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This thesis examines options for high capacity all optical networks. Specifically optical
time division multiplexed (OTDM) networks based on electro-optic modulators are
investigated experimentally, whilst comparisons with alternative approaches are carried
out. It is intended that the thesis will form the basis of comparison between optical time
division multiplexed networks and the more mature approach of wavelength division
multiplexed networks.

Following an introduction to optical networking concepts, the required component
technologies are discussed. In particular various optical pulse sources are described with
the demanding restrictions of optical multiplexing in mind. This is followed by a
discussion of the construction of multiplexers and demultiplexers, including favoured
techniques for high speed clock recovery. Theoretical treatments of the performance of
Mach Zehnder and electroabsorption modulators support the design criteria that are
established for the construction of simple optical time division multiplexed systems.
Having established appropriate end terminals for an optical network, the thesis examines
transmission issues associated with high speed RZ data signals. Propagation of RZ signals
over both installed (standard fibre) and newly commissioned fibre routes are considered
in turn. In the case of standard fibre systems, the use of dispersion compensation is
summarised, and the application of mid span spectral inversion experimentally
investigated. For green field sites, soliton like propagation of high speed data signals is
demonstrated. In this case the particular restrictions of high speed soliton systems are
discussed and experimentally investigated, namely the increasing impact of timing jitter
and the downward pressure on repeater spacings due to the constraint of the average
soliton model. These issues are each addressed through investigations of active soliton
control for OTDM systems and through investigations of novel fibre types respectively.
Finally the particularly remarkable networking potential of optical time division
multiplexed systems is established, and infinite node cascadability using soliton control is
demonstrated. A final comparison of the various technologies for optical multiplexing is
presented in the conclusions, where the relative merits of the technologies for optical
networking emerges as the key differentiator between technologies.
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Chapter | Introduction

1. Introduction

1.1 Optical Communications'?ss221.2

It is well known that the telecommunications industry has experienced a remarkably
constant increase in the demand for capacity, with little evidence of saturation. This
increase has been driven by two factors, enhancements to the available
telecommunications services, from telegraphy, through voice to data transfer (including
internet and video conferencing) and by an increased user base for each service.
Fortunately continuous technological innovations have enabled the capacity of
communications networks to keep pace with this demand. These innovations include
coaxial cable, digital transmission, optical fibre, single mode optical fibre and optical
amplification, each new technology enhancing a particular aspect of state of the art
systems. Along the way, several promising technological advances were implemented,
and later abandoned. These solutions include graded index optical fibre and coherent
transmission systems. Toady's state of the art transmission networks operate with
electronic switching systems, interconnected by optical transmission lines, where fibre
loss is often overcome by optical amplification, up to a maximum capacity of 10 Gbit/s.
Attention is now focused world-wide on the application and deployment of optical
multiplexing systems to further increase the available transmission capacity, towards the
maximum transmission capacity of optical fibre. Indeed towards the end of this study,
widespread deployment of commercial wavelength division multiplexed (WDM)
systems within North America has commenced, with up to sixteen 2.5 Gbit/s electronic
switch pairs interconnected via a single fibre pair using a product supplied by Ciena
Inc. However, despite continual technological revolution in transmission technologies,
the basic approach to signal switching has remained more or less constant since the
onset of digital switches. That is, whilst the actual signal structure has been
continuously defined, redefined and optimised, the core of the switch remains a large
array of digital electronic switches. These switches are designed to route a large number
of low capacity circuits (typically in the range of 2 - 155 Mbit/s).

1.2 General Optical Multiplexing Concepts

Two main approaches have been taken to enhance the capacity (or data throughput) of
an optical transmission system'. For a wavelength division multiplexing (WDM)
system many signals of a conventional format are simultaneously launched into a single
optical fibre, and distinguished by virtue of a unique, predetermined, wavelength.
Optical time division multiplexing (OTDM) recodes each of the data signals into a
format comprising short optical pulses, which may be interleaved in time. The
appropriate time slot is then used to identify each data signal. These concepts are
illustrated in Figure 1-1 below. In the case of WDM, each incoming data sequence is
used to modulate the output of a wavelength selected DFB. The signals are combined
passively and routed along a single fibre. At the far terminal, wavelength selective
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much lower capacity is required o be "dropped” and the majority ol the traffic simply
bypasses the intermediate nodes. This network may be [urther enhanced by re-using the
dropped wavelengths to transmit signals from the intermediate nodes, forming a simple
"drop and insert" network*?*.

Figure 1-2 Simple WDM bus network with channels dropped at intermediate nodes.

To understand the traflic {flow through such a network, it is necessary to consider a
multi-layer model for the network, as shown, for example, in Figure 1-3. In this figure
different network technologies are considered as independent, but interconnected
networks. Each technology is represented by a unique layer and offers functionality
(including transmission and switching) to other layers. Traffic is thus routed {rom
customer premises through a concentrator (for example, an ATM router) from whence it
1s passed into the SDH transport layer. Complex connectivity exists within this layer,
with SDH switches at various nodes interconnected via established regenerative links.
However, where a large degree of connectivity is required along a particular route, the
physical transport should occur in an "optical layer" using cithcr WDM or OTDM
technology. In this case, traffic may be further concentrated within the SDH layer itself,
using the existing transport infrastructure, before long haul transmission within the
optical layer. The scale of this optical layer 18 of course minimised by the use of drop
and insert, such that separate optically multiplexed systems are not required (o
interconnect several nodes along a single fibre route. Similarly, traffic flowing through
the optical layer may, if appropriate, by reconfigured by utlising the switching
functionality of the SDH or ATM layers.

Optical Layer

SDH Layer

ATM Layer

Fioure 1-3 Multi-layer Model of an advanced telecommunications network, illustrating transport
connectivity in both optical and SDH lavers.

(e}
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Using Figure 1-2 and Figure 1-3, the traffic flow may be envisioned for all required
traffic patterns, with signals flowing between and across both physical transport layers.
Note that in this system, individual channels arc routed through the optical layer and
dynamic switching (reconfiguration) is only carried out in the SDH layer. It is
anticipated that this basic approach will allow several significant benefits to be readily
exploited, not least the immediate cost savings pertaining to reduced line plant.
However, with simple modifications to the optical layer, allowing a small degree of
dynamic reconfiguration, additional benefits of network [lexibility and enhanced
reliability may be obtained.

4 channel systems
I tibre
2 tibre
N § o -

OXC Dimension
small

]éli‘g.’\‘

Figure 1-4 [llustration of network optinusation using an optical layer comprising four channel WDM
svstems based on BT's current network, showing allowed node locations and duct routes (lefi), and
optimised WDM system and switch locations (right), from [3].

Recent detailed studies by Ewart Lowe and Paul Botham® have demonstrated the real
cost savings anticipated for a WDM network using realistic nctwork constraints and
traffic patterns. This study modelled optical layer comprising optical amplifiers, 16 x 16
optical switches for reconfigurability, 4 channel WDM systems and an SDH layer
comprising 2.5 Gbit/s SDH line systems and cross connects. This model is based on
uniform growth of statistical traffic flows from current Mega Stream Private Circuits, in
contrast to previous studies based on uniform traffic densities. It was shown that for a
meagre 5 fold increase in traffic levels, a 30 % cost saving results from the
implementation of the optical layer, despite the additional overhead of optical switch
provision. A 50 % cost saving is anticipated for a 20 fold mcrease in traffic levels.
Increased savings are anticipated for higher levels of oputical multiplexing (eg 16

wavelength WDM systems).

Clearly care must be taken in the interpretation and generalisation of these results. They
firmly establish however, the advantages of the coarse routing concept, which allows
SDH switches to be bypassed for sufficiently high traffic densities. This general
principle is clearly technology independent, and would be obtained for WDM, OTDM
or even electrical TDM implementations. The specific cost savings would be determined
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The transmission of high capacity OTDM systems on standard fibre is discussed in
chapter 4.

1.3.2 Optical Networking

With optical multiplexing now firmly established as the natural choice for increased
transmission capacity, much attention has been focused on optical networking, as
described in section 1.2. A wealth of architectural detail has been produced, purporting
the benefits of various configurations of optical nodes. Large co-ordinated programs
within the ACTS and ARPA frameworks are now exploring the networking
technologies required to allow flexibility, survivability and reconfigurability of future
optical networks®. In the case of a WDM network node, the majority of proposals are
based on large NxN space switches. A particular example from the RACE project
MWTN is shown in Figure 1-7, where each fibre is terminated with an optical
amplifier, before the entire multiplex is separated into individual spatial channels'®. This
is followed by a loss equalised space switch, allowing full reconfiguration prior to a re-
multiplexing of the channels and onward transmission via a second bank of optical

amplifiers.
. Loss Equalisation
and/or
wavelength conversion

WDM Demux L WDM Mu)(

>

i

\'A

Otput Amplifiers

'\/ \ ]
Input Amplifiers m

24x24
Space Switch

Local Transmitters[ Local Receivers

Figure 1-7 Schematic diagram of a typical WDM network node (after MWTN).

This "full demultiplex - space switch” technique may of course be applied to OTDM
systems, or even hybrid WDM/OTDM systems''. The switch architecture is prone
however to crosstalk due to imperfect switching and large intra node losses reduce the
overall network scalability considerably. The network scalability restrictions due to
signal to noise ratio degradations for a 3 fibre, 4 wavelength full cross connect system
have been theoretically demonstrated by Zhou and O'Mahony, and are summarised in

: 12
Figure 1-8'°.
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Figure 1-8 Theoretical limitation of WDM node cascadability [from 12].

The theoretical predictions of Figure 1-8 have been recently verified (towards the end of
this study) in 8 and 10 node WDM network demonstrations'>!*, and overall switch
throughputs of 320 Gbit/s have been demonstrated'*. Simultaneously, large scale WDM
network demonstrations have been carried out utilising opto-electronic regeneration at
each node'®. Unfortunately, this approach does appear to remove the fundamental
benefit of optical networking, being the avoidance of costly opto-electronic interfaces.
Indeed such systems may easily replace the optical space switch with the more mature
electronic equivalent, reverting the role of optical multiplexing to point to point
linkages. A considerable simplification is of course achieved for non reconfigurable
drop and insert type architectures, based on, for example fibre grating technology'”.

Such fixed D&I networks are now approaching commercial availability.

1.4 Overview of Thesis

As we have seen, optical multiplexing techniques, both in the time domain (OTDM) and
the wavelength domain (WDM) offer many advantages to future telecommunications
networks designers. In addition to the obvious increase in point to point capacity'®'?,
optical multiplexing provides many additional interesting features. Capacity upgrades
may be installed simply by adding extra channels (time slots or wavelengths) without
the development of additional electronics. Similarly drop and insert (D&I) functionality
may be implemented all optically, allowing a full circuit switched network to be
deployed without returning to the electrical domain with its consequent restrictions' "2,
The overall aim of this thesis is to perform a detailed evaluation of one of these
multiplexing options (OTDM) both in terms of signal generation, transmission and
potential for optical networking. Particular investigations into standard fibre
transmission, fundamentally digital transmission technologies and optical networking
are completed. The approach adopted is largely one of experimental demonstration of
concepts, with a brief theoretical analysis where appropriate used to verify system
performance, and produce typical design optimisation rules. The results presented in
this thesis are restricted to OTDM applications of electro-optic modulators and fibre ring
lasers. Consequently, given the maturity of electro-optic modulators, many of the
concepts described in this thesis could be rapidly brought to market.

We shall consider initially the components required to construct a simple OTDM
system, namely pulse sources, modulator arrays, clock recovery circuits and
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demultiplexers. Whilst a single common specification may be defined for each function,
many different implementations exist, each with its own unique features and
advantages. In particular, the development of appropriate pulse sources is crucial for all
OTDM systems, and whilst high quality transform limited pulses may be required for
soliton transmission, considerably poorer quality pulses may often be used to drive all
optical switches. Timing synchronisation is also an important issue, and accuracy is
required on a picosecond time scale. Electronic and optical clock recovery means will be
discussed in detail, as well as the practical issues involved in the deployment of clock
recovery circuits in OTDM systems. Subsequently, the transmission of OTDM signals
will be considered using a variety of standard and advanced fibre types, prior to a
demonstration of the networking potential of OTDM.

A degree of familiarity with standard optical communications systems is assumed
throughout the thesis. However, Chapter 2 reviews general background material
required to understand the remainder of the thesis, and is deliberately restricted to
particular essential aspects. The general properties of optical fibres, and conventional
single channel communications systems are discussed, including optical amplification
and Kerr type non-linearities. References are provided to suitable text book material for
further background information. The necessary adaptations to extend standard theories
are discussed during an illustration of the effect of crosstalk in an OTDM system.

In Chapter 3 the construction of an OTDM transmitter is discussed, beginning with
detailed investigations into various pulse source options, and brief descriptions of
existing pulse sources used throughout these investigations. In particular the following
investigations are described in some detail;

« Jitter suppressed gain switched DFB lasers

* Mode locked fibre ring lasers

* Electro-absorption modulators

* Non-linear pulse compression

The chapter is completed by details of the actual OTDM multiplexers employed in this
thesis, and an alternative transmitter construction based on beat frequency conversion
sources.

Chapter 4 applies the same approach to an OTDM receiver, discussing initially the
problems of synchronisation and clock extraction. A favoured option of electronic
phase locked loops is presented, along with a summary of alternative schemes. Work
carried out on optical clock recovery is also discussed at this point. Following this, the
construction of OTDM demultiplexer from electro-optic modulators is discussed.
Having discussed the development of OTDM transmitters and receivers, we shall
consider the transmission of OTDM signals in Chapter S. Transmission over standard
fibre is essential for the near term deployment of OTDM where exploitation of the
existing fibre plant will be an essential pre requisite for any new network architectures.
In this chapter we shall review the available techniques before discussing the application
of mid span spectral inversion to 40 Gbit/s OTDM systems. Allowing for longer term
developments, and the migration of OTDM technologies to new networks allows the
use of non standard transmission fibre, and the transmission of OTDM data signals
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using dispersion shifted fibre with and without active soliton control will be discussed.
Next, the use of novel transmission fibre designs is considered, where the aim is to
alleviate some of the problems encountered for high bit rates (> 20 Gbit/s) and allow the
eventual deployment of soliton control in ultra high capacity systems. Finally, the
alternative of truly digital optical transmission using all optical regenerators is described
with a demonstration of the worlds highest capacity regenerator.
In Chapter 6, and perhaps most importantly, the remarkable networking potential of
OTDM is illustrated via two experiments employing electro-optic modulators. In
particular, the chapter illustrates that by combining the effects of soliton control and
optical switching, an infinitely cascadable global OTDM network is feasible.
Furthermore, particularly simple reconfigurable architectures are proposed without the
use of optical space switches.
Finally, in Chapter 7, the material presented in this thesis is summarised, and used as
the basis for a brief comparison with the alternative technologies. The thesis is closed
with two visions of future communications networks, the first representing the logical
evolution of traditional networks. The second represents a revolutionary future
communication network which, as this thesis is completed, is beginning to receive
widespread attention.
The main contributions of this thesis to the field of optical time division multiplexing are
summarised below;
Pulse Sources
* Lowest reported duty cycle obtained from an electroabsorption modulator
without non-linear compression (6.3 %)'*'?.
* Worlds first generation of a modulated train of solitons using a single
electroabsorption modulator without high speed electrical signal processing.
* Worlds first demonstration of low jitter beat frequency conversion source'”.
* Worlds first modulation and error ratio characterisation of a beat frequency
conversion source™®.
Clock Recovery
* Continued demonstration of electronic phase locked loop clock recovery for

OTDM systems, including addition of harmonic mixer to simplify circuit and
allow flexible upgradability beyond 100 Gbit/s'®.

Signal Processing
» Demonstration of 80 Gbit/s OTDM system with electroabsorption
modulators'?.
* Proposal for simultaneous channel drop and photo-detection using an

electroabsorption modulator.

OTDM Transmission
« Worlds first demonstration mid span spectral inversion at 40 Gbit/s'*.
« Worlds first pseudo linear transmission of 40 Gbit/s data in a single
polarisation over distances in excess of 1,000 km*".
« Worlds first demonstration of 40 Gbit/s soliton transmission over distances in

excess of 2,000 km without soliton control or dispersion management®"”.
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* Worlds first demonstration of global scale transmission at 20 Gbit/s using
active soliton contro]?$2%,
* Highest repetition rate error ratio measurement over a long distributed erbium
amplifier, with exceptionally low signal power excursion™?,
* Worlds first demonstration of periodically amplified transmission over loss
compensating dispersion decreasing fibres™,
* Worlds first error ratio measurements of truly all optical regeneration®°.
* Demonstration, using all optical regenerator, of the highest reported repetition
rate regenerator using any technology?".
* Proposal for self synchronising all optical regenerator.
OTDM Networks
* Worlds first demonstration of 40 Gbit/s three node OTDM network %
* Demonstration of the feasibility of a truly global scale OTDM network, with
almost infinitely cascadable network nodes®.
Furthermore, this thesis represents the most comprehensive review of 40 Gbit/s OTDM
technology presented to date, and forms an excellent base for comparison with
electronic and wavelength multiplexing systems.

11



Chapter 2 Theory

2. Theory of Optical Communications

In this chapter, we will review the basic properties of standard optical communications
systems, the fundamental principles of optical multiplexing and the required component
subsystems. We shall begin by considering a simple single channel point to point
communications link. This will entail describing in outline the fundamental properties of
the transmission medium which limit the ultimate performance. This discussion will be
extended to the fundamental properties of optical solitons, a particularly stable solution
the equations governing the propagation of light along a transmission link. Finally we
shall describe the additional system impairments of OTDM systems

2.1 Properties of Transmission Links

2.1.1 Optical Receivers

In a traditional communication system, signal processing is carried out electronically,
and consequently any transmission link should comprised opto-electronic interfaces.
The performance of these interfaces is well understood, and will not be described in
detail*'. It is important however to note that any practical optical receiver will introduce
thermal noise into a communications link. This results in a minimum receiver power
below which error free detection of the incoming optical data signal is not possible.
This minimum power is typically characterised by the receiver sensitivity, which
defines the received light level for which an error ratio of 10? is achieved®. In high
speed systems however (> 5 Gbit/s) it is usual associate an optical amplifier with each
opto-electronic receiver, boosting the signal power and allowing error free operation for
considerably reduced signal powers (at the input to the optical amplifier). The
improvement in the effective sensitivity of a correctly designed combination is limited
by the noise added by the optical amplifier® as discussed in Section 2.1.3. In this
thesis, the terms receiver sensitivity and pre-amplified receiver sensitivity refer to the
received light levels at the input to a photodiode and the input to the first optical
amplifier within an OTDM node respectively.

2.1.2 Optical Fibre

Perhaps the most significant recent development in communications networks was the
optical fibre waveguide, proposed in 1966 by Kao and Hockham™ and first produced
by Corning Glass Works in 1970. This development allowed the construction of the
first optical communications systems in 1977, and today the media has almost
completely replaced copper based coaxial transmission lines for trunk and international
networks world-wide. The properties of the transmission medium dictate the
performance of any given link within a communications network, defining parameters
such as carrier frequency (traditionally referred to in terms of wavelength in the case of
optical fibre based systems), repeater spacing and maximum line rate before limits
imposed by practical terminal equipment are even considered. In this section, we shall
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review some of the more important properties of single mode fibre, namely; attenuation,
dispersion, birefringence and non-linearity. By the nature of the maturity of this
technology, a certain amount of rigorous detail, found in many texts*2*?, will be
omitted.

2.1.2.1 Approach

The propagation of an optical signal is governed by the wave equation®’

{V2+f;8~

T |E=0 Equation 2-1
750 J_ quation

where E represents the electric field vector, ¢ the velocity of light and € the dielectric
constant of the medium. For a cylindrically symmetric waveguide, the boundary
conditions reduce the equation to a single spatial dimension (z) and a set of allowed
guided modes with associated propagation constants. For pulse propagation, solutions
to the wave equation for guided modes are usually represented as optical waves in the
slowly varying envelope condition®. That is, that the light intensity varies slowly with
respect to the optical carrier. In this approximation (which is valid for pulses longer
than =200 fs) we look for solutions of the form

u(t,z)e @ Equation 2-2

where u represents the pulse envelope (related to the optical intensity by I = lul?/ A
where A, is the effective area of the fibre), w, the carrier frequency and B the
propagation constant at that frequency.

2.1.2.2 Attenuation

In a high quality optical fibre optical signals are attenuated (reduced in power) by;
electronic absorption, phonon absorption, impurities, Raleigh scatter and bending

losses.
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Figure 2-1 ; Attenuation of single mode fibre.

These features lead to the fibre loss exhibiting a strong wavelength dependence as
shown in Figure 2-1. Note the occurrence of low loss windows around 1300 and 1500
nm. Denoting the signal power as P and the total fibre loss per unit length as o, then the
evolution of signal power with distance (z) is governed by the equation.

13
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dP
_d; =—Qz Equation 2-3
or in terms of the slowly varying envelope approximation,
du o .
= — —Ez Equation 2-4

For the two lowest loss windows of interest (Figure 2-1) typically o = 0.046 km™ at
1550 nm and 0.073 km™ at 1300 nm. Simple calculations based on these figures may
be used to determine the impact of fibre loss for a simple point to point link. For
example for a system with a minimum detectable power of -42 dBm and a launch power
of 10 mW, a system could accommodate 52 dB of loss, giving maximum transmission
spans of 260 km @ 1550 nm and 157 km @ 1300 nm. Clearly from the point of view
of signal loss, operation in the 1550 nm window is preferred.

2.1.2.3 Dispersion

The two major causes of error in a simple, communication system are power loss and
signal distortion. Different wavelengths travel at different speeds within an optical fibre,
due to the wavelength dependence of the material refractive index and the effects of the
waveguide itself. Since an optical pulse has a finite spectral bandwidth, different parts
of the pulse will travel at different velocities, leading to dispersive pulse broadening.
This is interpreted as the frequency dependence of the mode propagation constant of
Equation 2-2%. Several important relationships may be derived from this constant.
These include the phase velocity, v, = /B (the velocity at which a constant phase front
would move through the material), the group velocity vg:(dB/du))" (the velocity at
which a pulse envelope moves through the material) and the related quantity, the group
delay (t, = 1/v,) used to directly calculate the time of flight of a pulse. To simplify the
theoretical treatment®®, it is normal to consider the Taylor series expansion of the
propagation constant about the carrier frequency.

B (w- ooo)2
2

_ on(w)

B(w) =B, + B (0-0w,)+ +...  Equation 2-5
Where @ represents the instantaneous angular frequency and prime represents
differentiation with respect to angular frequency. To mathematicians pulse spreading is
governed by the second and higher derivatives of the propagation constant with respect
to frequency (d*p/dw’ = B’’). Communications engineers on the other hand consider
the derivatives of the group delay (t,) with respect to wavelength. These quantities are
interrelated to each other and fundamental parameters by

1\drt A\d*n 2mc .
D=|-|—2=-~|—=-"5-5" Equation 2-6
(z) dA (c)(w el 1

where D is the dispersion coefficient and z is the fibre length. The wavelength at which
the derivative of the propagation constant (or the dispersion coefficient) is zero is
referred to as the zero dispersion wavelength, A,. At this wavelength, higher order

14
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dispersive terms such as third order dispersion, d'f/do’ = B’ dominate the pulse
propagation. This is related to the dispersion coelficient, and its slope dD/dA, by :

A )(21,) d])) :
V= — | Y—+— Equation 2-7
d (zm A da !
Using this notation, pulse propagation is governed by;
ou i l
—=—pu—-=p"i+=p"u+... Equation 2-8
Cr= BBt —p g

where the first term represents group delay, the second the dispersion and the, third
higher order dispersion. The relationship between these various terms is shown in
Figure 2-2, where the group delay and dispersion coclficients (D and 7) arc shown for
a dispersion shifted fibre with 1550 nm dispersion zero and a constant dispersion slope
of 0.075 ps/mm*km. Note that two signals whose centie wavelengths are equally
spaced (in wavelength) around the zero dispersion point experience the same group
delay. Such signals with equal propagation velocitics arc said to be velocity matched.

2.5F
\ Group delay Ty (ps/kn)
2 % /
P //

E51.5t

g &)

=3 % 1k \ Dispersion D (ps/nm/kim)
5 ot

1560
Wavelegnth (nm)

Dispersion 3 (pgz/km)

Figure 2-2 Illustration of the relationship between ¢roup delay, its dispersion and the dispersioi in the
propagation constant.

For a gaussian input pulse, neglecting higher order dispersion terms, it can be shown

that the output pulse is also gaussian, but with an increased pulse width, given by;

3—] e P Equation 2-9

T, ) \[r./1.665]

where T, represents the output pulse widths (measured at full width at half maximum,
or FWHM) and T, the input FWHM pulsc width. If such broadening is allowed to
become excessive, then the tails of the pulse begin to impinge on the adjacent time slot
and cventually the detected signal will be degraded by intersymbol interference (ISI).
This initially causes a reduction in the receiver sensitivity without introducing errors (a
sensitivity penalty), but eventually producing irrctrievable errors, and an crror rate

floor.
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2.1.2.4 Birefringence

Single mode optical fibre, now used exclusively throughout core networks world-wide,
in actual fact supports two distinct modes, differentiated by the polarisation of the
signal. In an ideal fibre, these two modes are degenerate and indistinguishable.
However, the exact fibre geometry has a profound influence on the group delay
characteristics. Consequently, applied stress, or intrinsic ovality (as a result of a
practical manufacturing process) leads to an orientation specific geometry and
consequently a polarisation dependence of the group delay, known as birefringence.
Conventionally, the propagation along one axis is faster than the other, and the two
orthogonal states are known as the fast and slow axis. For short lengths of fibre, the
differential group delay between the two orthogonal modes, At may be expressed in
terms of the difference between the geometric terms of the propagation constant, B B,
as;
A .
AT =AB.L— Equation 2-10
2mc

Where AB=B -B, However, for a signal launched at an angle to these specific
polarisation’s, by delaying the two modes relative to each other, the birefringence will
cause the linear polarisation state to evolve into an elliptical state (circular if launched at
45°), eventually returning to its original linear state. The length scale over which this
occurs is known as the beat length, representing the period over which any arbitrary
polarisation will return to its original state. The beat length L, is given by ;

27

= — Equation 2-11
b AB q

Unfortunately, for long lengths of fibre, the orientation of the geometric disturbance
varies randomly, and the net differential group delay between the fastest and slowest
polarisation states will not increase linearly with distance. The picture is further
complicated by polarisation scattering, causing power to be transferred between the
local fast and slow axis (known as mode coupling). It has been observed however?
that such a fibre behaves very similarly to a short length of birefringent fibre, with the
fast and slow axes are replaced by two principle states (not necessarily of orthogonal
launch polarisation’s) of maximum and minimum group delay. Under these conditions
it is perhaps more appropriate to consider the accumulation of differential delay as a
random walk process, whereby the mean group delay is statistically likely to increase
with the square root of distance. Under these conditions, a typical value of mean
differential group delay (D,) would be around 0.03 ps/\/km for fibres on shipping
drums, whilst the same fibre when cabled may under certain circumstances give an
increased value of up to 0.3 ps/\/km. In a similar way to chromatic dispersion,
polarisation mode dispersion (PMD) gives rise to pulse broadening, eventually leading
to ISL
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2.1.2.5 Non-linearity

The fourth cause of signal distortion in an optical fibre arises from the non-linear
response of the medium. Two types of non-linearity exist, involving the interaction of
the incident radiation with bound electrons (Kerr effect) and phonons (Scattering)
respectively. Whilst traditionally of negligible importance, non-linear effects are of
increasing significance as the overall fibre lengths are increased through the use of
optical amplification and launch powers are increased to maintain an adequate signal to
noise ratio at higher capacities.

For a general optical signal, the electronic non-linearity is normally accounted for in the
solution of Equation 2-1 by allowing a polynomial relationship between the polarisation
vector P and the applied field E, given in tensor notation as®¢;

P = go[xfj’)EJ +yUEE, +xsz§EjEkE‘,] Equation 2-12

i

The various terms of the electric susceptibly, and the fibre properties they govern, are
detailed in Table 2-1.

component | tensor rank | typical value for | real part determines imaginary part
(#elements) | fibre (1.5um) determines
general Effects due to phase | Amplitude effects
x matrix (9) 0.89 refractive index (n) | attenuation (o)
? third (27) 0
x® fourth (81) | 6 10" I m™" | non-linear refractive | non-linear loss
index (n,) (0ly)

Table 2-1 : Properties of the electric susceptibility tensors.

Note that in a perfect centro symmetric media, such as a fibre, all 27 elements of ¥ are
zero (for an appropriate co-ordinate system), and thus the dominant non-linearity in
silica based optical fibres is due to . Geometric constraints also simplify this forth
rank tensor, and when appropriate axes are chosen to we find that a simple relationship
exists between the non zero components®’;
3) _ .3
Koo = X
Koy = X = Xome = X 13 Equation 2-13
x,ye{l,2,3},x#y

It is more common however to utilise a related parameter, the Kerr coefficient or non-
linear refractive index n,, defined such that ;

n=n, + nzl
35 Equation 2-14

n, =
2 2
de n.c

A typical value of the Kerr coefficient is 3.2 10”° m*W™. Following the approach of
Bquation 2-2, a further related coefficient is the coefficient of non-linearity y (with a




Chapter 2 Theory

typical value of 2.6 Wkm™), giving rise to the equation of motion for a single optical

. 24
carrier™;
78 iuf
— =1y[yu
az :
3 Equation 2-15
_on,  3ox"

- 2 2
CAy Ay An

It should be noted that the refractive index change is purcly real, and so only phase
changes may be induced by the electronic non-lincarity described here and the total
optical power is conserved. The total phase change, ¢y, induced by a signal on itself
1s directly proportional to the integral of the signal power with length;

1
Dspir =Y LP dz Equation 2-16

This particular manifestation of the electronic non-linearity is often referred to as self
phase modulation (SPM). When two co-polarised signals interact, the non-lincar phasc
change, Oy, On one due to the other (cross phase modulation, XPM) is given by:

o = 27’_[“1“ P(Z)(Z/A\{g )dz Equation 2-17

where PP(1) represents the power of the second signal in a frame of refcrence moving
with the first. This is illustrated in Figure 2-3, where the cffects of imperfect velocity
matching are examined by varying the relative group delays (At,). Cross phase
modulation may be exploited in the construction of optical switches, where the temporal
profile of the phase change profile determines the temporal properties of the switch.

3N
A O ps/han
2nt \
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g v !
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\ \ ws/km
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Figure 2-3 Theoretical phase change due 1o cross phase modulation as a function of inverse group
velocity. Calculation assumes 50 mW mean power for a 10 GHz stream of 10 ps pulses propagating
along a 10 km fibre. Effects of dispersive pulse broadening and loss have been neglected for simplicity.

Other particular manifestations of the electronic non-linearity include four wave mixing
(FWM) and modulation instability (MI), which will not be discussed in this thesis.
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2.1.3 Optical Amplifiers

The maximum transmission distance of an optical communications system was
historically limited by simple fibre attenuation coupled with a finite receiver sensitivity
(or minimum received power), and a transmission system would comprise many
independent optical fibre spans. With the advent of optical amplifiers®®, this simple
constraint is lifted, and many fibre spans may be traversed before signal regeneration is
required. However, whilst advantageously removing power budget limitations, optical
amplifiers have allowed the impairments of each fibre span (eg dispersion) to
accumulate along an essentially analogue transmission link. Furthermore, optical noise
is added to the system by the amplifiers. In this section the accumulation of optical
noise for a generic optical amplifier is described.

The noise added to the transmission line by an individual optical amplifier is a function
of the amplifier gain, the component losses (WDM couplers and optical isolators) and
the amplifier noise figure, and arises from the spontaneous emission process within the
amplifier. The total noise power (or spontaneous emission power) in a single
polarisation state P, for a gain G and an optical bandwidth Af,,, for a single amplifier
is given by,

ase

P = nsp(G— l)hVAfopt Equation 2-18

where h is Plank constant, v the optical frequency and ng, the population inversion
parameter. In close analogy with electrical amplifiers, it is useful to describe the system
performance in terms of the amplifier noise figure NF (usually quoted in dB). For an
optical amplifier this is directly related to the population inversion n, by ;

NF =10log,, 2n,, Equation 2-19

In a system with optical amplifiers, the electrically detected signal will comprise noise
sources from the receiver thermal noise and the signal shot noise (which in the absence
of optical noise determines the receiver sensitivity) plus shot noise from the
spontaneous emission, beat noise between the signal and spontaneous emission and
beat noise between the various spectral components of the spontaneous emission
spectrum. Clearly, for the beat noise terms, only the spectral components of the beat

noise within the electrical bandwidth of the receiver (Av, ) are of concern. For most

elect

practical systems, a narrow-band optical filter (of bandwidth Av_) is usually placed

opt
prior to the receiver, making the contributions of spontaneous shot noise and
spontaneous beat noise negligible, whilst a sufficiently high gain amplifier will cause
the remaining optical amplifier induced noise terms to dominate over the receiver
thermal noise®. Consequently the system performance can usually be specified by
considering only signal shot noise and signal spontaneous beat noise terms. In this case

the electrical signal to noise ratio is given by’’;

P,
SNR sig Equation 2-20

elect — A
2hvAf,,, + 4P, Jeer

electt spon A f
opt
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Thus, in order to calculate the performance of a simple transmission line, it is sufficient
to calculate the signal and amplified spontaneous emission powers P, and P_
respectively. This is complicated slightly by the practical realisation of an optical
amplifier, where component losses on the amplifier input (c;,) and the amplifier output
(c,,) demand a higher intrinsic gain (G, ) than the actual required amplifier gain (G). In
this case, the amplifier spontaneous emission from a single amplifier is given by ;

P = Cmunxp(G' - I)hVAf

spon int opt

or Equation 2-21

P_\,pm, = {C—i— n, }(G —C,C,.)h vAfﬂm
By comparison with Equation 2-18, if the amplifier we considered to be a “black box”,
its apparent noise figure would be, for large gains, governed by the term in square
brackets. We may thus deduce that the major effect of the component losses is to
increase the apparent noise figure of the amplifier by the input coupling loss. This
therefore favours the location of extraneous components, such as isolators and filters,
on the amplifier output.

It remains to calculate the evolution of the signal and spontaneous emission along an
arbitrary transmission link comprising fibre lengths of loss L,, amplifiers with gains G,.

N
P, (out) = Psig(m)[] GL,

1 N N
P.s‘pnn = l:;— n.\'p Jh VAf;)pl Z {(GI - Cincoul )H G] LJ}
[ { J=t

n

Equation 2-22

For the case of a chain of N similar amplifiers exactly overcoming the fibre loss
between them, this becomes quite simply;

P. (out)= P, (in)

sig Sig

Pr[mn = |:ﬁ n\'p }h VAf;)pl (G - Cin Cnut )
S ¢ s

in

Equation 2-23

From these equations we can calculate the minimum signal power in order to obtain a
given error rate, given the known relationship between error rate and signal to noise
ratio.

2.2 Optical Pulse Transmission

2.2.1 Propagation Equation

In the above discussion, it was noted that each fibre property could be described in
terms of an equation of motion, with a solution in the form of Equation 2-2. It is useful
however, to consider the fibre as a whole, rather than the individual properties
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independently. It is possible to show, that the equation of motion of an optical fibre,
taking into account loss, dispersion and Kerr type non-linearities is given by>**;

all 94 . ) i [
—=——u+iyiw u—-Bu——B"i+—-B"i Equation 2-24
> . Y] - B 2ﬁ li 6;3 i quation

Solutions to this equation are generally complicated, and the application to a specific
communications system normally requires the use of numerical techniques. However,
certain simplifying assumptions are often made. In particular, if a frame of reference
moving with the pulse is chosen (by making the transformation t = t - z/v,), second
and higher order dispersion is neglected and the action of optical amplifiers is assumed
to make the fibre loss-less (without the addition of noise, generally added later as a
small perturbation) then we have the non-linear Schrédinger equation. o

o, .

5 ylul”u— SR Equation 2-25
Again, this equation may be solved numerically to predict the performance of any given
system, allowing approximate limits on transmission performance to be derived®'.
However, in certain special cases, Equation 2-25 may be solved exactly. A solution of
particular interest are the optical soliton, a pulse of specific spectral and temporal
profile that propagates with no change in shape. Physically, in soliton transmission the
phase changes induced by dispersion and non-linearity are balanced exactly, preventing
any distortion in the pulse shape. The propagation of an optical soliton without
distortion makes this solution particular attractive, and will be discussed in more detail
in 2.2.2. This solution is a stable solution, by which it is meant that if a small
perturbation is made to the pulse, it will tend to reform into a soliton.

2.2.2 Optical Solitons

Due to its importance to optical communications, we shall end this discussion on the
properties of the transmission link by examining the propagation of optical solitons.
The precise solutions to the Schrodinger equation may be obtained directly by inverse
scattering transforms*?, however, with hindsight, substitution of known solutions is
generally sufficient to derive the properties of any given soliton. The optical soliton was
first theoretically demonstrated in 1973*, and observed experimentally in 1980%.
Solitons are proposed as a technique for allowing ultra high speed long haul optical
communications via an exact balance of dispersion and non-linearity, however, solitons
also exist as solutions to many physical phenomena; for example in fluid mechanics,
river bores and tsunamis are soliton solutions to the relevant equations. We shall of
course restrict ourselves to the optical soliton, and its use in optical communications.
The field amplitude of a fundamental soliton is, in general, described by a hyperbolic
secant of the form

u(t,2)| = A.Sech(%j Equation 2-26
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where T represents the sech width of the pulse and A its amplitude. In order for
Equation 2-26 to represent a solution to the Schrédinger equation, we must insist on
certain relationships between the parameters in this equation. In particular, the
amplitude (A) or peak power (P ), sech width (1) or pulse FWHM (T = 1.762757)
and propagation constant () or fibre dispersion (D) should be related by

3
_ 0.7664°DA,,

sol

ﬂzcnz”riw Equation 2-27
Higher order solitons have complex pulse shapes, which evolve with propagation
along a fibre. However, the pulse shape repeats periodically, and the length scale on
which this repetition occurs is known as the “soliton period”. This pulse shape
evolution is of course accompanied by a periodic phase variation, which is also present
in the fundamental soliton (which propagates without changes in shape), and the
concept of soliton period remains valid. For a fundamental soliton, the soliton period
(L,,) is given by

_ 0.3227%c1y,
ol /lzD

and is clearly inversely related to the soliton power, as shown below.

Equation 2-28

L,P

sol* sol

A A .
= 0.246—— Equation 2-29
n,

The properties of these optical solitons were first investigated at a wavelength of
1.55um™ and later at 1.3um™. Today interest is mainly focused on the utilisation of
dispersion shifted fibres at 1.55 pum for low pulse energy, high capacity, long haul
systems. Recently however, investigations of solitons on standard fibre have promised
valuable upgradability routes for the installed fibre base®®” .

2.2.3 Ideal soliton communication systems

More detailed treatments of the fundamental properties of optical solitons are readily
available in the literature, and will not be reproduced here’**®. Instead, we turn to the
practical implications of optical communications systems. A typical launched pulse
train, comprising fundamental solitons, would be ;

t—nT) ;
P(z‘)-_—P‘MZAnSech( Tn )e""

2

Equation 2-30

where An represents the data sequence, taking value 1 for a logical “I” and zero for a
logical “0”, ¢, the relative phase of the n'th pulse and T the pulse spacing. One
significant difference between the propagation of an ideal soliton pulse train and the
modulated pulse stream is that the modulated train is not a simple solution of Equation
2-26. In fact, it may be shown’” that neighbouring pulses my be more readily described
in terms of interaction forces that decrease exponentially with separation, and vary
sinusoidally with phase. This interaction force will cause a pair of solitons to change
their relative positions, and gives rise to a pattern dependent arrival time jitter.
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Neglecting the relative phase, we may physically understand this interaction in terms of
the non-linearity by considering that the presence of the exponentially decaying pulse
tail from one pulse changes the refractive index experienced by the second, and hence
results in a change in velocity. Incorporating the pulse phase merely reflects the
dependence of the non-linearity on the total intensity, governed by the addition of the
two optical fields either constructively or destructively. Taking this effect into account
allows for both attractive (constructive interference) and repulsive (destructive
interference) forces between solitons. This effect has also been studied by perturbation
theory*®, numerically*"** and experimentally’. A significant result of these
investigations is that pulses initially in phase will periodically collapse and separate with
a period given by;

27{[’\7}[ :
: Equation 2-31
1 .76.T)

2.7,y

collision ™

4Sech(

Since an optical communication system will contain random data (the sequence An will
be uncorrelated) interaction forces must simply be avoided by spacing the pulses
sufficiently to ensure that the resultant jitter is minimised. Rather than perform exact
jitter calculations however, it is usually sufficient to impose the condition that the pulse
spacing (T) is large enough to ensure that the collapse period is at least four times the
system length.

2.2.4 Practical soliton transmission.

Fibre attenuation implies that an ideal soliton only exists at most at a single point in the
fibre, where the amplitude generates the appropriate non-linear chirp to balance the
dispersive chirp. However, it was shown that a fundamental soliton will be recovered at
the fibre output provided the launch power is within 50% of the ideal launch power
(P, for the launched pulse width in a loss-less fibre****

P (1+A)?, the resultant soliton is of the form

. For a launched power of

P(t)=P

sol

(1+2A) Sechz(‘—m—-J Equation 2-32
Ty (1+2A)

that is, the peak power is increased, and the pulse width reduced due to the
compression of the pulse. It was proposed*® that if a pulse is launched with an initial
amplitude up to 50% greater than the soliton power (for a loss-less fibre), then soliton
transmission will be possible in a cascade of real fibres and optical amplifiers, provided
the power never falls below 50% of the required soliton power. The technique is
known as preemphasis, or dynamic soliton control, since. Preemphasis sets a limit on
the amplifier spacing for soliton transmission by virtue of the large, but finite soliton
dynamic range.

A more physically appealing property of periodically amplified solitons arises from the
viewpoint of the Average Soliton Model*” or the Guiding Centre Soliton**. It was been
shown by analysis that a soliton arises from a balance between non-linear phase shift
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and dispersion over the length scale of the soliton period (Equation 2-28). Thus,
provided ANY perturbation to parameters governing the soliton propagation occurs
periodically, with a length scale substantially less than the soliton period, then the
soliton will behave according to the average value of the parameter. This was initially
demonstrated by the author for large periodic changes in both dispersion and signal
power*””". Here the non-linear phase shift was accumulated in a 67 km length of
normally dispersive (non soliton supporting) fibre, and the average dispersion was
determined by a 4.5 km length of standard fibre. Remarkable agreement between
analytical theory, numerical modelling and experimental results were achieved for this
experiment. Subsequently, many soliton transmission experiments’’ have employed
exactly this technique to fine tune the balance between dispersion and non-linearity.
More recently, this technique of dispersion management within the soliton period has
been proposed for use with installed dispersion shifted fibres, where a large spread in

fibre dispersion zeroes exists®>°.
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Figure 2-4 Illustration of the limitations on soliton system design. This example; 5 Gbit/s
transmission over 10,000 km fibre with 0.5 ps/nm/km dispersion, 5.2 dB noise figure amplifiers with
input and output coupling efficiencies of 0.2 and 1.7 dB and a fibre loss coefficient of 0.23 dB/km.
So for stable soliton transmission, we must ensure that any periodic disturbances to the
transmission path occur with a length scale shorter than the soliton period by, say, a
factor of 6, and set the soliton power according to the average value of these
parameters. If this condition is not maintained, then energy is lost from the solitons in
the form of dispersive wave radiation and eventually results in unacceptable error
ratio's. For mild violations of this rule phase matching between the dispersive wave
components generated from each span result in resonance's within the spectrum of the
soliton. It has been shown that the frequencies of these resonance's is given

(empirically) by’

1+ 8ni Equation 2-33

rep

With three major constraints on the system (low pulse width to avoid interactions, high

launch powers for good signal to noise and short repeater spacings to allow average

solitons) we may begin to construct a Soliton Design Diagram®>, as shown in Figure
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2-4. The shaded region of this diagram indicates the allowed values of the pulse width
and repeater spacings to simultaneously satisfy all three criteria for a given bit rate and
system configuration (see figure for details).

Gordon and Haus considered the interaction of solitons with spontaneous emission
theoretically in some detail, with the basic premise that certain noise modes are added to
the soliton which then reforms into a slightly different soliton on subsequent
propagation’’. Amplifier noise may be added to both the amplitude or phase (frequency)
of the soliton. In the case of amplitude noise, the soliton peak power is modified, and
provided the soliton remains within its dynamic range, a new soliton reforms with
slightly different energy. Upon detection however, this process is indistinguishable
from the simple linear addition of noise (section 2.1.3), provided other non-linear
effects (such as the soliton self frequency shift®) may be neglected.

The case of phase noise, often neglected for linear transmission systems, does however
have a significant effect for a soliton system. Noise added by optical amplification shifts
the mean central frequency of the pulse, and a new soliton forms around this new
central frequency upon subsequent propagation. The frequency change, coupled with
chromatic dispersion along the remainder of the (potentially dispersion managed)
transmission link, results in a change in the pulse arrival time. The random nature of
this effect thus imposes a random arrival time (or timing jitter) for the pulses, known as
Gordon Haus jitter. The magnitude of this jitter for a system of uniform dispersion is
given by ;

he, (G —1)1—e DL
<At2>: "2 C‘”“( int )( Te ) o Equation 2-34
9Aeﬁ"aLzep l’;;/

where L is the overall system length, and L the repeater spacing. Pulses arriving

re
outside the appropriate time slot (determined by :he effective bandwidth of the receiver)
will be erroneously detected and this gives rise to the well known maximum bit rate
distance product limit for soliton systems. For an error rate better than 10” an rms. jitter
levels less than 1 sixth of the detection window (conventionally taken as half of the bit
period for an ideal receiver) are required. The growth of the rms. jitter has been studied
directly’® by monitoring the inferred pulse width from the RE spectrum of soliton
pulses, which appears to narrow as the jitter accumulates. Direct measurements of this
RF spectrum as a function of system length thus provide an excellent diagnostic tool for
a soliton system. Similarly many soliton transmission experiments have verified this

limit.
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Figure 2-5 Soliton design diagram showing capacity limits for 2,000 km transmission with a mean
dispersion of 0.15 ps/nm/km and a repeater spacing of 33 km. All other parameters as Figure 2-4.
Further sources of timing jitter in a soliton system include pulse to pulse wavelength
jitter of the source™, the soliton self frequency shift®® (coupled with amplitude noise),
interaction with fibre birefringence®’ and the acousto-optic effect®®>. The latter is
particularly significant for high speed OTDM systems and arises from an interaction
between the optical signal and vibrational modes within the transmission medium. The
passage of a signal pulse through the fibre can lead to an electrostrictional excitation of
acoustic (sound) waves, which propagate radially out of the fibre. Upon reflection from
physical boundaries in the fibre, this acoustic wave modifies the refractive index of the

fibre core, resulting in a temporal jitter given by
DL}

<At2>:1.9-10‘3’T“"“'(1—1.18-109T) Equation 2-35
Fibre birefringence is of course problematic for both linear and soliton systems and can
effect the stability of a soliton itself®’. It has been shown that, provided the non-linear
effects are sufficiently strong, a soliton is stable in a birefringent fibre. This condition
translates to a simple inequality between the fibre dispersion and the birefringence of the
fibre (Equation 2-36). Provided this inequality is maintained, the only effect of the

birefringence is to introduce timing jitter®";

Dp(px/\/H) < 0'3‘“ D(;)x/nm/km)

(G~ 1)1 =€ Je,n, i DXL T, Equation 2-36

out 3p BARY
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Intra pulse stimulated Raman scattering gives rise to the soliton self frequency shift,
where the rate of change of the pulse central frequency along the fibre length is given
by64.
df s A D .
—=2.2-10 T)—— Equation 2-37
dz 8 )27rc 7t 1
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For a perfect train of solitons, this cffect is benign, simply changing the central
frequency, however, itis strongly pulse width dependant, and conscquently any pulse
o pulse width variations (from the source laser, or induced by the incorporation
amplifier noise into the soliton) will give rise to differing frequency shifts, and
consequently, through chromatic dispersion, timing jitter. It is casy to show that a
change in pulse power (AP) or width (At,,) will give risc to a mean timing shift of;

A DL Aty LAp

At =27-107"" =5 —
4t Tpy \ Taw E,

Equation 2-38

A simple variant of the soliton design diagram (Figurc 2-5), for a f{ixed, optimum,
repeater spacing, illustrates the major obstacles to system capacity, whilst theoretical
crror rate curves (Figure 2-6) illustrate the relative effects of these jitter sources. Control
of soliton interactions and jitter are clearly key aspects to the production of high capacity
soliton systems. Careflul choice of fibre dispersion, to control the soliton period will
also be required, where low mean values arc preferred. Indeed, reeent work has
illustrated that precise dispersion management in a soliton system offers significant

benefit®’ .
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Figure 2-6 Illustration of the relative impact of various jitler sources in a 4000 kn 40 Gbit/s
transmission system. Parameters as described for the system below, but with a PMD of 0.1 ps/ vk,

2.3 Systems Impairments of OTDM systems

The above discussion allows a rudimentary evaluation of the performance of a single
channel optical communication system. However, with optical multiplexing techniques,
further factors must be taken into account. In a WDM system for example, crosstalk 1s
generaled in the transmission fibre {rom four wave mixing and Raman scattering, and in
the terminals from incomplete demultiplexing. To calculate the error ratio performance
of any given OTDM system, it is of course neccssary to determine the incidence of
errors due to amplitude noise, jitter and intersymbol interference as described above, or
by other means. However, slight modifications are immediately imposed by the
presence of the demultiplexer. For example, in the case of signal to noise ratio, the
demultiplexer rejects some of the noise as well as unwanted signals resulting in an

06

improvement in recciver sensitivity®”.
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In terms of timing jitter a pulse can in principle be jittered to the extremes of the
demultiplexer switching window and still be passed through to the electrical detector.
The band-limiting effect of the receiver (operating at the base rate) will integrate the
jittered pulse such that it can be detected without an error occurring, due to the larger
jitter tolerance of the low bit rate receiver. Of course, once a soliton has jittered out of
the OTDM demultiplexer acceptance window an error will result from the loss of the
pulse. In practice the actual shape of the demultiplexer switching window results in an
effective conversion from phase noise (jitter) to amplitude noise®’. Consequently
OTDM systems should be designed with the demultiplexer switching window setting
the allowed rms. timing jitter of the system. This being so the demultiplexer defines the
pulse arrival time within a restricted range, and no further errors from jitter would be
anticipated.

In addition to these traditional system impairments (jitter, intersymbol interference and
signal to noise ratio), the multiplexing and demultiplexing of the optical signals is liable
to lead to finite levels of cross talk between the various OTDM channels®®**"°. These
effects are discussed below.

2.3.1 Demultiplexer performance

For a demultiplexer, where incomplete rejection of the unwanted channels leads to
crosstalk, two types of degradation are present. Firstly, the unwanted signals
contributes to the total power of the signal incident upon the receiver (reducing the
proportion that is actually wanted data) and simultaneously reduces the eye opening’',
and hence a simple power penalty is recorded at this point (i.e. at the input to the opto-
electronic receiver). The demultiplexed receiver sensitivity is degraded by

B+>R
AP, =10Log,,| —&— Equation 2-39

(45) YPP-NP

i kzil k
Where AP 45 represents the penalty (in dB) P, the signal power after demultiplexing and
P, the power of the unwanted channels after demultiplexing. It is useful to write this
equation in terms of a “signal to crosstalk” ratio (SXR). In this case the penalty

becomes ;

SXR+1),SX P
R—1

AP . =10Lo R=<" Equation 2-40
(dB) glo(SX P q
k#i

In order to ensure a penalty of less than 0.5 dB, the signal to crosstalk ratio should
exceed 12.4 dB. Secondly, in addition to simply reducing the eye opening the
unwanted data channels may interact with any optical noise originating from optical
amplifiers, irredeemably reducing the error ratio of the system (i.e. worsening any error
floor). This is especially true for an ideally band-limited receiver where each pulse (and
its associated noise) is spread over the entire bit interval. In particular, since the eye
opening is reduced in line with the signal to cross talk ratio, the optical signal to noise
ratio will be similarly degraded. Furthermore, additional noise terms are introduced as a
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consequence of beat noise between the unwanted channels and the spontaneous
emission, again in line with the signal to crosstalk ratio, and from shot noise from the
unwanted channels. Consequently the signal to noise ratio (neglecting receiver thermal
noise, spontaneous-spontaneous beat noise and spontaneous shot noise and the effect
of the demultiplexer on spontaneous emission powers) becomes

VR P, (1= SXR™)

elect

(1 + SXR—l) Afelacn
opt

Fy SXR—1

vap New SXR+1

lectt spon
Af;;pt

From which we, unsurprisingly, deduce that the signal to noise ratio (and consequently
the level of any error floor) is degraded exactly in line with the demultiplexer penalty. A
finite demultiplexer extinction ratio will thus result in both a direct X dB receiver
sensitivity penalty and a further X dB degradation in the apparent signal to noise ratio,
with an associated additional penalty.

2hVAf,, (1+SXR™")+ 4P

spon

Equation 2-41

2hVAS.

2.3.2 Multiplexer performance

For a multiplexer, incoherent interference between channel “i” and the other channels
may become critical, and the signal to noise ratio after demultiplexing must be
calculated allowing for the temporal overlap of the pulses. Four different classes of
and
Note that whilst it is necessary that each path

multiplexer must be considered, characterised by the overall path length L

mux?

absolute path length differences AL _ .
length difference ensures that each channel is inserted into the correct time slot, there are
no restrictions as to the absolute lengths. Indeed the path length differences may be
several ns long.
a) AL, > Source coherence length. Under these conditions, penalties arise from
incoherent interference between different channels where ever temporal overlap
occurs.
b) AL_,. < Source coherence length < L. In this case, interference still occurs,
but is coherently, producing extinction ratio penalties, but not error floors.
Furthermore, unless the system is absolutely stable, this extinction ratio penalty will
vary slowly with changes in path length differences causing drifts between
constructive and destructive interference.
¢) L, << Coherence length. With particularly short optical path lengths, it should
be possible to produce a stable multiplexer with well defined, stable interference
characteristics, producing static extinction ratio penalties.
d) Each channel is of a slightly different centre wavelength (as would be the case for
a drop and insert node). In this case, a static extinction ratio penalty would be
produced. However, it would be almost impossible to guarantee that the
wavelengths were not the same, in which case, the conditions of case (a) would be

replicated.
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Of these cases, (a) is most representative of interleavers fabricated from pigtailed
components, whilst (¢c) would be an ideal target for an integrated device. Note that
attempts to simulated case (c) without the inclusion of independent electro optic
modulators (passive interleaver) would produce OTDM data patterns with very little de-
correlation of the respective PRBS test patterns. In extreme cases, the OTDM data
pattern may actually represent an N pulse per bit base rate transmission system, totally
obscuring all aspects of the OTDM system other than the pulse transmission
characteristics. Within this thesis, all OTDM sources are constructed as case (aord)
The resultant signal to noise ratio (after opto electronic conversion) of channel i (SNRi)
in the case of incoherent interference (cases a and d) is given simply by ;

VR j P(t).dt

Y Y[R

n o m#n

Equation 2-42

where Pi(t) represents the time dependence of the power of channel *§” after
demultiplexing. Equation 2-42 dictates the pulse width required for a given crosstalk
level when multiplexing ideal signals together, and the level of background radiation
from a practical source which may be tolerated. However, the integrals depend directly
upon the demultiplexer switching window and it could be envisioned that the pulse
requirements would vary acing to the demultiplexer technology employed. In general
two values of signal to noise ratio are of interest: 15.8 dB (giving an error ratio of 10?
for comparison with experimental results), and 18 dB (giving an error ratio of 10" for
system design, and to ensure negligible penalty). Note however, that when calculating
the performance of a system, both multiplexer and demultiplexer degradations must be
taken into account simultaneously, along with the influence of pulse dispersion, jitter
and spontaneous emission. For example, error ratio floors from incoherent interference
and degradations in optical signal to noise ratio should be added together, whilst any
calculation of demultiplexed signal powers should take account of the full characteristics
of the source, demultiplexer and jitter added by the transmission line.

2.3.3 System Specification

Using the formalism described above, it is possible to derive a basic system
specification for an arbitrary OTDM system, and to verify the performance of specific
systems. Consider for example an N, channel OTDM system with sech squared signal
pulses whose FWHM is 12% of the bit period T and a peak to background extinction
ratio of X, and a raised cosine demultiplexer whose FWHM is 40% of the bit period,
and a maximum extinction ratio of X, . The extinction ratio requirements are quite
strict and this example is particularly illustrative. Assuming a demultiplexer extinction
ratio of 40 dB, Figure 2-7 illustrates the error ratio performance of 4, 8 and 16 channel
OTDM systems as a function of the extinction ratio of the base rate pulses. We would
anticipate the system to be limited by incoherent interference between the OTDM

channels.

30



Chapter 2 Theory

10°

@ 4 channels
107 B 8 channcls
A 16 channcls

107 o
107 7

-10
1

Error floor

10 | BN S B ma e | T T T T

32 34 36 38 40 42 44 46 48 50 52 54 56
Transmitter extinction ratio (dB)
Figure 2-7 Theoretical performance of an N channel OTDM system as a function of the extinction ratio
of the transmitted pulses. Solid lines drawn as a guide to the eye.

These results illustrate the rapid deterioration in performance usually associated with
incoherent interference effects, with significant error floors appearing with only a few
dB change in extinction. As we would expect, the required extinction ratio for a given
error floor varies according to 20 log,(N_,-1), and for a four channel system, a
minimum extinction ratio of 38 dB is required.

Figure 2-8 illustrates the variation in penalty arising from the finite extinction ratio of
the demultiplexer in a 4 channel system, assuming an extinction ratio of 40 dB for the
transmitted pulses. In this figure, the double logarithmic scale, used to illustrate the
curve fit, disguises the rapid deterioration in receiver sensitivity below an extinction
ratio of 15 dB. A value of some 20 dB or more is required to ensure a negligible
demultiplexer penalty in a 4 channel OTDM system.
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Figure 2-8 Theoretical variation in receiver sensitivity penalty as a function of demultiplexer extinction
ratio for a four channel OTDM system. Solid line drawn as a guide to the eye.
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For pulse widths, and demultiplexer switching window, the limitations are not as clear
cut, with the performance for a particular pulse width dependant upon the specific
temporal profile of the demultiplexer. Some examples are discussed in the following
chapter and suggest that for a 40 Gbit/s system, the pulse width should be less than 8
ps, whilst the demultiplexer switching window should be somewhat less than 15 ps.

Table 1 summarises the outline specification of an OTDM system with these
considerations in mind.

System Parameter Specification

Transmitter Extinction Ratio 28.5 dB + 20 Log,,(N_,-1)
Transmitter Pulse Width < 33% of bit period
Demultiplexer Extinction Ratio 15.0 dB + 10 Log,,(N_,-1)
Demultiplexer Switching Window | < bit period - 2 minimum rise time

Table 2 System specification for OTDM terminal equipment comprising N, OTDM channels.

2.4 Chapter summary

In this chapter we have reviewed the fundamental properties of pulse transmission
using optical fibres and ideal optical amplifiers. This allows the performance of simple
communications links to be predicted analytically, provided that one impairment
dominates the system. However, where several impairments are of equal importance, a
more numerical approach is required, in extreme cases requiring a full numerical
solution of the non-linear Schrodinger equation. The particular case of optical solitons
were also considered, where analytical solutions may be found for a much broader
range of system configurations due to the fundamental balance of dispersion and non-
linearity, and the particle like nature of the optical solitons. This analytical approach
enables the construction of detailed "design diagrams" and accurate calculation of the
error rate performance of the system. Typically the feasibility of a system, and the
optimum implementation strategy would be examined using variants of the design
diagram, whilst the performance of a given system would be verified through error ratio
calculations.

In the final section this standard theoretical treatment has been applied to the specific
case of OTDM systems, and a generic OTDM system specification has been defined. In
particular it was asserted that, large penalties may be anticipated from incoherent
interference for pulses with poor extinction ratio's or excessive temporal width. These
penalties are of course minimised using stable planar integrated multiplexers, whereby
rather than producing interferometric noise, the overlap of pulses simply produces static
degradations in the eye closure (or extinction ratio penalties). However, care must be
taken in the interpretation of results taken using a single data modulator followed by a
physically short passive optical interleaver, since identical performance may only be
obtained using a similar interleaver comprising the appropriate number of independent
data modulators. Furthermore, design rules for the development of demultiplexers have
been presented, placing a minimum bound on the extinction ratio of such devices in
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order to avoid excessive penalties. Whilst unlikely to directly produce error floors, a
poor extinction ratio will exaggerate any low level error floor through an increase in
noise terms. Again, the detrimental effects of a poorly designed demultiplexer may be
inadvertently avoided by the construction of a passive OTDM interleaver with relative
delays of less than a few bit periods which do not sufficiently decorrelate the data
patterns. In an extreme case an N channel OTDM system constructed with an interleaver

whose maximum differential delay is less than a bit period results in a N pulse per bit
signal at the base rate.
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3. OTDM Transmitters

In this chapter we describe the options for the OTDM transmitter in some detail. Two
distinct transmitter configurations have been investigated. The first, traditional'®®,
implementation of OTDM (Figure 3-1) relies on a single high quality pulse source
operating at the base rate (eg 10 Gbit/s) with a very low duty cycle. This base rate
source may then be encoded with data in the usual manner (once for each time slot),
before interleaving to form an OTDM data stream. However, as we have seen in chapter
2, the source specification is quite demanding. In addition to low duty cycles, an
extremely high extinction ratio is required for stable multiplexing, whilst good spectral
and temporal characteristics are essential for optimised transmission performance.
These requirements have in general lead to the use of advanced erbium doped fibre ring

lasers for soliton transmission experiments, although less complex sources may be used

for processing applications.
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Figure 3-1 Conceptual diagram of OTDM Transmitter, illustrating the functions of pulse generation,
parallel data encoding and interleaving. Taken from figure 1.1.

An alternative approach has been investigated where high quality soliton pulse trains are
generated at the overall line rate (eg 40 GHz) using a Mach Zehnder modulator and a
dispersion profiled fibre circuit. This source fundamentally generates pulses of the
correct spectral and temporal quality, and optical interleaving is not required. The
natural affinity of this technique to higher line rates (> 100 Gbit/s) suggests that this
form of pulse generation holds great promise for the highest capacity point to point
links. However, this approach is unlikely to be employed at line rates accessible to
electronics, and thus necessitates the development of all optical data encoding
techniques a-priori.

In this chapter the fundamental building blocks of a traditional OTDM transmitter will
be discussed in turn, namely picosecond pulse generation, data modulation and
interleaver construction. Finally, the alternative approaches to OTDM data generation

will be discussed.

34



Chapter 3
ap OTDM Transmitters

3.1 Picosecond Pulse Sources

The most critical component within an OTDM system is the source of picosecond
optical pulses, which must have an appropriate duty cycle and extinction ratio to allow
multiplexing and demultiplexing operations. Prior to the commencement of this thesis,
two pulse sources were routinely used, namely mode locked semiconductor’® and
erbium fibre ring lasers’. Whilst the former produces, upon linear compression,
adequate pulses for driving 40 Gbit/s all optical gates, the pulse quality is in general
insufficient to allow the successful operation of theoretically optimised transmission
systems’*. In this case, the fibre ring laser was deployed as a source of transform
limited pulses. The suitability of a pulse source is assessed in terms of its temporal
pulse width, its spectral width (and associated time bandwidth product), timing jitter,
extinction ratio and wavelength stability. These parameters may be accurately
determined using standard measurements techniques and a high speed sampling
oscilloscope, an autocorrelator, an optical spectrum analyser, an RF spectrum analyser,
a self homodyne interferometer and a high speed photodiode.

Source Type. Traditional limitations. | Contribution of thesis.
Gain Switched DFB. Jitter. Jitter reduction technique.
Pulse Quality.
Pulse Width. Direct generation of <3 ps pulses.
Mode Locked ECL. Chirp. None
Fibre Ring Laser. Complexity. Development of optically mode locked ring laser.
Electroabsorption Extinction Ratio. Cascaded for 40 & 80 Gbit/s interleaving.
modulator. Pulse Width. Lowest reported duty cycle.
Simultancous pulse generation and data encoding.
Multiple wavelength operation.

Table 3 Picosecond pulse sources investigated in the thesis, and contributions made.

In addition to the continued development of these sources, which will be described
briefly below, several other options were considered for either simplicity and ease of
use or potentially enhanced performance. The options considered in this thesis, and the
developments achieved are summarised in Table 3. Following a description of these
sources, soliton pulse compression is examined as an appropriate method of increasing
flexibility of the pulse sources. Various other proposed sources are then discussed
taking into account the stringent limitations of OTDM systems, and the section will be
concluded with a critical assessment of source options. Initially however, due to its
almost ubiquitous presence in the pulse sources described below, pulse compression

through linear chirp compensation is discussed.

3.1.1 Linear Compression

We saw in chapter 2 that a gaussian pulse propagating in a dispersive fibre will be
temporally broadened on a length scale known as the dispersion length. As the pulse
temporally broadens without change in spectral width, it acquires chirp, that 1s, the
instantaneous frequency differs from the central frequency across the pulse. It can
easily be shown that the instantaneous frequency for a gaussian pulse is given by**;
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Equation 3-43
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from which we observe that the frequency varies linearly across the centre of the pulse.
This condition is known as linear chirp. This chirped pulse may of course be
compressed back to its original pulse width by propagation through a fibre of equal
magnitude but opposite sign, dispersion. This, in essence, is the principle of linear
chirp compression” used for semiconductor based pulsé sources. In this case, the pulse
is initially chirped, not through propagation in fibre, but from dynamic changes in the
semiconductor refractive index. However, provided the chirp is linear, the pulse will
behave as if it was chirped through fibre propagation. Describing the chirped gaussian
pulse by;

v

2
P(t=P,, exp{—1.6652(1+iC) [2 } Equation 3-44

where C represents the degree of chirp, and is given, in terms of measurable pulse
parameters (spectral width A® and spectral width if the pulse were transform limited

Awp) by;

2
C? = (Aw Ao ) -1 Equation 3-45
TL

we find that the evolution of the pulse width is given by;

2 2
T ”Z ”Z .
= N+ C——— | +| Equation 3-46
T, J [ (1/1.665)2j ((f/l.665)2) d

which, in the case of zero chirp (C=0), reverts to Equation 2.9. Note that the chirp
parameter C may take either sign, depending upon whether the leading edge of the pulse
is blue shifted (C > 0) or red shifted (C<0). Typically, for a semiconductor laser device
with a finite population inversion, generated optical pulses are red shifted on leading
edge. This leads to an optimum length of fibre to produce a transform limited pulse
(whose temporal width is therefore determined by the input spectral width) of

o, a

P

2
(T 11.665)
D~ ﬁ”
This behaviour is illustrated in Figure 3-2, where the normalised pulse width is plotted
against transmission distance (in dispersion lengths) for a variety of chirp parameters C.
Further verification may be found in Figure 3-9 below, where Equation 3-46 was used
to plot the theoretical curve, and by the many experimental pulse sources, where the
appropriate length of compression fibre was estimated using Equation 3-47. It is

Equation 3-47
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interesting to note that the maximum possible compression fibre length is half of the

dispersion length of the pulse, corresponding to a compression factor of 1/v2. In order
to achieve greater compression factors,

. ' proportionally less compression fibre is
required (to a first approximation).

—
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F igure 3-2 Illustration of the effect of compression fibre on a chirped gaussian pulse as a function of
the degree of chirp.

3.1.2 Gain Switched DFB

It is well known that short optical pulses may be obtained by applying a high power RF
signal to a DFB laser biased close to threshold, and that this represents perhaps the

767778 However, it is also well known that the

simplest form of optical pulse source
spontaneous emission process that seeds each gain switched pulse produces both timing
and wavelength jitter’®”®. The rms timing jitter is typically around 7 ps and
uncorrelated, making such sources useless for high speed OTDM applications. In this
section, a simple feedback technique is described which reduces the jitter to acceptable
levels, allowing the use of gain switched DFB lasers in OTDM systems to be
contemplated. The generation of low jitter 6 ps pulses following linear compression®***

is then described, and techniques for the generation of shorter pulses are indicted.

3.1.2.1 Jitter Suppression of Gain Switched DFB's

The high power sine wave drive applied to a DFB laser produces a corresponding
variation in the population inversion within the device. Once the population inversion is
sufficient, photons generated previously by spontaneous emission are amplified,
rapidly depleting the carrier density by the stimulated emission process. Consequently,
short optical pulses are generated, globally timed by the driving frequency, and
constrained in wavelength by the laser grating. However, on a pulse to pulse basis, the
exact wavelength an emission time of each pulse is determined by the spontaneous
emission process. The exact magnitude of the jitter is dependant upon the carrier
lifetimes/recovery rates and upon the relative drive signal amplitude and frequency,
however, in order to eliminate it, the spontaneous emission must be controlled.
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Figure 3-3 Schematic diagram of jitter suppressed gain switched DFB laser

A schematic diagram of a jitter suppressed gain switched DFB is shown in Figure 3-3.
By feeding back part of a previously generated pulse into the DFB laser, at the
appropriate time, instead of being seeded from spontaneous emission, each gain
switched pulse is seeded by an earlier pulse, vastly reducing fluctuations in wavelength
and timing jitter. The excellent performance of this technique to suppress spectral
(Figure 3-5) and temporal jitter enables the use of gain switched DFB lasers in practical
OTDM systems®". This approach, known as reflective self seeding®” and originally
developed for Fabry Perot lasers, is closely analogous with mode locking. Two types
of high speed DFB laser we tested for gain switching in this configuration, with centre
wavelengths in the region of 1545 nm and 1563 nm. All the devices had threshold
currents between 21 and 35 mA and 3 dB bandwidths between 7 and 12 GHz
(increasing with increasing bias current) dominated by the device relaxation oscillation
frequency.

When operated at low frequencies (2.5 and 5 Gbit/s) with no feedback, as expected
gain switched operation was obtained at 1563 nm when the DFB was biased near
threshold. However, when driven at 10 GHz it was necessary to increase the bias
current by 20% to approximately 50 mA. Even so, although the device gain switched
producing a spectral width in excess of 1 nm, the output signal comprised a train of 5
GHz pulses (see Figure 3-4, note that the “eye diagram” effect, top left hand corner,
arises simply because the scope is triggered at 10 GHz ). This may be anticipated from
the device characteristics’”’ whereby the carrier density has insufficient time to recover to
the appropriate level between cycles of the drive frequency. Note the corresponding
presence of strong 5 GHz components within the RF spectrum. Whilst clearly of little
use as a pulse source, a device operated in this regime may find applications in high
speed clock division. Upon a further increase of the dc bias level to above 63 mA, good
quality gain switching was obtained producing 11 ps pulses with a spectral width of
1.06 nm and an rms timing jitter less than 1.8 ps (measurement limited by sampling
scope). In this high bias current regime, the timing jitter has reduced significantly,
albeit accompanied by a high proportion of background radiation. Whilst such a pulse
source may be used in a short multiplexer®® (type ¢), use with any practical multiplexer,
excepting a fully integrated modulator array®*, is precluded by incoherent interference.
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Figure 3-4 Temporal and spectral output of simple gain switched DFB in low and high bias regimes.
Histograms for measurement of temporal jitter also shown.

The application of an optimised level of feedback (typically = -8 to -14 dB) allowed 10
GHz operation of the device with a dc bias much closer to the threshold current,
producing 16 ps pulses with a 0.43 nm spectral width, a resolution limited jitter of 2.2
ps, and a low level of background radiation. However, in this case as the bias current
was increased, competition between gain switching and mode locking lead to the
formation of multiple pulses and a rapid degradation on the device performance.

3.1.2.2 Pulse width optimisation of gain switched DFB's

Similar results were obtained using the 1545 nm device and this device was used to
assess the effect of applied RF power, linear compensation of pulse chirp and the
suitability of the source for 40 Gbit/s OTDM systems. Typical spectral outputs obtained
with this device are shown in Figure 3-5, with and without reflective self seeding. Jitter
in the carrier frequency is clearly evident from the un seeded spectra (left) due to the
smearing of the modes, whilst strong modes spaced at the driving frequency for self
seeded pulses indicate a high degree of coherence between individual pulses (right).
Under these conditions, it was possible to obtain temporal jitters wholly attributable to
the RF source (<500 fs) with a feedback level of -14 dB and a dc bias current of 45

mA.
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Figure 3-5 Spectra of Gain Switched DFB Pulses with (right) and without (left) reflective self seeding,
illustrating pulse to pulse wavelength jitter by the smearing of the modes without jitter suppression.
Figure 3-6 illustrates the variation in pulse spectral and temporal widths as a function of
the applied RF power (measured into a 50 Q load) with a constant bias current of 45
mA. The time bandwidth product remained approximately constant, with a value in the
region of 0.95 (assuming gaussian pulses) and indicating considerable chirp, and gain
switching was clearly observed for RF power levels in excess of 25 dBm (= 12.6 V,.,)
Significantly, neither spectral width or temporal width shows any evidence of reaching
a limiting value, thus offering the promise of enhanced performance with correctly

impedance matched, higher power drive circuitry.
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Figure 3-6 Dependence of output spectral and temporal widfhs of Gain Switched DFB Laser as a
function of RF drive power at a fixed dc bias current of 45 mA.
To produce sufficiently short pulses, linear compensatioq of the pu'lse ck'lirp vyas
investigated®. This was achieved using fibre with a (non solltgn su'pportmg) dispersion
coefficient of D = -38 ps/nm/km. The results are illustrated in Figure 3-7 where the
output pulse width is plotted against the net measured group delgy of the fibres used. A
third order polynomial fit to the data is also shown as.a guide to the eye. At the
optimum fibre length (Group delay -18 ps/nm), a pulse width of 6.3 ps was achieved,
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and the spectral width remained un-altered at around 0.5 nm

. : , giving almost transform
limited gaussian pulses (time bandwidth product of 0.4).

20

IR,

Pulse Width (ps)
1)
1

-50 -40 -30 -20 -10 0
Group Delay (ps/nm)

Figure 3-7 Compression of gain switched DFB output using normally dispersive fibre to compensate
for linear chirp.
Pulses so produced (<8 ps width, low jitter and background free) are certainly
excellently suited to driving intensity dependant all optical switches, where the non ideal

pulse spectrum is unlikely to deteriorate the system performance®"®*#¢

. However, for
use in transmission systems, further processing is required to reduce the non-linear
chirp and reduce the inevitable generation of dispersive wave radiation from any
subsequent soliton transmission line®”*°. Further optimisation of the source would
enable the practical and wide spread use of such devices within optical processing
nodes. Indeed, recent developments suggest that injection locking may be a suitable

778889 whilst higher RF drive powers and tuned fibre
90,91

technique for jitter reduction
grating chirp compensation techniques would enable the quality of the optical

pulses to be improved.

3.1.2.3 Benefits of high FM efficiency

It is interesting to note that whilst the minimum uncompressed pulse width obtainable
from a gain switched DFB is dependant upon the RF drive conditions (amplitude and
pulse width) and the laser slope efficiency (mW/mA) and relaxation oscillation
frequency, the actual useable pulse width after compression is clearly dominated by the
degree and linearity of the available chirp, which is more directly related to the FM
efficiency of the laser. In order to verify this assumption a, low speed, high FM
efficiency Hitachi DFB laser was investigated for pulse production at 2.5 GHz. The dc
characteristics of this device are contrasted with the high speed DFB lasers used above

in Figure 3-8.
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Figure 3-8; D.C. output power (circles) and optical frequency (triangles) characteristics of high speed
(filled symbols) and high FM efficiency DFB’s (open svinbols).

Clearly, although complicated in terms of slope efficiency, the FM efficiency is
increased significantly from 0.87 GHz/mA to approximately 4.2 GHz/mA. This in
principle should result in highly chirped pulses, suited to linear compression in
normally dispersive fibre. When biased at threshold and modulated with a 2.5 GHz,
+27 dBm RF signal, 25 ps pulses were produced with a spectral width of 0.8 nm
(time bandwidth product of 2.5).
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Figure 3-9; Compression of pulses from a high FM efficiency DFB gain switched at 2.5 GHz by linear
chirp compensation.
This compares to a typical time bandwidth product of =0.95 for the high speed devices.
From the view point of FM efficiency alone, and all other things being equal, we would
expect the time bandwidth product to increase by a factor of 4.8, comparing favourably
with the observed value of 3.1. As shown in Figure 3-9 a minimum pulse width of 2.9
ps was obtained upon subsequent compression in normally dispersive fibre, for a group
delay of -6.3 ps/nm. The resultant time bandwidth produCF of 0.2? suggests that Fhe
complicated spectral structure has lead to the formation of highly chirped non .gauss.mn
pulses. This figure also shows that slightly shorter pulses (2.6 ps) may be obtalneq, if a
polariser is placed after the chirp compensation fibre, whereby some of the non-linear
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chirp in the spectral wing of the pulses is spectrally filtered’? through
PMD and the action of the polariser. i

In summary, we have seen how a simple pul

a combination of

) . se source, producing unsuitable highly
chirped and jittered pulses may be transformed into a low jitter, background free source

of pulses wholly suited to use in 40 Gbit/s OTDM processing systems. This is achieved
by the controlled reflection of pulses back into the laser to control jitter, and the
application of normally dispersive fibre to compress the pulses by compensating for the
linear chirp. We have also seen how large FM efficiencies will allow a greater control of

the pulse widths, giving the potential of operation at significantly higher bit rates (eg
100 Gbit/s).

3.1.3 Mode Locked External Cavity Lasers

It is similarly well known that short optical pulses may be obtained from a mode locked
semiconductor external cavity”” (Figure 3-10). Indeed many commercially available
external cavity lasers may now be mode locked. The laser cavity is formed between the
front facet of a semiconductor device and a bulk optic diffraction grating positioned
behind the rear facet. The grating provides wavelength tuning and optical feedback of
an appropriate spectral bandwidth for the desired pulse width (determined by the grating
pitch and the spot size). A typical output from one of the mode locked lasers used
throughout this thesis is shown in Figure 3-11. When correctly aligned, pulse widths
from 15 ps (no pulse compression) to as short as 4.2 ps (maximum RF drive power
and linear chirp compensation’*) have been obtained over the entire erbium amplifier
window, with jitter levels determined by the electrical drive signal only.

Applied dc bias
& RF power Collimating
Lens %
/ % Reflection
. 7, Grating
Optical @ ‘ %
Output O ///4;/
“,

Semiconductor laser
(single facet coated)

|< >

Cavity Length

Figure 3-10 Schematic diagram of an external cavity semiconductor mode locked laser (EC-MLL).

T

) A
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Intensity (AU)
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10 ps / div 0.2 nm/ div

Figure 3-11; Typical output of mode locked semiconductor external cavity laser, showing
autocorrelation (left) and optical spectrum ( right).
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A significant advantage of a mode locked laser
amplitude to background leve
terms of pul

‘ , 1s that the extinction ratio (pulse
: ) is guaranteed to be high. The source is easily tuneable in
se width, repetition frequency and wavelength. Recent advances in mode
locked laser technology include the Incorporation of a saturable absorber® or electro
absorption modulator’® within the laser cavity, enabling the generation of sionificantl

shorter pulses. } 7 ’

3.1.4 Mode Locked Fibre Ring Lasers

3.1.4.1 Electro-optic modulator based ring lasers

Perhaps the highest quality pulses obtained to date have been generated using mode
locked fibre ring lasers”**. Such sources produce transform limited pulse trains of
particularly high quality and have been used as the main pulse source for countless
soliton and OTDM experiments. A typical laser cavity is shown in Figure 3-12. Note
that the cavity length is rather long (typically in excess of 100 m) resulting in the
necessity to develop cavity length stabilisation schemes’® and techniques to prevent
mode competition'®!10!102103.104105.106 \yhen harmonic modulation is employed to
obtain 10 GHz pulse trains.

rf drive

Cavity Length Erbium Fibre l
Control (on Piazo Electric Drum)

polarisation controller

26 GHz MZ
Modulator

Isolator

1480 nm

Pump Lasers 6 nm Bandpass
filter

(on Piazo Electric Drum)
Isolator

Dispersion Shifted Fibre
(soliton formation)

Figure 3-12 ; Schematic diagram of typical erbium fibre mode locked ring laser

During the course of this thesis, existing fibre ring lasers have been modified to
produce shorter pulses and higher frequency pulse trains. In order to reduce the pulse
width from 6 ps to as short as 3 ps at 10 GHz and 4.5 ps at 20 GHz, the amplifier
output power has been increased and the length of dispersion shifted fibre re-optimised
for stable soliton propagation within the cavity for these pulse widths. Initially, a cavity

filter with a spectral width of 5 nm was employed to allow the formation of shorter

. : 107
pulses within this modified cavity, in accordance with standard mode locking theory ™"

However, due to the presence of polarisation mode dispersion within the non
polarisation maintaining cavity, the laser would support two Qistinct polarisation‘ states
with slightly different central wavelengths. Whilst it was possible to carefull?/.ahgn the
cavity to allow for only one polarisation mode to oscillate, the long term stability of the
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laser was adversely affected by any minor ch
Consequently, the cavity filter bandwidth was reduced to 2.

little increase in pulse width (> 4 ps at 10 GHz), enabling ex
of the ring laser. °

- TTTTTTTRERE—S LIS— N ————————..
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ange of the cavity polarisation.
7 nm, surprisingly with
cellent long term stability

3.1.4.2 Ring laser cavity length stabilisation.

For this ring laser, the issue of cavity length stability was addressed in three ways; For

ease of operation, and consistent pulse qual
approach was employed1°3'1°8’l°9

ity without user intervention, a phase locked
» Whereby the drive frequency was matched to the

drifting ring laser cavity length and stable operation over several weeks was possible.
Where an exact operating frequency was required, cavity length stabilisation was
employed, using a combination of piezo electric transducers and heat pumps to
compensate for rapid and long term drifts respectively. Initially, the cavity length error
signal was derived from the relative phase of the laser output and the RF drive signal®
requiring the use of high speed RF electronics. Subsequently a technique proposed by
NTT for polarisation maintaining cavities'® was extended for use in non polarisation
maintaining cavities'®. In both cases, the action of the control signal is to vary either
fibre stress or temperature. Unfortunately this can have an adverse effect on the laser
stability because of subtle changes in the intra cavity polarisation. In one

implementation of the system, both erbium doped fibre, and dispersion shifted fibres

were carefully wound on piezo electric drums, enabling cavity length control over

several days, with less than 10 % variation in the output pulse width over the entire

control range.

3.1.4.3 Optically mode locked ring lasers

In this thesis, in addition to developments of fibre ring lasers using Mach Zehnder
modulators as the mode locking element, ring lasers based on all optical mode locking
were also investigated''®'"". The schematic diagram of this configuration is shown in
Figure 3-13. Initially 12.6 km of dispersion shifted fibre was used, in a configuration
analogous to previous work''”. The main difference being the inclusion of a fibre
polariser to provide additional AM in addition to the usual FM processes governing the
dynamics of fibre ring lasers''?. With no control pulses present, the ring laser will lase
continuous wave as a fibre ring laser at the wavelength to which the bandpass filter is
tuned. When driven by a regular stream of pulses (in this case derived from a 10 GHz
harmonically mode locked external cavity laser, passively interleaved to 40 GHz where
appropriate), at a frequency equal to a harmonic of the cavity resonance frequency
(3.965 kHz in this case), a periodic frequency modulation (FM) is imposed on the
recirculating light as it co-propagates with the injected pulses via cross phase
modulation. The efficiency of this interaction is optimised by arranging for the fibre

dispersion zero to lie hal

fway between the wavelength of the injected pulses and the

recirculating light, such that the group velocities are nearly equal. Due to the n;tural
birefringence of the fibre, the cross phase modulation is accompanied by non-linear
polarisation rotation (Kerr effect), which is converted into amplitude modulation (AM)
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by the fibre polariser. When correctly aligned, both FM and
mode lock the ring laser to the driving

limited optical pulses is obtained.

AM processes serve to
frequency, and a regular stream of transform

drive pulses in

\‘ Dispersion shifted fibre monitor coupler
WDM AQ = 1551 nm
5 (QQ
o polarisation
polarisation controller
controller
polariser
6nm filter
Output Coupler

Double Pumped
Optical Amplifier

Figure 3-13 ; Schematic diagram of optically mode locked erbium fibre ring laser

The mode locking characteristics of this laser were investigated at frequencies up to 40
GHz. Pulse widths as short as 2.9 ps were achieved for a mean drive signal power of
+13.8 dBm compared to the 5.5 ps achieved previously without the fibre polariser,
resulting from changes in the mode locking conditions in accordance with the standard
Kuizenga-Siegman mode locking theory'”’, which predicts that the output pulse Ty,
width is proportional to

1
Ty OF —Fmm———r
FW f;ﬂ Af("]lfAm

where f_ is the effective modulation frequency (which we may take as inversely
proportional to the driving pulse width), Af_ the intra cavity optical filter bandwidth
and Am the effective modulation depth.

Equation 3-48

20 mV / div

10 ps / div

Figure 3-14 ; Typical output of FM mode locked ring laser when driven at 40 Gbit/s, illustrating a
resolution limited rms timing jitter of < I ps.

In our case, this simple picture is clearly complicated by soliton effects within the laser,

but the trends should be the same. In particular, increasing the filter width from 2.7

am'™ to 6 nm. and reducing the driving pulse width from 12 ps to 6.4 ps predicts a
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reduction in ring laser output pulse width from 5.5 ps to
with experimental observations. A typical 40 GHz output
high speed photo detector and sampling oscill

2.7 ps, in excellent agreement
pulse train, measured using a
‘ ‘ nd oscope, is shown in Figure 3-14. The
sampling oscilloscopes statistic features were used to demonstrate resolution |

! imited
temporal jitter of the recovered clock.
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Figure 3-15 ; Performance of a 12.6 km FM/AM mode locked fibre ring laser, illustrating variation of
Jjitter (circles) and pulse width (squares) as a function of control signal power. Previous results without
a polariser, and subsequent results using a polariser and | km cavity lengtl are shown for comparison.

The ring laser performance is summarised in Figure 3-15, showing the variation in
pulse width and jitter (measured using sampling oscilloscope) against control signal
power. Low jitter operation is observed over more than 10 dB of dynamic range, with a
minimum required power in the region of +0.5 dBm. This corresponds to a very small
peak phase shift of approximately 0.1 radians (assuming exact phase matching) for sub
5 ps pulses, compared with approximately 0.96 radians for 5.5 ps pulses without the
inclusion of the fibre polariser.
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Figure 3-16 ; Output spectra (right) and autocorrelation (left) of 1 km FM/AM ring laser mode locked
at 10 GHz

The large dynamic range available with this configuration enable a significant reduction
in the length of dispersion shifted fibre used for cross phase modulation, improving the
environmental stability. In a second laser cavity, the 12.6 km of fibre was replaced with

a 1 km length of fibre with a dispersion zero at 1.55 pm, and the monitor coupler was
it ratio fused fibre coupler. Under these conditions, stable

replaced with an 80:20 spl . ,
eved with a peak phase shift as low as 0.02 radians,

mode locking was again achi
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typicall'y giving 2.6 ps pulses at 10 GHz and 3.6 ps at 40 GHz, both with
éppr.oxlmately +6.9 dBm Tnean control signal power. The 40 GHz result is also shown
in Figure 3-15 for comparison where we clearly observe that the chan

i i i i ge in the length
dispersion shifted fibre has had litt] in the length of

. e effect on the 40 GHz performance of the ring
laser. Phase locked operation of this laser was possible over a period of sever
A typical output of the |

. al hours.
aser, driven by 10 GHz control pulses, is shown in Figure 3-

16, illu.stratmg a t1r‘ne bandwidth product of ~0.35. Both of the FM ring lasers studied
are soliton supporting at the ring laser wavelength (anomalous dispersion), giving pulse
compression via soliton effects within the cavity. It has been demonstrated however,
that a non soliton supporting ring cavity would produce broader, linearly chirped
pulses''*. Subsequent linear compression in a short length of fibre results in transform
limited pulses as short as 1.2 ps in a 10 GHz FM mode locked ring laser''*.

Both types of ring laser studied here (electro-optic and all optically mode locked)
produce near transform limited pulse width and wavelength tuneable pulses with an
immeasurable extinction ratio. Fibre ring lasers, albeit complex, represent a highly
promising source of optical pulses for OTDM applications, as evidenced by the
multitude of system demonstrations in which they are employed.

3.1.5 Electro-Optic Mach Zehnder Modulator

The use of traditional Mach Zehnder modulators for pulse generation has been

considered by several authors''®!''¢!!7

. The techniques proposed generally rely on
exploiting the sinusoidal transfer function of the modulator. One further technique is to
employ pulsed electrical drives to the modulator, which therefore simply acts as a pulse
shaping element. Whilst perfectly capable of producing optical pulses''®
approaches suffer several drawbacks. Firstly, they in general require complex electronic
drive circuits to ensure that the RF drive signal is of the correct temporal form.
Secondly, any minor imperfections in the drive signal, will by nature of the sinusoidal
transfer function of the modulator, lead to high levels of background radiation, and
consequent cross talk penalties. Finally, and perhaps most significantly, the techniques
produce relatively broad optical pulses with a finite extinction ratio (typically less than
30 dB), which are perfectly suited to applications in single channel soliton systems but
allow only modest levels of optical multiplexing above the data rate available from the
modulator directly. Consequently, given the advances in other technology areas, it is
unlikely that this form of electro optic modulator would find application as a pulse

: 119
generator for OTDM networks in the absence of subsequent pulse compression .

these

3.1.6 Electroabsorption Modulators

There has been considerable recent interest in the use of electro-absorption modulators

i 20121 i i isti an EAM has
for pulse generation®'?*2!. The non-linear absorption characteristic of

been shown to generate pulses whose temporal intensity profile closely approximates

- ' issi i configuration
the sech? shape required for soliton transmission. The simple source config

(Figure 3-19) compares favourably with the alignment issues of complex mode locked

laser cavities, and to match simplicity of gain switched DFB laser, monolithic
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integration may be pursued!'?*!23
widely believed that electro abso
soliton transmission systems.

laboratories world-wide, until this work, the minimum mark to space ratios
were close to 14% at 10 GHz'?

modulators to 40 Gbit/s OTDM systems. In this thesis, the generation

D —

OTDM Transmitters

. Wlth these advantages in mind, it is clear why it is
rption modulators will have a significant impact on

Whilst devices have been investigated at many

t ' achieved
, clearly precluding the application of electro absorption

of duty ratios of

6.3 % is discussed, along with a particularly simple method of generating a modulated
stream of pulses from a single modulator.

3.1.6.1 Soliton Pulse Generation Using Electroabsorption Modulators
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Figure 3-17; Typical absorption characteristic of an electro-absorption modulator (after reference 125)

showing exponential loss characteristic for reverse bias' between 2 and 4 volts.

A typical absorption characteristic of a 325 um multiple quantum well device is shown
in Figure 3-17, the packaged device performance included, typically, an additional 8.4
dB insertion loss'?’. To first order, the modulation characteristic may be expressed by
considering an idealised relationship between the absorption (in dB) and the applied

reverse bias (V) ;

0 V<Y,
Oy = k(V=V,) -V, <V<y Equation 3-49
XR=k(V,~V) V<V

where k represents the gradient of the absorption characteristic in dB/V, V, the

maximum reverse bias for

zero absorption and V, the reverse bias at which maximum

absorption is achieved. XR represents the associated parameter of extinction ratio (dB),

critical for the deployment of electroabsorption modulators in OTDM sy
sinusoidal drive signal, it is easy to show
remains below V, at all points duri

stems. For a
126 that provided the applied bias voltage
ng its cycle, the resultant pulse width is given by ;

1

2

T — 1 12 Equation 3-50
FWHM 70( kV

144
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represents the peak to peak amplitude of the drive signal of frequency f.

Frf)m 1tchls equaFlon, we may deduce that the shortest pulses are produced for the highest
drive frequencies, and for the steepest absorption characteristics. A comparison of an

id.ealis.ed pulse Ee“erated according to Equation 3-49 and a sech squared pulse, whose
width is determined by Equation 3-50 is shown in Figure 3-18. ,

Normalised
Intensity

-30

20 30

Time (ps)

Figure 3-18; Pulse profiles for an ideal sech’ pulse (dashed line) and as generated by an ideal electro-

absorption modulator (solid line) with 10 dB/V absorption characteristic and 10V,

10 GHz drive

-
signal.

Note that the wings of the electro-absorption modulator pulse are somewhat reduced in
extent, a fundamental characteristic for pulses generated with this technique. The

precise nature of the deviation from an ideal sech squared pulse will of course be

determined, in practice, by the precise absorption characteristic. This enhanced
confinement of the optical pulse is of clear benefit for optical multiplexing, by reducing
the level of crosstalk.

RF and
de Dispersion
Input Compensating

l Fibre

Pulsed
cw Laser —-Df EA Mod Output

Power
Meter

Figure 3-19; Experimental arrangement for generation and measurement of short pulses from electro

absorption modulators.

Figure 3-19 illustrates the experimental configuration used to assess the generation of

pulses from electro-absorption m

odulators. An external cavity laser was used as cw

light source at the wavelength of maximum extinction ratio. A polarisation controller
selected the TE polarisation state. Two devices were employed (devices #1 and #2),
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whose characteristics are summarised in Table 4, al
conditions. The output signals were passed to
an erbium amplifier, and where appropriate, 4

for pulse compression via linear chirp compensation

R E————E————————————SSSSSSSSS
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ong with typical operating
appropriate measurement equipment via
length of dispersion compensating fibre

Modulator | Modulator | Modulator Modulator | Modulator

#1 #2 #3 #4 #5
Bandwidth (GHz) 10.7 > 20 15 16
Absorption Slope (dB/V) 11.8 8 2.5 > 10 11
Max Extinction (dB) 28 40 20 > 20 23
Input Power (dBm) +3.7 0 -2 <+3 <42
Drive frequency (GHz) 10 20 10 10 10
Drive Amplitude (V_ ) 10.7 10.1 2.5 + data | data+clock 11

Table 4 Summary of electro-absorption modulator characteristics and operating conditions.

The experimental FWHM pulse duration for both devices (Figure 3-20) was estimated
assuming a sech squared profile, although strictly, for low reverse bias voltages, a
lower conversion factor should be used to represent the increasing rectangular nature of

the pulses.
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Figure 3-20; Observed pulse widths from sinusoidally driven electro absorption ;.noa'ulators, with
(circles) and without (squares) linear chirp compensation for device #1 (10 GHz drive, filled symbols)
and device #2 (20 GHz drive, open symbols).

For the 10 GHz device, although pulses as short as 7 ps were generated for a reverse

bias of 10 V, satisfying the <8% duty ratio criterion for four fold OTDM (Table 2), this

i incti io was somewhat reduced
corresponded to a region where the pulse extinction ratio

because of the high absorption at the peak of the drive cycle. A 400m of d1spersmn
compensating fibre (of dispersion coefficient -38 ps/nm/km) Wa§ u.sed to linearly
rp inevitably accompanying the amplitude modulation Imposechby the
1so be used to linearly compress the pulses™™). For
F was 6.8 ps as shown in Figure 3-21.

counteract the chi
EAM (A fibre Bragg grating may a
a dc bias of 8.5V the pulse width after the DC . ‘ ‘
For reverse biases between 7 and 8.5V the measured time bandwidth products were
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Very.lclosedto 01.3 13 indicating that the pulses were approximately of the required sech?
profile and pulses as short as 6.3 PS were observed over a range of bias conditions.
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Figure 3-21 Optical spectrum and autocorrelation of linearly chirp compensated 10 GHz pulses for a

reverse bias of 8.5V

Similar results were obtained at 20 GHz using device #2. Uncompressed pulse widths
as short as 2.8 ps were obtained in the region where the device extinction ratio was
compromised, and transform limited pulses of 4.1 ps duration were obtained after 100
m of identical DCEF for reverse bias voltages between 6 and 7.25 V. Furthermore, this
performance was achieved with a peak extinction ratio (measured at dc) in excess of 40

dB, suggesting that the device is well suited to OTDM applications. In both cases, the

minimum compressed pulse widths were approximately two thirds (62% and 67%

respectively) of the theoretically predicted values (  Equation 3-50). The theoretically

anticipated pulse widths were obtained (=10 and 6 ps respectively) without
compression at the highest dc bias that did not compromise the pulse extinction ratio.

The 6.3% duty ratio achieved at a 10 GHz repetition rate and 8.2% duty ratio achieved
at 20 GHz meets the requirements for 4 channel OTDM systems and are both believed
to be significantly less than the lowest previously reported value for an EAM at such a
high repetition rates without using non-linear compression. Furthermore, the 40 dB
extinction ratio of device #2 is sufficient for 4 fold optical multiplexing. These results
confirm for the first time that the EAM is a compact, stable, low jitter source of short
pulses suitable for use in high bit-rate OTDM systems, this was recently confirmed in a
40 Gbit/s transmission experiment'*® and in the construction of an 80 Gbits all

electroabsorption modulator system'”’.

3.1.6.2 Modulated soliton pulse train generation using EA modulators.

Traditionally, data modulation for a si -
addition of a second modulator (either electro-absorption ~

ngle channel soliton system usually requires t%le
or Mach Zehnder”),

increasing the loss and complexity of a modulated pulse source. It has been shown

however, that an appropriately processed electrical

signal may be used to generate 75 ps
ator'?°, and modulated trains of 70

pulses at 2.5 Gbit/s using an integrated laser modul ,

- 123
ps pulses at 2.5 Gbit/s utilising a laser array
with all forms of modulator (see sect
been used to demultiplex a 4

3. This approach is in fact suitable for use
ion 3.1.5), and indeed similar techniques have

0 Gbit/s data stream directly to 10 Gbit/s using a single
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Mach Zehnder modulator'®, With sujtape modific
Mach Zehnder modulator could produce a modula
The optical simplicity of the schemes is particular]
OTDM systems, allowing the pulse source to
provided the pulse quality and extinction ratio fr

ations to the drive electronics, this
ted stream of 19 ps optical pulses.
y attractive, and may even be used in
be replaced with a simple cw laser,
om the modulator is sufficiently good.
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Figure 3-22 Principle of modulated pulse generation using an electroabsorption modulator.

This thesis demonstrates that the technique may in fact be simplified in the electrical
domain by utilising the unique transfer function of electro absorption modulators. This
is achieved simply by applying an appropriate sine wave and a data signal
simultaneously to the same device such that the signal amplitudes are added. Biased
appropriately, the modulator will only give an output when both the sine wave and data
signals are high, since the modulator maintains high loss for increasing reverse bias
(figure 3-22). The signals may be combined either through a power splitter (increasing
the power demand placed upon the drive electronics), or, using packaged devices
developed at BT labs'?, contra-directionally, without loss of power. In both cases, it is
essential that the outputs of the two signal sources (sine wave and data) are well
impedance matched to 50 € at the point of combination to minimise spurious reflections

and the potential of unwanted electrical standing waves.

Modulated
Pulse Stream
i 6 GHz
ElectroAbsorption / 3
1555 nm DFB |— eCl\/rlodulatrc-)g Receiver

: 10 GHz
10 Gbits | )
Data Splitter [ Clock

: 1 inent, omittin
Figure 3-23 Schematic diagram of modulated soliton pulse stream formation expert g

electrical amplifiers.
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Gbitls data sequence via a simple power splitter, initilly both with 2.5 V' peak 1o noqk
amplitudes. The signal now comprises a sine wave with an offset vo[t;we dgte‘rmigeies

the data signal. It is a sufficient condition to ensure that the entire 10 " ‘
in the high absorption region for a data 'zero’ and precise adjustment is not necessar

Ideally however, the amplitude of the sine wave is chosen to give the desired L;ulsy(’;
width, whilst the data amplitude is set to give the necessary extinction ratio. The signal
is then applied to electroabsorption modulator #3, and the dc bias adjusted to ensurebthat
the entire clock cycle for a data zero gives high extinction, whilst the

GHz cycle remains

_ peaks of the cycle
for a data one give a low loss. Consequently, soliton like pulses are formed for data

ones in the usual way, whilst a high extinction is maintained for data zeros. Figure 3-24
illustrates the output of the transmitter when either data (lower trace) or sine wave
(middle trace) are applied to the modulator independently, and the output when both
signals are applied simultaneously (upper trace). Autocorrelations of the pulse stream
reveal that no degradation in pulse quality occurs when the EA modulator is used with
both drives applied compared to when a single sine wave drive is used. Note however,
that a short length of dispersion compensating fibre is used to compress the chirped
pulses generated from the modulator, decreasing the output pulse width from 26 ps to
18 ps (assuming Sech profiles) and resulting in a time bandwidth product below 0.35.
The bit error ratio performance of the system demonstrated a receiver sensitivity of -
12.5 dBm with no observable error floor using an overall receiver bandwidth of around
6 GHz, which equalises the optical return to zero eye.
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Figure 3-24 Output of electro absorption modulator driven by sine wave and data signals

simultaneously and independently.

ine a 15 GHz electro absorption modulator (device #4)
© . o e . . : 131
enath and polarisation insensitive extinction ratio =
o

lotted for a

The experiment was repeated us

demonstrating remarkable wavel . o
This is illustrated in Figure 3-25, where the absorption charactenstic is p

. i ' nd
variety of wavelengths and polarisation states. Note that although the msemlon‘losi a|
" CCatiorn. n's,
maximum extinction ratio are insensitive to polarisation, in orthogon%l po Iarlgflglov t
. ~ ely O. a
modulator absorption begins at different voltages (difference of approximately
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1550 nm). However, again the unique trapezoidal tr

electroabsorption modulator may be used to advantage sin
switch the modulator between the maximum absor;ti(,)n S
minimum insertion loss. Thus provided the ap
value, many wavelengths can be simy]

independent of polarisation.
5

ansfer function of the
ce it is only necessary to
tate and a state close to
plied signal amplitude exceeds a critical
taneously modulated with high extinction ratio,
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Figure 3-25 ; Absorption characteristics of “polarisation insensitive” EA modulator

Using this modulator it was possible to simultaneously generate 10 GHz soliton pulse
trains at 12 different wavelengths, without the use of multiple modulators or
polarisation controllers, the pulse widths obtained after linear compression (dispersion
of -7.6 ns/nm) are summarised in Table 5 below. The minimum pulse width of 7.5 ps
corresponds to a wavelength exactly aligned with the low loss axis of the modulator,
whilst the 2.4 ps peak to peak variation represents the combined effects of differing
wavelength and polarisation on the effective bias point (any changes of course
degrading the output pulse width). Whilst clearly significant, the range of pulse widths
produced are entirely consistent with operation of each wavelength in a 20 Gbit/s
soliton system, with negligible compression required for 40 Gbit/s operation.

Frequency (THz) Approximate Pulse Width (ps)
Wavelength (nm)
191.9 1563.1 8.4
192.0 1562.5 9.2
192.1 1561.69 8.0
192.2 1560.87 8.7
192.3 1560.06 8.2
192.4 1559.25 9.0
192.5 1558.44 7.7
192.6 1557.63 7.5
192.7 1556.82 8.7
192.8 1556.02 8.7
192.9 1555.21 10.0
193.0 1554.4 9.7

¢ widths from 12 single electroabsorption modulator driven at 10

Table 5 Si cously obtained puls .
Simultaneously p olarisation state.

GHyz. Each signal has a randon p
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Typical outputs with the data signal simultaneous]

case the signals are combined before amplification) are shown in Figure 326 where
. . o N ’

the ra'tlo of 10 GHz clock ampl}tude to 10 Gbit/s data amplitude driving the modulator

was fixed at 5.9 : 1 before amplification via a 15 GHz electrical amplifier

Y applied to the modulator (in this

~g) 1

ﬂ’i
- \

5 dB /div

10 mV / div
.- w

25 ps/div 25 ps / div

Single Wavelength Dual Wavelength
aveleng

Figure 3-26 ; Modulated pulse streams from a single electro absorption modulator driven at 10 GHz,
showing outputs for single wavelength (left) and two simultaneous wavelengths (right), following -7.6

: ps/nm dispersion.
Interestingly, with the multiple wavelength source, the linear pulse compression fibre
not only reduces the optical pulse width, but introduces time delays between the pulses.
The right hand trace of Figure 3-26 illustrates the output for channels 1 and 8, with a
wavelength spacing of 700 GHz. With appropriate variation in either the exact
wavelength spacing, or the fibre dispersion/length (or both) it is possible to arrange for
any reasonable time delay, enabling the generation of OTDM test patterns and probe
signals for non-linear gates. In combination with suitable optical logic gates and
dispersive delay lines, these multi wavelength pulse trains enable, for example, time
slot interchange, regenerative drop and insert, multiple output demultiplexing and
OTDM to WDM format conversion, whilst the ability to modulate these trains allows
access to lower line rates without the need for resonant comb generators or multiple RF
signals'?*!32133 " These applications are of course in addition to the generation of

multiwavelength pulses for WDM applications.
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3.1.7 Other Sources

In this section, we have reviewed pulse sources, either
the period of this thesis, and have attempted to quanti
drawbacks of each technique. However, this is by no
possible pulse sources, and the table below illustrates
proposed in the literature. In addition to thig list, note th

configured to act as pulse sources (see chapter 4)

mea

OTDM Transmitters

used or directly studied during
fy the particular advantages and
ns an exhaustive survey of all
some of the sources recently
at many demultiplexers may be

Type of Laser Maximum [ MSR | Minimum Comments Ref
Reported Width )
Rate (ps)
(GHz)
Supercontinuum | 10 0.6% Ideally suited to OTDM e
135
Phase modl}lator Simple source suited to single
+ external filter 10 10% 10 ps channel soliton systems 136
+ loop mirror 2 33% 137
Passive ring MHz 350 fs No Synchronisation to system | '*°
laser 2 GHz 480 fs clock 149
MZ modulator 2.5 20% 80 ps One of many such schemes H
Also used for dark solitons. 140
Phase modulator | 10 n/a n/a Pulses form on propagation
+ guiding filters
beat frequency | 32 14% 4.3 ps Alternative to DDF  beat | '*!
conversion in frequency conversion.
NOLM
Mode locked 2.5 48 % | 20ps Alternative to EC-MLL te
fibre grating
laser -
Monolithic 15.8 10% 6.4 ps Fixed repetition rate alternative
colliding pulse 40-350 2-5% to EC-MLL
laser -
Mode Locked 16.3 0.9% 550 fs Alternative to EC-MLL
Kerr Gate 10 6.6% 6.6 ps Cleans up poor pulses 124
NOLM 5 Cleans up poor pulses s
XPM in an SLA 10 7% 7 ps Cleans up poor pulse; :i:
WDM operation possible

Table 6 A selection of optical pulse sources.

3.1.8 Assessment of pulse source options

Recalling the requirements of an OTDM pulse source, pulse width and extinction ratio

- T i idered. As
are the first criteria to be met before issues of stability and jitter are f?ven cc‘m51der. ‘
ser is likely to produce pulses with a high extinction

a gener: ' ode locked la ‘ o
" seneral rule, any m n gain switching or

. . . O
ratio suitable for OTDM applications. For sources l?ased e vl
modulation, the obtained extinction ratio performance will necessarily

of multiplexing available. A great level of simplicity and flexibility is achieved throug
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the use of electro-absorption mody]
order to meet these exacting exti
particularly important when supple
timing jitter, chirp and tunability ar
high speed OTDM soliton transmission, the erbium doped fibre ring
most promising candidate (with the possible exception of the superzo
which is itself based on a ring laser), whilst e]
second. For applications where transmission is not required, the simp
switched sources and the flexibility of EC-MLL become attr

R

OTDM Transmitters

at(?rs, even if two cascaded devices are required in
nction ratio requirements. This type of source is
mentary requirements such as low wavelength and
€ considered. For the most demanding application of
laser remains the
ntinuum source,
ectroabsorption modulators come a close
licity of gain
active.

3.2 Pulse Compression Techniques

In the previous section, various pulse sources were described for use in 4 and 8 times
10 Gbit/s OTDM systems, with mark to space ratios as low as 4% readily achieved.
However, for higher capacity systems, either higher, non-standard base rates must be
employed, or the mark to space ratio of the pulse stream must be increased. Whilst it is
possible to increase the RF drive power to the various laser sources and attempt to
continue the monotonic decrease in pulse width or decrease the pulse width of the drive
signal this becomes increasingly difficult, with reducing benefit. This is illustrated in
figure 3-6 and equation 3-50 the pulse width certainly decreases more slowly than the

RF power increases. To achieve mark to space ratios below = 5%, pulse compression

is perhaps the most efficient approach, and is employed by many laboratories world-

wide. In general pulse compression comprises a manipulation of the pulse spectrum,

either within the pulse source or via non-linearity (SPM or XPM) accompanied by a
temporal manipulation through dispersive effects. These effects may either be carried

out separately

148,149.,150,151

, or dynamically (eg soliton effect compressors).

3.2.1 Soliton Pulse Compression

The principles of soliton pulse compression are well established'*>!*>**1% "1t was
initially demonstrated that a soliton pulse propagating in a long optical fibre will remain
a soliton, continuously adjusting (broadening) its pulse width in sympathy with the
fibre loss, provided that the overall loss is small compared to the soliton period"’®,
whilst Tajima suggested that if the product of dispersion coefficient and effective area
varies proportionally to the accumulated fibre attenuation, then a soliton would

propagate without variation in width'”’. Additionally,

it has been shown that pulse

compression will be obtained if the soliton is amplified adiabatically or if the dispersion

slowly decreases along the fibre length but more rapidly than

suggested by

ji iabatl 1 gain coefficient (or
Tajima'">'%% In order to allow reasonable adiabatic compression, the g (

alternatively the rate of change of dispersion) should be less than
period'®” (Note that the soliton period is not necessarily const
that the ratio of the output pulse width to the input

= 1 dB per soliton
ant). We then anticipate
pulse width would be given by;

T Dmr e—.k'L 1

ol (Z

T D, [+2A Equation 3-51

n n

P eak = }).ml(l + A)_

P
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Where the first term represents compression due
second adiabatic amplification'™® and the thirg te
above the soliton power to form into 4 s
emphasis)'®'. Particularly impressive resy]
decreasing dispersion in a lightly doped erb
remains constant) resulting in a compre
pedestal'®%.

to slowly varying dispersion's’, the
rm, the tendency of pulses launched
iton of slightly narrower width (pre-
ts have been achieved by using a linearly
ium fibre (to ensure that the soliton energy
ssion factor of 17.6 with no observable

. Similar results are obtained in an undoped fibre whose dispersion
coefficient decreased hyperbolically over a 1.6 km length'®3,

ML-ECL
I
10 Gbit/s A BER Telst
Modulat utocorrelator
PR 10km 10km 10km 20km 10 km  Spectrum Analyser

A0=1542.4 X0=1529.2 A0=1542.4 A0o=1528.8 A0=1537.0

HOOOOO

Distributed erbium doped fibre

1480nm pump 1480nm pump

Figure 3-27 Schematic diagram of distributed erbium fibre amplifier based pulse compression
experument.
In order to investigate the potential of adiabatic soliton pulse compression, two
experiments were carried out. In the first, a 60 km long optical amplifier, comprising
lightly doped dispersion shifted fibre, was used to provide adiabatic amplification of a
10 Gbit/s soliton pulse train as shown in Figure 3-27. The mean dispersion zero of the
5 concatenated fibres was 1534.76 nm, with the local dispersion zero alternating
between =1542 and = 1529 nm along the fibre length to minimise the accumulated
dispersion. For a signal wavelength of 1537.5 nm and a pulse width of 6.4 ps, this
gives a soliton period of =87 km and a soliton peak power of 5.7 mW (-4.9 dBm mean
power) assuming an effective area of 50pm’. Measurements of the output error ratio
characteristics, pulse width and amplifier gain were carried out and are summarised in
Figure 3-28 below. The system operated error free with negligible penalties for mean

input powers as low as -10.5 dBm.
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Figurej’ 3-28 Adi.aba.tic so.liton pulse compression in a 60 km distributed erbium doped fibre amplifier,
showing variation in gain, pulse width and time bandwidth product as a function of launched power.
For a mean fibre input power of -4.8 dBm, close to the fundamental soliton power, the
intrinsic fibre gain of 1.8 dB suggests an ideal adiabatic compression factor of 1.5 in
excellent agreement with the observed compression factor of factor of 1.52. This input
power also closely corresponds to the minimum output time bandwidth product
confirming near adiabatic soliton compression despite the use of gaussian pulses from
an EC-MLL. For higher signal powers, the output pulse width monotonically decreases
to a minimum value of 2.5 ps at the maximum mean signal input power of +6.5 dBm,
corresponding to a compression factor of 2.6. Given a net loss through the fibre of
around 3 dB, this compression may not be attributed to the adiabatic compression
anticipated for soliton propagation. Figure 3-29 shows the output pulse spectrum for
signal launch powers of +6.5, +3 dBm and -9 dBm, illustrating the occurrence of a
complex compression process. However, the reduced net fibre loss (0.05 dB/km), and
the restrictive gain bandwidth of the amplification process resulted in the generated of
pedestal free compressed pulses (see insets)"*, and the technique clearly merits further

investigation. j
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pression in a 60 km distributed amplifier for

“lour : 1 -l Ise com '
Figure 3-29 Output spectra following non-linear putse S B (right) with autocorrelations

input signal input powers of -9 dBm (left), +3 dBm (cgntre)
shown as insets.
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Electroabsmptior]
Modulator :OW§:r
1560 nm| nnn mplifer
DFB Filter 000
Dispersion
? Decr¢asing Polnr
10 or 20 GHz rf Fibre olariser

Figure 3-30 Experimental arrangement for the compre
fibre.

Ip a second experlmer'lt, the .altemative, passive, approach of dispersion decreasing
fibre was employed, in conjunction with a sinusoidally driven electro absorption
modulator to generate the initial soliton pulses. The experimental arrangement is
illustrated in Figure 3-30. Two different electro absorption modulators were employed
(devices #1 and #2 from Section 3.1.6) to generate pulses at 10 and 20 GHz repetition
rates. The pulses so generated were linearly compressed in a short length of normally
dispersive fibre (= -3.8 ps/nm dispersion) to produce transform limited pulses. These
pulses were amplified and subsequently compressed in a 2 km length of dispersion
decreasing fibre with input and output dispersions of +8 and +3 ps/nm/km respectively.
A small pedestal component generated during the pulse compression was effectively
suppressed using a fibre polariser and the residual birefringence of the DDF. The
relatively large birefringence of the fibre was characterised by a peak differential group
delay of = 3 ps.

ssion of soliton pulses in a dispersion decreasing

8 ]
12 ® 10 GHz (device )
7 & A , A A 20 GHz (device IT)
° aa | © Theory
] A
6] ° A
= ]
51 L °
£ b
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3
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Figure 3-31 Output pulse width as a function of mean launch powerfor DDF compresszzr? Of,m,[;mn
pulses at 10 and 20 GHz. The theoretical compression (from Equation 3-51) corresponding to the

required launch power for a fundamental soliton also shown for comparison (open circles).
At 10 GHz, 6.3 ps transform limited soliton pulses were generated at 15d61§) nm
near i iri . m to
following linear compression, theoretically requiring a mean power of 16.5

; i i i the DDF.
generate a fundamental soliton with a soliton period of 1.9 km at the input to

. thi s a corresponding
As the launch power was increased to towards this value, there wa p g
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decrease in the pu

compression to a pulse width of 2.1 ps
around +17 dBm. Similarly, at 20 GHz, a

achieved.

These results are summarised in Figure 3-31, alon
ideal soliton compression. The excel]
apparent. At 10 GHz, as the power i
continues due to pre-emphasis to the

with Equation 3-51

observed. At 20 GHz, the maximum mean launch power was insufficient

ideal soliton pulses

OTDM Transmitters

Ise width due 10 solitop compression in the DDF. Optimum

Was achieved for a mean launch power of
launch power of 20.2 dBm was required to
ulse width at the input to the DDF. For the

g with the predicted performance for
ent agreement between theory and experiment is
nereases beyond the soliton power, compression
minimum pulse width of 1.3 ps, in accord
Beyond this point rapid broadening of the pulse

ance
width was
to generate
se width. The autocorrelation and

for the minimum available pul

spectrum of the shortest pulses generated at each frequency are shown in Figure 3-32.

Although the compression is in excell

ent agreement with theoretical predictions, a

slight residual pedestal component is accompanied by spectra with suppressed central
components. The origin of these deformations is probably due to the excess SPM
resulting from a breach of the adiabatic condition (rate of change in dispersion of = 2.5
dB per soliton period). Indeed, during analysis by others of a femtosecond
compression experiment, similar spectral dips were observed when the compression

: ;161
process was no longer adiabatic'®’.

ta..

- ; - : IREEEEcE T ; (,l.?] — T - i
J: .:|
- s N\ ] - N 1
5 !,»r \ 3 ’ // \, _:
/ \ 1 , \ |
1
l i - iodiri: b r_g;-_u.il
e Lt Loz laaaads | FEEEE EWEN _6;.2366_;;_._ __'—ET‘SJZT)_E(;—:: L oy T TS
5750000 ‘ - -4.98000 a3 ~5, s/div repetitive
_féggowi Igbdsss‘/)d:: repatitive »ave R currant200 :m"u. 2exinun sverage
’ 6us
moxiaur o Sverage s 266.027us 295.520us 287.486
Ridth( 1) ;suarrzefolue 2;;.‘32;;& 268.240us 265.860us -utdth( 1) 289.760u
) . 94.12.97 12213
SPECTRUH 94.12.88 19:82 SPECTRUM AR 1
L20Opurdiy AR 1

la

v

588x -

“mw o

Figure 3-32 Autocorrelation (top) and sl;.ecﬂ'“b(. for 10 GHz
compression in a 2 km dispersion decreasing fibre
. ; iIC SO
In summary, we have confirmed that adiabatic
. . 4 S =
used to produce pulses with pulse width <ctive amp
) . ) ) e i ctive d
either via adiabatic amplification, or via effe

10 GHz

@.Snmsdiv  RES 8.1na 20 GHz

1 ] served soliton
ollowing maximum obserye ‘
oo (left) and 20 GHz (right) pulses.

liton compression techniques may be
2 ps from typical sources described above,
lification in a DDF. The results at
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20 GHz, whilst not producing the shortest re

orted . . 5
the shortest reported pul ported pulses by this technique'®, were

S€s at that repetition
| POl rate for any reporte i
technique, and indicate an easy route to upgrade a4 * 10 OTON ystom oy

- Gbit/, Ve :
an 8 * 10 Gbit/s or a 4 * 20 Gbiy/s OTDPM System 1/s OTDM system to either

3.3 OTDM Multiplexer

Having generated sufficiently short pulses, it remains to encode N copies of the puls

train with N channels of data, and interleave the resultant data streams‘into a p Uie
OTDM data stream®”*. Note that in this case the electro optic modulators are( sisxlrrllble
used to gate pulses on and off, and are not required to shape the pulses. Thi; ispii
marked contrast the requirements of a modulator for a standard NRZ formatted sienal

where the rise time and chirp of the pulses formed by the modulator have a signif?caﬁE
impact on the system performance. However it is crucially important to ensure that
incoming data streams are synchronised to the pulse train to within a small fraction of

the base rate bit period. This would typically be achieved using a buffer store, as shown
in Figure 3-33.

Parallel Data In
Buffer Store
Optional items
ey Indii ' ﬁ /c%
: Linear Simple Clock : @)
iCompression Recovery |,
' ' Q
Pulse ' Non-linear ! = OTDM
Source | Compression , |J—| @) data out
i J g
"""""""""""" 1
LI

Modulator array with delays

Figure 3-33 General schematic of an OTDM transmitter, showing pulse source, optional pulse
compression, source / data synchronisation and modulator array.
In this figure, the optical pulse source is driven by a local clock. This clock may be a
local master clock, locked to an incoming data signal, derived from the locally generated
data signals, or in special cases may form part of the actual pulse source (eg Phase
locked ring lasers) provided the drift rate and offset from the intended base rate are
within prescribed limits. If necessary, the pulse source is followed by various stages of
pulse compression, which will necessarily introduce some low frequency timing
variations with respect to the clock source, unless non-dispersive compress%on
techniques or chirped fibre gratings are employed. Any non-linear pulse compression
should almost always come BEFORE the interleaving, not only tg reduce the mean
power required to generate sufficient non-linearity, but also to eliminate thc? possibility
of cross talk between the various overlapping channels. If necessary., a 51mple‘ clogk
ng an opto electronic receiver and a low Q microwave filter Ts
data onto the modulator array. Throughout this
gating the 10 Gbit/s pulse pattern generator with
the phase variations may be compensated for

recovery circuit, comprisi
used to gate the incoming electrical
thesis, this function is simulated by
this recovered clock signal. Alternatively,
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using opucal or clectrical delay lines or 3 distributed
when interfacing 10 SDH terminals, a high degree o
synchronisation of clock pulses and data streams is ¢
appropriate clock distribution strategy (Figure 3

phase locked loop. Of course.,
[ buffer storage already exists and
nsured through the adoption of an

s hronisati -34). Similarly, for low data rate input
channcls, synchronisation may be neglected completely by oversampling™. In the
g

following part of this section we shall discuss the generation of a 40 Gbivs OTDM data
stream from synchronised optical and electrical inputs according (o Figure 3-33

SDH Network

OTDM
[nput

Clock
Processing

RE Clock
Source

Phase
Control

10 GHz

Pulse
Source

40 Ghit/s
0 OTHM
dala out

Modulator array with delays

Figure 3-34 Interfuce berween OTDM terminal and SDH network. Clock synchronisation paths shown
in ¢reen. Note that any element (ADM, RIF Clock, Pulse Source, SSU clock) may be used as a master
clock source, with all other elements synchronised 10 it.

3.3.1 Mach Zehnder Modulators

Whilst several options exist to encode the optical pulse trains with data, including
electro-absorption modulators and all optical techniques, Lithium Niobate Mach
Zehnder modulators have been used for this function throughout this thesis by virtue of
their ready availability. It is well known that the output of a Mach Zchnder modulator

164,

(P,,) is governed by the following equations for amplitude and phase (9)™;

(I+ xr)(l + Cos(n V/V,,))
[)ou/ = 1)1'11 X1+ 2

9 [ a, |9
o \2p | o

out

Equation 3-52

ge (minimum transmission 1o

here is the ic ltage, V the swiching volta i
where 'V is the applied voltage chirp parameter. The  chirp

i ; - : ator
maximum), P, the input power and O, the modulat
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parameter 0., is  dependant upon the deyice o ivi i
- Vice geometry and driving conditions and is
o = (ona + AVb) / (AVa - AVb), independent twin electrodes (e.g. AT&T M2420C)
o , balanced push-pull (e.g. BT&D I0C201 0)

» single ended drive (e.g. Sumitomo T.MZ] .5-5).

e ¢ ‘ culation of system performance for NRZ system
applications and various components within an OTDM system. Consider for example
the use of an 8 GHz single ended drive modulator to encode 10 Gbit/s data onto a tr'lir;
of 8 ps pulses, for use in a 40 Gbit/s OTDM system. (

These equations allow the cal

1

—_~ P
= o.8 .
(_‘3 L J
N
o 0.5 * -
i :
= 0.4 s °
= 2 3
= 0.2 . -
< & ..
o R . S8
20
15
~_ b =
::: i0 - -
O s “e -~
= ™ P
s} W—-————
£ - -
._E =5 ‘..- ....
) —~10 .‘- ™
=" Crne
—-15
-20
0 20 40 €0 80 100
Time (ps)

Figure 3-35 Amplitude and instantaneous chirp of 8 ps pulses modulated at 10 Gbit/s using an 8 GHz
Mach Zehnder modulator.

Figure 3-35 illustrates the intensity eye diagram for an 8 bit pattern, along with the
calculated chirp. Clearly, for the RZ system, the small amount chirp that exists is
passed onto only the wings of the pulse, and will have negligible influence on the

transmission performance.

3.3.2 Full OTDM Multiplex

The OTDM sources used during the early part of this thesis were unique in their ability

to code each data stream completely independently, by using an independent modulator

for each channel of the OTDM system. As well as ensuring complete decorrelation of
the PRBS patterns applied to each modulator (essential to reveal pe@lties associated
with subsequent components), many engineering issues are revealed in the attempt to
construct a full transmitter. In addition to the obvious problems of loss, anq Fhe lgrge
number of polarisation controllers required for a non polarisation Fnai}'ltammg fibre
laboratory system, these include differing degrees of chirp and depolansatlor? of pulses.
In work predating this thesis, it was observed that a back to back system with a small,

but obvious variation in the receiver sensitivity (due experimentally [(? mis-alignment .Of
ator bias conditions) of around 0.5 dB, rapidly leads to quite

polarisations and modul . ¥y .
B in the receiver sensitivity following

severe and unpredictable variations of up to 2.5d

AS
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SOI.lfton .ttrar];srtmssmn}_l This reveals the care required to ensure a high degree of
ity betwee S

uni (;rm y o ;1 the channe1§ o.f an .OTDM system for Propagation through ac;lythino

but the most ideal linear transmission line, and the importance of measuring all of the I\OI
o

10 Gbit/s
Pattern
Generator

Microwave

Filter
10 GHz \/Y\7 Test
Receiver
leee _mo_i*L
1P0u ggz fiker 40 Gpiys
I OTDM
n J— . p’ Tes Data Out

Modulator array with delays

Figure 3-36 Schematic diagram of full OTDM multiplexer (MUX-1).

Figure 3-36 illustrated the experimental configuration used for these experiments, and
from which all later configurations are derived. The clock recovery circuit simply
comprises a 10 GHz receiver circuit (with a resonance at around 9.5 GHz) followed by
a microwave amplifier and a 10 GHz filter (Q = 35). The resultant clock signal was
used to trigger the 10 Gbit/s pattern generator, whose data and data bar outputs were
each used to drive two 8 GHz balanced lithium niobate Mach Zehnder modulators.
Unfortunately, the frequency response of the prototype drive amplifiers used had
several deleterious features, particularly around 5 GHz and below 10 MHz, effectively
limiting the operation of the transmitter to pattern lengths of 27-1. The independent data
channels were passed through fibre stretcher based optical delay lines to align the
channel with the appropriate time slot, whilst following the final stage of amplification,
a filter and fibre polariser were used to reject unwanted spontaneous emission and
ensure single polarisation operation respectively.

Note that the modulators are arranged in pairs to produce two 20 Gbit/s data streams,
which are then multiplexed to form the final 40 Gbit/s OTDM data stream .The test

points indicated after each multiplexer allow for the quality of interleaving to be

assessed. In particular, in the RF domain of a correctly interleaved 20 Gbit/s OTDM

signal the 10 GHz spectral component should be indistinguishable from spectral lines

. Cat
arising from the PRBS data signal. Thus by minimising the 10 GHz RF component a

all test points, and the 20 GHz RF component after the final interleaver stage, correct
interleaving is assured. The cross correlation of the final 40 Gbit/s OTDM signal may

i IS ' the
also be used to verify the interleaving quality through a comparison of the widths of

. i ee Fioure 3-37).
central autocorrelation and the successive Cross correlations (s g )
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, \/\/\/\/\/\/\/\/ 80 GHz all ones
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Figure 3-37 Theoretica.l RF spectrum fora 40 GHz OTDM data signal, showing residual 10 GHz
components from slz.ghtly tmperfect multiplexing ( left), along with experimental 40 Gbit/s )
autocorrelation showing high uniformity of correctly interleaved data(right).

3.3.3 Passive OTDM Multiplexers

Given the complexities of set up involved with a full OTDM multiplex, for
experimental investigations of some of the more complex nodes within an OTDM
network, it is more convenient to employ a single modulator and a passive interleaver
network. Indeed this is the approach adopted by most laboratories world-wide.
However, experience of full multiplexers suggests some important design rules for
partial multiplexers. These relate in particular to the relative delays of the optical paths
through the network, to ensure adequate decorrelation of the PRBS patterns between
the OTDM data channels. Without such decorrelation, error rate floors from inadequate
demultiplexer performance will not be totally apparent (Equation 2-41), and in the
extreme case of total correlation (path length difference less than the base rate bit
period), even power penalties are absent (Equation 2-40).

10 Gbit/s

‘ Pattern
Microwave Generator
Filter

10 GHz
Receiver an IQY
o A filter 40 Gbit/s
10 GHz ; 0 G
Pullrfes [s00) ,d Data Out
(00 0]
TDM multiplexer (MUX-2).

Figure 3-38 Schematic diagram of four path passive O

. ingl
Figure 3-38 illustrates the reconstruction of the testbed to allow the use of a single

modulator format. A test port is included after the modulator to optimise its performance

; i h channel through the
for sing ation. The differential delays between eac g
o omele clannel operaton 7.17 ns and 18.51 ns, the last three of

fibre stretcher based optical delay lines.
and arrangement of optical paths,

passive multiplexer were [.16 ns, 6.03 ns,
which were adjustable by up to 90 ps using
Whilst this arrangement preserves the correct number

777
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the only simplification in set up ariges from the reduction in the number of modulat
ors.

Still further simplification of the passive OTD i
M multip] :

use of cascaded delay line pairs as showp in Figure 3 3P CXer may be achieved by the
o -

9,
10 Gbit/s
. Pattern
Microwave Generator
Filter
10 GHz
Receiver
40 Gbit/s
OTDM
Data Out

Figure 3-39 Schematic diagram of multistage partial OTDM multiplexer (MUX-3).

Note that in this arrangement, multiplexing is only possible in factors of two. However,
considerable benefit is derived in terms of insertion loss, reducing from a minimum
value of 10 Log[N] (i.e. 6 dB for a 40 Gbit/s system) to 3 dB irrespective of the
multiplexing factor (neglecting the excess loss of the couplers used). The differential
delay in each interleaving stage was approximately 200 ns, ensuring  significant
decorrelation of the PRBS bit patterns.

3.4 Alternative OTDM data generation.

As we have seen, the most demanding constraints for OTDM pulse generation are mark
to space ratio (< 8% for four fold multiplexing) and pulse to background extinction ratio
(> 38 dB for four fold multiplexing) to ensure stable interleaving. As the system line
rate (level of multiplexing) increases, these constraints become increasingly severe. One
alternative solution is to generate a soliton train at the line rate and eliminating the need
for multi-path optical multiplexing. There has been considerable recent interest in the
generation of high frequency soliton trains based on non-linear optical beat signal to
soliton train conversion in dispersion profiled fibre circuits'**'**'®’. The technique
offers the advantages of ultra-high repetition rates, high pulse quality, and broad,
continuous wavelength and repetition rate tunability. In its simplest form, the output of
two cw lasers of differing central frequencies generate a sinusoidal beat frequency
corresponding to the target repetition rate, which is adiabatically compressed into a
soliton pulse train in a non-linear fibre circuit.

Although many impressive results have been obtained, particularly for the generation of

: 168 ical 1 e resolved for the
ultra high speed pulse trains'®® a number of practical issues must b

implementation of such a technique within a COmmunicatiops envi.ronmen't. .FlrStly,
since the beat frequency signal nominally originates from a d}ode pat: the‘ finite faser
line width, and thermal drift in the laser centre wavelengths gives rise to h‘1‘gh and low
frequency timing jitter respectively. Several techniqueslglla;yo be used o Sltablih;eléze ss?t
frequency drift, including the use of dual mode lasers'®”'”” and phase ‘oc ei p in(-]
In both cases, the beat frequency is locked to an external clock signal, ensuring
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operation at the required repetition rate, Alternative
be used, along with an electro Optic modulator 18
this thesis however relies upon the frequency doub]
modulators biased at maximum extinction, Ap
generates the beat frequency with high efficiency
required frequency.

The second major difficulty arises from unwantegd non-lj
compression fibres. In particular, stimulated Brill
power, resulting in poor pulse formation
(and allow for improvements in pulse quality) SBS suppression techni
employed taking care not to induce source timing
should be used (this work and simultaneously by

OTDM Transmitters

ly, a single Wavelength cw laser may

‘The particular approach adopted in
Ing characteristics of Mach Zehnder
propriately driven such 1 scheme
from a sine wave drive at half of the

near effects within the soliton

ouin scattering'”? limits the launched

173,166 :
- In order to increase the launch power

. ques must be
Jitter. Ideally, a single laser source
Swanson and Chin'™*), or the diode

pair linewidths should be broadened by synchronous modulation, either via bias current
modulation or using an external modulator'”.

Finally, in order to initially verify the suitability of the technique to communications
networks, "relatively low" repetition rate pulse trains (eg 40 GHz) must be generated to
enable testing and comparison with traditional OTDM implementations. It is well
known that for a simple soliton compressor comprising dispersion decreasing fibre, the
net fibre length increases with decreasing repetition rate. It has been shown however,
that 1f the input seed spectrum is spectrally enhanced (through SPM in a length of
uniform dispersion shifted fibre), fibre lengths are reduced to a manufacturable level of

a few kilometers

167,175

- In this thesis, such a fibre circuit is evaluated for pulse

generation at repetition frequencies between 35 and 40 GHz, using a Mach Zehnder

modulator for the generation of a stable pulse train

76 Whilst offering little advantage

over conventional techniques at this low bit rate, this investigation serves to verify the
suitability of the technique to communications applications. This work was carried out
as part of a EU funded collaborative project with the University of Southampton

(ARTEMIS).

3.4.1 Generation of 40 GHz pulse train by beat frequency conversion

40 - 100 MHz 17 - 20 GHz
SBS Suppression drive signal
l l 2 km DSF 8 km DDF
1557 nm M-Z | nm O O
DFB Modulator filter
Er/Yb
Amplifier

ic di 1 urce.
Figure 3-40 ; Schematic diagram of beat frequency conversion so

The source configuration used is shown in Figure 3-40. In orde
Jitter beat signal a 20 GHz amplitude modulator was
driven at between 17.5 and 20 GHz to obtai
output from a DFB laser diode. The )
ascanning Fabry Perot interferometer (1 GHz resolution)

r to obtain a low timing
tuned to a transmission null and
n 35-40 GHz sinusoidal modulation of the

output from the beat signal source as measured on
and is shown in Figure 3-41

pe)
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illustrating an almost complete rejection of the car
modulated at 100 MHz to eliminate Brill
Er3+/Yb3+ power amplifier provided up to
decreasing fibre section consisted of 2 km of DSF to spectrally enrich
signal, and an 8 km DDF. The DDF was designed to have a hyperb
profile (at 1550 nm) tapering from 13 ps/(nm.km) at the in
output. The relatively high value of output dispersion was selected

absolute physical length of fibre required to obtain high quality,
generation at an MSR of 5:1, whil

OTDM Transmitters

rier. The DFB laser was itself

ouin scattering within the DDF. The

+21 dBm of beat signal. The dispersion

the input beat
olic dispersion
putto 2.75 ps/(nm.km) at the
to reduce the
adiabatic 40 GHz pulse
st maintaining a practical optical power requirement

on the input beat signal (theoretically 80 mW).

Intensity (a.u.)

<«—— 35 GHz —

Frequency (GHz)

Figure 3-41; Typical beat frequency seed spectrum using Lithium Niobate Mach Zehnder modulator

driven at 17.5 GHz and biased at the transmission null.

High quality soliton generation could be obtained in the repetit%on rate rang'e 32-40 GHz
with pulse duration's in the range 4.5-6.5 ps obtainable for input beat signal pow.e’rs
<20 dBm over the entire tuning range of the available diodes 1547-1563 nm. A typ1c.al
autocorrelation and spectrum of a 40 GHz pulse train at the source out.put are sh(l)wn all(n
Figure 3-42. It should be noted that the amplitudes of t?le aut~OC(.>rre¥at10n (celrlltrzi pe 182
and nearest neighbour cross correlation’s are identical, indicating e()j(ce e;ati (E)rl],l °
amplitude stability and low jitter. Furthermore, the output shows no degra

. articu
spectrum when compared to traditional dual diode beat frequency sources. In p

no observable spectral components at the RF freque

lar,
ncy (20 GHz) are observed.
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Figure 3-42 ; Typical spectral output of 40 GHz beat frequency to soliton conversion source.
Autocorrelation shown as inset.
Whilst the performance was tolerant to small changes in the RF power level, variations
in the dc bias point rapidly degraded both the spectral and temporal outputs. This
technique however, allowed the output of the beat frequency conversion source to be
displayed on a sampling oscilloscope for the first time'™, and a typical example, along
with the RF drive signal, is shown in Figure 3-43 .

Bl ) E ¥ 4: ] ‘%%—5
AL S S0 DA EE
N W 'RIRT f %l
s ] = 3 0T
14.0100 ns ia.:.aso na 16.2600 nm
Ch, 1 - 200.0 wWoltafdiv Offeget = 907.5 mWolte
Ch. 3 =  20.00 avolts/div Offsat - = 25.12 aValts
Timebase = 25.0 pafdlv Dalay = 15.0100 ns

Figure 3-43 ; Output of 40 GHz beat frequency source (upper trace) ant.l RF drive signal (lower trace)
applied to modulator, displayed on a digital sampling scope.
Furthermore, accurate jitter analysis was possible by measuring the RF nois'e spectral
density using microwave mixers and an RF spectrum analy§er. Thef beat signal was
detected using a 32 GHz bandwidth photodetector, and mixed with the;1 frequeliqc;;
doubled output of a separate frequency synthesiser tuned to 19.8 QHZ. T et rlesu anr
400 MHz beat frequency was displayed and analysed by comparing the total powe

78 ;
e o ' manner’. Having
within the signal harmonic and the noise sidebands in the usual mann g

- iming jitter is given by;
integrated the noise power spectral density, the rms. timing jitter is g y
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Where n represents the harmonic numpber (1
harmonic etc), f, the fundamenta] repetition freq
harmonic and , P(n) the tota] RF power of the
usual to anal

S . NI .
Lightwave Optical _ 3+ %
¥ . N

A

Beat Frequency Source .
SBS Suppression ON 20 GHz Microwave Source

yse a series of harmonics of the pulse re
separation of phase noise contributions to the noise si

square of the harmonic number) and contributions due to amplitude nois
in proportion to the harmonic number).
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Py(n)
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Jo5 L
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Equation 3-53
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Figure 3-44 ; Jitter measurement of beat frequency source, showing the microwave source (centre) and
soliton pulse trains with (left) and without (right) SBS suppression.

Typical measured beat frequencies from the soliton conversion source are shown in

Figure 3-44. Attributing all of the noise to phase noise (rather than amplitude noise),

yields a maximum rms. pulse to pulse jitter of less than 300 fs, equivalent to the known

jitter of the electrical drive signal.

In summary, by constructing a low jitter beat frequency seed signal using an electro
optic modulator, the world's first stable, low jitter soliton pulse streams based on beat
frequency conversion have been generated at 40 GHz with a mark to space ratio of

between 4 and 6.

3.4.2 Systems evaluation of beat frequency conversion source.

The motivation for studying this source configuration was to determine its suitability for
communications applications, with 40 Gbit/s operation a means rather than an end in
itself. Initially simple pulse propagation experiments using the source (tuned to giv§ a
35 GHz pulse train) were performed over a previously investigated transmission

line

distance, multi-amplifier st
source, will not be described in this thesis. ‘
generates a train of fundamental solitons, at the maxi
rate modulation is precluded. Consequently, al

177,73

incorporating s
. i i sent the firs
(Figure 3-45). However, the results of these experiments, which repre

four 50 km spans of dispersion shifted fibre and 3 EDFAs
long
age pulse transmission experiments using a beat-signal
More importantly, because the source
mum line rate of the system base
| optical modulation, or serial electro-

. 178
optical modulation schemes must be pursued .
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Figure 3-45 ; Schematic diagram of beat frequency source and source evaluation experiments
(modulation and transmission)

The modulation scheme used should of course be carried out using an approach which
may potentially produce data streams at bit rates exceeding 100 Gbit/s. Several
promising candidates exist, including compact semiconductor switches®, four wave
mixing devices'”® and devices based on cross phase modulation in optical fibres'*.
However, in order to maintain the spectral and temporal purity of the source, it is
imperative that the modulator does not excessively chirp the pulses. Thus for example,
if a four wave mixing gate were employed, any chirp present in the data signal would
be transferred to the outgoing data signal. Similarly, if semiconductor 'amplifier based
switches are employed, the chirp associated with the simple amplification of .the pulse
train through the amplifier may significantly degrade thf: pulse q.uaht'y. The
demonstrations of all optical modulation of a 40 GHz solitqn tram. reported' in th.IS thesis
employed cross phase modulation interactions in disgersmn shxfteq thlcgl f1l;re;F As
such they are largely independent of the spectral purity Of. the driving 1881(?}'182} (\;0
approaches were taken, utilising a non-linear optical loop mirror (NO.LM) , and a
fibre based Kerr gate'®?, and these two devices will now be described in turn.

~TN
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3.4.2.1 All optical modulation witp, a mon-linear optical loop mirror

Figure 3-46 illustrates the layout of g typical NOLM gate. The 40 GHz beat f

signal is applied to the signal input, and interaction wi:h 40 Gbit/s contrzol edtl*requencly
occur within the dispersion shifted optical fibre. Ideally, the dispersion zersuo;e; WISE .d
would be placed midway between the signal and contro] wavelencths to Cnsuielt;le
appropriate velocity matching. The 40 Gbiy/s data source used to switbch the soliton )
can, for example, be comprised of 6 to 10 ps pulses derived from al

pulse sources described above, giving rise to peak powers up to = 500
power of 50 mW. With zero wal

laser
most any of the
mW for a mean

. k through a 7 phase shift from cross phase modulation
is then predicted for a 2.5 km length of dispersion shifted fibre.

‘ With a dispersion zero
of 1550 nm, tuning the control and so]

>3 ‘ iton signal wavelengths within the erbium
amplifier window allows a walk through of between zero and £2.7 ps/km to be

selected. Thus, with a fibre length of just under 10 km a total walk through equivalent
to the system bit period of 25 ps is easily achieved. However, it is unlikely that such a
large walk off would be required for this application due to the low duty cycles (of the
40 GHz soliton train) and negligible source timing jitter.

modulated
signal output

signal input

WDM 12 km DSF WDM
Coupler Coupler
control pulse control pulse
input output

Figure 3-46 ; Schematic diagram of NOLM based all optical modulator.

Parameter Without Walk Off With Walk Off
Probe pulse width (ps) 5
Control pulse width (ps) 6.4

o (km™) 0.046

n, (m* W% 3.2 10

) -12
Ay (m?) 50 10

3
Fibre Length (km) 12.6

: 25

Mean Control Power (mW)

ical modulator.
Table 7 : Default parameters used to model the performance of a NOLM based all optical mo

) : ‘ walk off, for a
Modelling results of this configuration has been carried out with zero

) fing
range of pulse widths. The results for a NOLM biased to be normally reflecting are

TA
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shown in Figure 3-47. The results in this fi

ana‘lytlcal mo@el (based on the cosine of the phase shif predicted by equation 2-17
calibrated against comprehensive numerical simulations carried out by theqUnivels'; )E
sity o

183 : :
A.thens. - In this simple theory, pulse shaping effects due to self phase modulation and
dispersion have been neglected. Non-inverting modulation is achieved since a sienal
e gne

pulse is tran§mitted from  the loop mirror for each control pulse.  Since il
instantaneous intensity of the 6.4 ps control pulse and the 5 ps soliton pul‘se are V; the
simultaneously, complete switching is not possible over the entire pulse Wi(dth arliilr?g
this case a significant portion of the energy (= 10%) will be reflected from the locirl
mirror. For the calculated optimum length for a &t phase shift, we would expect 108
% transmission at the pulse peak, and the pulse wings would be strongly attenuated
This may be of benefit for improving the pulse quality if any pulse wings are presené
from the 40 GHz source, but only serves to degrade the pulse quality of ideal pulses
from the beat frequency source. A greater total energy throughput may be achieved if
the fibre length is optimised so that the peak phase shift is greater than 7.

gure have been calculated with a simple

Time (ps)

. ) . Time (ps)
5 10 -10
Length Optimised

for maximum
throughput

5 10
Length Optimised for
Pi phase shift at pulse

-10

Amplitude (dB)

1
Transmitted Signal

o
@

Normalised Signal Power
o o
= (o3}

o
N

Reflected Signal

0.5 1 1.5 2
Normalised Effective Length

Figure 3-47 ; Performance of 40 Gbit/s NOLM based all optical modulator with zero walk {hrough,
showing input (solid line) transmitted (long dashes) and reﬂe'cted (short das}fes) pulse shapes and the
effect of fibre length ( normalised to Pi peak phase shift)

As may be expected, as the ratio of control pulse width to §ign§l pulse width 1s
increased, the transmission efficiency is increased, as shown 1n Flggre 3-48. This
follows simply from the fact that a greater portion of the signal pulse Il‘es Cci:los'eht'o tge
peak of the control pulse. However, the control pulse should be c.on.strame wit mm“i
bit period (25 ps) to eliminate the possibility of crosstalk. In this ;nstancteé)lcrzisse .
refers to the partial switching of a soliton pulse due to the presence of & conir p
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an adjacent time slot.
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Figure 3-48 ; Variation of through signal atienuation (red), icflected power tichi bliet and adjacent
channel crossialk (dark blie) of NOLM based 40 Gbit/s optical modulator as a function (g/‘(‘()/‘l/}‘()/ pulse
width.

It is thus easy to conclude that in the non-inverting state (soliton output pulsc when
control pulse applied), with zero walk off, either severe pulse distortion will occur
(short control pulses), negating the benefit of a pure soliton source, or unacceplably
high levels of crosstalk will occur (long control pulses). If on the other hand, the
normal bias point of the NOLM is adjusted to give transmission in the absence of
control pulses (the inverting state) then the action of the control pulses is meagrely (o
remove power from unwanted pulses. In this case, the signal throughput comprises
relatively undisturbed pulses for data 1’s, but incomplete switching by the control
pulses (light blue curve of Figure 3-48) implies that the extinction ratio of the output
signal will be poor ( < 15 dB).
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Figure 3-49 ; Anticipated Performance 0 f 40 Gbills NOLM modulator as a fz{n(rti(m ()j.'nfarll}' '()j‘j rc/ttg -
hetween S ps signal and 6.4 ps control pulses, with a ﬁ,\f({d jzll)r‘e length and a signal power adjustea Joi
a peak phase shift of Pi..

e trtimataly oreatly
The performance of both inverting and non-inverting states 18 fortunately greatly

enhanced by employing short pulses (for low crosstalk) u|‘1d &.Slgnlf;(:jl;t dcﬁr(f: :i
: to1 M -1 ., 3- . W C' w
walk through (for low pulse distortion). This 18 iltustrated 1in Flgme v o
i i S T s achieved 1or w
optimum performance in terms of transmitted energy and crosstalk 18 a.c e ed for
the control pulse amplitude is increased

off rates between 3 and 4 ps/km, provided that | S
) i . : -~ (or each value of walk off rate.
1o induce a peak phase shift of win the signal pulsc for each value ¢
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Figure 3-50; Output eye diagram (right) and spectra (left) of beat frequency

. / source modulated at 40
Gbit/s using a NOLM modulator. .

The performance of the NOLM for modulation of the beat frequenc source (a o

as Figure 3-45 above but with the NOLM replacing the Ke?r gatZ) is ilié:l:;tfi:
Figure 3-50, where the 5 ps pulses from the 1557 nm beat frequency source were
switched to the NOLM output by a 40 Gbit/s data stream comprising 6.4 ps, 1545 nm
pulses derived from a jitter suppressed gain switched DFB. Clearly although an
adequate eye diagram was achieved, with no observable degradations, the optical
spectra is strongly distorted. This may be due to the residual chirp imposed by the data
sequence'®’, nevertheless, this poor spectral quality, coupled with the dubious
environmental stability of a NOLM constructed from standard dispersion shifted fibre'®*’

results in an unsatisfactory pulse source.

3.4.2.2 All optical modulation with a Kerr rotation gate

For these reasons, the use of a Kerr rotation gate for the all optical modulation was
favoured over the NOLM. Whilst theoretically of a fundamentally more complex nature,
the overall characteristics of a Kerr gate are, in principle, the same as for a NOLM gate.
That is the switching window is governed by the cosine of the induced phase shift,
which in turn is determined from the walk of rate and the control signal pulse width. A
schematic diagram of the Kerr gate is shown in Figure 3-51, where non-linear
polarisation rotation along the dispersion shifted fibre is converted into intensity
modulation via the output polariser. The input polariser is used to ensure a linearly
polarised signal after pulse generation in the DDF and consequently ensures that the

maximum 30 dB extinction ratio may be achieved.

modulated
signal input signal output
12 km DSF
WDM WDI\;!
Coupler Coupler
control pulse control pulse

input output

Figure 3-51; Schematic diagran of Kerr gate

i : ; i orating the soliton source
Figure 3-45 illustrates the expenmental arrangement, mMcorp g
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described above and an electronic clock recovery circuit to ensure that tl d

data is synchronised to the generated pulse stream. 6.4 ps pulses from 1e modul
nm semiconductor mode locked external cavity laser, modulated with
PRBS was input to the optical modulator viaadto ] passive multiple
40 Gbit/s test signal. The all optical modulator itself comprised a 12
dispersion shifted fibre (A = 1551 nm). With the two polarisers ini
action of the 1545 nm data signal is to open the gate (non-inverting mo

T ——EE aai————————

OTDM Transmitters

ating
a 10 GHz, 1545
a 10 Gbit/s 27-]
Xer to generate a
.6 km length of
ally crossed the
dulation). The

output of the all optical gate when the soliton stream is modulated by the 1545 nm  data

sequence is shown in Figure 3-52. In this mode, the finite switching window of the

all

optical modulator (measured to be 19 ps) imposed a slight degree of pulse shaping,
decreasing the pulse width from 4.5 ps to 4 ps. However, despite this slight corruption

of the pulse profiles, a highly uniform 40 Gbit/s pulse train is generated (as shown by
the autocorrelation) with a clearly open eye.

- ' i | ey
. i i A A AN RARRN MRS SRS RAERE AR
Ll 12 psI/d|v : l — .._.._d»l_m{ ]

' 2 ms/ div ]

T = T i ]
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Figure 3-52 ; Modulated output of beat frequency source using Kerr gate. Showing eye diagram (left)
and autocorrelation (right). The upper trace on autocorrelation represents modulation by all ones and the

Figure 3-53; BER characteristics for 40 Gbit/s modt
nm back to back at 10 Ghit/s (filled circles) and 40 G
of the modulated beat frequency source at 155

lower trace by a PRBS data sequence.
-Log(BER)
4 ~

! I 1 I
—1|6 —1]5 14 -13 -12 -11
Received Power (dBm)

dation of a beat frequency source, showing 1545
bit/s (filled squares) along with all four channels
7 nm. Signal powers are measured at the input to the

plzotodiode.
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In order to thoroughly assess the performance of thig modulation s
measurements were performed for non—inverting modulation at 4]813;
was demultiplexed to 10 Gbit/s using an electroabsorption modu
from Figure 3-53, error free operation was easi]
frequency signal, however, the 1545 nm 40 Gbit/s
significant error floor due a the finite extinction ratio
(22.0 dB) at that wavelength. Consequent]
beat frequency signal will be partly obscured by the extinction ratio
dB), but clearly demonstrates a penalty of |
1545 nm 10 Gbit/s signal.

OTDM Transmitters

heme, error ratio
Us after the signal
lator. As can be seen
Y achieved for the modulated beat
back to back signal demonstrated a
of the electroabsorption modulator
¥, the apparent performance of the modulated
at 1557 nm ( 25.3
ess than 1.5 dB when compared to a simple

3.5 Chapter Summary

In this chapter, we have discussed the construction and interconnection of OTDM
transmutters. Of critical importance is the pulse source, requiring a sufficiently low duty
cycle, whilst maintaining an extremely high extinction ratio. These requirements are
readily achieved using mode locked fibre ring lasers. Whilst many other sources appear
promising, the demanding constraints of OTDM systems reduce the areas of
applicability of such sources. Suitable alternatives include EC-MLL, offering the
advantage of simple wavelength and repetition rate tunability, at the expense of pulse
quality. Similarly, electroabsorption modulators produce high quality pulses, but with
reduced extinction ratio, necessitating the use of cascaded modulators. However, the

unique properties of electroabsorption modulators has enabled the demonstration of a

unique single modulator based source of data encoded solitons, suitable for

simultaneous operation over a large number of wavelengths.

Having selected a suitable pulse source (in this thesis a mode locked laser or multiple
electroabsorption modulators) - it remains to construct the modulator array to encode N
copies of the pulse train with N independent data signals. Ideally, an integrated array of
modulators would be used, however, in the medium term, fibre based multiplexers
offer a more readily available alternative. This should be borne in mind when simplified
experimental transmitters (based on a single modulator and passive interleavers) are
constructed. In particular, the incoherent interference penalties of long fibre based
interleavers differ significantly from short, integrated passive interleavers. Similarly
sufficient delay should be present in any passive interleaver to decorrelate the test
patterns and avoid masking pattern dependant and demultiplexer penalties.

The chapter was concluded with a comprehensive investigation of beat frequency
conversion sources. Such sources relax the demanding constraints of OTDM pulse

sources by eliminating the need for interleavers and offer the pote
repetition rate operation. However, the pr
the development of suitable all optical
assessment of an OTDM data sourc
completed, and offers an i
Similarly, pulse shaping and multiplexing
alternative OTDM  source’

ntial for ultra high
actical deployment of these sources requires
modulators. The world's first ~ complete
e based on this technology was successfully
nteresting alternative (o traditional OTDM multiplexers.
of NRZ signals may be used to form an

361,186
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In the previous chapter, the construction of picosecond pulse sources
multiplexers to allow the generation of OTDM signals were examined. Fo
transmission and routing of these signals (covered in chapters 5 .

the function of an OTDM receiver to recover one or more base

OTDM Receivers

4. OTDM Receivers

and OTDM
llowing the
and 6 respectively) it is
rate electrical data signals

from the serial OTDM data stream. In addition to components traditionally used in

optical communications systems (which will not be covered in detail here) such

as

optical pre amplifiers and opto electronic converters, an OTDM system requires an

active demultiplexer in order to separate out the individual channels

, and a clock

recovery circuit to provide the appropriate synchronisation on a picosecond timescale.
These two functional blocks are discussed in this chapter. Electronic clock recovery is
introduced as the natural choice for OTDM synchronisation, whilst optical clock
recovery is discussed with regenerative applications in mind. For the demultiplexer
function, the discussion is restricted to electro-optic devices, offering the potential of
160 Gbit/s operation using existing commercial technology.

4.1 Clock Recovery

In order to separate the individual OTDM channels, an active processing device is
required, driven by optical electrical signals in precise synchronism with the incoming

data. This requires the development of low jitter clock recovery circuits. Several options

for the deployment of OTDM clock recovery exist, and these are illustrated in Figure 4-
1 (expanding the detail for figure 1.1) for a typical OTDM node.

Line Rate

Base Rate Clock Distribution

Line Rate

Line rate clock

*Optional
' Clock :
Recovery {rocessing.

j o NP Base Rate

 Clock "\ Optional Clock, Clock
Division,' \ Processing

Decision
Circuit

Receiver

Input

Typically only one of the clock recove
given system, providing synchronisation for all require ‘
diagram illustrates demultiplexing and the decision circuit). Th
processing elements shown may include functio
and electrical signals, optical or electrical pulse ¢
Recall that a properly interleaved OTDM data s
spectral component at the base rate clock freque
it has been proposed that a system with del
used for clock distribution'®’, this condition canno

Demultiplexer F=Base Rate
" Signals

Figure 4-1 Options for the location of an OTDM clock recovery circuits.

ry circuits shown would be employed for any
d functions within the node (the
e optional clock
ns such as conversion between optical
ompression or wavelength conversion.
ignal does not contain a distinct RF
ncy, only at the higher line rate. Whilst
iberately mis-aligned interleaving may be
t always be guaranteed, especially
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i ' .
after traversing an optical network, or a transmission line employing soliton control

Consequently, timing extraction prior to the demultiplexer is not generally possible at
the base rate. Clock recovery may also be achieved by recovering

. ' a line rate clock signal
and performing an optical or electrical cl s

1 : ' : ock division process to obtain the necessary
base rate clock signal. Whilst this approach has proved successful, the process of clock

division becomes increasingly difficu i ing li 188,189 ive i
gly It for increasing line rates'®*'3?, One alternative 1s

to perform base rate clock recovery (optical or electrical) following the demultiplexer
where an appropriate RF component exists'®®. However this approach is often
troublesome with the possibility of start up ambiguities and "self pulsation'®!. Clock
extraction at the full line rate prior to demultiplexing, but with a clock output at the
system base rate is clearly the most favoured option, allowing the development and

optimisation of components in isolation, and the operation in logical sequence through
an OTDM node.

4.1.1 Electronic Clock Recovery

Electronic clock recovery has previously been achieved using a 40 GHz phase lock loop
(PLL) in which the phase comparison was performed at 40 GHz but the VCO ran at the
base rate of 10 GHz". Following the VCO two stages of frequency doubling and
narrow band amplification at 20 GHz and 40 GHz were used to derive a 40 GHz local
oscillator. This is illustrated in the upper circuit diagram of Figure 4-2, and may be
constructed entirely from commercially available components. The circuit recovers a
stable 10 GHz clock signal from 10, 20 or 40 Gbit/s data signals with rms jitter levels
well below the available measurement resolution of 300 fs for input signal powers
above -22 dBm.

Mixer
Frequency Frequency 32p(ii]Hz 40 Gbit/s
Doubler Doubler diode Input
20 GHz 40 GHz 40 GHz
. 10 GHz Control circuit
VCO
10%
10 GHz Output )
Harmonic
Mixer
32 GH
(s oin | 4740 Gbivs
IE diode Input
40 GHz
. 10 GHz Control circuit
vCO
10%
10 GHz Output

Figure 4-2 Schematic diagram of electronic clock recovery circuits

This sensitivity level has recently been improved to -28 dBm by ‘decrc.aas.ing the VCO
sensitivity from 17.6 MHZ/V (0 6.67 MHz/V (allowing higher gain within the control
circuit). Tn an alternative configuration (the optical phase locked loop), the frequency

81



m—

Chapter 4
OTDM Receivers

tiplication process occ i :
m}ﬂ_ P ' P ' urs during the generation of a S
mixing is performed via cross gain modulation'®
semiconductor amplifier'*?

hort optical pulse, whilst

- . or four wave mixing in a
. In this thesis, a new electronic circuit ha

. . . ] S been desig
that utilises a harmonic mixer in which the local osci]] gned

ol , S ator input is at 10 GHz realising a
much more practical solution. This is illustrated in the second schematic diacram of
O

Figure '4‘2~ The phase c'omp.arlson is still performed at 40 GHz since the non-linear
properties of the harmonic mixer are used to derive the appropriate harmonics from the
local osc1llat?r with high efflclency. The conversion efficiency of the mixer decreases
with harmonic number and in this case was -14 dB for operation at 40 GHz with a local
oscillator of 10 GHz. The new circuit was able to recover a stable clock signal at a data
signal power of -18 dBm input to the pin and for input powers above -15 dBm the
measured jitter was below that of the 10 GHz synthesiser used in the source (=300 fs).
Both measurements were performed with a 2’-1 PRBS data pattern but no noticeable
degradation was observed on a high speed scope for pattern lengths up to 2°'-1, or with
error rate measurements made using the longer pattern lengths (for which penalties as
small as 1 dB were recorded).

Mature RF technology suggests that similar operation would be achieved for bit rates of
100 Gbit/s, using a Waveguide 27 (75-110 GHz) based harmonic mixer (optimised for
the 10 th harmonic). With a measured conversion loss of 20 dB at 92 GHz using
Millitek MSH-10 mixer, satisfactory operation may be anticipated for input 100 Gbit/s
signal powers of a few mW. Recent advances in device technology suggest that the
only constraining in this conversion factor is the device packaging'”.

4.1.2 All Optical Clock Recovery

Clock recovery may also be performed all optically using a number of techniques,
however, unlike phase locked loop techniques (either optical or electrical), optical clock
recovery techniques usually derive clock signals at the same frequency as the input data
stream. It is well known that a simple FM mode locked ring laser may be used perform
clock recovery, if the driving signal is replaced by an optical data stream'*>''?. The data
copropagating along a length of dispersion shifted fibre causes a periodic modulation of
the laser cavity through cross phase modulation. Modelocking occurs provided that the
round trip delay of the laser cavity is equal to an integer multiple of the bit period of the
input data stream. In the case of a simple FM mode locked ring laser, data ones serve to

mode lock the laser, whilst a data zero simply has no effect, allowing the circulating
nwanted spontaneous emission noise is either

pulses to propagate undisturbed. U . '
ings of the incoming data to be

incorporated into the pulse, or chirped by the w , , ; ioted
attenuated by the cavity filter. Consequently, although little difference 1s anticipate

between mode locked and clock recovery operation of an FM mode locked | laser (sllght
change in the required signal powers) quite high launch powers are req‘ulred (t:l)d'g‘lve
XPM phase shifts of a few 7 ). However, We have seen above that the 451mple 2}‘( Elon
of a polariser to a mode locked fibre ring laser greatly reduces the rﬁqmreddpead Phase
shift by adding a synchronous amplitude modulation to the §ystem. Th(f. rel u?;“ fraji
shift requirement of this configuration allows the construction of relatively short ring
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lase.r CaVltlf’«S- We nOVY examine the clock recovery performance of such a cavit

paying particular attention to the effects of the amplitude modulation Y,
cavity i i i R, '

The laser 1ty mnvestigated is shown in Figure 4-3, the basic ch

. . a t L .
were described in chapter 3 for a 12.6 km fibre lenoth racteristics of which
ottt

drive pulses in

\ Dispersion shifted fibre monitor coupler
WDM )\0 =1551 nm

@

o polarisation
§ polarisation controller

controller

polariser

6nm filter

Output Coupler

Double Pumped
Optical Amplifier

Figure 4-3 : Erbium fibre ring laser clock recovery

The laser, constructed with 12.6 and 1 km fibre lengths was driven with 10, 20 and 40
Gbit/s OTDM signals derived from a harmonically mode locked external cavity laser,
modulated with a 27-1 PRBS data sequence and interleaved using MUX-3. The pulse
source had a central wavelength in the region of 1545 nm, and following linear
compression, generated =7 ps pulses. The ring laser was nominally tuned to a central
wavelength of typically 1554 nm, giving a typical walk off rate of 0.67 ps/km in the
1550.5 nm dispersion zero fibre, however, slight variations to this central wavelength
occurred during day to day optimisation of the cavity without significant degradation in
performance. The cavity round trip times corresponded to a fundamental frequency of
9167 kHz for the 12.6 km modulator fibre, and 188 kHz for the 1 km fibre, and could
be directly observed as periodic resonant noise spikes in the RF spectrum (see Figure 4-
7). Thus 40 Gbit/s clock recovery corresponds to modelocking on approximately the
4.3 millionth and the 200 thousandth harmonic of the fundamental for each laser. In all
cases the drive frequency was matched to a harmonic of the cavity round trip by
manually or automatically adjusting the drive frequency of the source laser. Typical
clock recovered pulse streams, at 10 and 40 GHz are shown in Figure 4-4 obtained

using the 1 km fibre length.
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Figurc 4-4 Qutput of 1 km clock recovery circuit, driven by 10 Gbit/s (left) and 40 Gbiu/s (right) data
signals, showing spectra (top) and autocorrelations (bottom).

During the assessment of the laser driven by a continuous sequence of pulses (mode
locked operation), it was observed that the quality of the mode locking could easily be
deduced from the optical spectrum, via the visibility of the individual spectral modes.
This spectral mode contrast ratio (SMCR) is defined as the ratio between the peak
intensity of the modes and the background level between the modes. The variation in
SMCR for mode locked and clock recovery modes of operation for this ring laser (12.6
km fibre length), with a 40 GHz output signal is shown in Figure 4-5.

SMCR (dB)
rms jitter (ps)

] I 1
’ 4 ; (‘) ’_: 4 6 8 10 12 4 16
Mean Input Power (dBm)

Figure 4-5 Variation of jitter (triangles) and spectral mode conlt'a:vl ((};ircles}‘}[q; 45)[ ‘(Jlézﬁdri);:s
recovery in a 12 km mode locked ring laser with data (ﬁiied) and cloyc (open) inputs. ¢ s
» represent parabolic data fits 10 guide the eye.

ilar performance may be achieved for a data input
laser is dramatically reduced. On the low power
modulation strength,

Whilst it is apparent that broadly sim
signal, the operating range of the ring

. . o S insufficient
side, the clock recovery simply fails due 101
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exacerbated by the net reduction in strength due to the data ze

- ‘tuation i ros. i
side, the situation is more complex, and re] On the high power

ates to competition betw I
' . een active and
passive mode locking. In the case of norma] modelocking (driven by a continuous clock

signal), it is possible to align the cavity such that the transmission through the polariser
. . . P
is maximised during the presence of a drive pulse. In this way the pl

. . hase modulation
(XPM) and amplitude modulation (via non-linear polarisation rotation) act co-

operatively to produce strong mode locking. In the case of clock recovery (ring laser
dm.fen b?/ a d.at£.1 sequenc@, if .the cavity alignment remains unchanged, Dpulses
recirculating within the cavity will be somewhat attenuated by the polariser in the
presence of a data zero, and the amplitude modulation acts to destroy the mode locking
imposed by the XPM. However, provided that the polarisation rotation is small, a slight
adjustment of the cavity will ensure that the attenuation of the recirculating pulses is the
same in the presence of one's or zero's, with the unwanted spontaneous emission being
dissipated by virtue of a slight intensity dependant polarisation rotation within the cavity
(through SPM). A recent study has further investigated these dual effects of amplitude
and phase modulation in a clock recovery circuit based on a figure 8 laser'®

20 mV /div

10 ps / div
Sigma = 1.0 ps

Figure 4-6; Jitter measurement of 12.6 km fibre ring laser 40 GHz clock recovery

Figure 4-6 illustrates the extremely low jitter (resolution limited) obtained for the clock
recovery circuit after careful optimisation of signal powers and polarisations using the
12.6 km fibre. In this example, a mean 1546 nm, 40 Gbit/s signal power of 1.1 mW
giving a peak XPM phase shift of less than 0.08 7, neglecting walk off) was used to
f 5.8 ps pulse width with a peak wavelength of 1555.2 nm.

give a recovered clock o '
including, for reference, the previously

Further results are summarised in Table 8,
published result in the absence of a fibre polariser' (denoted *).

I i length Pulse Clock
Bit Rate Cavity Peak XPM Phase | Data Waveleng ' .
(Gbit/s) Length (km) Shift (rads) (nm) Width (ps) | Wavelength (nm)
40 12.6 0.08 1546.0 5.8 1555.2
10 1 0027 1545.2 4.5 15?3.1
40 1 0.06T 1543.7 4.1 1554.1
i 5
40 * 11 Pi

Table 8 Summary of clock recovery expe

riments using a mode locked fibre ring laser
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Note the increased peak phase shift required for 40 Gbit/s operation (between 3 and 4

times), indicating either a reduction in beneficia intra-cavity effects such as non-linear

polarisation rotation due to reduced peak powers, or the necessity to reduce inter

. . actions
between the recirculating pulses due to the reduced pulse spacing'®’

10 dB / Div

104dB / Div

| PR G
R b N it 320
RN L g
2 R -

TR X U i 1

Centre 9.999837 Gﬁz
Span 500 kHz
Res BW 1 kHz, VBW 3 kHz

Centre 4988626 MHz
Span 500 kHz
Res BW 1 kHz, VBW 300 Hz

Figure 4-7 RF spectra of 40 GHz clock recovery, showing lock condition (left) and the downconverted
40 GHz harmonic (right)

Figure 4-7 illustrates two experimental RF spectra of the laser. The right hand spectrum
illustrates the heterodyne spectrum of the 40 GHz component of the recovered clock,
obtained by mixing the output of the laser with the output of a second RF source tuned
t0 9.875 GHz in a harmonic mixer. Whilst the observed phase noise dominated by the
mixing process, this figure serves to illustrate the excellent suppression of the cavity
mode harmonics and verifies that the laser is well mode locked. The left hand spectrum
also illustrates a stable mode locking condition, with the residual 10 GHz data
component located 3/4 of the way between the cavity mode harmonics at 10 GHz. This
corresponds to the 40 GHz fundamental frequency of the drive signal matching an ODD
harmonic of the cavity round trip and ensures that any given pulse recirculating within
the cavity is mode locked by pulses from all four OTDM data channels. If on the other
hand, the residual 10 GHz component is aligned exactly with a cavity harmonic, then

each pulse within the cavity is mode locked by only ONE of the data channels, and

consequently the recovered clock signal comprises four independent 10 GHz clock

streams (or two 20 GHz streams). Unfortunately due to slight differences between the
input OTDM data channels, one channel tends to become dominant, and the recovered
clock exhibits a strong 10 GHz component. Similarly, a strong 20 GHz component in
the recovered clock is evident when the residual 10 GHz component falls halfway

between the cavity harmonics'**.
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4.1.3 Alternative OTDM clock recovery techniques

Technique Locati
1on Output | Max F iohli

Self Pulsating Laser Diode post demux S [.p : requency / Highlights | Ref
ptica 18 GHz 199

5 GHz in 20 Gbit's OTDM 190

SAW filter ostd i
ppre : :rr:l;l: Electrical 20 GHz 200
2.5GHz in 10 Gbit/s OTDM 188
Electronic PLL '
ec r.omc pre demux Electrical 40 GHz 73
Optical PLL pre demux Optical or 400 GHz 201
: Electrical

FM ring laser post demux Optical 40 GHz 195
Programmable Fibre Ring pre demux Optical 2 GHz 189
Semiconductor ring laser post demux Optical 20 GHz 202
TWSLA-NOLM ring laser post demux Optical 40 GHz 203
Injection locked post demux Optical 10 GHz 204
semiconductor MLL pre demux 40 GHz 205
Optical Tank Circuit post demux Optical 2 GHz 206
Optical Mixer post demux Optical or 1 GHz 207
Electrical 40 GHz 208

pre demux Optical or 20 GHz 209

Electrical

Table 9; Summary of alternative OTDM clock recovery techniques

Various alternative clock recovery schemes have been investigated worldwide for high
speed transmission systems, and have been categorised above (Table 9) according to
their output signal and their location within Figure 4-1. Whilst many of these techniques
are promising, only the two PLL based options demonstrate the levels of performance
and stability for deployment in the logical pre-demultiplexer location. Indeed, the

alternative schemes have been sparsely deplo
remain proof of principle investigations.
systems?'?, optically mode locked lasers show great promi
not necessarily required. Given
PLL techniques are certainly the most promisi
particular, where commercial photodiodes are aval

electronic components sug

yed in systems demonstrations, and

However, for all optical processing
se where base rate signals are

the simplicity of operation, and excellent performance,
ng techniques reported to date. In
lable, the ready availability of suitable

gests that electronic PLL's should be favoured.
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three broad categories;
« All optical switching
« All optical switching

In order to separate out the individual base rate channels from an OTDM dat

some form of active demultiplexer is required (Figures 1-1, 1-34 & A1), A wide

variety of optical demultiplexers have been demonstrated (see Table 10) fémn into
3 < g

L ERRR————m—————.
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4.2 Demultiplexers

a stream,

_ . 3 . . .
relying on a ¢’ mediated interaction between optical pulses.
- mediated by free carriers in a semiconductor material.

» Electro-optic switching - where optical pulses are switched by electrical signals
gnals.

Type Technology Configuration | Line Rate | Ref
(Gbit/s)
Electro Optic | Sinusoidal Polarisation Switch Multistage 6.7 08
"Velocity Matched Gate" Proposal | '
Mach Zehnder Modulators Integrated Multistage 4 212
Single Stage 40 213
Multistage 40 73
Single stage 40 18
Electroabsorption modulators Single stage 80 12!
x NPR DS fibre 40 152
SLA 20 214
XPM DS fibre 40 182
FWM PM fibre 100 215
DS-PM fibre 500 216
SLA 200 27
PALM FWM Loop mirror 6.3 218
NOLM DS fibre 100 29
DS-PM fibre 00 | *
Free Carrier Loop Mirror TOAD 160 8¢
Data Driven 40 8!
Integrated 20 2!
Mach Zehnder Integrated 40 22
Michelson Integrated 20 223
Cross Gain Modulation Pump Probe 40 2

Table 10 S

Whilst the earliest OTDM demonstrations Nece
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low switching energies. Table. 10 summarises recent progress in optical demultiplexing
for OTDM systems. The majority of the systems reported are sensitive to the inpuct

signal polarlsa'uo;}, HOVYever, results where polarisation insensitive operation has been
confirmed are indicated in italics.

4.2.1 Mach Zehnder Modulators

Consider now the operation (?f a Mach Zehnder modulator based demultiplexer in a 4
channel OTDM §ystem. The first modulator is biased at a transmission null and driven
with a 10 GHz sine wave of 2 Vrt amplitude to demultiplex a 40 Gbit/s signal into two
20 Gbit/s signals. The second modulator is driven by the same 10 GHz sine wave, but
with only Vr amplitude to demultiplex the 20 Gbit/s signal into a 10 Gbit/s base rate
signal (Figure 4-8). Note that the entire demultiplexer is deployed only using
components suitable for use at the system base rate. Consequently using this approach,
once systems are deployed at the base rate, four fold capacity upgrades via OTDM
should only require the development of suitable pulse sources.

Two factors influence the overall extinction ratio of a switch (and hence its
performance); the maximum device extinction ratio and the overlap of the switching
window with the tails of adjacent pulses. Whilst the former relies solely on the device
specification, the exact nature of the drive signals and optical pulses may have a
profound influence on the net achieved extinction ratio and consequently the system

performance.
10GHz Vr
1
0.8
0.6
Cascaded
0.4
1
0.2 Ve
50 100 _ 150 200 0.6
time (ps) 04
., l0GHz2Vrn 0.2
0.8 0 50 100 150 200
time (ps)
0.6
0.4
0.2

50 .~ 100 150 200
time (ps)

h Zehnder modulators driven by a 10 GHz signals;

top left - modulator driven by peak to peak amplitxfa'e of V,,,v
bottom left -modulator driven by peak to peak amplitude of 2V,
right - response of these modulators cascaded together.

o modulators (as calculated from Equation 3-
Figure 4-8. Clearly, a well distinguish.ed
d is established with good extinction 1n-
ndicator of the demultiplexer 1s
the demultiplexed channels and

Figure 4-8 Switching windows of Mac

The amplitude response of each of the tw
52), and of the cascaded pair is shown in
gating period of less than 25 % of the bit perio :
between the wanted channels. The critical performance 1

the crosstalk level, determined from the throughput of

itrarl Ises, cascaded
the total throughput of the rejected channels. For arbitrarily narrow pu

owever, for pulses of
modulators would completely reject the unwanted channels. H p
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finite size, the overlap of the pulse tails and the sine waves will necessarily lead to :
finite level of crosstalk. This is illustrated in Figure 4-9, where the output ysicnals foi
wanted and interfering channels are shown simultaneously for an input pulse tDrain of 8
ps pulses. From this figure we confirm that the most significant penalty should arise

from the tails of the channels immediately adjacent to the demultiplexed channel, the
actual pulse peaks being attenuated by over 30 dB.

wanted signal
0.8t
0.6
0.4
interering channels
(x 100)
0.2
0 20 40 60 80 100

time (ps)
Figure 4-9 Output of cascaded Mach Zehnder modulator demultiplexer for an 8 ps input pulse train at
40 GHz.
In Figure 4-10 the output signal to crosstalk (SXR) ratio for this system is illustrated as
a function of signal pulse width with an extinction ratio of 30 dB per modulator. As
anticipated the performance increases monotonically with decreasing pulse width down
to a pulse width of 2 ps, below which the performance is dominated entirely by the
modulator extinction ratio. Significantly however, the performance degrades rapidly
above 4 ps, reaching unacceptable levels for a pulse width of =8 ps. This value may
thus be taken as the maximum allowed pulse width for a 40 Gbit/s OTDM system
employing this type of demultiplexer.

26 |
24 |
22 [

20 |

Signal to Crosstalk Ratio (dB)

6
Pulse width (ps)

[ 2 4

o of cascaded Mach Zehnder modulator demultiplexer as a function

Figure 4-10 Signal to crosstalk rati : ’
of input 40 Gbit/s pulse width.

bed above provides a four fold demultiplexing but clearly, lower
ent modulators to increase the degree

,N modulators to demultiplex 1

The system descri
frequency RF signals could be applied to subsequ
of demultiplexing. This requires 2 minimum of Log
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channel from N, and gives the maximum line rate of four times the maximum dri
frequency (40 Gbit/s for 2 Vit 10 GHz drive in this case). Alternativel lb:;?xdbzzz
modulators may be employed with more complex drive signals. Consider z,or example
a drive signal comprising a 20 GHz sine wave, amplitude modulated by a 10 GHz spmc;
wave.

1

o
@

o
o

Normailised Amplitude
-

o
N

St Switching

Windows

Insertion Loss (dB)

0.8 Optical Signals

Wanted channel

Normailised Amplitude

Interfering channels
(x 100)

0 20 40 60 80 100
Time (ps)

n and performance of Mach Zehnder modulator based

Figure 4-11 Illustration of the operatio
[ drive (final diagram assumes 8 ps pulses at 40 Gbit/s).

demultiplexer driven by a pulsed electrica
Simplistically, we may argue that a 20 GHz sine wave applied to a Mach Zehnder
modulator would attenuate alternate pulses in a 40 Gbit/s data stream, or allow every
other pulses to pass. If the cycle is interrupted then the corresponding pulse would not
pass through the modulator. In this way, the 10 GHz signal eliminates alternate cycles
of the 20 GHz sine wave, allowing a single pulse within the 40 Gbit/s data stream to be
transmitted through the modulator. As in the case of the cascaded modulators, the exact
switching window obtained in this fashion, along with the finite data pulse width will
determine the cross talk performance. Using this pulsed electrical drive signal, an
additional degree of freedom is afforded by the amplitude of the electrical drive pulvse.
The sinusoidal transfer function of the modulator will tend to square off the switching
window for a drive signal of Vr amplitude, whilst signals with amplitudes 1e§s t.h?m ,Vn
/2 would tend to produce shorter switching windows at the expense of a diminishing

extinction ratio.
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This is illustrateq in Figure 4-11 where the electrical drive signal is shown along with
the resultant switching windows for both Vr and Vr/2 amplitudes and theopulﬁe

waveforms of the demultiplexed and interfering channels after the modulator (driven at

Vr/2). With full Vi drive, the overshoots present in the drive signal are transferred to

the optical §W1tch1ng window resulting in unacceptable performance, however, for the
reduced drive lf:ve'l 'Of Vm/2 we observe that the sinusoidal transfer function of the
modulator has 51gr11f'1cantly attenuated the overshoots with respect to the wanted signal.
The lower trace of Figure 4-11 illustrates the effect of this configuration on a 40 Gbit/s
OTDM signal comprising 8 ps pulses. Again we observe that the main crosstalk terms
arise from the pulse wings rather than the actual pulse peaks. In addition to modulating
the amplitude of the 20 GHz sine wave with a 10 GHz signal, further electronic
processing may be used to eliminate further electrical pulses, allowing demultiplexing
down to an arbitrarily low base rate.

In summary, we have seen how Mach Zehnder modulators may be used as efficient
demultiplexers, either driven with narrow band signals at the base rate clock frequency,
or with broadband signals where component count and overall insertion loss are of
importance. It is interesting to note that demultiplexing at four times the RF signal rate
is possible, suggesting that 160 Gbit/s demultiplexers may be constructed from the
latest commercial modulators, as shown in Figure 4-12. Note that with the exception of
the pin'®*, all the required components are readily available commercially.

. >0GH Base Rate
160 Gbit/s Input 20 Gz | 80 Gbit/s [40 GHz | 40 Gbius | dbafl 4| Output
Modulator Modulator Modulator { (10 Gbit/s,
* ?V" 1 2.5 Gbit/s...)
Waveguide 2Vn 40 GHz Vm/2 puise
Mixer Based Frequency 20 GHz

Modulator

Clock Recovery, Multipliet

Divider &
Pulse Gen

10 GHz clock signal

Figure 4-12 Schematic diagram of proposed 160 Gbit/s demultiplexer

4.2.2 Electroabsorption modulators

Clearly, any optical modulator capable of generating pulses for use in OTDM networks
may also be used as a demultiplexer. In general the demultiplexer may tolerate a
somewhat reduced extinction ratio, and is often designed to produce slightly broader
pulses (switching window) to avoid attenuation of the wanted’channel. Indeed many
potential pulse sources were originally demonstrated as demutliplexers because of this
relaxed requirement. During this thesis, electro absorptign modulator.s have been widely
used to provide a demultiplexing function due to the simple operation of the compact

device and its day to day stability.

4.2.2.1 Theoretical Performance at 40 Gbit/s
rption modulator is well understood and

Th I i eration of an electroabso 4
e e with the RF signal derived from the

operates in the same manner as a pulse source,
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local clock recovery circuit. For a 10 o

switching windows for Mod#1 and Mod;/?. P:lzlzlutl(znfr?i(s (sirrl:\znﬁiin;:; :he 3a;f(1)ievable
that when deployed as a pulse source, the modulator chirp enables :ore d -
additional Pulse compression. Consequently, the same modulator ma); be rt?:ed fgrli . (1)f
generate signal pulses, and then demultiplex them with an acce tablAe O'tI;Stty
window'™. At 10 GHz, an acceptable window width of =15 ps if achieje\:\zilcf 1.r1.i.!
reverse bias of =8V, whilst the linearly compressed pulses at the same operating OI' ‘i
would be =6.3 ps. Figure 4-13 illustrates the signal to cross talk ratio DOIEOTH
electroabsorption modulator demultiplexer described by Equation 2-40 as a function (of
the reverse bias for a 40 Gbit/s OTDM signal comprising these 6.3 ps pulses.

20

1 ® Penaly(ds)
18

! A sxr(B)

167
14

12

and
Receiver Sensitivity Penalty (dB)
S
P

Signal to Crosstalk Ratio

0 o T T T T T |
3 4 5 6 7 8 9 10
DC bias applied to modulator (V)

Figure 4-13 Signal to crosstalk ratio of electro-absorption modulator demultiplexer with 6.3 ps 40
Gbit/s input signal, 24 dB extinction ratio, 11.8 dB/V absorption slope and a 10 V peak to peak 10
GHyz drive signal.
This figure illustrates both the signal to crosstalk ratio, used to derive the change in

error floor, and the direct reduction in receiver sensitivity due to simple eye closure.
extinction ratio at high reverse bias and

verse bias. It can be seen that the 8 V
h this optimum. This device was used

The optimum shown results from a reducing net
excessively broad switching windows at low re
bias condition suggested corresponds closely wit
in many of the 40 Gbit/s systems demonstrations reported below.

4.2.2.2 80 Gbit/s systems based on electroabsorption modulators

80 Gbit/s transmission systems arc readily constructed from electroabsorption
modulator devices. This may be achieved either by increasing the system base rate to 20
Gbit/s, or by increasing the degree of multiplexing to 8 x 10 Gbit/s. Thi§ is illustrated
in Figure 4-14 and Figure 4-15. In Figure 4-14, the simple electroabsorption modulator
pulse source is modified by adding a second pulsed modulator to enhance the extinction
ratio and reduce the pulse width. Frequency doublers are also added tg the.mputs to 20
GHz drive amplifiers to provide the modulators (similar to Mod#1) with simultaneous,
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in phase, 10 and 20 GH '
in p z components. Following subsequent compression through a

suitable length of dispersion compensating fibre, 4.5 ps pulses are obtained, modul
with a third electroabsorption modulator, and interleaved (MUX.3) )
DCF '

BFB 'E‘\M'{> ow@/\%

2f

ated

4.5 ps, 80
Gbit/s data

= £

10 Gbit/s Data
10 GHz Clock

Figure 4-14 Schematic diagram of electroabsorption modulator, 80 Gbit/s data source.

The demultiplexer for this system (Figure 4-15) again comprises an electroabsorption
modulator driven at 10 GHz via a narrow band electrical amplifier. In this case, the
modulator (Mod#5) was polarisation insensitive, and gave a minimum uncompressed
pulse width of approximately 8 ps for acceptable extinction ratio's.

__{>EAM.>__

10 GHz Clock

Figure 4-15 Schematic diagram of polarisation insensitive electroabsorption modulator based 80 Gbit/s
demultiplexer.
The entire system was tested, giving a preamplified receiver sensitivity, at the input to
the demultiplexer, of = -23 dBm, and a variation of less than £0.7 dB across all 8
channels and all polarisation states. The stability and uniformity of the system is
verified by the bandlimited eye diagram and autocorrelation (Figure 4-16). Note that the
80 Gbit/s RZ signal is displayed as and equalised NRZ eye diagram usir?g the 32 GHz
photodetector. Coupled with harmonic mixer based clock rec'overy, Fh1s represent§ a
particularly simple implementation of 80 Gbit/s OTDM te@nal equipment, offering
single stage sine wave driven 8 fold demultiplexing, and an integrable pulse source of

high quality, low background 4.5 ps pulses.
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Figure 4-16 80 Gbit/s OTDM system employing four electroabsorption modulators. Showing
autocorrelation (top left) and eye diagram (top right) of 80 Gbit/s data signal, and BER measurements
(bottom left) of demultiplexed signal (bottom right).

4.2.2.3 Simultaneous photodetection and demultiplexing

The unique properties of electroabsorption modulators also allow the possibility of
simultaneous photodetection and demultiplexing with a single modulator®**?%°.
Consider a modulator biased normally transmissive with the usual sine wave drive. For
the majority of the drive cycle, the modulator is transparent, allowing pulses to pass
undisturbed. At the peak of the cycle however, the modulator is driven into absorption
and would remove power from the unwanted time slot. Now, if the OTDM data channel
corresponding to this time slot contains a data one, this absorption will generate carriers
within the active region of the modulator, the presence of which may be detected as a

. 227
voltage across the device™".

EA Mod

3x10 Gbit/s

4x10 Gbit/s
Output

Input

1x10 Gbit/s
+ Clock

ing and detection of OTDM data channels

10 GHz RF
Drive Signal

Figure 4-17 Schematic diagram showing simultancous syvltch
using an electroabsorption modulator.

n modulator may be used to simultaneously

In this way, a single electroabsorptio 4 .
ise stream and detect it locally (Figure 4-

remove an OTDM channel from the OptiCal pu
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a1 b 1 e s i 0
' o the detected signal will comprise a large 10 GHz
Rf 31gn-a1 and'a Sma.ll return' to zero 10 Gbit/s data sequence. Separation of these
signals %s pgsmble using a suitably designed electrical filter, an example of which is
shown in Figure 4-18. The remarkable performance of this simple filter circuit is
illustrated by the eye diagrams, where a clear 10 Gbit/s eye 1s extracted from a signal
where apparent data signal is present. Electrical error ratio measurements sucoestbthat
error free operation is possible for data signals greater than =7 mV (noise ﬂggr of the
circuit) provided the data power is no lower than =40 dB below the detected residual
clock power. For a typical residual detected clock signal of 2V, this results in a
minimum detected photocurrent of 400uA (assuming a 50 Q load), or an optical input
power of around 1 mW (assuming > 90% absorption and 4 dB coupling loss). This
encouraging result is perfectly within the power handling capabilities of current
electroabsorption modulators studied in this thesis (= +5 dBm).

“ Clock Amplitude
10 ® 2voox
"8V cleck
10" 4 Voo
o 05V oK

! .6 & NoCock
10
i 107 °
a
1)
10
101°
10 100 1000
pesk to peuk data ampltude (m¥)
6 GHz
amplifier
DC Block P
2V clock + 20 mV data 5 GHz Raised 10 GHz '
Cosine Low amplifier \ Extracted Data Signal
Pass Filter
ol o beos.
T
16,0000 as 18.1000 =e 16,2000 wa 16,5000 na 16,1002 as 16.2000 ne
. - - 0.000 volts . £2, = 0.000 YVolts
Tiaobass - ;g?éopﬂﬁsllav oo 3¢+ 2 o e - ?‘gf",",:','ﬁi:"“' iy I law0000 ns

Figure 4-18 Electrical extraction of a weak data signal from a mixture of clock and data

Unfortunately the background absorption of the electroabsorption modulators was

around 10%, leading to a significant absorption of the unwanted (through) channels and

a corresponding high Jevel of crosstalk. This precluded a full demonstration of the

technique. However, along with the potential for dark pulse generation, this work has

lead to the design and fabrication of a new "blue shifting" el‘ectroabsorption
modulator?®®. This device is designed to have a low background absorption state, and‘ to
avoid the need for high forward bias levels (giving current l.eakagej and  high
capacitance) when generating dark pulses (or short pulse absorption windows) by
inverting the absorption characteristic. Preliminary samples have been grown by
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colleagues at BT laboratories showing the potential for blue shifts of up to 90 nm
suggesting that operational blue shift modulators may be developed. ’

4.3 Chapter Summary

In this chapter, we have examine options for OTDM clock recovery and demultiplexers.
Phase locked loop clock recovery circuits are proposed as the natural choice for OTDM
synchronisation, although the precise implementation of the high frequency mixer
remains open to debate. The two main candidates are electronic waveguide based
harmonic mixers, proposed in this thesis, and ultra fast all optical mixers coupled with
generation of high frequency clock components via short pulse generation proposed by
NTT. Both of these techniques are likely to produce low jitter electronic base rate clock
signals from an incoming OTDM data signal, irrespective of the quality of the
interleaving. Furthermore, the electronic version is fundamentally wavelength and
polarisation insensitive. In terms of demultiplexers, attention has been restricted to
electro-optic based modulators. It has been shown that operation to 80 Gbit/s and even
160 Gbit/s is perfectly feasible given state of the art modulator technology. In particular
the use of polarisation insensitive electroabsorption modulators is particularly promising
for the implementation of OTDM systems in the region of 100 Gbit/s.
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S. OTDM Transmission

In the previous chapters, the key issues associated with the generation and detection of
OTDM data signals were discussed. Particular attention was focused on the key issues
of pulse generation, timing synchronisation and demultiplexing, concentrating on
techniques employed in this thesis. In this chapter, the transmission of OTDM si:;lals
a key element of optical communications networks, is discussed. Of partcicula;
importance is the use of standard fibre, where the dispersion limited transmission
distance is less than 5 km. Following demonstrations of how this may be overcome,
attention is focused on dispersion shifted and novel fibre types for soliton transmission.
Finally, the chapter is concluded by a demonstration of all optical regeneration.

5.1 Standard Fibre Systems

In order to provide a low cost evolution strategy to upgrade the existing network, it is
imperative that any multiplexing techniques (optical or electrical) exploit the existing
fibre plant. Whilst in Japan this translates to simply accommodating a wide variation in
the dispersion zero of dispersion shifted fibres’”, within Europe and the United States
the key issue is the prevalence of standard step index fibre”. Several techniques have
been proposed to overcome the chromatic dispersion inherent in this fibre base when
used in the 1.55um window. The proposed techniques include dispersion tolerant**°
and dispersion supported”' transmission formats, optical™* and electrical®®’ dispersion
compensation and mid span spectral inversion®* (MSSI). Many of these techniques
involve precise manipulation of the optical data format, a degree of freedom already
exploited within an OTDM system to produce a high aggregate capacity. However,
optical dispersion compensation and mid span spectral inversion show great promise
for completely removing penalties from chromatic dispersion in  OTDM
systems=%1%1° and in the case of MSSI, alleviating non-linear impairments in certain
circumstances?’. Correctly designed, these techniques are not only suitable for high
speed OTDM systems, but may be "downgraded" and initially deployed for 10 Gbit/s
NRZ system.

Optical dispersion compensation of OTDM signals may also be achieved using either
222236 plannar components®’, or chirped fibre

fibre is now readily available, and is easily

adapted to ultra high speed operation by adjusting the fibre length. On thfa othe',r hand
chirped fibre gratings offer the advantages of a simple and compact device with low
non-linearity. Preliminary measurements of such techniques for svhort' pulses §how great
promise, with recent increases in overall grating length”** allowing impressive sys.tem
demonstrations?’. Once developed, such gratings may usefully act to partially

X . PR y B ;
dispersion compensate a fibre link, allowing soliton transmission with the chirped
grating simultaneously acting as a guiding filter.

dispersion compensating fibre
gratings®’. Dispersion compensating
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5.1.1 Mid Span Spectral Inversion

Recent demonstrations of mid span spectral inversion (MSSI), or optical phase
conjugation (OPC), show great promise for completely removing ,pcnalticr.)s‘ l"i‘omp 1111:1
order chromatic dispersion in the transmission fibre?*’, and alleviating muny\ of the nm%-
linear impairments of appropriately designed long haul transmission systems’™. This
technique has been demonstrated even using signals of relatively high spectral width
and should thus be eminently suited for use in an OTDM network. "Ehc. basic principlc:
of operation is shown in Figure 5-1. A pulse temporally broadens in the optical fibre,
with the long wavcelength components trailing the shorter. At the mid point of the
transmission link, the spectrum is inverted, such that the short wavelength components
now trail the longer. During subsequent propagation, the shorter wavelengths propagate
with a higher velocity, and the pulse reforms at the fibre output.

Transmitter ,ﬁ\_

MSSI

g

Receiver

Figure 5-1 Operating principle of mid span spectral inversion, showing pulse broadening in the firsl
fibre link, and restoration in the second, symmetric fibre link.
This process is highly analogous the phase conjugate reflection where, in the absence of
loss, a pulse unwinds all distortions (temporal, spectral and spatial) as it propagaltes
back towards the transmitter through an effective mathematical time reversal.
Consequently, provided the two (ransmission links are sufficiently symmetric, and the
amplifier spacing short enough, then we may expect compensation of self phasc
modulation and four wave mixing in addition to chromatic dispersion. Previously the
technique has been used to provide dispersion compensation for bit rates of up to 10
Gbit/s with directly® and externally modulated (ransmitters, for =5 ps pulses™ and for
multiple wavelength systems®*’. Similarly, the cancellation of self phase modulation™
and four wave mixing’” have been cffectively demonstrated. Tn this thesis, the

extension of this technique to higher bit rates is discussed.
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Electronic
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0.5nm |10 Gbit/s
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Figure 5-2 Schematic diagram of 202 km transmission system employing MSSI

Figure 5-2 illustrates the 202 km OTDM transmission system used to demonstrate the
worlds first application of MSSI to a high speed OTDM formatted signal. Near
transform limited 7 ps pulses at 1562 nm & 10 GHz repetition rate are derived from a
cw DFB, a pair of sine wave driven electro absorption modulators and linear
compression. The second modulator is used primarily to enhance the contrast ratio of
the pulses and consequently improve the stability of the subsequent interleaving. A 40
Gbit/s data sequence (27-1 pattern lengths) is derived from this pulse train before
amplification to +6 dBm and transmission over a 100 km length of standard Sumitomo
fibre (with a dispersion length for these pulses of = 2 km). Upon entering the MSSI
node, the signal was amplified and combined with a copolarised 1559.8 nm, cw pump
before amplification by a bulk InGaAsP semiconductor amplifier (SLA). In the SLA
four wave mixing between the incoming signal (<+3dBm) and the local pump (+13
dBm) generates the spectrally inverted phase conjugate signal. Note that the four wave
mixing process also produces a wavelength shift in addition to the wanted spectral

inversion.
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MSSI experiment. LEFT - Qutput of SLA showing input

RIGHT - Output of final filter with and without input data
he achieved signal to noise ratio.

Figure 5-3 Optical spectrum of 40 Gbit/s
signal, pump, and phase conjugate signal.
signal, illustrating !

was isolated from the input signal and
bandpass filters and the signal power
from the node (Figure 5-3). Following

The wavelength shifted phase conjugate signal
the residual pump using two cascaded 1.3 Tlm
boosted to +6 dBm before onward transmission
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transmission through a further 102 km, the restored 40 Gbits OTDM signal is
> C

demultiplefwd ‘usving another electroabsorption modulator, driven via a 40 GHz clock
recovery circuit and providing a 15 ps switching window and 22 dB extinction ratio.

As CE‘IH be geen from Figure 5-3, the finite conversion efficiency (=-14 dB neglecting
amplifier gain) of the four wave mixing process and spontaneous emission from the
SLA results in a degradation in the optical signal to noise ratio (to = 20 dB), and it is
critically important to optimise the FWM efficiency. The spectral variation in conversion
efficiency is well understood in terms of inter and intra band carrier transport effects
and carrier heating®. In Figure 5-4, the observed variation in 40 Gbit/s conversion
efficiency is plotted against the wavelength detuning between pump and signal (pump
wavelength minus input signal wavelength). These results reproduce the anticipated
deterioration in efficiency as the wavelength separation increases, and also illustrate the
higher efficiency achieved when the pump wavelength is shorter than the signal***. The
spectral asymmetry in the efficiency characteristic relates to interference between four
wave mixing signals generated by inter and intra band carrier transport processes,
adding constructively for negative wavelength differences, and destructively for

positive differences’***.
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Figure 5-4 Peak signal power of phase conjugate signal as a function of signal/pump detuning.

With this in mind the pump signal was located to the short wavelength side of the input
OTDM signal, and the effect of this efficiency variation on the system performance was

ure 5-5) by replacing the 202 km transmission fibre with 23 dB

investigated (Fig !
nal to noise ratio performance throughout

attenuation (ensuring equivalent or worse sig . _ _ ] ol
the system). For each pump wavelength investlgaFed (with a f1xed input S‘gnad
wavelength), the MSSI node itself was optimised In terms of signal powers an
polarisations. It is observed that severe error floors are encountered f?; ‘large
wavelength shifts (greater than 3 nm) mainly as a result of reduced MSSI efficiency
egradation at the output of the SLA. While the phase-

leading to signal-to-noise d 4 ‘
y ‘ ‘ i i I g input

conjugate signal-to-noise could be increased simply by mcreasmg the signal P
D N e received signal due to carrier

power, this also increased the degree of distortion in th
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density modulation. For small diffe :

receinr sensitivity degradation is er:ir;zistebrztdwgsz tzurr:g;l?zj ;Lgrrrllal lzvai\;l: rtlké:thSLTS ”;t
cascaded filters, although no specific error floor was encourl?tered.clt \ivozia thtuz
determined that a finite window of some 1.2 nm exists over which sucéessful
MSSI may be performed using this particular SLA and these filters. It is anticipated
that this window will become narrower for higher bit rates. This is due the requirement
for broader optical filters to pass the OTDM signal which would increase the pump
breakthrough, and the increased total power for a given signal to noise ratio of a base
rate channel impacting on the trade off between FWM efficiency and signal distortion in
the SLA . Subsequent work has shown that the pump signal detuning and the
conversion efficiency may be simultaneously increased by the use of longer SLA
devices**’, and should in principle allow the operation of MSST at bit rates up to at least
100 Gbit/s and perhaps beyond.
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Figure 5-5 BER performance of MSSI without fibre as a function of signal-pump detuning

Figure 5-6 illustrates the excellent performance of the overall 202 km systeTn for a
wavelength difference of 2.5 nm. The excess length (2.2 km) of the second flbre. link
was determined simply by calculating the relative total disper510r-15 of .the two lmkjc,,
taking into account the overall wavelength shift of = 5nm and the dispersion slope. It (;S
interesting to note that in this experiment this relative?ly small excess lengt? corrtespzn(t(s)
approximately to the dispersion length. The pulse ‘w1dth W?IS almost elxa;:'tb y relse;)rihs :
=7.5 ps) using this fibre length, whereas with 'premse'ly equal fi frlzors iue :
significantly broader 14 ps pulse was observed, giving rise to error

incomplete demultiplexing. The overall preamp e o, and 8
included a small 0.4 dB penalty for the use of MSSI’and 23 a throu,gh '
further 0.8 dB transmission penalty from residual dispersive effects ( o Zverall
transmission fibre and optical filters) and non-linear crosstalk. Ho;vzgeébitjs overal
penalty (1.2 dB) remains comparable to previous demonstrations 0O

ional
transmission over 205 km at 1557 nm, where s1g

lified receiver sensitivity of -25.1 dBm

depolarisation gave rise to a net 2
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248 :
dB penalty”™. This result represents the first experimental demonstration of MSSI

con'lpensatejd tfansmission of a 40 Gbit/s OTDM signal over standard fibre. The
achieved bit rate distance product of 8.1 Thit/s/km represented the highest reéoned

value for a single wavelength usine a : :
g any dispersion compensation techni
initially reported. g chnique. when
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Figure 5-6 Overall performance of 202 km transmission of a 40 Gbit/s OTDM signal over standard
fibre using MSSI.
Whilst the measurements reported here indicate the limitations in bit rate, numerical
simulations by others has suggested that transmission distances of up to 3,000 km
should be possible using a single MSSI node**, limited by a combination of third order
dispersion and amplifier noise. Indeed, in a recent demonstration, a 40 Gbit/s OTDM
signal has been transmitted over 400 km using a 2 mm long MQW SLA™® Whilst
MSSI clearly offers remarkable performance, and may allow the deployment of long
haul systems with a single dispersion compensating element. However, outside the
realm of simple point to point systems, the simplicity of span by span passive optical
dispersion compensation would alleviate difficulties associated with different optical
path lengths for each channel. In both cases however, upgrades to higher bit rates are
likely to by restricted by polarisation mode dispersion and uncompensated higher ord.er
dispersion®*". Similarly, for bit rate transparent systems, with a target upgrade capacity

of 40 Gbit/s, particular attention must be paid to the short dispersion length of the
ompensated systems at lower

OTDM system (= 2km), precluding the use of partially ¢
bit rates.
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5.2 Soliton Systems

In chapter 2, we mtr9duced the concept of optical solitons where, for certain pulse
profiles, the phase shifts due to dispersion of an optical pulse are b

. : ale
shifts from the fibre non-linearity (SPM). Whil vianced by phase

. - . o st the use of transmission format to
provide optical multiplexing in an OTDM system precludes the use of many dispersion

accommo.dat‘ion techniques (Section 5.1), RZ pulses are perfectly suited to soliton
commumcatlon.' Indeed tl.le proposed OTDM pulse sources often produce either sech
squar(.ad puls§s 1dea1.1y suited to soliton communications systems or pulses close to a
gaussian profile, which may be converted on transmission into solitons with negligible
loss of energy. Thus, where new systems are commissioned, or dispersion shifted fibre
exists, soliton transmission of OTDM data signals may be considered a particularly
attractive option.

As this thesis is nearing completion, soliton transmission at bit rates of up to 20 Gbit/s
has reached an encouraging state of maturity**>, however, at the outset of this thesis
little work on soliton transmission above this bit rate had been reported”>?*5. Indeed
the single report of Jong haul 40 Gbit/s transmission utilised the additional degree of
freedom of polarisation multiplexing to allow the use of broader pulses (=9 ps)
simultaneously reducing jitter and soliton-soliton interactions**. This thesis reports the
worlds first experimental demonstration of long haul soliton transmission of a single
polarisation 40 Gbit/s OTDM data sequence, and the use of active soliton control
techniques and novel fibre types to enhance the system performance. For the later
techniques, the emphasis is on overcoming the potential limitations of ultra high
capacity soliton systems. In the following chapter, it will be shown how the
transmission techniques illustrated here allow for the construction of truly global OTDM
networks.

5.2.1 40 Gbit/s soliton transmission

Many recent transmission experiments have demonstrated the striking potential of
OTDM transmission over moderate distances using either soliton or linear transmission
techniques. However as system capacities have been increased, the distance has
reduced, closely following (with few exceptions’’) a fixed maximum bit rate distance
product of approximately 40 Tbit/s.km for soliton OTDM systems'*"'* and =20

Tbit/s.km for dispersion managed OTDM systems”*®. Soliton control in frequency®’’

and time domains?*® have increased these limits dramatically. Here, the transmission of
orted

a 40 Gbit/s OTDM data stream over 2,200 km without transmission control is rep

(bit rate distance product of 88 Tit/s.km) using a substantially unaltered transmission

. . e 103,258 1
line previously reported for 2.5 Gbit/s soliton transmission , and with a near

uniform dispersion map.

Figure 5-7 illustrates the experimental configuration of the variogs soliton transm.lssuin
experiments reported in this thesis. The main loop differs onl.y sllghtly ‘from prev1ous.y
3 through the inclusion of an optional in line electro-optic

reported experiments'” o :
modulator and a second inject port at the "origin" of the loop. The particular

: : ired for any given
configuration used 1$ more complex than 1 reasonably require > e
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Link Reel ID Length (km) Dispersion Zero (nm) Loss (dB/km)
1 2 17.65 1548 214
1 7 15.44 1549
2 6 18.31 1549
2 12 12.73 1549 223
2 17b 2.00 1548
3 11 8.84 1545
3 17 11.03 1550
3 10 8.84 1550 217
3 17¢ 4.00 1548

Table 11 Dispersion map of 100 ki recirculating loop with 33 km amplifier spacing.

For the 40 Gbit/s transmission experiment, the 100 km recirculating loop contained a
single 2.7 nm tuneable optical bandpass filter and a single premium grade optical
isolator. For this simple experiment, the in line modulator was removed. After an
appropriate number of recirculations, timing synchronisation was achieved using a 40
Gbit/s electronic phase locked loop clock recovery circuit, and a single 10 Gbit/s
channel was extracted using an electroabsorption modulator, detected and regenerated.
In contrast to previous experiments, the lock condition of the PLL was maintained in
the absence of recirculating data (i.e. between the measurement and inject periods) by
switching between the loop output and a spare output of the passive multiplexer using a
pair of acousto-optic modulators. Note that by varying the loop length (in bit periods),
the clock recovery may be forced to demultiplex either the same, alternating or random
channels within the OTDM multiplex. The current demultiplexing state is monitored by
comparing the phase of the recovered 10 GHz clock with the transmitted clock as a
function of transmission distance, whilst the relative loop length (in bit periods) is
adjusted by fine tuning the source frequency. The evolution of the pulses as a function
of distance was monitored using optical (0.1 nm resolution) and electrical (40 GHz
component) spectrum analysers, whilst a sampling scope and 32 GHz pin were used to
temporally analyse the received signals. Error ratio measurements were taken on the
regenerated data using a burst mode enabled 10 Gbit/s error rate test set. In all cases,
the instrument triggers were controlled via the appropriate loop timing signals with a
continuous optical input from the recirculating loop. In this experiment the second and

third loop inputs and the 2:1 selectors were unused.
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Figure 5-8 Spectral evolution of pulses during 40 Gbit/s soliton transmission experiment with a centre
wavelength of 1549.2 nm.

With the erbium doped fibre ring laser tuned to give 6 ps pulses at a centre wavelength
of 1549.2 nm (corresponding to 0.05 ps/nm/km dispersion in the transmission line),
error free transmission was obtained for transmission distances up to 2,200 km. The
spectral evolution of the pulses is shown in Figure 5-8, clearly illustrating that
following an initial evolution, the spectral width propagates largely unchanged after
propagation over 8 soliton periods, confirming soliton like propagation. The received
eye diagram and the evolution of the 40 GHz RF component (Figure 5-9) similarly
confirms that negligible temporal distortion has been experienced on propagation.

BL -35.8d dBa . KR L SHT 0 sec
CRITEN 18 7d8™ H ; : i 55,38 déa "
0:08/0[Y .

“iLdzsoms semem T Cheso o | R 1) T
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«RB 30.8 kHz Vg 38.8 kH: $T 58.80 msec

Figure 5-9 Eye Diagram after 2,200 km and evolution of 40 GHz RF component with distance (right)
for 40 Gbit/s soliton transmission at 1549.2 nm.
d to higher dispersions, an increased degradation

As the signal wavelength was detune !
m indicates that pulse to pulse jitter

in the 40 GHz component of the RF spectru s that |
gradually degrades the performance to an error free transmission distance of 1,100 km

at 15502 nm (D = 0.13 ps/nm/km). This is illustrated in Figure 5-10, which
ree distances (<1O'9 BER), along side a theoretical plot

summarises the observed error f .
e. It is apparent that the experimental error free

of the anticipated error rate performanc

107



—

Chapter 5
OTDM Transmission

distances follow qualitatively theoretical error free distances (< 10"

Haus jitter, but the actual transmission distance is somew
Wavelength (nm)

BER) for Gordon
hat degraded.

1548 1549 cc
. ? i} ! 1550
3.5t \\\\\\\ \
: Soliton Period\'
3
2.5 \\\ NN
soliton jitter

Transmission Distance (1000 km)

I

-0.05-0.025 0 0.025 0.05 0.075 0.1 0.125
Average Dispersion (ps/nm/km)

Figure 5-10 Theoretical and experimental performance of 40 Gbit/s transmission system.
Dots - experimentally measured error free distance (< 10-9)
Solid curves - theoretical error free distance (< 10-15)
Dotted region - pulse not stable against PMD
Shaded region - soliton period less than 6 amplifier spacings
Theoretical predictions of soliton soliton interactions in the presence of the weak
guiding filter (2.7 nm every three fibre spans) suggest that the collapse length tends to

*%  However,

infinity provided the system dispersion remains below 0.13 ps/nm/km
whilst penalties from interactions alone should not be responsible, the observed
performance degradation may be due to soliton interactions between pulses
experiencing Gordon Haus jitter”. This was verified in principle by eliminating
alternate pulses (to give a 20 Gbit/s signal) whilst maintaining the same demultiplexer
switching window (to demonstrate the same jitter tolerance), where significantly
enhanced transmission performance was established (2,700 km at 1549.1 nm and
2,500 km at 1549.7 nm). Degradations due to dispersive wave radiation generated from
violations of the average soliton model are also anticipated for dispersions above 0.05
ps/nm/km. _

Below the optimum transmission wavelength, polarisation mode dispersion was
anticipated to have a major effect on pulse stability (theoretically within the dotted
region of Figure 5-10) and the error free distance rapidly degraded to =1,100 km, even

. ' . o : intai n for
for 20 Gbit/s signals. However, this transmission distance was maintained eve

propagation within the normally dispersive region of the fibre. The experiment was

repeated using the EC-MLL, where quantitatively similar performance was observed for
dispersions above 0.06 ps/nm/km, however, the at the previous optimum wavelength
of 1549.2 nm the transmission distance was reduced to 1700 km, confirming previous

comparisons of the performance of pulse sources for theoretically optimised soliton
e

transmission’*.
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In this experiment, it has been shown that pseudo-linear transmission of 40 Gbi

, ‘ it/s data
sequences over 1,000 km is possible over a range of signal wavelengths in excess of
2.3 nm, confirming previously reported regults. However, the syster; performancse(i)
significantly enhanced to over 2,000 km for a narrow range of wavelengths (0.7 nm§
where soliton transmission is possible. The performance of the soliton s;stém a ears
to be restricted primarily by the soliton period and interplay between jitter and foﬂiton
interactions. We may anticipate somewhat enhanced performance by empl
alternating amplitude or polarisation to suppress the interactions, and euidine filters to
reduce jitter. Clearly however, in order to increase the system line ratz, stroio control
of both jitter and interactions is required, along with techniques to alleviate d?spersive
wave penalties from violations of the average soliton model. The following

experimental investigations into soliton contro] and novel fibres were carried out with
these aims in mind.

oying

5.2.2 Theory of Soliton Transmission Control

We have seen that the Gordon Haus effect arises when a soliton passes through an
amplifier and consequently experiences the addition of noise. The effect of the noise is
to randomly shift the central frequency of the soliton, which in combination with the
chromatic dispersion of the fibre, gives rise to a velocity shift and arrival time errors.
However, the original analysis used to predict the jitter levels did not account for the
filter curvature, which will naturally resist variations in the soliton centre frequency by
presenting lower losses to those frequency components closer to the filter
maxima2®!2622632%°  That is to say, an amplified soliton, shifted to slightly longer
wavelengths, is preferentially attenuated on the long wavelength side by any subsequent
filters centred on the unperturbed soliton central wavelength (Figure 5-11). On
subsequent transmission the new pulse will reform into a soliton whose centre
wavelength is closer to the filter peak, provided the spectral distortion is not to extreme.
During this process, the slight temporary wavelength offset will, through chromatic
dispersion, result is some timing jitter, but since the central wavelength is always
restored, the accumulation of jitter is no longer cubic (as in Equation 2-34 above).

Figure 5-11 llustration of the effect of guiding filter (exaggerated) showing the ;‘/‘)e(c{tira‘;[;;())ﬁle ofa
& jittered pulse (dotted), a gaussian filter ( solid) and the resultant output pulse (dashea).
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bandwidth arises from the spectral distortions mmposed on the pulse by the filters>

and the consequent dispersive wave radiation generated on subsequent propagation
g .

In addition t(? s'uppressing jitter from the Gordon Haus effect, it has also been shown
that by restricting the signal wavelength guiding
3 o

e o filters reduce the detrimental effects
ns—”

o g the acousto-optic effect®® and collisions in a WDM
system™". For example the interaction force attracting two solitons together produces a
change in the soliton velocity, which, in a dispersive fibre, must corre:pond to a change
in wavelength. If this wavelength variation is restricted, the interaction force must ;e
resisted and the collapse period increased. Taking this reduction in strength of the
interaction force into account, it may be shown®*?7® that the collapse length is now

given by
. L, 2nL ,,AG .
- __TAE]H - : et Equation 5-56
L,,Sech —
2Ty

Which, in the limit of AG—0, reduces to equation 2-31, which in turn reduces to the
familiar exponential form for well separated pulses. Furthermore, for sufficiently strong
guiding, the collision length tends to infinity, and the collision is completely
suppressed.

The accumulation of spontaneous emission down the transmission line can be greatly
reduced by slightly offsetting the centre wavelength of each guiding filter’® 2% (a
technique known as "sliding guiding"). The non-linear, quasi particulate nature of the
soliton pulses enables them to follow the shift in gain peak of the system but linear
signals, such as noise from amplifiers earlier in the link and dispersive wave radiation
will be attenuated by subsequent filtering. Equivalent performance is achieved by
periodically frequency shifting the optical signal in a fixed filter transmission line*’'*’¢.
In this case, the fixed filters enable the soliton pulses to resist the frequency shift,
whilst linear pulses are frequency shifted and attenuated by subsequent filters. In both
cases, the transmission line only supports long haul transmission of soliton pulses.
Indeed, it has been shown that the such systems reduce intensity noise, efficiently shed
non soliton components from non ideal sources, and stabilise the soliton amplitude and
pulse width. Particularly impressive results using these technique have been reported,
with transoceanic distances achieved for bit rates up to 20 Gbit/s?”, and the
transmission span at 40 Gbit/s is increased by almost a factor of 2 using a combination
of sliding guiding and adiabatic pulse compression””’. Due to the excellent progress
reported openly by other Jaboratories (see for example Table 12), the use of guiding

filters alone has not been specifically investigated in this thesis.
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Bit Rate (Gbit/s) gj;r;r?els(i;r; Additional Features Demonstrated Ref
5(2A) 6,000 Used UV written fibre grating based 7
Fabry-Perot filter 7
10 1,000 Reduction of soliton interaction T
10 (2 A) 13,000 Sliding filters used in WDM system °7
10 27,000 Signal frequency sliding 276
10 (7A) 9,400 Stabilisation of pulse amplitude 27
10 10,000 Shedding of non soliton component 278
20 19,000 High speed OTDM operation 279
40 4,000 Simultaneously used to vary mean 280
dispersion giving adiabatic compression

Table 12 Recent progress in sliding guiding filter based soliton systems

These ideas for soliton control are further expanded by the idea of active soliton
control®®!. With active soliton control, a simple fixed frequency guiding filter provides
mild spectral and intensity management of the signal, as described above, but the jitter
and noise accumulation are strictly restricted by applying a synchronous modulation in

either amplitude®®? 2

or phase™ periodically along the system. One clear drawback of the
technique is the requirement to extract timing information from the pulse stream each
time synchronous modulation is required, however, using the clock recovery

techniques described above (Section 4.1.1), little difficulty is anticipated in this area.

Jittered Reduced
Pulses Filter Modulator Jitter Pulses
In Dispersive Out
Fibre
Clock Si gn al
Recovery Processing

Figure 5-13 Schematic diagram of a generic active soliton control module.

In the case of amplitude modulation, a pulse which through some mechanism (for
example; Gordon Haus jitter, soliton interactions or acousto-optic effect) has drifted
from the mean arrival time will experience a differential loss along its length when it
passes through the modulator and the centre of gravity of the pulse is pulled back
towards the middle of the time slot, in much the same way that guiding filters restore
the mean wavelength of a pulse. Any non-soliton components (including noise and

dispersive wave radiation) which are not incorporated into soliton pulses are subject to

the periodic attenuation of the synchronous modulator. These components propagate at

different velocities to the soliton, due to chromatic dispersion and non-linear changes in
the refractive index. On arrival at subsequent modulators therefore those parts of the
noise passing through the peak of one modulator, wa be attenuated by subsequent
modulators. It has been shown?®*? that the noise level rapidly saturates to;
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Pon(=) = P, (mod)(1 + AG : i
r 5 ( ) n 0 )11 AG) Equation 5-57

2

where P,(mod) is the spontaneous emission generated between modulators in the
absence of soliton control, xr the achieved modulator extinction ratio, AG the excess

gain due to filtration and AG' the required excess gain due to modulation given by ;

2.2
_ T T
] —¢ 4m2r?

{1 +x’}+e 427>
I—xr

In the reduction of timing jitter, and the suppression of soliton interactions, it can also

AG’ =

Equation 5-58

be shown®** that for a given temporal deviation 8t from the peak of the middle of the
time slot, the output deviation dt_, is given by;
o,
o, = = 5 Equation 5-59
1+(1- xr)(—” Trw )
1.76T

for a purely sinusoidal modulator function, and is clearly non zero. Consequently,
although strictly restrained, a finite level of timing error will remain at the output of the
transmission line. In particular, interacting pulses will tend to be pulled together
slightly. Clearly, transmission errors will occur if a pulse jitters beyond its time slot (or
the influence of the modulator) between modulation stages, placing an upper bound on
the spacing between modulators, however, it is possible to significantly increase the
spacing of optical amplifiers over that normally required”®. The reduction in timing
jitter achieved using an amplitude modulator can be viewed as a phase to amplitude
noise conversion, jittered pulses experiencing greater loss. Consequently, amplitude
modulators are deployed in addition to guiding filters, the later stabilising the pulse
amplitude®>?”". The significant benefits of soliton retiming are demonstrated in this

thesis and have enabled the worlds first demonstration of 20 Gbit/s transmission over

global distances™***°.

Phase modulation has been proposed as an alternative to amplitude modulation®™ and
offers the potential for superior suppression of Gordon Haus jitter. In this scheme,
phase modulators are arranged such that correctly timed pulses experience little phase
modulation, whilst jittered pulses are chirped by the modulator. Subsequent chrorngtic
dispersion then imposes the necessary delay on the pulse to restore the correct position.
Note that this is a continuous process, enabling the pulse to return exactly to the correct

in contrast to the discrete time shifts imposed by amplitude

temporal position, .
s no direct energy loss,

modulators. Furthermore, since the control technique 1mpose '
guiding filters are not explicitly required to stabilise the pulse amplitude, and excess

gain may be avoided. Unwanted spontancous emission between pulses is chirped away

from the soliton central frequency, to be eventually attenuated in the wings of the

transmission filters. Unfortunately, as observed in the case of optically mode locked
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ring lasers, this noise suppression technique is somewh
phase shifts are required to eliminate noise completely
accompanied by a degree of simultaneous amplitude modulation
Remarkabl.y small p.base shifts are required to stabilise the transmission of soliton
pulses against both jitter, and nearest neighbour interactions'®’2*’ (typically less than
0.1 r.adian.s) using regularly spaced modulators. Given that such small phase shifts are
required, it has been proposed that the phase modulation may be carried out all optically
through cross phase @Odulation. A preliminary demonstration of the technique?*
demonstrated the doubling of the transmission span of a 2.5 Gbit/s soliton system with
a peak phase shift of only =0.01 radians imposed via cross phase modulation along 13
km of the transmission fibre every 100 km. The technique has been called soliton
shepherding since clock pulses accompany, or shepherd, the data pulses. Since the
technique is all optical, an appropriate shepherding signal may always be generated
using the same techniques used to generate the OTDM data sequence itself.

It has been proposed”™® and experimentally demonstrated” that particularly stable
transmission will be obtained by combining the jitter suppression of phase modulation
with the noise suppression of amplitude modulation. This is achieved by carefully
controlling the chirp of the amplitude modulator to produce co-operative rather than

at inefficient and large XPM
" unless the XPM is

13

competitive soliton control effects. The importance of this fine control will be further
demonstrated below. It has also been proposed', and theoretically confirmed®® that
active retiming, may also be applied to a correctly designed WDM system with a single
modulator at each retiming stage, and experimental demonstrations of active retiming

with a modulator per wavelength are now well under way”'*”%.

5.2.3 20 Gbit/s soliton control

Figure 4-7 illustrates the experimental arrangement used to demonstrate active soliton
control at 20 Gbit/s using synchronous amplitude modulation. 10 GHz, 1553nm pulses
from the external cavity laser were modulated with a 27-1 PRBS data stream by a
LiNbO, Mach-Zehnder interferometer and compressed down to 6 ps in a 300 m length
of dispersion compensating fibre before passive interleaving and injection into the loop.
Transmission control was achieved by a balanced 26 GHz GaAs Mach Zehnder
amplitude modulator whose polarisation sensitive waveguide necessitated the use of a
polarisation controller within the loop. The soliton amplitude was stabilised using a
single 1 nm bandwidth filter. At the receiver timing recovery was performed by a 20
GHz electronic phase locked loop (PLL) as described in section 4.1.1. The 10 G.HZ
output of the VCO was used to drive the error detector and the electroabsorpt.mn
modulator demultiplexer whilst the retiming modulator was driven frorr% the PLL via a
frequency doubler to give a phase locked 20 GHz RF signal. Note that it was essential
to perform timing extraction at the full line rate since the component at the bas§ rate of
10 GHz was negligible, especially under transmission control wher'e any res@ual 10
GHz RF component was eliminated. Note also that the data strez}m is 1rljected into the
loop via input #1, through the retiming modulator, correct phasing being ensured by

performing clock recovery whilst the data is injected into the loop.

114



Chapter 5
p OTDM Transmission

-6
, Si 'll\'l.zl\gili\ji

. ig/ SEERaE o Nose
z B /
"-f‘a-‘ { R 4/
=0 (( 2 4 6 8 10
= -10 Transmission Distance (1000 km)

-11

-12 /

-13 /

,14 /

Figure 5-14 Theoretical error ratio performance as a function of transmission distance for the 20 Ghit/s
iransmission experiment described below.

With transmission control disabled error free operation (defined as a BER < 1x10™)
was limited to a distance of = 2,000 km by the accumulation of liming jiter, in
reasonable agreement with previously published results™***, a recent field
demonstration in the Tokyo area’®* and theoretical predictions (Figurc 5-14). This was
achieved with a path average fibre dispersion at the operating wavelength of 0.33
ps/nm/km and a source time bandwidth product 0.6. The 1 nm filters deployed ever 100
km would be expected to reduce the rms timing jitter at 2000 km to =30% of its
unconstrained value. Given the strong influence of the filters in this experiment, and the
relatively large excess gain (AG = 0.13), the use of sliding filiers would be of
considerable benefit™. Note that the filter width was determincd by the requirement o
stabilisc the soliton amplitude with the retiming signal applicd rather than an
optimisation of the filtered transmission performance. This resulted in a non optimal
system performance in the absence of active control. Also, with a soliton period of only
43 km (compared to an amplifier spacing of 33 km and a filter spacing of 100 km) a
performance degradation from dispersive wave radiation would be anticipated.

| 50 ps I

5dB /div

0.6 nm/ div

Fieure 5-15 Transmission of 20 Gbit/s soliton signal over 125,000 Im? showing paih ave/‘ageq oplic'ql
Spe(é'lrum for pulse widths of 5 6.5 and 8 ps (right). the received 20 Gbil/s eye diagram (1op left) and the
‘ a’emﬁllip[e.xed and bandlimited eye diagram (bottom right)

When the retiming signal was correctly applied to the mgdulalor the daFa stream
propagated a distance in excess of 125,000 km error free. Figure 5-15 deunls.the 20)
Gbil/s cye diagram detected on a 20 GHz pin at this distance and also the demultiplexed

and bandlimited eye. No evidence of degradation is observed, indeed for slight

intentional misalignments of the transmitler interleaver, the 20 GHz soliton control

[15
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5.2.4 Soliton control using electro-optic frequency doubling

One of the advantages of OTDM systems is the ability to operate at bit rates beyond the

s e o ey & e el
seen above (Section 4.2.1), frequency d i N , i e QTDM SySteme AS we have
» ITe y doubling may be achieved by dc biasing a Mach
Zehn.der modulator at an o'ptlcal null and applying RF signals with peak to peak
a@phtudes up to 2 Vn: In this way, 40 Gbit/s transmission control may be established
using a 20 GHz RF drive signal.
The above experimental set up was modified by adding a second interleaver stage in the
transmitter to produce a 40 Gbit/s data sequence, and by changing the 20 GHz PLL
clock recovery circuit for its 40 GHz equivalent. The 20 GHz drive signal to the
retiming modulator was derived from the recovered 10 GHz clock in the same manner
as above. Inclusion of the polarising modulator, its associated optical amplifier and the
filter required for amplitude stabilisation under control reduced the 40 Gbit/s
uncontrolled transmission distance from 2,000 km to somewhat less than 800 km
(Figure 5-17). Two filters were used in turn to stabilise the soliton transmission, the 1
nm filter employed for the 20 Gbit/s soliton control experiment, and a broader 2.1 nm
filter. Whilst the increased excess gain due to filtering (0.13 and 0.03 respectively) is
cause for some concern, the degraded signal to noise ratio alone is insufficient to
explain the deteriorated performance, although a subtle interaction between several
degradations (eg excess gain, sideband instabilities, soliton interactions, dispersive
wave radiation generated by the filters) may adequately describe the uncontrolled

system.
107
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Fig -17 Err tio performanc . .
igure 5-17 Lrror ratts P i lace (squares) and with soliton control applied (triangles)

(circles), with control elements inp
Using the | nm filter, soliton control allowed the transmissif)n distance of tbe system to
be improved to 1,500 km for an error ratio of 2 10, Whilst perfectly suitable fgr .20
Gbit/s soliton transmission, such strong filtration clearly compromised the tran‘sm1ss1‘on
control, potentially through increases in the soliton inFeractl(.)ns due to the d.lsperswe
wave radiation generated by the filter. Increasing the filter width to 2.1nm, improved
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the system performance (error rate of less than 10 at 8,000 km. Fieure 5 7 b
3 3 O - y

reducing the dispersive wave radiation at the expense of amplitude stability. For th
high modulation depth required to minimise the insertion loss of the retimine ﬁlod(ilrlattoi
biased at a null, the excess gain due to the amplitude modulation is ~ 0.10 (:iiquation 5-
58). Consequently, we anticipate a maximum spontaneous emission noise level
equivalent to only 2.3 times the noise generated between modulators (=230 km), whilst
the jitter is reduced by =15% per modulator, theoretically giving a well Co’ntrolled
system, as illustrated by the stability of the 40 GHz RF component (Figure 5-18).

M

Figure 5-18 Evolution of 40 GHz RF spectral component for 40 Gbit/s soliton control (horizontal
scale 5 ms/div, vertical scale 5 dB/div)

The evolution of the pulse spectrum is illustrated in Figure 5-19, and allows some
insight into the performance. A significant evolution of the pulse spectrum is observed
as the launched gaussian pulses reform into the appropriate soliton pulses. This
evolution is accompanied by a distinct wavelength shift towards the optimised filter
centre frequency, suggesting that the system is attempting to shed non soliton
components in analogy with sliding guiding or signal frequency sliding techniques.
Furthermore, analysis of the spectral width and autocorrelations suggests that the output
pulse width is reduced to = 4ps. The stabilisation of the pulse width is to be anticipated
by the stability criteria of the controlled system, and we would expect significantly
improved performance by launching transform limited pulses of this optimum width

and consequently reducing dispersive wave radiation.
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1551

Figure 5-19 Spectral evolution of 40 Gbit/s soliton data under transmission control.

Significantly, this performance was only possible with the loop length equal to a non
integer (or odd) number of bit periods, and the clock recovery adjusted to demultiplex a
random (or alternating) signal channel. Unless this condition was maintained, the signal
rapidly degraded, accompanied by a distinct increase in the 20 GHz RF component.
Continuous drifts away from this optimum made global optimisation of the
transmission system particularly difficult. This performance is not uncxpected, and may
be explained as follows. The balanced Mach Zehnder modulator employed was
subsequently found to have a minimum chirp parameter o, of = (.08, measured using a
frequency domain technique®”, giving rise (0 2 small degrec of phase modulation
accompanying the amplitude modulation. Due to the frequency doubling technigue
applied, the sign of the phase modulation alternates regularly between passbands
originating from the maximum and minimum of the 20 GHz RF signal, whilst the peak
amplitude is of the order 10 mrads. This level of phase shift is anticipated to be
sufficient to control the soliton independently of the amplitude modulation® for the
appropriate sign, whilst serious instabilities are anticipated for the opposite sign®®.
Thus, if the relative phase of the 20 GHz control signal with respect to the basc rate
channels within the 40 Gbit/s data signal is the same for each successive reiming
alf of the channels will be correctly controlled, whilst if the phase
cach base rate channel experiences an equal number of
nnels will be stably controlled with zero net phase
th the operation of harmonically mode locked
n is only obtained for odd numbered

modulator, only h
regularly alternates so that
positive and negative chirps, all cha
modulation. This has a close analogy Wi
fibre ring lasers®™ """ where stable operatio

harmonics (scction 4.1.2).
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5.2.5 Soliton shepherding

i?lse iﬁ;ﬁ::‘i ;lljlzzeo’nsz?gonr; ngrlgl;; Cs;]i 1;21 particularly attrg?tive tech‘nique.that allows
. o _ . s quence by exploiting non-linear interactions
in the tran'smlssmn flt?re itself™. At a repeater station, an optical clock signal is
generated in synchronism with the OTDM data signal and propagated along the
subsequent transmission fibre. Ideally the shepherding signal propagates at a velocity
matched waYelength (eg symmetrically about the dispersion zero). Cross phase
modulation via the non-linear refractive index then provides the appropriate phase shifts
to control the position of the solitons, each data pulse being temporally attracted to a
shepherding pulse.

The recirculating loop configuration used in the soliton shepherding experiments is also
shown in figure 5-7. In this case, a 10 Gbit/s data signal comprising 1550.9nm, 6 ps
EC-MLL pulses was inserted via input #l, whilst shepherding pulses were
continuously derived from the electronic clock recovery circuit and injected via input
#3. The shepherding pulses co-propagated along the first fibre link, and were rejected
by the 3 nm optical filter, whilst the 90:10 coupler was used to ensure that the two
signals are velocity matched. The shepherding signal itself was generated using a cw
DFB and the GaAs device previously used for amplitude modulation based retiming
above, driven at 20 GHz.

r—
L1 LR

d eye diagrams (top) for 10 Gbit/s soliton
d without (left) soliton shepherding.

2.5dB/div

Figure 5-20 20 GHz RF component (bot{om) an
transmission over 7,500 km, with (right) an

n the 20 GHz RF component of the 10
d without soliton shepherding. Without
litude as a consequence Of timing jitter,

Figure 5-20 details the evolution of power i
Gbit/s soliton data stream with distance with an

. . : L . amp
retiming the harmonic rapidly diminishes 1 | | .
as confirmed by the output €y¢ diagram. With the presence of a weak shepherding
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beam (= 50 % of the data amplitude) the jitter is al

case the 20 GHz component of the microwave spemOSt completely suppressed. In this

TR ctrum h
at 7,000 km, indicating the effectiveness of the technique ;;S jgil;ped by less than 2 dB
r

their correct time slots. aining the solitons to

In the absence of shepherding the combinati A

ratio resulted in a BER of zl?)“‘, in rer;sl())l:jlt)llznagfeil;ee;tanwciit}?egurgﬁez Zignz‘ll ' .noise
absence of sliding guiding filters or retiming modulatorsm'”? Slsl'te el It t e
almost completely removes the jitter from the received sienal h0\.>vev(::r1 (t)frl1 ::gh'erdlng
marginally improved to =107. That this system is noi;e li;nited is c’on:irm d 1bSonly
unchanged noise level in the absence of data pulses in both she herdede dy o
shepherded cases. Further confirmation is found by inserting the Electro-aban tl'm_
modulator demultiplexer, driven as if to demultiplex a 20 Gbit/sbdata signal wh::(r)erzi lzn
a factor of 2 improvement in BER is observed. Similar results were ob,tained atp28
Gbit/s, with a signal wavelength of 1553 nm (to give a higher soliton power), and the
noise growth is illustrated in Figure 5-21 following transmission over 5,000 ,km with
negligible jitter.

Figure 5-21 Eye diagram of 20 Gbit/s soliton data transmission over 5,000 km with soliton
shepherding (top), along with the corresponding demultiplexed and bandlimited 10 Gbit/s base rate
signal (bottom).

Previous experiments on soliton shepherding®™ tackled the problem of noise growth

simply by increasing the fibre dispersion, giving an improved signal to noise ratio at the
led by the shepherding beam. Equivalently,

higher capacities, the extent to which the
his manner is somewhat restricted by the

expense of increased jitter, which is control
the soliton pulse width may be reduced. At
signal to noise ratio may be increased in t
average soliton model. Alternative techniques fo

include several forms of dispersion management

.« q- . 307,308
guiding filters or saturable absorbers . These may
310,311,312

r improving the signal to noise ratio
65304305306y hilst noise accumulation

may be restricted using sliding
be realised from semiconductor optical amplifiers’® or non-linear 100p mirrors
Clearly, all-optical amplitude modulators may also be used to simultaneously gain the
benefits of noise rejection and high capacity'®*". Indeed, it may be possible to
combine the beneficial effects Of all-optical amplitude modulation and saturable

. .y : 50.
absorption by utilising two wavelength non-linear amplifying loop mIITors
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5.2.6 Novel Transmission Fibres for Soliton Transmission
We have seen above, that at 40 Gbi f Tt .
model’'* pose a significant perfonnantise ??:n;kt)i?);e,fovrlcl)]atmns | th? e sghFon
258,315,54 o ong haul soliton transmission
systems . These violations occur when no further scope for reducing the mean
dispersif)n exists (due to for example higher order dispersion or PMD)Dand when
economic constraints prevent further reduction in repeater spacing to ensure
compliance. Furthermore, in soliton controlled systems, excellent control of timing jitter
favours high dispersion or short pulse width systems to enable high signal toonoise
ratios. However, once again, violations of the average soliton model restrict the degree
of flexibility available at high capacities unless repeater spacings are reduced. Two
techniques have been proposed to alleviate this downward pressure on the repeater
spacing. Distributed amplification® ®?'"*!#1%%20 aims to eliminate the actual power
fluctuations, whilst loss compensating dispersion shifted fibre (LCDDEF) ensures a
continuos balance between dispersive and non-linear chirp by reducing the dispersion in
proportion with the signal power'"!*"%3! Tn this section, the feasibility of these two
techniques for overcoming the limitations of the average soliton model is investigated.

5.2.6.1 Distributed Amplification®*

BER Test
40 Gbit/s Autocorrelator

Transmitter okm  10km  10km  20km  18km  SPeeT Analyser
Ao=1542.4 ho=1529.2 Ao=1542.4 Ao=1528.8 Ao=1527.5

QOO0

WDM
Distributed erbium doped fibre

1480nm pump 1480nm pump

Figure 5-22 Schematic diagram of distributed erbium fibre link with low signal power excursion used
for 40 Gbit/s transmission experiments.

Distributed amplification has been widely investigated as a technique for extending the
transmission range on unrepeatered systems at a variety of bit rates™’ with gain
coefficients of a few dB/km. However, this has recently been supplanted by the equally
efficient technique of remotely pumped amplification’**. The distributed .erbium doped
fibres used during these experiments (typically optimised in terms Of_ gain per mW of
pump power’?®) are unlikely to allow a significant improvement in h}gh §pe§d _SOhtO_n
transmission for two important reasons. Firstly, because of the hlgh intrinsic gain
coefficient, an amplified link is likely to give rise t0 POWEr fluctuations of equal or
greater magnitude as a simple dispersion shifted fibre link. Secondly, ‘fvhen deployecﬁ 216r1
long lengths, the fibres are prone to instabilities due to 'Ra.ylelgh sca.ttermg‘ .
Consequently, for high speed soliton applications, a New dlstnb}lted erbium f1bre;
amplifier was designed to allow the longest POSSi?le repeater span in Fhe pr.esenceko
Rayleigh scatter, with the dispersion zero targeted just below the amplifier gain pea a
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. Similar fi -
1:535 m.n Similar fibres were previously reported for pseudo linear transmissi i
dispersion zero around 1545 nm*?’. sion with a

14.996 dB

dB/Div

2.00

~0.008 kn

Figure 5-23 Gain variation along a 68 km distributed erbium doped fibre amplifier directly observed
using an OTDR, standard fibre also shown for reference.
Figure 5-22 illustrates the experimental set up used to investigate soliton transmission
over a low gain distributed erbium doped fibre amplifier. The 1535 nm signal was
derived from a linearly compressed harmonically mode locked external cavity laser
giving 7.8 ps pulses. The pulse train was modulated with a 2’-1 PRBS and passively
interleaved to 40 Gbit/s before launching into the fibre link. The 68 km transmission
link comprised five lengths of lightly doped Er-doped dispersion shifted fibre with
nearly equal unpumped attenuation coefficients of = 0.68 dB/km, giving an estimated
net maximum gain coefficient of =0.12 dB/km. The mean dispersion zero wavelength
and the dispersion slope of the total link were as 1532.6 nm and 0.07 ps.nm™km",
the average dispersion of the fibre was 0.165 ps/nm/km at
measurement data for the constituent fibres,
is given in Table 13. The fibre was

respectively. Consequently,
the signal wavelength of 1535 nm. Full
performed by the manufacturer, Corning Inc.,

bidirectionally purnped with a total of only 100 mW of 1480 nm pump pOwer. For an

input signal power of -3 dBm a net intrinsic fibre gain of 2 dB was achieved

compensating for the loss of the two WDM couplers.

Fibre | Attenuation | Attenuation Attenuation | Mode Field Dispersion | Dispersion Length
(dB/km) @ | (dB/km) @ (dB/km) @ | Diameter Zero (nm) Slope (km)
1530 nm 1540 nm 1600 nm (Lm) (ps/nm’*/km)
1 .64 72 .30 7.7 1542.4 .073 10
2 67 77 25 7.5 1529.2 .069 10
3 .65 70 30 7.7 1542.4 0724 10
4 64 71 35 1528.8 .069 20
5 73 72 28 7.4 1527.5 .069 18

Table 13 Fundamental parameters

of constituent fibres in 6§ k
erbium fibre amplifier link.

123

m, low power excursion, distributed




Chapter 5
OTDM Transmission

Measurements of the gain and noise figure of the amplifier™® confirm that stabl
— . . i e
oscillation free amplification over a wide dynamic range of signal powers is possibl
€

using these low gain distributed erbium fibres with close to the theoretical mini

noise figure. This is of course at the expense of the transparency pum :1 mlmut:n
usual figure of merit for distributed amplifier. The gain distribution alonrjr Iih:/ ng 1t<e
DEDFA for small mean signal powers was obtained by an OTDR eqmcl;ped withrz

~1535 nm DFB laser confirming a negligible signal power excursion along the entire
fibre length (Figure 5-23).

TP T T T T T Y T Y T T T Y TY Y T YTy rr
yTTT

o

U TP TV RUTTE PYTSE PP PYUTE PR PP I NNTTTE SWOTT EUUTE FITE PRI FRUUS FPRES PRRUT e
~15. 4000 8 26, 40000 N 3.60000 8%  -18,4000 k8 6, 40000 N 3.60000 19
2.00 aaldiv 2,00 ne/dty

Figure 5-24 Autocorrelation trace before and after 68 km transmission at 40 Gbit/s.

For a mean signal launch power of = -2dBm, the received pulses at 40 Gbit/s had a
pulse width of 7.2 ps with a time-bandwidth product of 0.38, showing a small degree
of adiabatic pulse compression’'®, in line with previous pulse compression experiments
on a similar 60 km distributed amplifier (Section 3.2.1).

Figure 5-24 shows the autocorrelator traces of the pulses obtained before and after 40
Gbit/s transmission confirming that negligible change in pulse width was observed, in
contrast to small signal measurements where 57.5% dispersive broadening was
observed. Thus, although the pulses only traversed = 0.4 of a soliton period, it is clear
that soliton like propagation dominates the transmission characteristics of the line.
Following transmission, the received OTDM data stream was demultiplexed using two
electroabsorption modulators. The second modulator was necessary to compensate for
the reduction in extinction ratio away from the designed operating region of = 1550-

1560 nm. Not surprisingly Figure 5.25 shows negligible penalty for 10 and 40 Gbit/s
d at the input to the opto-electronic

soliton transmission over this fibre, measure .
Jexing penalty is present at 40 Gbit/s

receiver. Note that a large back to back demultip

system despite the use of two electroabsorption modulators.

(24




Chapter 5

OTDM Transmission
4
7 . .
] 4
5 - ' ; ;
_ ¢
= 6 1
28} "
8 7
&
'—ul 8 10 Gbit/s : E é
9 16,0000 na ! - E
10 f 15.1000 na 16,2000 zs
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48 16 -4 -12
Received Power (dBm)
Figure 5-25 BER performance of a 68 km distributed amplifier at | 0 and 40 Gbit/s (left) and received 40
Gbit/s eye diagram (right).
These results confirm, for the first time, that high capacity data sequences may be
transmitted error free over relatively long distances of distributed erbium fibre with
negligible penalty. The exceptionally low (<0.03 dB/km) variation in signal power
obtained during this experiment shows great promise for future high capacity long haul
soliton transmission systems. In particular, the system is designed with a small net gain
to overcome coupler and isolator losses, allowing the cascadability of the amplifiers
without necessity to insert additional discrete amplifiers. Furthermore, in addition to
simply increasing the repeater spacing for 40 Gbit/s soliton systems, the relaxation of
the average soliton model should provide increased scope for active soliton control. It is
also confirmed that dispersion management may be used in a distributed amplification
system, with positively and negatively dispersive fibres used along the transmission
1ine280’329.

5.2.6.2 Loss Compensating Dispersion Decreasing Fibre*’*"!

The distributed amplification scheme described above provides an artificial lossless
transmission line, and the concept of repeater spacing becomes irrelevant as far as
soliton dynamics are concerned since the balance of non-linearity and dispcrsion‘ is
exact at any given point, rather than as path average. This allows z‘lcccss to 'ultra 'h1gh
repetition rates with reasonable amplifier spacings’'®. The alternative tf:chmql‘le is to
employ a dispersion decreasing fibre (DDF), where an exz‘tct balancc? is optamed by
reducing the dispersion in line with the signal power"”’ provided the dlspérSIOHIgecays
exponentially. Fabrication techniques for such fibre§ arlc;,6 I117(:W well estab11'sheg2,1;4'??2d
early fibres were used to demonstrate pulse generatxgn h > and compression | d,
Recently, the application of DDF's to soliton transmission over many sc?hton' periods
has been demonstrated™, along with the demonstration qf near %stomon free
transmission over 19 soliton periods with an exponentially varying DDE*".

This later fibre, and a subsequently produced fibre of lower mean dispersion were

assessed for long haul soliton transmission using the recirculating loop 1n order to
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verify that stable soliton transmission may i i
e y indeed be obtained i jodi ifi
system comprising concatenated DDF's, @ periodically amplified

DDF Filter oC
80:20 [\ 90:10
7N L7
P #l Monitor

Figure 5-26 Transmission line section of recirculating loop used for dispersion decreasing fibre based
transmission experiments
The modifications to the recirculating loop are shown in Figure 5-26. The major change
is the reduction on loop length from three spans to one, with a consequent increase in
the impact of loop specific losses (input coupler). The 10 GHz, phase-locked, erbium
doped fibre ring laser, modulated at 10 Gbit/s was used as the pulse source, giving
pulse widths between 4.1 and 11 ps. The three DDF's used (more fully described in
333) had exponential dispersion profiles at =1550nm  that matched well to the average
fibre loss. The specific properties of each fibre, and the characteristics of the
recirculating loop are summarized in Table 14, showing in particular the variation in

mean and root mean squared dispersion.

Configuration 1 2 3
Length (km) 38 18 20
Input Dispersion (ps/nm/km) 6 1.75 0.22
Output Dispersion (ps/nm/km) 0.65 0.65 0.10
Mean Dispersion (ps/nm/km) 2.4 1.1 0.17
RMS Dispersion (ps/nm/km) 3.7 1.4
Dispersion Slope (ps/nm’/km) 0.053 | 0.053 | 0.07
Loss (dB/km) 0.265 0.26 0.21
Filter bandwidth (nm) 2.7 2.7 5.1
Input Pulse Width (ps) 4.1 11 4.7
Fibre Length / Soliton Period 5.4 0.4 0.4

Table 14 Summary of basic parameters of dispersion decreasing fibres investigated in this thesis.

i 1 lity of the loss
' igure with a DDF length of 38 km, the qua
o ey was. tral domain. The result of one such

compensation process was examined in the spec :
coroment i 5.27 for a launched pulse width of 6.5 ps, where we

measurement is shown in Figure . ' ‘
I ue t
observe that after an initial stage of spectral narrowing on the first reqrculauo‘n due to
over 300 km, or 43 soliton periods.

the intra loop filter, the spectrum remains stable
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VY G
Povwer {au) 0.6 I“ /{/;//I/ "l' ; /// ///,i'

Weweleng th (nm)

Figure 5-27 Spectral evolution of 6.5 ps pulses along a transmission line comprising concatenated 38
km DDF's.

This demonstrates the excellent loss compensation characteristics of the fibre, even
when the system is operated up to 5 nm away from the design wavelength of 1550 nm.
Unfortunately, due to the high mean dispersion of the system, the error free distance at
this wavelength was limited to = 260 km, and = 300 km at the optimum wavelength. It

is believed that the major limitation at the optimum arises from the soliton acousto-optic

effect, in which the jitter scales as the square of the dispersion®™?®. A simple theoretical

treatment, neglecting the effects of guiding filters, suggests a maximum transmission

distance for this experiment of around 3-400 km.
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Fioure 5-28 Spectral evolution of pulses along @ transmission line comprising concatenated 18 km
i g DDF's.
ened to 18 km (= 2 soliton periods)

‘bre length was short
mean dispersion from 2.4 to 1.1

To verify this hypothesis, the f .
DDF, reducing the

using the second half of the
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pS/anl/km334, and the pulse width increased to lps. In thi

remained stable for transmission distances in excess of 8 000 krrsl CaSel,] the §pe§tmm
5-28, albeit with a slight undulation in the spectral amplim de Wit’h az S O'w;l in Figure
km. No evidence of side band generation, or energy shedding to tEZ“COOH ;)rflu.: n?oi(;

observed,. in contrast to Fhe expected performance of an equivalent uniform dispersion
system with the same ratio of amplifier spacing to soliton period

Approximate Mean Dispersion (ps/nm/km)

09 10 1.1
3.0 12 13 14

N
i

1.5

1.0¢ ®

Transmission Distance (Mm)

o
W

1546 1.548 155 1552 1554 1.556
Signal Wavelength (Lm)

Figure 5-29 Theoretical and experimental performance of 18 km DDF system for 11ps pulses.
Theoretical performance calculated jitter from appropriate mean dispersion values

In terms of error ratio performance (Figure 5-29), the optimum transmission distance of
2,200 km occurred at a wavelength of 1549 nm. This result is in good agreement with
both the design wavelength for loss compensation (1550 nm) and theoretical maximum
transmission distance for the acousto-optic effect (=2,500 km). However, away from

the optimum dispersion, the error free distance is rapidly degraded as the system

transfers from a continuously balanced system to a path averaged balance (average
30, where the undulations are becoming

soliton model). This is verified in Figure 5- . .
more exaggerated, to a level comparable to those observed for a uniform dispersion
system close to the limit of average soliton dynamics (Figure 5-8).
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Figure 5-30 Spectral evolution of pulses along a transmission line comprising concatenated 18 km
DDF's for a signal injected =5 nm above the design wavelength.

In order to further increase the transmission distance a third fibre (configuration 3) was
fabricated from a dispersion shifted preform with a mean dispersion almost an order of
magnitude lower (0.17 ps/nm/km). With this fibre however, manufacturing tolerances
of = +0.1 ps/nm/km resulted in a significant deviation from the ideal dispersion profile.
The same errors in the dispersion zero wavelength were observed in the higher
dispersion fibres, however, the impact was reduced in proportion with the mean
dispersion. This fibre was again tested using the recirculating loop, however, in order
to allow the propagation of short optical pulses over long distances, the filter bandwidth
was increased to 5 nm with a flat topped profile. The soliton period was held constant
in this reduced dispersion fibre by decreasing the pulse width to = 4.7 ps.
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s through a 20 km DDF (1.5 dB / contour).

Figure 5-31 Spectral evolution of 4.7 pS pulse
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Again, efcgllent spectral Slablllily 18 achieved over the full propagation distance, with a
change in the spectral bandwidth of less than S % and no evidence of si
continuum generation. However, we do observe a drift i vidence of sideband or
e of around 5 M2k, partly due to the SOlimnrlS etllfnf the ccn‘ua] \fvavclenglh (.)lj the
fibre with the same mean dispersion, we theoreticall reciliegty .Shlf[' For a L.“}lmfm

L ORI y predict’** a frequency shift of =
1 MHz/km, W.hll.SL for a uniform fibre of the input dispersion, we predict a shift of 1.3
MHz/km. This is clearly illustrated in Figure 5-31, where we also observe that the
pulses initially adjust themselves to suit the transmission line over the first 1,000 km,
accompanied by the generation of a small side band around 1549.3 nm the position of
which is in quantitative agreement with theoretical predictions™. Similarly, the induced
frequency shift appears constrained on the long wavelength side (by the edge of the 5.1
nm filter), resulting in the slight spectral narrowing (5%). That the observed rate of
spectral shift is slightly greater than anticipated could be explained by the proximity of
the system to the dispersion zero, allowing the effects of higher order dispersive
terms>>¢%37%2 which tend to repel the soliton away from the dispersion zero, or a slight
tilt on the filter profile.
In terms of error ratio performance, at the optimum launched signal wavelength of
1549.3 nm, an error {ree transmission distance in excess of 4,000 km was achieved,
confirming the benefits of reducing the mean system dispersion. However, as the
wavelength was detuned from the optimum by 1 nm, the error free distance rapidly
degraded. On the short wavelength side the system was limited by signal to noise ratio,
due to the reduced soliton power, whilst for longer wavelengths, deviations from ideal
loss compensation degrade the transmission characteristics.
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Figure 5-32 Theoretical and experimental errol ratio performance f
| 4.7 ps pulses.

ant: [ > ating
These results serve to illustrate the powerful advantages of 1oss (,Om‘pensa g
\  deer cration of high speed soliton systems without the
: -~ .
P d that the system performance 1¢

dispersion DDF using

dispersion decreasing [ibres for o :
icti : ' o] Tt is conlirme
restrictions of the average soliton model. It18 cC
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limited by the high average dispersion of the fibres, and that for 4.7

manufacturing tolerances are sufficient to give noise limited transrnviss?(jnp;i:?b’,,Cfmllcr.u‘
interesting to note that the total number of soliton periodg u'aversed\ 3:1:: , ll .
dispersion DDF's (86) far exceeds those achieved using conventional S(;li[()ll skystim:ivz

the absence of strong soliton control (= 40 soliton periods), and is comparable to

strongly controlled systems™®?” . e )
gy ystems . The excellent stability of the transmitied solitons

makes this transmission medium particularly suitable for high speed soliton control
techniques, for example by using a high dispersion DDF (o allow the transmission of
high power solitons with large repeater spacing coupled with soliton shepherding i()
eliminate jitter and interactions. The jitter may also be controlled through the us:: of
phase conjugation®®,**", or through the use of an appropriate dispersion map™”
(recalling that pulse compression may also be achieved using the DDF). Note also that
these results were obtained using a single amplifier recirculating loop, and that
improvements in signal (o noise ratio may be anticipated for a real system (or a mult-
amplifier loop).

5.3 All Optical Regeneration

As we have seen above, whilst showing remarkable enhancements to system
performance, optically amplified transmission systems are restricted by their essentially
analogue nature and the consequent accumulation of transmission impairments. This
can be overcome by the employment of digital technologies, such as active soliton
control. To date, all such systems have employed electronic clock recovery with
consequent uncertainties over upgradability and system reliability. Whilst the existence
of RF components suitable for clock recovery at bit rates in the region of 100 GbiUs is
well know, it is has long been envisioned that all optical regenerators will provide

greater flexibility and higher capacities than partial or fully electronic regenerators.
Input Data

Regenerated
Clock Pulses Output
o Control I/P 4 i R A
o (ALA A,
g AND
Gate

Figure 5-33 Schematic diagram of all optical regenerator
Optical regenerators generally comprise WO distinct stages, a ClOCF recov\e'ry‘sta‘ge,
where a low jitler stream of pulses ata single wavelength 18 derived from the mc.ommg
data, and a decision gatc SWge, where these cle@ pulses are en'C(‘)ded wul} the
appropriatc information from the incoming data (Figure 5—33?. Whilst progr.e\ss‘ on
d in Table 9 above, the relatively slow progress on

optical clock recovery 18 summarise '
gales 18 illustrated in Table 15.

full optical regeneration and suitable optical
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Year | Clock Recovery Decision Gate -

88| Self Electro-Optic Effect Self Electro-Optic Effect S Rate | Ref
92 Not implemented NALM = xbuk _

92 Not implemented NOLM - G?i[/s _
93 Not implemented SLALOM 2 GbTUIS -
93 FM Ring Laser NOLM 1 bet/s ::
94 Not implemented Bistable Fabry Perot iOGg:; M6
95 Not implemented SLA-NOLM 20 Gbiuz 347
95 Electronic + Pulse Source NOLM 10 Gbit/s )
95 Not implemented Kerr cate 40 Gbit/s 399
95 FM/AM Ring Laser Kerr cate 10 Gbit/s 350
96 Injection locked EC-MLL Fabry Perot 5 Gbit/s 31
96 FM/AM Ring Laser Kerr gate 40 Gbits | 2"
97 Optical PLL SLA-NOLM 2.5 Gbit/s | 2

Table 15 Summary of optical regeneration experiments

As can be seen, following initial research into optical regeneration based on electro-
optic devices (SEEDS, or Self Electro optic Effect DeviceS), few distinct experiments
have been reported on full optical regeneration, the majority of interest being devoted to
the development of suitable data driven optical gates. This is not unreasonable, since the
major benefits of all-optical regeneration are obtained from the transfer function of the
optical gate. The particularly important features are temporally square switching
windows for jitter tolerance and sinusoidal intensity responses for noise
supression®***. These features are illustrated by the theoretical switching windows
illustrated in Figure 5-35. These features are easily obtained using Cross phase
modulation in optical fibres with walk-off (section 2.1.2) and travelling wave
semiconductor laser amplifier non-linear —optical loop mirrors™. A hybrid
electronic/"all-optical" regenerator has recently been reported, where clock recovery
was performed electronically and remodulation all-optically at 10Gbit/s**. In this paper
it was also demonstrated that a degree of pulse distortion due to dispersion or non-
linearity may be eliminated by the optical regenerator. The hybrid approach described

may easily be extended to high speed OTDM systems using electronic clock recovery
I, and a passive interleaver to multiply

The usual difficulties associated

circuits to extract a base rate electrical clock signa

the optical clock frequency back up to the line rate. ‘
with low duty cycle pulse generation and interleaving are of course avoided for all

optical regenerators employing full line rate clock recovery.
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5.3.1 Two stage all-optical regenerator

OTDM Transmission
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Dispersion shifted fibre
A0 =1550.5 nm 12km
Dispersion shifted fibre
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Input’
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Figure 5-34 Schematic diagram of NPR based all optical regenerator.

In this thesis we describe the first error ratio characterisation of a fully all-optical
regenerator. The regenerator, based on non-linear polarisation rotation is operated at 10
and 40 Gbit/s simply by varying the amplifier pump powers in accordance with the
incoming optical signal. A schematic diagram of the regenerator is shown in Figure 5-
34. A full line rate clock is recovered from the incoming data stream with a fibre ring

laser actively

mode-locked by a combination of cross-phase modulation and non-linear

polarisation rotation (Section 4.1.2); this clock is modulated with the incoming data

stream in a Kerr rotation gate (Section 3.4..2.2). Bot

h of these components are fully

described above, and we note that although the configuration is polarisation sensitive,
commercially available automatic polarisation controllers may be included at the

regenerator input to compensate for long term drifts.
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40 Gbit/s 40 Gbit/s
Input Regenerated

All Optical Regenerator Output
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Interleaver
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Figure 5-37 Schematic diagram of the experimental demonstration of 40 Gbit/s all optical regeneration.

In the case of 40 Gbit/s all optical regeneration, the same 10 Gbit/s data was passively
multiplexed to 40 Gbit/s and minor modifications were made to the regenerator
configuration. As with all fibre ring lasers, it is important to match the drive frequency
of the incoming signal with the cavity length. Ideally this would be carried out using
active cavity length control based on relaxation oscillations'®, supermode strength'® or
spectral shifts*>. For experimental convenience however, the transmitter drive
frequency was varied to match the cavity length using a 40 GHz phase locked loop
connected to the ring laser output (giving performance similar to a phase locked ring
laser). Following non-inverting regeneration, as described above, a 10 GHz clock was
recovered from the regenerated data using a second 40 GHz phase locked loop, and
used to drive an electro absorption modulator to demultiplex the data back down to 10
Ghit/s for error ratio measurements. This overall configuration is shown in Figure 5-
37.
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Figure 5-38 Output of the clock recovery section of a 40 Gbit/s all optical regenerator.

ritically important to ensure that the ring laser
was mode locked to an odd numbered harmonic of the fundamental cavity r;lodef of 1?18l
kHz (1.064 km). This ensured that each supermode was modulated from ata' ro?;n o
four OTDM channels. If the laser was modelocked to an eve%n harmcc)lmlc ' ;
differences in the individual OTDM channels resulted in strong amplitude modu at;%r; (;S
the recovered clock at either 10 or 20 GHz. The output of the FlOCk‘reCO;(:;Z :;:OL "
shown in Figure 5-38 illustrating the spectral and temporal uniformity o

In this case, it was observed that it was ¢
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pulse train. Within the decision gate, in the absence of a data pulse, th .
was aligned to attenuate the recovered clock signal, consequently ;he Zc?tpmfpzlanser
pulses was to switch the pulses ON, producing a non imferting’modulalt(c):r1 ant ¢ d‘at:
rise to some degree of pulse shaping. Figure 5-39 shows an autocorrelation angcllvlno
diagram for the regenerated data, showing a modulated pulse width of 3.3 ps wh?i
the excellent error ratio performance is illustrated in Figure 5-40. A recei;zer Ee;lsitivlits
of -15.5 dBm for the regenerated and demultiplexed signal was observeci with nz
evidence of error floor down to error ratio’s of 10" comparing favourably with
previous back to back measurements (eg Figure 5-36).
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Figure 5-39 Eye diagram and autocorrelation of 40 Gbit/s signal following all-optical regeneration.
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10 Gbit/s channel following 40 Gbit/s all optical

Figure 5-40 Error rate performance ofa demultiplexed'
regeneration.

This experiment represents the highest reported repetition rate for a regerllerator .usmg
any technology reported to date, and offers the significant advantage of 51mp1fc bit ra;}e(
flexibility through variations in the mean power levels to maintain the appropriate be

phase shifts. This indicates convincingly that this technology may be easily ulpgragiéd
without expensive additional capital investment. Inde.ed the compqnents emp oyed In
this demonstration are known to be capable of operation of even higher bit ralt.es s1gce
the only known limiting features are the speed of response of the non-linearity,

136




Chapter 5
OTDM Transmission

dispersive effects within the modulator fibres, and the bandpass filter within the 1
) ) e loop.

Thus whilst many of the required research components now exist for the constructi g
ion

of opto-electronic regenerators at 40 Gbit/s**!**%533% e may Jook f d

: , ' . ok forward with
confidence to the demonstration of all optical regenerators beyond even the capabilities
of current state of the art electronics. Clearly commercial deployment of 10 Gbit/s all
optical regenerators is unlikely given the maturity of opto-electronic technologies at
these capacities, however, given a jitter tolerance equivalent to a typical demult?plexer

switching window (around 10 ps) the eventual deployment of 40 Gbit/s all optical

regenerators, spaced by up to = 1,000 km in soliton or dispersion managed

transmission lines is not an unreasonable proposition.

5.3.2 Self Synchronising All Optical Regeneration

The previous section highlighted the remarkable potential of all optical regeneration for
application to all-optical networks. In the regenerator described (and indeed in all
reported optical regenerators to date), the incoming data signal propagates along two
distinct optical paths to drive the clock recovery and decision gate circuitry respectively,
with the recovered clock generally requiring a third path. This necessitates the use of
optical delay lines to synchronise the recovered clock to the data signal. In the case of
the regenerators described within this thesis however, it is known that the clock and
data pulses are automatically temporally aligned within the modulation section of the
ring laser cavity. Thus, for a correctly designed system, discrete optical synchronisation
of data and recovered clock streams should not be necessary. Consider for example the
circuit shown in Figure 5-41, the incoming data signal is divided by an asymmetric
power splitter into the two lengths of dispersion shifted fibre, with the peak power in
each fibre independently adjusted through a combination if the total input power and the
coupler ratio. A 40 GHz clock is recovered from the incoming data signal in the usual
way, however, the clock output is taken from the same coupler and so enters the
modulation fibre along the same path as the second data signal. In the absence of
walkoff in the ring laser, and chromatic dispersion in the asymmetric coupler, the two
signals overlap exactly at the input to the modulator fibre a-prioril.

Regenerated *
Output polarisation
polariser | pier controller polariser
Snm filter
12.6 km L km
polarisation
controller
90:10

Data
Input

Figure 5-41 Schematic diagram of 40 Gbit/s seUS)’Imhronising all optical regenerator.
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o experlrgemal demonstration of this concept was carried out usine parameters listed
. . ‘ o
in Table 16. As would be anticipated, there is no degradation in the recovered clock, an

auto.correlat'lon Of which (Figure 5-33) illustrates a pulse width of ~ 4.8 ps at 1556 nm
Whilst at first sight, the regenerated eye diagram appears satisf: o
demultiplexing, amplitude noi ° 1sfactory, following

P g, amp 4 e noise on the data ones of the regenerated data results in error

5 -8 .

rate floors between 10 and‘lo depending upon precise experimental configurations.
The regenerated autocorrelation also shows some evidence of jitter between adjacent
pulses in the resultant 3.4 ps data pulse train which was absent in the recovered clock

The origin of these degradations may of course be understood from the modulator
switching window, as shown in Figure 5-43.
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synchronising 40 Gbit/s all optical regenerator, along with e
ins are initially temporally overlapped, the effect of
walk-off in the modulator fibre is to move the switching pulse away from the data

tched by the edge of the resultant

ock pulses are swi ; .
Jative jitter 18 transferred to severe amplitude noise

blem should be readily overcome by the insertion
of a short length of standard fibre at the input (O the modulator fibre to induce the

« ., . |

) e?2
i leam curiteh -~ dow. In this case, & length of som
resultant switching windo he centre of the 11.5 ps

in t
would be required to place the recovered clock pu.lses in .
switching window Unfortunately tfime constrains prevente e P

Now although the two pulse tra
pulse. Consequently, the cl

switching window, and any small re
on the recovered pulse train. This pro
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system, comprising 6 ps pulses, the trade off between dispersive wave radiati i

narrow filters) and amplitude instability (broad filters) prohibits error fre;a o (W.lth
over transoceanic distances. The results suggest that shorter launched optical Osir jtlc()i
4 ps) should allow stable transmission without the generation of excessive dpis ‘erssiv;
wave radiation using a2 2.1 nm filter. It is also interesting to note that whilst the F;urrent

demonstration would normally be considered inadequate, the addition of forward error

: : 357 .
correction coding™" would result in acceptable performance of a single wavelength 40
o

Gbit/s transoceanic transmission system. Note also that a polarisation insensitive
electroabsorption modulator has recently been used in a proof of principle
demonstration of 40 Gbit/s transmission control, with the error floor at 10,000 km
improved from =10° to between 10° and 10® depending upon the exact
configuration™®

In both this system, and soliton shepherding systems, it was concluded that
modifications of the transmission line would be beneficial to both enhance the intrinsic
signal to noise ratio and to avoid violations of the average soliton model. Preliminary
work on novel fibre types has been presented, indicating that both distributed
amplification and dispersion decreasing fibres can effectively eliminate violations of the
average soliton model. Unfortunately, the large levels of timing jitter characteristic of
DDF systems limits the transmission distance in the absence of active soliton control. It
is interesting to note that several of the requisite techniques have also been demonstrated
recently for soliton control systems at 20 Gbit/s**®, and for the extension of the
transmission distance at 40 Gbit/s™*%’. Together with the earlier results of this thesis,
these results show great promise for ultra high capacity global scale soliton systems,
however, it is apparent that carefully crafted transmission lines are required to meet this
goal.

Finally, worlds first demonstrations of high capacity all optical regeneration have been
described utilising non-linear polarisation rotation in a dispersion shifted fibre,
including worlds first error ratio measurements of optical regeneration, and the highest

reported bit rate for a regenerator employing any technology. Coupled with solit‘on or
smission lines this technology may well provide a

dispersion compensated tran . .
particularly simple route to high capacity global all-optical networks. An alternative
egenerators are constructed from the

vision would acknowledge the fact that all optical tors 2 SUEEE
same components that would be used for an optical amplifier 1n a guiding filter ba.seci
soliton system. This being s, there would be no reason why AI.JL of the opttlca
amplifiers along a transmission line should not replaced by all optical regencrator.

When interconnected by long 10ss compensating dispersion decreasing flb're.s for ‘iltri
ca
high capacity operation, the resultant system would represent a truly digital opti

transmission System.
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Figure 6-4 : Signal to crosstalk ratio (circles) and incoherent interference (squares) of a the inserted
channel in a 4 x 10 Gbit/s, 2x2 Mach Zehnder switch based, D&I node, following demultiplexing in an
identical node.

An example of this theoretical performance is shown in Figure 6-4. Unfortunately,
whilst the signal to cross talk ratio confirms that in terms of demultiplexing alone the
system operates well, the incomplete switching function of the sinusoidally driven
modulators results in a large residue of unswitched power in this time slot (particularly
towards the edges of the time slot), causing prohibitively severe interference with the
inserted channel. Consequently, unless unreasonably short pulses ( <1.5 ps at 40
Gbit/s) are used this type of node is unsuitable for use in an OTDM network, unless
signals are deliberately inserted at different wavelengths (giving rise to timing problems
due to chromatic dispersion). This is of course an acceptable solution, however unless
the system operates over dispersion flattened (or slope compensated) fibres, the
wavelength difference will place an upper bound on the transmission distance.

Alternatively, a pulsed drive is easily obtained by amplitude modulating a 20 GHz sine

wave with a synchronous 10 GHz signal. This technique allows a single modulator to
d with more complex drive signals,

be used to perform the demultiplexing function an : !
processing of the data stream to finer granularity is clearly possible (see Section 4.2.1).

A schematic diagram of the necessary arrangement of such modulators to produce a

drop and insert node is shown in Figure 6-5.
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Figure 6-6 Signal to crosstalk ratio (circles) and incoherent interference (squares) of a 4 x 10 Gbit/s,
Broadband Mach Zehnder switch based D&I node.
In the case of 6 ps pulses, the optimum detuning is about 2% of VT, a value which
decreases rapidly as the pulse width is reduced. We find that the adjacent channels
suffer a maximum of 0.3 dB excess loss due to signal shaping (over and above the
insertion loss and 3 dB loss due to a d.c. bias of V/2). Similarly the pulse spectrum of
the channel adjacent to the cleared time slot suffers negligible chirp even with modulator
chirp parameters om = £l. Consequently, the negligible degradation in the through
channel pulses, low incoherent interference penalty (even for reasonable pulse widths),
simplicity of implementation and adequate performance of the actively switched
channels confirms this configuration as the natural choice for an OTDM network node.
Furthermore by modulating the drive signal with an appropriate electrical NRZ signal
using commercially available broadband miXxers, finer granularity is readily available

using broadband modulators. Similar performance is anticipated from pair§ of
th base rate clock signals, one modulator biased

electroabsorption modulators driven wi .
normally transmissive, the other normally absorptive. Indeed it has been proposed that
d with a single modulator (Section

all of the required active operations may be performe
4.2.2.3).

6.3 A 40 Gbit/s, 3 Node OTDM Network

To verify these simple D&I principles, a 3 node network is required. The.first n(?de
generates a 40 Gbit/s test pattern, the second node performs a full D&I function, whilst
the final node demultiplexes the four channels in order FO assess the system
performance. Without the third node, it is particularly dlfﬁcult to asse;lss t?e
completeness of the channel rejection with an adequate dynamic ranic?. A ssch j\r:j Ircl
diagram of the worlds first demonstration of high speed OTDl\ér;{etwhor 12%1 ilsan "
Figure 6-7. 8 ps pulses at 1554nm were derived frgm a 1.0 z afmf fourylithium
locked external cavity laser and modulated to 40 Gbit/s with an array O

niobate modulators (MUX- D). Following transmission over 20 km of dispersion shifted

fibre (zero dispersion 1552 nm), the pulses were amplified and passed to two parallel
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20 GHz lithium niobate modulators via a 3 dB coupler, and a 40 GHz electrical clock

recovery circuit. The derived 10 GHz clock signal had an rms timing jitter of less th
0.1 ps (as assessed from the microwave spectrum) a
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Figure 6-7 Experimental demonstration of 40 Gbit/s optical drop and insert using electro-optic
modulators.

The two 20 GHz bandwidth modulators were driven with 10GHz, 23 ps electrical
pulses derived by mixing 10 and 20 GHz clock signals from the clock recovery circuit,
as shown in Figure 6-8. The demultiplex modulator was switched ON by this pulse,
whilst second modulator was switched OFF in order to remove the demultiplexed
channel from the data stream. The 1.3 V peak to peak electrical pulse amplitude

represented 1/4 of the peak switching voltage of the modulators (5 V). A single RF

drive signal was passed to cach travelling wave modulator in series, via an RF delay

line.
20 GHz

10 GHz Frequency Narrowband

Amplifier  Doubler Amplifier 2-20 GHz
Wideband

Amplifier

10 GHz
Pulsed
Output

10 GHz

Delay Line Amplifier

Figure 6-8 RF si gnal processing 10 derive pulsed signal from 1 0 GHz recovered clock

i i i tputs of the two modulators is shown in
The a ionals and simultaneous outp i
el drve o8 of the desired channel from the main

Figure 6-9, demonstrating a complete “drop” | d ch ‘
through path onto the local path. Note that due to imperfections in the electrom.cs, .the
gh path © Jeaner switching

anticipated ringing of the clectrical pulse 18 at.)s<.:nt, giving rise O la ¢ anproximately
pulse. A second 10 GHz mode locked laser, giving 10 ps pulses, also @ PP
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1554 nm “fas mOdulflted with a. Scparate test set (clocked from the locally recovered
clock) and inserted with appropriate delay, amplitude and polarisation
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Figure 6-9 Eye diagrams Of dropped (left) and through (right) signals at the intermediate node, along
with the electrical switching signals (upper traces).
The performance of the D&I node was assessed after a further 20 km of transmission
and demultiplexing using a 10 GHz electro-absorption modulator. This modulator gave
an = 20 ps wide switching window when a 1 Watt 10 GHz RF drive and 4.8 Volt dc
bias were applied to the modulator. The clock signal for the final demultiplexer was
derived using the alternative scheme of electrical clock recovery, where a circuit
operating at the base rate (10 Gbit/s) is located after the demultiplexer. The received and
demultiplexed eye patterns are shown in Figure 6-10, at the input to the final
demultiplexer, following demultiplexing of a channel from the first node adjacent to the
dropped channel, and the inserted channel itself. These figures illustrate the complete
switching of the appropriate channels with an extinction ratio in excess of 18 dB.
Finally, error ratio measurements are carried out with a simple PIN receiver on the
inserted channel, and one of the two original channels adjacent to the dropped channel.
It can be seen from Figure 6-11 that both signals operate error free over the whole
transmission link, with the differing receiver sensitivities attributed to the number of

nodes traversed and different electrical drive amplifiers.
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Figure 6-10 Eye diagrams of recei
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Note that the approximately 3 ps/nm dispersion of the final transmission li !
ne, along

with the relatively broad switching wind i
, ow deliberatel ~ -
operating wavelength of the inserted signals. ely placed a tight restriction on the
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15 -14 13 12 -1
Received Power (dBm)

Figure 6-11 Error ratio performance of signals demultiplexed at node three, originating from node 1
(circles) and node 2 (squares).

This experiment clearly confirms that single electro optical modulators may be used to
perform both demultiplexing and drop and insert functions in 40 Gbit/s OTDM
networks. Such modulators require negligible integration, and may be rapidly deployed
in any future OTDM network. Thus, in addition to the exploitation of fibre bandwidth

between switching centres, OTDM has been shown to allow a reduction in the

complexity and number of switches throughout the network. Two technologies for

single stage demultiplexing were simultaneous operated within a single network for
single stage demultiplexing, demonstrating the simplicity of approach for an OTDM
system, where full interoperability of different technological solutions is a natural
consequence of the synchronous nature of the technology. In contrast WDM technology
offers many architectural solutions to a given hetworking problem m terms of, for

e i isation to allow full
example, wavelength plans, and thus requinng extensive standardisation t

interoperability between manufacturers and technologies.

6.4 OTDM Network Scalability

adability of D&l network nodes 18 demonstrated
ove (Section 52.1). At each node, one of tw.o
passed to the node for electronic
ating the detected signal) is
remainder of the network.

In this section, the almost infinite casc
using the recirculating loop described ab
channels is chosen randomly, demultiplexed and _
processing. Locally generated wraffic (simulated bY regencl
re-injected into the vacant time slot and passed onto the
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Meanwhile, the channel passing through the node for onwards transmission is subject

0 a syn.chronous retiming signal, thus ensuring, for a soliton transmission line that
arbitrarily large network may be constructed?® ’ o

Balanced Mach
Zhender Modulator

Node ) Clock i
| pin ¢ Mode Locked

Input Recovery ¢ > Las
er

EA
| modH{R* f{D-type

Node
Output

Local Traffic

Figure 6-12 Schematic diagram of 20 Gbit/s D&I node.

The network node that was inserted into the recirculating loop is illustrated in Figure 6-
12 (all stages of optical amplification and loop timing switches omitted). Close
examination will reveal that this corresponds simply to arrangement of the recirculating
loop (Figure 5-7) such that the main OTDM output is connected to loop input #3, whilst
a base rate output is connected to input #2 . the main functionality being derived from
the dynamic configuration of the 2:1 selectors and acousto-optic switches. These
devices ensure that the loop is initially loaded with a 20 Gbit/s data sequence from the
pattern generator, but for subsequent recirculations, a suitable 10 Gbit/s signal 18
injected into the vacant time slot. For this initial injection of data, the 1553 nm external
cavity laser and its external modulator are driven from the pattern generator (27-1
PRBS), and passed into a passive interleaving circuit (= 200 ns relative path delay) to
produce a 20 Gbit/s OTDM signal comprising 12 ps pulses. Following modula.tion (PUt
before interleaving), the pulses were optionally compressed by a length' of dispersion
compensating fibre (-7.8 ps/nm dispersion) giving a near tran.sform llrr}lFed 8 ps pulse
train. A 100 km node spacing is achieved using two in line optical amplifiers, and three
33 km lengths of soliton supporting fibre (dispersion Zero 1548.5 nm)- Consequentlyé
the mean fibre dispersion was = 0.3 ps/nmvkm, giving 2 soliton PerlOd of 85km an
190 km for the compressed and uncompressed pulse widths .respecflVCIY- e via 2 20
Timing synchronisation of the node to the incoming data 31gna.l is Prow eI VIZ a t
GHz electronic clock recovery circuit providing a 10 GHz drnive 51gn'al. n order (;1
determine the channel selected for demultiplexing, the source frfaqueﬁc)’ 18 adJusteh :I?:el
that the loop length corresponds to either an even number §f bit periods (same C

: i iods (alternating channels selected) or an
always selected), an odd number of bit Perl o ca  ohing is rovided by 2
intermediate value (random channel selec’tlon). ed I;red rannel in_ parallel with a
electro-absorption modulator 0 demultlpl.ex the de et channel from he
balanced Mach Zehnder modulator 0 S]multaneolleIY c.e Zehnder

, . dly transmitted signals. The Mach Ze .n.

transmission line and retime the onwardly ‘ \ to peak amplitu de of V., giving
modulator is driven by a 10 GHz sine wave with a peak to P
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a 100 % modulation depth. This suggests that the total noise |
times the noise generated by a single recirculation, and that zlslz ”e"el ‘Saturates .
per revolution (Equations 5-4 and 5-6). That is, the solito —_ r§du9ed by 2%
 ntrolled. ; n pulse train is strongly
Following detection, the demultiplexed signal is regenerated and i
to error ratio monitoring equipment, and to si ¢ and passed simultancously
. . ‘ ; simulate locally generated traffic. To achieve
this the signal is used to externally modulate the same 1553 nm harmonically mode
locked external cavity laser used to generate the initially injected traffic, to e)r/mure a
worst case scenario in terms of incoherent interference. This “locally gene:rated” ‘signal
is then re-injected into the loop with appropriate, amplitude, delay and polarisation. A
total excess delay within the node of =1js ensures that the transmitted pattern is de-
correlated from the incoming signal to accurately simulate the injection of locally
generated traffic. It should be noted that because each node is regenerative, errors are

“frozen in” and the error ratio measured at the final node represents the accumulation of
errors through the entire network.

| T 1
25 ps / div
. | ] |
TN T A R I T "
e AR S S % G
R & LS
ﬁ ;

16.0020 ns 15.1270 o 18.2520 nw

Figure 6-13 Eye diagram of input (upper) and output (lower) of the 244th D&I node \f/ith the same
channel dropped at each node, measured using 15 and 32 GHz detectors respectively.
r transmission by biasing the Mach Zehnder modulator

The loop was initially tested fo .
giving an error free distance

for transmission and turning the locally injected pulses off, .
of =1,500 km (15 nodes). This slight degradation in performance ovc?r previous
measurements (Section 5.2.3) arises from the reduced effect of the guiding filters .on.the
broader pulses (8-10 ps cf 5-8 ps) used in this experiment. When near transform 11m1Fed
pulses (time bandwidth product < 0.4) are used at each node, stable error free operation
of the fully functional D&I system was achieved over 690 nodes (a total network ler?gth
of 69,000 km), for both randomly alternating and same c’hannel.modes of (?perz;tl(l)n,
This level of cascadability was limited solely by the differential propagation delay

riations in the data arrival time of up to 50% of the
by virtue of the

through the regenerator causing va e
measurement interval. Such remarkable performance was O fiom
retiming action of the 10 GHz driven Mach Zehnder modulator use¢:

5 3. which illustrates the eye

AT . verified in Figure 6-1
the appropriate time stot. This 8 d through 244 nodes (limited by temperature

Corar after y ; 1 has passe
diagram after the same channe p J the elative clock phase after each

Tre it Atar nd consequent! .
fluctuations altering the 100P length, & d degree of timing jitter 1S clearly evident for the

recirculation). A small, but constraine
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channel passing straight through each node, due to the optimisation of the tr issi
control modulator for D&I functionality rather than retiming ansmission

performance is still maintained.
18
T

16 ©

however, error free

14 ]
12 ]

10

Peak Power (au)

0 2 4 6 8 1b 12
Number of Nodes

Figure 6-14 Evolution of the pulse peak power as a function of transmission distance for compressed
(crosses) and uncompressed (circles) pulses.

As may be anticipated, the major limitation of this type of network is the degree to
which the various pulse streams are matched (in terms of amplitude, width, wavelength
and chirp). In this demonstration, wavelength (and consequently velocity) matching
was assured by using the same laser at each node. However, if the dispersion
compensating fibre is removed (increasing the time bandwidth product of the launched
pulses by =50%), a significant pulse width and power evolution is observed as the
launched pulses evolve into solitons (see Figure 6-14). In this case, it was only
possible to cascade 6 network nodes, due to the extreme difficulty of match%ng the
amplitude and width of the injected pulses at cach node. This problem was sufficiently
eliminated using the compression fibre to produce near transform limited pulses, and o

reduce the initial evolution in pulse shape.

This experiment has demonstrated, for the first ti ! .
D&I nodes within an OTDM network (>500 nodes). In this dejmonstratlo%r;; the
electronically driven switches may be casily, and rapidly reconfigured (eg’ 21 tz
provide a flexible series of interconnections betweejn .the nodes for Stagbir/
SDH/SONET circuit line rates, whilst synchronous retming enables the 20 . it/s
d over essentially indefinite distances. In tb1s s1Tnple
d retiming functions Were performéd in a §1ngle
component, however, for a more flexible network, with either a finer switched

I 100 Gbit/s),
' I I acity transport layer (eg 40 or
e sepaion 248 OO e yte elements is not unreasonable. In

the separation of these functions ¢ S?}zamshepherding offer particularly attractive
. . - . on .
particular, all optical demultiplexers and sol1 " of ultra high capacity

. : deploymen
implementations of these functions that wil alow e pthczloretical transfer function of
all-optical networks. It is worth noting however, that the

i twork experiment described
the broadband modulator used in the 3 node 40 Gbit/s n€ p

me, almost infinite cascadability of

transport layer to be extende
demonstration, the demultiplexing an
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¢1b(?V§ (,011?&1 S av pgnodw amplitude ripple, capable of providing a low amplitude soli
retiming signal (Figure 6-15). P oo

0.6¢
0S5t

)

N

)
™o

Amplitude (au
e

0.1F

-1( 50
Time (ps)

Figure 6-15 [lustration of the soliton control functionality of a broadband modulator based D&I node
showing representative soliton train (grey) and the modulator switching window (purple)

This ripple produces an 11 % modulation depth, giving an extinction ratio of 0.5 dB.
Conscquently, fora typical 40 Gbit's system, comprising 4 ps pulses and a 2 nm filter,
we would anticipale a maximum noise accumulation equivalent to 20 times a single
internode link and a jitter reduction of = 1.8 % per node due Lo the amplitude
modulation. Enhanced soliton control would be possible using an unbalanced
modulator, giving simultaneous synchronous phase modulation of up to =1 mrad.
Given the experimental (ransmission results of Chapter 5 this suggests that large scale
40 Gbit/s OTDM networks — are feasible. This network would employ dispersion
profiled fibre to overcome the limits of the average soliton model and allow increased

Jaunch powers and soliton control to constrain timing jitter.

6.5 OTDM Network Connectivity

Although the results presented above show great promise for OTDM networks, several
issucs remain unresolved. For example, it may be advantageous O allow an OTDM
network to be branched. However, at the meeting of the tWO pranches, the incgming
data signals should be well matched. Whilst the optical prope.rtic§ of the mgnﬂs
(wavelength, pulse width, peak power) may be forcibly matched‘umng a‘n all optical
regenerator, it is also necessary to ensure the ime slots are appropriately aligned to less

. . N . e , o ‘th5371
than a bit period, despite (hermal fluctuations 1 the relative optical path leng

Branch

Main Path

l) « 1¢ y l)( C asecs Of (_h‘ 1"C()V‘.[“d
l l) 1 “ { 1o 1 > ])I g th ph(lb(./ [ { CI
o . . ‘ ‘l.r()r Sl( l ‘ll l ; N I Siglld‘l lTlZly b(. USCd l.O

Sehemalic diagram of

ained by compatin
his ¢1ro

Fieure 6-16

drive a fibre optic del
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physical dimension of the delay line typically precludes the en
for continuous stabilisation under arbitrary conditions. No
expansion coefficients of 10°/°C, changes in delay of
anticipated. Thus even by sacrificing continuous tunabilit
variations of several ns are required.

dless operation required

w for given a typical
~0.5ns/100km/°C are to be

y for a limited tuning range,

Alternatively, endless control is available by using the error signal to control the signal
frequency of one of the branches (the slave branch). A preliminary investigation of this
technique was carried out by Terry Widdowson, illustrating successful stabilisation of
relative phase between two 10 GHz pulse trains for slave branch lengths up to = 12 km.
This demonstration was limited by the unlocked linewidth of the slave VCO, which
introduced a degree of jitter proportional to the transit time of the branch. Optimal
operation of this scheme would require the use of a narrow linewidth oscillator, or
frequency synthesiser in place of the slave VCO.

10 GHz
Laser

Branching Node

Slave Node

isati eriment of Widdowson.
Figure 6-17 Schematic diagram of branched network synchronisation exp f

i iven node required
For a mesh network, the situation becomes more comples, Wit al glt\l/; endless cc(l)ntrol
to be synchronous with at least two remote branching nodes. Clear y‘ s since the
described above may not be used to simultaneously meet these requir ,

C n i I fore are
O may only f

i nted using OTDM
clearly required to allow mesh or ring networks to be impleme

techniques.

Possible techniques include; '

* Optical delay lines with large tuning ranges

a fixed value)

* All-optical variable buffer store
- Stor sed in

(analogous to buffer stores usé Lire

* Switched fibre paths (to reduce the delay range req

hs is require '
Where discrete switching between delay patd revent service interruption.
be established to signal switching events and p

(to constrain the total optical path length to

shift register pbased on all optical logic gates
or

'ks). .
SDH networks) d for optical delay lines)

d, appropriate protocols should
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These Liming ISSUcs arc also of great importance when ;
into an OTDM nc e i Ch mterconnect :
e e .Llwork_ Figure 3-34 illustraies how, | ccting SDH equipment
N a ‘ > e fanad o - s 1 SN
cquipment may be nterfaced into an OTDM node. Of crif; 11.] a lermimal node, SDH
" single, comm actor cloek o - Ul eritical importance is the exi
olF gle, ! on master clock, either derived from one of lhp Sdnu, 1§ the existence
RF source uscd o generate the oplic ' ¢ SDH terminals or
" th inal generate the optical pulses. This master clock is (h erminls or he
S TaY ale « N . K 18 > QO :
of the terminals and pulse sources in the node. On the recei s(; en used 1o drive all
within the SDH terminals are used (o i . - recewve side, the buffe o
X ] s are used to interface with the incoming traffic of ind o e
asc, although a 10¢ e . ¢ of indeterminate
[; asc, | | i " cal OTDM clock recovery is required 1o drive the d cmne
or a simple bi-direction: . ) ¢ the demultiplexe
1‘ [; ; rectional D&l node, the situation becomes more compl uglplcxg.r.
or example the s structure of Fi : : ex. sider
o pe T n.()db structure of Figure 6-12, with the local traffic 'rp O.Im(.iu
on SDH linc terminals or simply switched by a single SDH ADM 1 ciher termining

1x2 7'_

Recovery,

Clock

[R TP
INCCOVETY

OTDM Network \ Ix2 >
-§
~
el

SDH SDH
N
1

N

| oval Tratfic

Fioure 6-18 Sche R T, . g . - ,
igure 6-18 Schematic diagrant of a bi-directional OTDM D& node, with local traffic terminating on
SDH terminals. L

Note first that in cstablishing a circuit between two SDH line terminals through a D&!
nctwork, locally gencrated traffic is inserted into a separate counter propagating fibre
ed by the removal of the dropped channel. This
ownstream nodes using separate SDH
s and OTDM systems illustrated 1n
om one OTDM line system, and
{ data synchronously into an
al must therefore extract
coming data from the
SDH buffer store.

path, not directly into the space creal
space is uscd o cstablish circuits with d
Lcll'mi“als- This leads to the connection of terminal
Flgurc 6-18 where a given terminal receives data fr
inserts data into another. Now, a given (erminal must injec
QTDM linc system, whose clock source 1s remote. This termin
its clock from that line system via the OTDM clock recovery. In
other line system, clearly of differing phase, is again received via the
Thus the clock synchronisation stralegy of an OTDM D&l node is similar to that of a
terminal node (Figure 3-34), but with no option for the location of the master clock
(which must be the incoming data stream).

ument  Suggests that
s feasible, requiring onl
SDH networks are
gses through 2 node,
I interconnection O

interconnection  between OTDM
y the evolution of appropriate
hased on SDH Add Drop
with lower granularity
f ADM's into an OTDM

However, although this arg
networks and SDH terminals i
clock distribution strategics, many
Multiplexers (ADM's) where raffic pa
traffic dropped as appropriate. One possib

v 'k o = snnected via the spare
network, based on Figure 6-18. would take t ( ‘ p

wo terminals (inter¢
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aggregalc outputs) cach with a transmitter synchroni
synchronised to th
¢

ransmission linc. The SDH buffer appropriate OTDM

.. store  betwee .
allowing for the variat Mo cen the interconnecting :
g aton between the two OTDM line syst onnecting  aggregales
stems. Alternati
vely, the use

of a single ADM would avoi
appropriale connections *VO]d lbe unnccessary duplication of SDH aggr
)¢ ions for a single ADM are shown in F aggregales. The
raareaate 1nlere RPN ) n i Fisure 6- .
aggregale interconnected o upstream and downstream paths i gure 6-19 with cach
Whilst the ADM n are svnehroni . aths m the OTD WO
' " puts arc synchronised via the SDH buffer stores i\/[ network.
a single terminal prohibits the si S as usual, the use of
APPI()éplill OTD]\Z 1(') hibits the simultaneous synchronisation of both out e
¢ X 1ale 1ne svste S et . : utputs t o
e second ADM systems. It is thus necessary (o allow an indcpcnd(,nIt) LO lﬂk
s e ou . ) pendent contr |
e ) lpul via an optical delay line. This delay line is adjusted accor .0 of
he relative phascs of the clock signals recovered from the OTDM li husted according to
mne systems.

Clock

Rocovery

..// -
’ 1x2
OTOM Network \ Telay 1
clay 1ine

<—
Q % N
R R

A

I.ocal Traltic

Clock

Recovery,

Figure 6-19 Schematic diagram of a bi-directional OTDM D&I node, with local traffic routed via u
single SDH ADM.

Thus, provided sufficient delay range is available, the inclusion of optical delay lincs
al\lows the arbitrary interconnection of OTDM network nodes, and the inlerconnection
of OTDM networks with existing and future SDH networks. The deployment of such
delay lines is minimised by the adoption of appropriate clock distribution strategics.
6.6 Chapter Summary

In this chapter, it has been demonstrated how electro-optic demultiplexers may be
deployed to allow a full drop and insert functionality within an OTDM network. In
principle this allows OTDM systems to offer the same functionality as WDM systems,

without the added difficultics of wavelength management and amplifier gain flatncss.
selection of any OTDM channel

unlike traditional WDM systems,
ployed for cach optical channel.
tive elements, considerable overall
reduced component count. Equally
in combination with
able. This is In

The network architeeture proposed also allows the
simply by adjusting the phase of the drive signals,
where appropriale switchable filtration must be de
Conscquently whist OTDM nodes require a¢
simplification is anticipated with 2 vastly
significantly, a sccond hetwork experiment d
soliton control techniques, OTDM networks are a

cmonstrated that,
Imost infinitely cascad
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stark contrast to recent WDM network demonstrations, where, in the absence of opto-
electronic conversion, the maximum number of cascaded nodes reported to date is ~ 10.

Thus, a truly all-optical, global scale OTDM network may be readily constructed using

entirely commercially available components. Whilst additiona complexities are

encountered for the development of meshed and multipath network architectures, full

interconnectivity is anticipated following the development of optical delay lines with
large delay ranges (in the region of several ns).
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7. Conclusions

In this thesis, we ha?/e discussed a detailed experimental investigation of OTDM
m;tworks 1at aggrfr:lig}?teklme rates of up to 40 Gbit/s using electro-optic modulators and
fibre ring lasers. The key enabling technologi : ..
limited optical pulse sources, aid 10“? I?i(i: 1Cc(;(r_)ctl}:lsr e ¥0W'Jltter, pansform
P ' ecovery circuits for network
synchronisation. Appropriately therefore a large part of the thesis was devoted to the
development of optical pulse sources at both the system base rate (10 GHz) and, to
provide an alternative OTDM architecture, at the system line rate. Constraints pertair;ing
to the multiplexing of signals over arbitrary path lengths imposed quite stringent
Jimitations on the source extinction ratio and pulse width, suggesting that mode locked
Jasers are required. Consequently both fibre and semiconductor based mode locked
lasers were employed in the majority of system demonstrations in this thesis (Chapter
3). For demanding soliton transmission applications however, the high pulse quality of
mode locked fibre lasers represents the ideal source, with cascaded electroabsorption
modulators (cascaded for enhanced extinction ratio) coming a close second due to their
simplicity and flexibility.
Throughout this investigation, electronic clock recovery was found to provide excellent

performance, producing recovered clocks with jitter levels well below measurement
resolutions (300 fs). Recent improvements to the circuit include the inclusion of high
efficiency (GHz/V) voltage controlled oscillators and harmonic mixers. Issues of
multiplexing and demultiplexing OTDM systems were considered, and attention was
focused on solutions based on discrete electro-optic modulators with simple drive
signals. The electro-absorption modulator was found to be particularly suited to an
OTDM demultiplexing function for bit rates up to (and perhaps exceeding) 80 Gbit/s.
Transmission of 40 Gbit/s OTDM data sequences on both standard and dispersion
shifted fibres was investigated, and world record maximum transmission distances for
each fibre type were extended to 202 and 2,200 km respectively. The requ%rements for
high speed active soliton control were investigated for the first time, with attentpn
focused on the development of control strategies applicable to OTDM S)fstems operating
at bit rates above the maximum electronic signal frequency. A combination of 20 and 40
Gbit/s transmission experiments Were carried out, and revealed requirements for no.vel
transmission fibres and/or dispersion management 0 allow 2} r.eason~able §pa§1ng
between optical amplifiers and control elements. Subsequeflt prehmmz‘lry ‘mvestlgatt)l'ons
into such fibres revealed that both dispersion decreasing fibres and dlStI.‘lbuted (f,r 1gm
. . : OTDM systems and, in combination
doped fibre amplifiers may be used for high speed }’ ; oo hich speed
with active soliton control, offer a route to global transmission of ultra high 5P

OTDM data signals (Chapter 5).

issi
As an alternative to long haul OTDM transmi '
n anemahe O D ted with full error ratio meas

regeneration were developed, and demonstra T thess represents 10
the first time. The 40 Gbit/s OTDM regenerator develope 1r e e constrction y
k ' i e sim
highest reported capacity regenerator using any tezbnolrczggr.l : p
e e
the regenerator (two optical amplifiers and some d1Sp

on, techniques for full all-optical
urements for

hifted fibre) suggests that
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it would not be unreasonable to replace line amplifiers with ll optical rege
giving a truly digital optical transmission line (Chapter 5). generators,

Finally, worlds fir.st fiemonstrations of optical networking using OTDM data sienals
1.e\.zealed that the significant cc?st savings offered by course routing may be expl{z)ited
using. OTDM as an altematlve‘ multiplexing strategy to WDM. Significantly, the
combmat'lc.m of OTDM networking and optical soliton control enables the infinitely
cascadability o.f OTDM network nodes and thus offers significant advantages over
current all optical WDM networks of limited scalablility (Chapter 6). The use of
dispersion compensation to allow soliton propagation at 1550 nm over embedded
standard fibre’’**”* may allow the deployment of similar OTDM networks without
additional cable investment. The network nodes investigated in this thesis comprised
commercially available electro-optic modulators, and are thus suited to immediate
deployment, however, it should be recalled that many all optical techniques may be
used to provide similar routing functionality. Indeed certain configurations of optical
switches give rise to a naturally regenerative performance, again offering infinite
scalability.

It is interesting to compare this solution to WDM and electrically multiplexed network
solutions. For transmission, electrically multiplexed systems and OTDM systems
would be anticipated to demonstrate similar performance. Such systems are limited by
signal to noise ratio and self phase modulation effects, such as jitter in soliton systems,
and crosstalk in dispersion compensated systems. The ultimate transmission
performance is anticipated for soliton transmission on dispersion profiled fibre. For
WDM, on the other hand, major limitations arise from non-liear crosstalk,
necessitating the use of dispersive fibres and strong dispersion management. Whilst
WDM systems are further complicated by the requirements for gain flattened amplifiers,
wavelength referencing and management, recent laboratory systems demonstrzflti(.)ns
have failed to reveal a significant long term advantage for either (ransmission

technology. |
In terms of optical networking, both OTDM and WDM offer the potential of course
perations only on the required

routing in the optical domain, performing switching O .
d systems, where the entire

channels. This is in contrast to electrically multiplexe
nnels. This 18 1n 4. Now, the nature of WDM

ity si cesse
aggregate capacity signal must be detected and pro ‘
) P etoms I formances Wwithin an optical network. As we

and OTDM systems leads to different per o o
have seen ab())’ve, the synchronous nature of OTDM allows infinite node cazzz;iz;l;ﬂg
through optical regeneration Of soliton control. Branched networl;s 2:\/ (};)rks oy be
adjusting the source clock frequency for tributary ?ranCheS’ and I_ne; lea lines. For a
deployed following the development of wide tuning range optica y

1 Slmple regeneratio
SYS " N nChrOHOUS nature prec : n
W M S) tem on the Othel hdnd, tlle asy y ll(les | 1 1 ; 1 t

ilit
he network scalabi | .
WDM cross connects, offering restoration,

We may imagine therefore that with currer? ;
tworks with tens O

at the aggregate line rate, Jimiting t
to construct complex mesh networks using

multiply interconnected nodes,
suited to complex metropolitan ne
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be deployed as national or global scale backbone networks Studies of the t i
: ransmission

prop.erties of 40 Gbit/s OTDM signals revealed that dispersion profiled fibre will
required for OT.DM transmission at higher capacities due to the limitations i W1d be
the average soliton model, and the need to increase the signal rposed by

soliton control to noise ratio for active

work should fo . .

lguqf]t;l;/; omls (> 80 Gcbui:/:; ;’r?t:legfst;?ntsrr;;z:;)n .and networking of ultra high speed

_ ' ‘ ' ssion, the development of dispersion
profiled fibres are likely to be required to allow soliton transmission with commercially
acceptable repeater spacings, with active soliton control or all optical regeneration
enabling transmission over global distances. In terms of networking, further
developments of electro-absorption modulators, driven by simple base rate signals
should allow the development of appropriate ADM's, with a maximum achievable line
rate currently in the region of 8 times the modulator bandwidth (80 Gbit/s using latest
devices). Similarly, Mach Zehnder modulators may be used for the deployment of
OTDM systems at four times the maximum modulator drive frequency (160 Gbit/s
using commercially available components). Beyond these line rates (= 200 Gbit/s) it
may become necessary to investigate the potential of non-linear optical switches,
although the development of high speed electro-optic modulators with a high frequency,
narrow band response suitable for use in a high base rate OTDM system should not be
ruled out.
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