase change and has wide implications
especially in the optical broadcast networks. This new approach was based on the joint-
and independent modes of operation. Simulation results showéd that the latter mode is
more effective at reducing inter-packet crosstalk. Furthermore, when employed within
the RFLB the quantity of inter-packet crosstalk is observed to decrease with increasing

loop traversals.

In summary, this thesis has presented the design, analysis, and simulation results of
recirculating fibre loop buffers suitable for use in OTDM networks. The primary
objective of this study was to investigate the potential and limitations of such buffers
within high-speed lightwave systems. The storage times (i.e. loop traversals), noise and

crosstalk characteristics of the buffer have been addressed.

8.2 Further work

In this section, the remaining outstanding issues and potential improvements that are

believed to be interesting and deserve future investigation are presented.

In this study, either normal step index fibre or dispersion-shifted fibre has been
employed to form the buffer loop. Future work however may extend to other fibre types,
such as dispersion decreasing fibre and highly non-linear fibre to investigate their effect

of the buffer performance. Moreover, a combination of the fibre types with different
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contributing lengths may also be explored with a view to minimise the effects of

chromatic dispersion.

The inclusion of a 3R optical regeneration unit within the RFLB architecture to avoid
the pulse distortion, which is inevitable in RFLBs, presents another interesting area of
study. The aim would be to improve BER performance and to extend the storage tifne
by reducing the inherent dispersion effects caused by the fibre and the ASE noise
accumulation caused by the in-loop optical amplification, which ultimately result in the
destruction of the pulses. Careful design of the buffer could yield an architecture in
which optical regeneration is avoided on each successive traversal of the buffered data
around the loop. As optical regeneration is unnecessary at every loop traversél instance
when relatively short fibre loops (500m) are used, it would be appropriate to investigate
an optimal regeneration period. This would be the maximum number of times the packet
can traverse the loop between regeneration instances before regeneration adversely

affects the BER performance.

Exténding the basic recirculating buffer architecture to include several ports, where each
port is essentially a 2x2 switch would result in a multi-buffer architecture. This structure
would be analogous to a traffic roundabout or ring network where incident packets can
exit at different ports. Such architectures would be able to exhibit both buffering and
routing capabilities. However, a detailed study would be required to determine silch
things as the packet header format and the necessary algorithm(s) required for effective
packet control. Computer simulations could then be employed to investigate the

scalability and crosstalk limitations of such a buffer design.
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This thesis investigated the performance characteristics of the passive and active RFLB
architectures. However, the performance of these (unit) buffers is yet to be investigated
in the context of an aetual optical network scenario. Performance criteria such ae
crosstalk, noise accumulation and the associated timing jitter, packet loss, scalability

and BER would give further insights into the practicality of RFLBs.

Another avenue of exploration is packet reordering or priority buffering within optical
networks. Suggestions for two network candidate typeé are the point-to-point distributed
networks (e.g. Manhattan Street Network) and broadcasts networks (e.g. Hierarchical
Local Area Network (HLAN)). The logical topologies of MSNs and HLANs are
suitable test candidates as they are relatively simple to simulate and are readily suitable
for different buffering schemes. Such alternative buffering strategies may inelude input-
, output- and shared buffering where RFLBs are employed as the unit buffer-type.
Results from such a study would highlight where, and under which schemes RFLBs are
best deployed. This work will require the development of routing and scheduling
algorithms that are best suited for the network topology, buffer architecture and

buffering scheme employed.

Moreover, schemes which utilise combinations of optical buffering, wavelength
conversion, store-and-forward and deflection routing, may be used to extend the
RFLB’s applicability to WDM networks. An area for future study would be to
investigate which schemes offer low implementation complexity, low packet loss ratio,
low packet delay and high network throughput, depending on the requirements of
several network topologies. In this investigation consideration should be given to
different traffic dynamics, (i.e. uniform, normal, bursty, etc) as this may inﬂuence the

performance of the schemes under consideration [160;161].

163



An alternative RFLB design consisting of a 3-port circulator and two (tuneable) fibre
Bragg gratings (FBG) all interconnected with optical fibre may provide a buffer with
increased flexibility. Conceptually, the first port of the circulator would provide for
input (/output) to (/from) the buffer, whereas the remaining ports are connected to fibre
pigtails with FBGs at each end, effectively forming an optical mirror. That is, pulses
entering the buffer would continually be reflected between the FBGs until they are
allowed to exit via the circulator. The advantages of such a design would be that the
FBGs provide better scalability in the WDM domain‘.than the original RFLB proposed
in this thesis. Moreover, the FBGs would reduce the amount of ASE noise when optical
amplifiers are introduced to the architecture. Extending the basic FBG-based
recirculating buffer architecture to form a multi-buffer architecture would also be

deserving of further investigation.

It was not a requirement of this work to implement all-optical buffer architecture in
hardware. However, it is recommended that future research work should undertake a
hardware design and implementation so that measurements can be taken for comparison
with the simulated and theoretical contributions of this thesis. For systeins using the
same parameters, these comparisons are expected to agree closely. The added
advantage(s) of a hardware implementation would be the ability to easily investigate the

physical effects, such as temperature, on the system BER performance.

The future solution to the optical buffering problem must avoid complex control

mechanisms and large processing overheads. The ideal candidate solution must also be
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highly scalable with respect to the buffer storage capacity and storage time. In the
absence of the optical equivalent to random access memory, recirculating buffers are
currently the best candidates to meet this need although they require complex control
algorithms. A novél technique that manages to Slow down light thereby effecting a
delay, may yet revolutionalise optical buffer techniques [162]. The author ultimately
believes that further study in the optical buffering should exploit these revelations to

produce the next generation of optical buffers.
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