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This thesis presents the results of numerical modelling of the propagation of dispersion
managed solitons, in standard fibre using fibre grating for dispersion compensation. The
theory of optical fibre and propagation in single mode optical fibre is introduced, followed by
numerical technique to solve the nonlinear Schrédinger equation. The recent development in
the use of dispersion managed solitons are discussed before the numerical results are
presented.

The work in this thesis covers the upgrade of the installed standard fibre network to higher
data rates through the use of solitons and dispersion management.

The use of dispersion management has been investigated using fibre grating for dispersion
compensation, both as single pulse and for the transmission of a 10 Gbit/sec data pattern. It
has been found that by placing the amplifier and grating at an optimum position stable
propagation is possible at high data rates.

The interest has increased over recent years in use of EDFAs and dispersion management to
upgrade installed standard fibre network to higher data rates. This thesis presents a study of
propagation of data at both 10 Gbit/sec and 40 Gbit/sec. Propagation over Trans-oceanic
distances is possible for 10 Gbit/sec and for more than 1500km at 40 Gbit/sec. The use of
dispersion managed solitons in the future of optical communication systems is discussed in
the thesis conclusions.
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Chapter 1

Introduction to optical fibre

communication system

1.1 Introduction

Recent years have seen rapid progress in the research and development of lightwave
communication systems. The reason behind this is the increasing demand for
telecommunication services. Most of the practical and research work has been directed
towards two goals: the development of long-haul optical fibre communication systems and
the upgrade of existing terrestrial fibre network. The developments in light wave systems
have been revolutionised by the deployment of erbium-doped fibre amplifiers, providing
periodic amplification of optical signals. The purpose of this thesis is study of one potential
method to increase the capacity and accuracy of existing optical communication systems,

making use of fibre non-linearity and optical solitons.

1.2 Optical fibre characteristics

Optical fibre consists of a central core surrounded by a cladding layer whose refractive index
is slightly lower then that of the core. These are referred to as step index fibre to distinguish
them from graded-index fibres in which the refractive index of the core decreases gradually
from centre of the core boundary. This encasing of slightly high refractive index within a
lower refractive index cladding optical signal is guided through the glass medium. Naturally
the electric field transverses this boundary but is contained by the core cladding boundary
which then in turns guides the signal through the fibre.
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The core size is the main difference between the single-mode and multi-mode fibres. The
multi-mode fibres have core radius of ~ 25-30 um, where as single mode fibres with typical
value of relative core cladding index difference (A) ~ 3 x 10 require radius to be in the range
2-4 um. The outer radius should be large enough to confine the fibre modes entirely.
Typically, outer radius is 50-60 um for both single mode and multi-mode fibres. Recent
developments in fibre fabrication technology has enabled us to make the core so narrow that
it is possible to have fundamental single mode HEj;. The core radius for single mode fibre is

given by normalised frequency V

2 2|l
V=k, a (n, —nz) (1.1)
Where ko= 21/}, ‘@’ is core radius and 2 is the wavelength of light.

The relative core-cladding index difference A is defined by

By=T,.

A= (1.2)

n,

The parameter V determines the number of modes supported by the fibre. The step index
fibres support a single mode if V < 2.405, and the fibres designed to satisfy this condition are
called single mode fibres. Since non-linear effects are mostly studied using single mode fibres,

the term optical fibre normally refers to single-mode fibres unless noted otherwise.

1.2.1 Fibre loss

A measure of power loss during transmission of optical signals inside the fibre is an
important fibre parameter. If Py is the power launched at the input of a fibre of length L, the

transmitted power Py is given by

Py =Py exp (-aL) (1.3)
Where « is the attenuation constant, commonly referred to as the fibre loss. It is customary to

express the fibre loss in the units of dB/km by using the relation

14



10 P
=——logl -~ |=4.343 1.4
Gy L g{ P, } a (1.4)

Where equation (1.4) was use to relate cqp and o.

Fibre puliing techniques have enabled us to reduce the loss so that only three type of loss are
important. First, one is the fundamental intrinsic loss due to Rayleigh scattering, which
depends on the constituents of fibre random density fluctuations of silica. These fluctuations
depend on wavelength A4, which is dominant for short wavelengths beyond 1.6 pm. The
other losses are the electronic infrared absorption losses and OH absorption losses. These
losses could be reduced be take more care during the manufacturing process. Figure (1.1)

shows the loss profile of single mode optical fibre:

The loss profile is the deciding factor in operating window for the long distance transmission
systems. The first window 980 um not shown in the figure 1.1, is not applicable for the long
distance transmission systems however it is good for short distance systems due to the
availability of cheap and simple electronics for transmitters and receivers. Second window is

at 1.3 um, which is used, in installed fibre due to the low dispersion of step index fibre.

The third window 1.55 pm has the lowest loss. This thesis concentrate on third window at
1.55 pum that has opened system design through two developments namely the dispersion

shifted fibre and Erbium doped fibre amplifiers.

2.5
2.0
1.5
1.0

Loss (dB/km)

0.5

.
.
T o s S [ IS0 |

8 TR 2 1% 1.8 008
Wavelength (um)

o b

Figure 1.1: Measured loss profile of a single mode optical fibre, from [1], pp 6. The dashed curve is the

intrinsic loss from Rayleigh scattering and infrared absorption of pure silica, the solid line is the

15



measured profile clearly showing a peak in the loss from the OH-absorption at 1.4 pm and a smaller

peak at 1.25 pm.

1.3 Chromatic Dispersion

The second characteristic of optical fibres is their chromatic dispersion. This results due to the
interaction of electromagnetic waves with bound electrons of the medium, which then results
frequency dependency of the refractive index n(w). This dependence affects the propagation
of optical pulses as the propagation speed of their constituent frequency component is given

by c¢/n(w). This results in components arriving at different times producing a temporal
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dispersion of the pulse. This can be a serious limitation to the optical system.

Figure 1.2: Variation of the dispersion parameter D with wavelength for a step-index single-mode

fibre, taken from [1], pp.11
The rate of this dispersion is described by the dispersion parameter D5, essentially the second
derivative of the refractive index with respect to wavelength. Figure 1.2 shows a typical

dispersion profile for a standard step index fibre.
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In the standard fibre, the dispersion is mainly due to the chromatic dispersion of the optical
fibre although there is a small contribution from the waveguiding effect of the fibre called
waveguide dispersion. The dispersion zero wavelength can be tailoring the fibre core and
cross-section profile to increase the wave guide dispersion. One of the examples is moving
the dispersion zero into the second window to give “dispersion shifted fibres: (DSFs) which
permits long distance transmission. Secondly by moving the dispersion zero beyond 1.6 pm

produces Dispersion compensating fibres (DCFs) which are of great interest currently [2,3].

1.3.1 Fibre Nonlinearity

The third fibre characteristic is it's nonlinearly. From the earliest proposals of the application
of fibres in communication systems, it has been recognised that non-linear optical processes
would present an operation limit on the fibre length and power levels to be transmitted. For
example self-phase modulation gives rise to spectral broadening, this together with the
dispersion in fibre temporally broadens the transmitted pulses and limits the maximum
achievable information transmission rate, Similarly, the non-linear process of stimulated
Raman scattering would act to limit the maximum operational power levels or give rise to
information loss and introduce noise into the system. With present developments in optical
communications, particularly towards long distance, single mode, repeaterless submarine
cable systems, it is necessary to consider the use of low-loss mid infrared fibres or to increase
the transmitted power levels, Under these circumstances, it is highly likely that detrimental

non-linear effects cannot be neglected.

The nonlinearity of optical fibre comes from the third order susceptibility @), of the silica and
can result in effects such as four wave mixing and non-linear refraction. Four-wave mixing
occurs between the co-propagating waves of different frequencies resulting in generation of
new frequencies. We will only concentrate on non-linear refraction as we are only considering

single wavelength. This occurs both through the self-action of waves on itself as well as
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between different waves and polarization. This results in a non-linear variation of the

refractive index H(m, |E|1 ) of the fibre with intensity |El2 [1], pp.16.

Although optical fibres have very small non-linear index coefficient, over long transmission
distances this intensity dependence of the refractive index leads to effects such as self-phase

modulation and cross-phase modulation,

1.3.2 Fibre birefringence

The final fibre characteristic of interest is the fibre birefringence. Coupling between the
polarization modes of a single mode fibre can be reduced to zero by making the fibre
perfectly cylindrical. However manufacturing defects lead to deviation from cylindrical
symmetry and hence results in birefringence. For a constant difference in the refractive
indices of the two modes, there is a fast and a slow axis, with the fast axis having lower
refractive index. Genérally, however local fluctuations in the core and hence in the local
birefringence are introduced by imperfections in the manufacturing process. Light launched
into a single mode fibre, reaches quickly to some arbitrary polarization due to the resultant
mixing of the polarization modes. The implication of optical transmission systems is that
ordinary fibres will not be able to support polarization division multiplexing, as the signals
will mix on propagation and the data will be corrupted although some success has been
found [4][5]. A strong and essential constant birefringence can be induced by failoring the
fibre cross-sectional profile to create “polarization maintaining fibres” which should allow
polarization multiplexing. The birefringence is also responsible for polarization mode
dispersion (PMD), which is currently presenting limitations for upgrading existing standard
fibre systems, as low birefringence and hence low PMD was not specified when fibre was

commissioned.
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1.4 All optical systems

The fibre loss is no longer the major limitation in optical fibre transmission and the
performance of optical amplifier systems is then limited by chromatic dispersion and non-
linearity. Optical SNR also plays an important role, low average dispersion does reduce the
timing jitter but it degrades OSNR, hence increasing the probability of error. These limitations
can be overcomed either by linear or non-linear methods. In the first approach both the
chromatic dispersion and nonlinearity are considered to be detrimental factors, where as in
the later the non-linear and dispersive effects are counter balanced. Non-linear effects that are
detrimental in the “Linear” systems can be used to improve the transmission characteristics
of intensity-modulated direct detection optical communication systems. In the long haul light
wave communication systems, the utilisation of in line erbium doped fibre optical amplifiers
(EDFA’s) is assumed to be used to compensate for the attenuation in the carrier signal in the
transmission fibre. Average slow dispersive broadening of the pulse propagating in the
anomalous dispersion region can be exactly compensated for by the non-linear phase shift.
Thus traditional fundamental solitons rely on a balance between the self-phase modulation
and anomalous second order dispersion that allows the preservation of carrier signal over
thousands of kilometres. The important feature of traditional non-linear systems is the
considerable shorter amplifier spacing than the dispersion and non-linear lengths, and hence
both dispersion and nonlinearity can be treated as perturbations on the scale of one
amplification period. In the leading order, only the fibre loss and the periodic amplifications
are significant factors effecting pulse evolution between two consecutive amplifiers. These
factors cause power oscillations, while the form of pulse during one amplification period
approximately remains unchanged. The nonlinearity and dispersion come into play on the
larger scales and pulse propagation in such communication systems is described by the well-
established guiding centre (path averaged) soliton theory. The average dynamics of the
optical signal in this case is given in the leading order by the integrable non-linear Schddinger

equation (NLSE). This gives an additional advantage to the use of well-developed
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mathematical technique for analysing effect of numerous practical perturbations and
boundary conditions. The penalty in using the soliton approach is that the broader optical
spectrum of RZ pulses is more susceptible to the spontaneous emission noise introduced by
optical amplifiers. This results in amplitude fluctuations and a timing jitter known as
Gordon-Haus effect. However on the other hand is good news for WDM systems where
broader spectrum means more channels. Additionally the need to balance the nonlinearity
with the dispersion for any given pulse width prevents arbitrary increase in the transmitted
signal power. The increase in the launch power by selection of the pulse width or fibre
dispersion improves the signal to noise ratio, which results in worse timing jitter, thus
limiting the benefits obtainable from optimisation of these parameters. To overcome this
problem much effort has been placed in the development of soliton control techniques. These
rely on the placement of additional components within the transmission path to suppress the
accumulation of timing and amplitude errors. The two most common approaches are spectral
filtering of either fixed or sliding variants and synchronous modulation. Fixed filtering
[69]uses identical band pass filters placed at regular intervals along the fibre produces small
performance improvements, although there have been recent suggestions that better filter
characteristics could be beneficial. The sliding filter approach involves displacing the centre
of passband successively along the fibre, thereby achieving a more effective separation
between the signal and the noise. The second common control mechanism places phase [101]
and or intensity modulators within the transmission path driven synchronously with the bit
rate. This can result in effectively unlimited propagation distances. However, both spectral
filtering and modulation raise serious issues of component count, cost, complexity and

reliability due to addition under water components required.

The above mentioned fibre characteristics can lead to signal degradation in an optical
transmission system. To date all optical transmission systems have relied on a linear
transmission format, where non-linear effects are avoided through the use of square pulses
filing the bit period, known as non-return-to-zero (NRZ) transmission [3,6,7,8]. In these

systems, the detrimental effects the pulses experience are not significant over a single
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amplifier span. The pulses are detected electronically at the end of each span, and re-timed,
amplified, reshaped and then transmitted. High-speed electronics are required after each
fibre span adding unwanted expense and complexity at each fibre node. These systems are
also restricted in operation to single data rate because in order to upgrade the system by
increasing the data rate would mean replacing all the electronics. This will be very expensive

and complex and hence not practical.

Dispersion compensation is rapidly emerging as alternative strategy for improving the
performance of soliton transmission. The idea is to adopt non-uniform dispersion map which
contains segments of both normal and anomalous dispersion fibre. The non-linear optical
properties of a fibre system can be strongly modified by the periodic alternation of the
dispersion sign. With in the soliton transmission short segments of normally dispersive fibres,
which might arise due to fluctuation in the fibre fabrication process, are known to be
tolerated. Recently this idea was extended to allow discretion allocation of a system to
achieve a desired mean dispersion from the concatenation of more than one fibre, thus easing
fibre fabrication and selection. Another avenue of development was provided by an
investigation of the possibilities of soliton transmission on installed standard fibre using
dispersion compensation to reduce the mean dispersion value. Much of the installed step
index fibre has a high dispersion ~15-20 ps/nm/km in the 1.55 um gain window of EDFA’s.
Upgrading these systems to higher data rates by simply replacing the electronic regenerators
with optical amplifiers is highly attractive economically. However, the all optical nature of
these amplifiers means that there is no pulse re-shaping as with the electronic regeneration,
and hence the converted system will require some dispersion management. Solitons offer this
possibility, by offsetting the dispersion against nonlinearity, but present their own problems.
In contrast to the long-haul systems, accumulated noise is not the source of the difficulties for
these short-haul systems. Instead, the principle constraints are due to the high fibre
dispersion. In particular these are the high average powers required to support solitons, the
short soliton periods which limit the amplifier spacing and the short soliton interaction

distances [101] of closely packed solitons, which limit the total transmission distances.
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1.5 Thesis overview

In this chapter, so far general terms and limitations to pulse transmission in fibre optic
communications and the place of soliton in such systems have been discussed. In chapter 2,
these ideas and some of the limitations to soliton propagation will be discussed in more
detail. Different effects such as group velocity dispersion (GVD) and self-phase modulation
will be discussed. In chapter 3, the non-linear Schrédinger equation and soliton solution is
discussed, with some insight to soliton system design features such as soliton-soliton
interaction and Gordon Haus effect. Chapter 4 discusses dispersion management and
properties of dispersion managed solitons. With this as our background, we wish to find
ways to alleviate some of the problems in order that solitons can be used in real transmission
systems. This considers methods of improving soliton propagation in optical fibres using

variety of novel techniques, mainly concerning dispersion management of the optical fibre.

In chapter 5, we consider an asymmetric dispersion compensation scheme with fibre grating.
The moving of launch point with in the dispersion map to average over the pulse shape
changes as well as power in highly perturbed systems is discussed. It then goes on to show

possibility of soliton propagation at 10Gbit/s with long spans of standard fibre.

Chapter 6 discusses the upgradation of existing fibre links with the use of chirped pulse at the
input and fibre gratting, and compares the performance of such system with the one

discussed in chapter 5.

In chapter 7, the possibility of upgrading the links composed of standard fibre, to high data
rates of 40Gbit/s with 100-km section of standard fibre. This shows a novel RZ pulse
propagation regime where pulses can be transmitted jitter free for more than global distances.
Finally chapter 8 summarises the conclusion of this work and considers the current and

future positions of dispersion managed solitons in the world of fibre optic communication.
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Chapter 2

Propagation in Optical Fibres

2.1 Introduction

A mathematical model is required to study the propagation of pulses in optical fibre systems.
The simplest model of non-linear pulse propagation in an optical fibre is the Non-linear
Schiédinger (NLS) equation. This section outlines the derivation, from Maxwell’s equations, of
the NLS equation which describes pulse propagation in a dispersive medium and will be
used to investigate two important effects, group velocity dispersion (GVD) and self phase
modulation (SPM). These effects will be introduced and investigated separately before their
combined effect will be studies, which leads to formation of optical solitons. Other effects on
soliton system performance are also discussed and dispersion compensating systems, which

use fibre grating, will be introduced.

2.2 The non-linear Schodinger equation

The basic wave equation used in deriving the NLS equation is
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Where E(r, t) is the electric field, c is the speed of light, 1 is the permeability of free space and
Py, Py are the linear and non-linear parts of the induced polarisation P(r, t)

P(r, t)=Pi(r, )+ Pni(r, t) (2.2)
The linear and non-linear induced polarisation fields are related to E(r, t) through the

dielectric tensors (1 and y® respectively [1], pp28.

In order to solve equation 2.1 three approximation are required to simplify the problem: the
non-linear polarisation Pyy, is taken only a small perturbation to the linear polarisation Py; it is
assumed that the polarisation of the optical field does not change as it propagates along the
fibre-thus a scalar approaches valid and finally, it is assumed that the optical field is quasi-
monochromatic, i.e. Aw/ey << 1 where Ao is the spectral width and @y is the central

frequency. E(r, t) can then be written as

E(r,t) = -;— }“([E(r, t)exp(—im,t) + c.c] (2.3)

Where c.c. denotes the complex conjugate, X is the polarisation unit vector of the
propagating light and E(r, t) is a slowly varying function of time compared to the optical
period. P, Pxi can be represented in a similar way. The nonlinearity is taken to be

instantaneous, in order obtain non-linear polarisation form electric field, which is generally

valid for optical fibres for pulse widths greater than 0.1 ps  [1], pp.36.

Since the amplitude E(r, t) varies slowly, hence is given by using the Fourier transform,

which is valid when PNL is taken as a small perturbation. This wave equation is given by
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Where ko = 2n/) is the propagation constant at wavelength A and &(w) is the dielectric constant

which is related to dielectric tensor and allows us to find the

Coefficient of nonlinearity n: as [1], pp.37

3 .6
et 2.5
n_ gn XXXy ( )
By using the definition
4F 2 2
n(a), EJ ) = n(aJ) e n2|E[ (2.6)

Equation (2.6) shows the nature of the nonlinearity, as a modification to the linear refractive
index, n (0), depending on the square of the electric field, the intensity. This intensity
dependent refractive index change, known as non-linear refraction, gives rise to the effect of

self-phase modulation.

Equation (2.4) could be solved to give

E(rfw“wo)= _[ E("”!J")exl:’["‘(c"-)_(‘5“0){]‘2'lt (2.7)
By separating the variables for the electric field we get

E(r.w -@, )= F(x,y)H(Z,w ~w,)exp(if,z) (2.8)
Where Z(Z.m = (uu) varies slowly with Z and F (x, y) contains the lateral fibre mode

dependence, approximately Gaussian for a single mode fibre and unaffected by changes in
the refractive index hence ignored below, and Py is the propagation constant. Using this

substitution, the propagation equation (2.4) becomes
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Where Ap is found from the modal distribution through F (x, y). The temporal solution of the
slowly varying amplitude A (Z, t) could be obtained by taking the inverse transform of
equation (2.7), for which it is useful to expand P(w) as a Taylor series about the carrier

frequency wy as

ﬁ(ﬂ’) =y + (a’_“’o)ﬂl 7 %(&)—w‘,)zﬁz + é(w_mo)3ﬁ3 +-++(2.10)

Where

Pa= it (2.11)

s amll

With Bo , B1, B2 and B3 the propagation constant, inverse group velocity, group velocity
dispersion and the third order dispersion respectively. The cubic and higher order terms are
generally negligible if the spectral width is much less than the carrier frequency (Aw<<wg).

The cubic term can become significant if B,=0.

Substituting this and performing Fourier transform on equation (2.9) and evaluating AB,

which includes the effects of fibre loss and nonlinearity, we get [1], pp.40
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Where the non-linear coefficient y is defined as

= 5%

2.13
CA (2.13)
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Where Ay is the effective core area of the fibre, the area of the core and cladding within
which signal propagates. As there is still some discussion, the value of n2 is known to be
around 2.5 x 10-20m2W-1. Typically the effective core area at 1.55 pum is 50 - 80 ,um?

depending on the fibre type. Another simplification is to move to a frame of reference,
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moving with the pulse, we wish to study at the group velocity v, = 1/ by making the
transformation
Z
T=t-—=t-42 (2.14)
v
g
This gives equation (2.12) as

.04 i 1 8°A4
i—=——ad+, ——>—
oZ 2 20T

y|4 4 (2.15)

This is known as the generalised non-linear Schodinger equation. If the loss is taken as a=0 it
is known simply as the non-linear Schodinger equation (NLSE). Loss aside, equation (2.15)
gives four regimes of operation to consider when studying optical pulse propagation. These
can be loosely defined through the use of two length scales, the dispersion length Lp and the

non-linear length Ly

L,=—% (2.16)

Ly =— (2.17)

Where Py is the peak power of the pulse of width 19 and y is the non-linear coefficient.

The relative magnitudes of these two length scales compared with the transmission distance
L give the four regimes of operation. If L << Lp, Lxi, the pulse does not experience significant
linear or non-linear effects, but this regime requires long pulses (>100 ps) at low peak powers
(<0.1 mW) which are not of interest for high speed communications. The remaining operating
regimes, where dispersion dominates (L > Lp, L << Lxt), nonlinearity dominates (dominates
(L = L, L << Lp) and where both nonlinearity and dispersion are significant (dominates (L 2

Lp, Lxt) are outlined below.
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2.3 Group velocity dispersion

The operating regime in which L > Lp and L << L, dispersion has a significant effect on the
optical pulse. Different optical wavelengths travel at a slightly different velocity in any
medium due to the variation in the refractive index with wavelength. This means that the
constituent wavelengths of a pulse arrive at slightly different times, giving a temporal
dispersion known as group velocity dispersion (GVD). This can be understood by the
refraction of a white light source through a prism splitting the light into its constituent
colours and revealing the optical spectrum. This well-known effect is the result of the
difference in refraction experienced by the colours of the light due to the refractive index

variation.

Mathematically, we start from the NLSE with loss as defined by equation (2.16). If the effects
due to nonlinearity are assumed to be negligible, n; and hence y are set equal to zero
removing this term. It is not necessary to exclude the effect of loss as it has no effect on pure

dispersion and can be removed through the use of a normalised pulse envelope U (Z, T) with,

AZ,T)=P° cxp[~ %)U(z,r) (2.18)
Thus normalised version of equation (2.15) in the dispersive regime is

o 1 0
— =B

j—= . (2.19)
o7 2 o

This equation can be solved using the Fourier method. If U (Z,m) is the Fourier transform of

U (Z, T) such that,

u(z,1)= -2]; Jﬁ(z,a;)exp(— ioT )do (2.20)

Then it will satisfy the ordinary differential equation
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Giving the solution

U(Z,0)=0U (0,(0)exp[% ﬂzm"Z] (2.22)

Where 5(0,.&)) is the Fourier transform of the input pulse at Z=0 given by

U(0,0) = é [U(0.7)expliwT)dr (2.23)

Equation (2.23) gives the relative phase of the pulse spectral components change as a function
of propagation distance and the square of the frequency of that component. The spectral
contents of the pulse are not however altered by these phase changes, but they do change the
shape of the pulse. The general solution of the equation (2.19) can be obtained by substituting

equation (2.22) into equation (2.20) to give

U(z,1)= i j (0, (u)exp(é RO fwfr]dr (2.24)

The effect of GVD on a pulse can be explained by considering an input transform-limited

Gaussian pulse of the form

2
U(o,7)= exp(%} (2.25)

Ty

Where 1o is the input 1/e half width of the pulse, related to the full width at half maximum
(FWHM) pulse width through 7, = 2vIn27, % 1.6657,. Equation (2.23) and (2.24) could be

integrated after substitution to give solution for a pulse after a given propagation distance as
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On propagation, Gaussian temporal profile is preserved but the peak intensity drops and the

pulse becomes broader such that after some distance Z the pulse width 1, is

2
%
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This can be seen in Figure 2.1(a), which shows the input pulse and profiles after propagation
through the fibre. The diagram shows the intensity against time, in a frame moving with the

pulsed at group velocity, with increasing distance.

Equation (2.27) shows the extent of the temporal broadening varies as B2 and is inversely
dependent on the input pulse width tp. This results in more quickly broadening of the shorter

pulses as broader spectral range is required to support a shorter transform limited pulse.

As the pulse broadens a chirp is accumulated across it. This can be found mathematically by

separating the pulse envelope into the amplitude and phase parts

U(2,T)=|U(Z.T fexplip(2.T)) (2.28)

Which gives the phase ¢(Z, T) as

o(2,7)= _sen(B,)Z/ L) T” +tan“][ :

. Kt 2.29
]"'(Zf’{‘{*u)2 Ty Lr)] e

With sgn (B2) signifies the sign of B2. The instantaneous frequency difference across the pulse

8w is then given by

sw=-22 (2.30)
or
$ sgn(/3, )(Z”;u )1} (2.31)
1(z/L,} 7
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Figure 2.1: Dispersion induced broadening of a 10 ps Gaussian pulse (Z=0) with propagation
over 10 Lp in optical fibre with a GVD of $=21.8 ps¥/km (or D2=17 ps/nm/km), and loss a=0. (a)
Temporal shape after each Ly =1.651 km. (b) chirp after 10 Lp,

This shows the linear frequency change across the pulse, a linear frequency chirp, as shown

in figure 2.1(b). The sign of the GVD parameter B, through the definition of Lp determines the
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sign of chirp. This results in the blue components of the pulse faster than the red in the

anomalous dispersion regime (p2<0).

If the pulse has some initial chirp and is not transform limited the effect of GVD becomes
more complex. While the dispersive effects remains the same, the temporal broadening
experienced by the given pulse depends on its initial chirp as compared to the dispersive

chirp accumulated on propagation.

For the case of linearly chirped Gaussian pulses, the incident field is given by

U(0,T) = exp[— (H—T]C)T—;} (2.32)
=

0

Where C is the chirp parameter.

Using equation 2.32 in equation 2.23 and equation 2.24 we get the relationship of Gaussian

field after z km propagation.

T T, s fiiC)r? }2‘33
ol [c2-ip,z(1+ic)]” exP[ Zl‘tf,—iﬂzz(HiC)J( )

Even though the pulse shape still remains Gaussian but it accumulates a chirp. Now the pulse

width after propagation is given by
S I+% -+ b2 (2.34)
Ty tﬂ 1:{,

This equation shows that the pulse broadening depends on the related sign of the GVD

parameter f}; and the chirp parameter C.

The pulse whose frequency increases from leading to trailing edge i.e., the up-chirped pulse,
in normal dispersion fibre broadens more quickly than an un-chirped pulse as the frequency
continue to spread away in the same temporal direction as the initial chirp. Similar

phenomenon occurs for down chirped pulses in the anomalous dispersion regime.

32



The reverse of these two cases is where initial chirp of the pulse effectively had to be
“undone” before pulse broadening occurs, which leads to pulse compression. This important
result could be exploited to in compressing down-chirped DFB [3] pulses through in normal

dispersion fibre.

The dispersion characteristic of the pulse also depends on the pulse profile. Thus for pulses
having smooth profile, such as Gaussian, tend to maintain a smooth shape under dispersive
broadening. On the other hand pulses with sharp profiles such as super Gaussian can
develop oscillations in the trailing edges of the pulse. This happens because more complex

spectrum required to support such a pulse shape disperses [1], pp.67.

The higher order terms in the Taylor expansions of equation (2.10) were ignored during the
derivation of NLSE, as they are insignificant compared with the second derivative, the group
velocity term P2 However the third order term 3 becomes significant when second order

term is small (B2 = 0). The third order effects will be noticeable by defining another length

scale L;, = r;/‘ﬂsl, when L) < L, or equivalently 7,|3,/;| <1 which requires a very

low dispersion of 3, <0.01ps/nm/km [1], pp.65. Thus another term is introduced in the

equation (2.18) due to the effect of Bs
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Which can be solved using Fourier technique. This extra term introduces asymmetric pulse
shaping and an oscillatory temporal pulse structure [1], pp.66. This is however not generally
a problem as GVD is so low. For two notations used in thesis for GVD are group velocity
dispersion parameter (2) and group delay dispersion (D,). The later tends to be more useful
quantity from practical point of view; the difference being this is the second derivative of the
refractive index with respect to the wavelength rather than frequency. The relationship

between group delay and group velocity dispersion is
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D=, (2.36)

2.4 Self-phase modulation

Self-phase modulation (SPM) is the most relevant non-linear effect as far as soliton formation
is concerned. When the length scales are L, < L,, and L << L,,, non-linear effects are the
most significant effects experienced by the pulse being transmitted along an optical fibre. In
this section we consider GVD to be negligible and take B2=0,in order to concentrate on the
effect of SPM. Thus by applying the normalisation of amplitude (equation (2.18)) to the NLSE

with loss (equation (2.15) we get the partial differential equation

ol i
— -aZ\U*U 2.3
2 = en(-az)u ew)

The point to be noted here is, the loss coefficient « is still contained in the equation despite
the amplitude normalisation, as the nonlinearity is intensity dependent, loss reduces its effect.

This can easily be solved to get

U(z,1)=U(0,T)explip,, (Z,T)) (2.38)

Where U (0,T) is the input pulse amplitude and the non-linear phase term ¢y, given by

on(2.7)= \U(Z-T)\z[%’—J (2.39)

NL

And the effective length Z. is

2= 2 (1-exp(-a2)) (2.40)
(24

This gives a reduced length that in turns re-scales the non-linearity for the presence of fibre

loss.



The effect of SPM is to induce an intensity dependent non-linear phase shift across the pulse,
through the dependence on ‘U (z ,T]z, increasing the propagation distance, as shown in
equation (2.38). The frequency chirp this phase shift induces across the pulse is obtained from

equation (2.29)

_op, U@z,
aT 6 LNL

o = (2.41)

oyl
M differential is dependent on the shape of the

ar

This frequency chirp, through the

input pulse and in particular the rate of change of the pulse shape.

This chirp generates new frequencies at the edges of the pulse spectrum, redistributing the
pulse energies to these frequencies. As the propagation distance increases, the chirp increases
in magnitude, exceeding the bandwidth of original pulse and hence self generate new
frequencies by the pulse. The difference in this case as compared to the GVD is that it does
not introduce additional frequencies but merely realigns their relationship to each other as
they propagate at different velocities. Thus self-phase modulation causes spectral broadening

of the pulse.

Now let us consider Gaussian input pulse of equation (2.25), propagating in the presence of

non-linearity we get the spectral broadening shown in figure 2.2(a).

If the loss were to be ignored (a=0, Ze=Z), the peak non-linear phase shift experienced by the

pulse centre is given by

Pua (2,0)=— =P Z (2.42)

1
L.M’.

The non-linear phase shift increases linearly with distance and peak power Py. The most

important striking feature of the spectral changes induced by SPM is the oscillatory nature of

35



the spectrum. This can be explained by the temporal variation of the frequency chirp across
the pulse as shown in figure 2.2(b), which shows the chirp after a distance of 10 L

corresponding to the last trace in figure 2.2(a),

This shows the pulse has the same instantaneous frequencies occurring at two points in its
temporal profile, This can be explained as two waves of equal frequency but having different
phase, these waves can interact with each other, either constructively or destructively
depending on the phase difference. It is this interference which results in multiple peaks in
the spectrum. If however the pulse used is already chirped, the nature of the SPM induced
changes. This change depends on the sign of the chirp, as an un-chirped pulse adds with the
SPM induced chirp thus increasing the oscillatory nature of the spectrum, while the opposite
is true for the down-chirped pulses [1], pp.84. Secondly the degree of self-phase modulation

depends on the rate of change of the pulse intensity.
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Figure 2.2: SPM spectrum broadening of a 10 ps Gaussian pulse in the presence of non-linearity

but no dispersion or loss for 10 Lnv. (a) Spectrum after each Lni=1.651 km. (b) Chirp against time
after 10 L.
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Thus squarer, super-Gaussian pulse will have less variation in the pulse shape over the
central part of the pulse and very fast changes in the edges of the pulse. This results in pulse
still developing the same number of peaks in its spectral structure where as the majority of
the pulse energy experiences little SPM and this energy remains in the spectral peak of the
spectrum [1], pp.83. Thus new frequencies are generated due to the wings of the pulse,
leading to far lower peaks in the spectrum contrast to that of Gaussian, where outer spectral
peak contains the most energy. This is dependence on the pulse shape that leads to the use of
squarer pulse in the NRZ transmission systems, as most of the pulse energy remains within

the input spectral width.

2.5 Cross-phase modulation and birefringence

Several effects such as polarisation mode dispersion, polarization dependent loss and gain
and cross-phase modulation can be a problem given appropriate conditions. Thus again
considering the linear effect and ignoring the nonlinearity, the birefringence of optical fibre
can be a problem. Due to the imperfections in the manufacturing process, the random
variation in the local birefringence breaks the degeneracy of the polarisation modes in
nominally cylindrical fibres. Therefore any light launched into the fibre quickly reaches some
arbitrary polarisation due to the mixing between the modes. Hence for a randomly oriented
input polarisation pulse, the net difference in the group velocities of the slow and fast axes of
the two orthogonal polarisation states, if large enough, can result in a pulse splitting. Where
as for the spectral components with GVD, the different propagation rates lead to temporal
dispersion of the polarisation components. This effect is known as polarisation mode
dispersion (PMD). Due to the new improvements in the manufacturing processes, new fibres
do not have this problem, but older fibres including a majority of installed fibre base can have
very significant PMD and make upgrading to higher data rates with NRZ formats difficult
[9]. Other devices used in optical communication, such as optical isolators used to restrict

propagation to one direction and eliminate reverse travelling ASE noise from one amplifier
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interfering with a previous one, can also be affected by PMD significantly. The effect of PMD

on solitons will be discussed once non-linear effects have been introduced.

Similarly polarisation dependent loss (PDL) and polarisation dependent gain (PDG), not a
problem for fibres now, but when considering older fibres and devices, PDL and PDG do
become important [10,11,12,13]. In particular, lithium-niobate modulators, used to impose
data on a pulse stream, tend to be highly polarisation sensitive due to waveguiding used for
these slab devices, with PDL values around 10 dB. Thus for a single polarisation signal, these
high polarisation losses must be avoided, with polarisation controllers used to set the
appropriate state for minimum loss. However for systems using polarisation mode
multiplexing, more involved solutions are required. Similarly PDG, due to preferential
alignment of the erbium ions to one polarisation state during manufacturing of erbium fibre,
can become a serious problem. Again this problem have been resolved using improved
manufacturing process for erbium fibre, however devices such as semiconductor laser

amplifiers can have stronger PDG.

Another non-linear effect which describes the phase modulation of one pulse at frequency o,
on co-propagating with another at w; is called cross-phase modulation (XPM). Thus NLSE
with XPM can be obtained from wave equation (2.3) by replacing the slowly varying electric

field by the following

1s : ;
E(r,t)= > x[E1 exp(—iot)+ E, exp(—fcuzr)]+ c.C.(243)
Now by solving for resultant change An in the refractive index n(w)= ji + An which found as
[1], pp-175
2 2
An, =n\E | +2[E, | (2.49)

where j=1,2 for the two wavelengths. The first term E, is the self-phase modulation term. The
second term in Esj implies that when two waves are co-propagating, the non-linear refractive

index change depends not only on their own intensity for SPM, but also on the intensity of



other wave. This refractive index change results in phase modulation by one pulse on

another, given by

@ z @ ZN,
¢;W. = J Aﬂ = / < QEJ
] ¢ ¢

s 2‘53-,; |) (2.45)

This equation shows the phase modulation for XPM term to be twice that of the SPM term for
the same intensity. This can be obtained by squaring the electric field equation (2.43) for the
non-linear polarisation field, giving twice the number of terms for the different frequencies

than for one.

When considering XPM, the difference between the group velocities vy and vy becomes
important. The difference in the group velocity of the co-propagating pulses leads to a walk-
off. Once the pulses no longer overlap there will be no cross-phase modulation. Thus the
extent of XPM for a given two wavelengths in an optical fibre is limited by the time these
pulses overlap. The non-linear effect of birefringence is also an XPM process between two

waves of the same frequency but different polarisations.

For solitons, the dispersive and non-linear effects are considered simultaneously. While work
continues to understand their effect in the random birefringence of ordinary fibres,
consideration of more strongly birefringent fibres gives a qualitative indication of the effect
[1], pp.190. If the birefringence is below ~0.3D; [14] the lower power polarisation component
of an elliptically polarised pulse gets “trapped” by the higher power component, thus
preventing the pulse from splitting as expected of linear pulse, even though it might lead to
timing jitter [15]. If the level of birefringence is very high, the non-linear index change is
sufficient enough to balance out the dispersive effect and hence the pulse splits as before. This
resilience to PMD pulse splitting is currently creating further interest in solitons for

upgrading older systems.
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Chapter 3

Optical solitons

3.1 Introduction

The regime where both the linear and non-linear transmission effect are significant is where
L= L, in this case the combined effect of GVD and SPM leads to a significantly different

variation in the pulse dynamics from either case separately.

Dispersion leads to formation of chirp and temporal broadening of the pulse. SPM leads to
Chirp formation and spectrum broadening these two simultaneously occurring, similar size

effects will balance provided the chirps are of opposite sense.

3.2 The NLSE and the Soliton solution

The regime where both the linear and non-linear transmission effect are significant is where
L2 L, in this case the combined effect of GVD and SPM leads to a significantly different

variation in the pulse dynamics from either case separately.
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Dispersion leads to formation of chirp and temporal broadening of the pulse. SPM leads to
Chirp formation and spectrum broadening these two simultaneously occurring, similar size

effects will balance provided the chirps are of opposite sense.

First of all considering the lose less case for witch the governing equation is the NLSE of
equation (2.15) with lose coefficient a=0 gives

(';?A

= 2/-% =4l 4 (3.1)

The sign of GVD parameter governs the dynamics of equation (3.1).

The continuous wave solution to this equation which is stable for the normal dispersion
regime (B >0) but in the anomalous dispersion regime (B> < 0) it leads to modulation
instability, a modulation to the temporal profile which start simultaneously from noise [1],
pp.105. Here we consider only the pulse solutions to the NLSE. In order to simplify the

equation (3.1) we introduce

1t
W RS R (32)
\/Fo L, Ty
Where the parameter N is defined as
2
Nt =Llo _ T (3.3)
Ly 'ﬁz‘
Thus we get the standard form of NLSE.
16° 2
ié{:__f;+‘”‘ u=90 (3.4)
0z 20r

This equation applies in an optical fibre in the negative GVD regime, i.e., for wavelengths
longer than the zero dispersion. A minus sign must be used before the second derivative with
respect to time for the positive GVD regime. An exact solution to this equation can be found
by using inverse scattering transform method in terms of eigenvalues. This method was first
proposed by Gardner et al. [16] and was used by Sakharov and Shabat [17] to solve the NLSE

in 1973. The method used by them was similar in style to Fourier transform method of
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solving linear partial differential equations. The higher order solutions exist (N>1), the most
important, single eigenvalue solution to this equation which corresponds to N=1 [1],pp.114

has the form

u(z,7)=2&sec h(2§r)exp(2."§ 2:) (3.5)
Where £ is the single eigenvalue. Using normalisation to set u (0,0)=1 by setting 2£=1, a

canonical form for the soliton can be found and is given as fundamental soliton solution

u(z,7) = sec h(r)exp[%z] (3.6)

This pulse thus propagates without change of shape and only accumulates a uniform phase
shift proportional to the distance. This non-dispersing pulse is the one sought for
communications, as it is invariant in both temporal and spectral width. Equation (3.2) and
(3.3) show that this relates in the case of optical fibres, to choosing the input peak power Py
and pulse width 1o such that N=1, i.e., the peak power is set for a given pulse width and fibre

parameters is given by

B

Ry iy
7T

(3.7)

This gives stable solution, the fundamental soliton, which is supported without change upon
transmission. This becomes clear by studying the various dependencies of the soliton
solution. Equation (3.5) shows that the eigenvalue £ links the power, pulse width and phase
relationship of the fundamental soliton. However, there is no dependence of this solution
with the distance for the pulse width, only for the phase. The hyperbolic secant shape of the
pulse remains unchanged with the propagation where as the phase is accumulated across the
entire pulse linearly with distance. There is no chirp acquired by the pulse, as phase
accumulation does not have a temporal dependence. This can be illustrated by figure (3.1),
where temporal evolution of a fundamental soliton with distance and phase of the pulse is
shown. This also describes the evolution of the soliton spectrum remaining as invariant due

to the non-accumulation of chirp.
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Figure 3.1: Evolution of 10 ps fundamental solitons (a) Temporal shape (b) phase and (c)

spectrum with distance, in fibre with loss e=0 and D,=17 ps/nm/km.
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The formation of solitons can also be considered, as found from NLSE, by the chirps imposed
on a pulse by GVD and SPM. As shown earlier, the sign of the chirp for GVD depends on the

sign of the dispersion parameter B2, where as the one due to SPM always has the same sign.

This leads the combined and detrimental effects in the normal dispersion regime, but in the

anomalous dispersion regime the signs of these two chirps oppose each other.

Thus the formation of soliton can be considered as the pulse shape giving correct frequency
chirp balance between GVD and SPM, with pulse width and power chosen such that GVD
chirp contribution exactly balances the SPM chirp. As such no temporal chirp gets built up,

hence no temporal or spectral broadening occurs.

The soliton period Z, could be defined as the distance required for a 72 phase rotation, due to
the linear increase in phase of a soliton. And is given in normalised units as zo = 72 or in
physical units as

2
T _ T T

Zy=—L,=—— 3.8
0 2 ) ZIﬁzl ( }

The evolution of soliton under the influence of various effects and perturbations can be
described by using the soliton period as length scale. The choice of zo = 72 is made as this is

the period of the shape evolution of higher order solitons [1], pp.115.

Solitons are resilience to perturbations. The NLSE gives a stable solution for the soliton thus if
perturbations such as small change in the pulse’s temporal or spectral profile is applied to the
soliton, it tries to regain the soliton solution. This can be shown mathematically using linear
stability analysis and other similar techniques. However there are some unusual and
undesirable effects such as Gordon-Haus timing jitter, resulting due to the resilience of
solitons, it provides us with an additional advantage in general over other transmission
formats. If the input chirps and shapes are in reasonably close to the stable solution, the non-
soliton pulses evolve towards the soliton solution due to the stable solution of the NLSE
[18,19,20,21].
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This is the temporal and spectral invariance that makes solitons an attractive candidate for
optical communication systems. The fundamental solitons remain stable for the length of the
system, unlike the NRZ transmission systems where GVD and SPM work towards destroying
the pulse. So far we have not considered the effect of fibre attenuation, which is discussed in

the following section.

3.3 The NLSE with loss

We have already seen the effect of loss for GVD and SPM individually, however their
combined effect has different dependence on loss as compared to the individual cases. One of
the major problems for soliton in an optical fibre is the decay in non-linear effects due to the
decrease in power of the pulse, which in turns removes the balance between the dispersive
and non-linear chirps. Thus for a N=1 soliton launched into an optical fibre, this decay in
non-linear effect results in pulse broadening as GVD chirp gradually becomes dominant over
that for SPM. The must be re-amplified periodically in order to balance out the effect of loss,
before the signal is lost to the noise propagating with it [22]. If the dispersion does not destroy
the pulse, this can be done all optically in the case of soliton systems using EDFA’s [23, 24,
25]. This leads to the effect of average soliton [25], which has major impact on the propagation
of solitons in real optical fibres. The EDFA’s have been instrumental in the elevation of soliton
to a practical transmission format for optical communications. The EDFA’s however have
their own drawbacks, mainly due to the noise introduced to the optical signal. Here we
consider the effect of distributed loss and periodic discrete gain on propagation of solitons.
Due to the short length of (a few meters) EDFA’s as compared to fibre transmission length
between amplifiers (a few 10’s of kilometres), they can be considered as discrete amplifiers.

Thus considering NLSE with loss and normalising (equation (3.2)) we get
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i+ ——— +|uf'u = ~iTu (3.9)

r=-1, (3.10)

The distributed loss at each fibre section can be exactly compensated for by the discrete gain
from the amplifier provided the fields, u; and u> , before and after each (j*") amplifier

respectively, are related by

: 12,
u,(jz,)=G"*u,(jz,) (3.11)
Where G =¢" is the power amplification factor required to restore the signal after the
exponential loss and z= L, / Lp is the amplifier spacing L, normalised to the dispersion

length. The Equation (3.9) after transformation u(:.r] = A(._—)R(z,,-) becomes

OR 18°R 2 2
e — = p AFIRI VR =0 3.12
i@z 2 8r? (] ‘ i

Where

A(z) = A(0)e ") (3.13)
Thus for the periodically forced NLSE, the exponential energy variation is equivalent to an
exponential variation A(z), in the non-linear coefficient of the lossless NLSE (equation (3.4)
with = A%(z) and u=R). Thus average soliton model is obtained provided period of A%(z) is
short on the characteristic length scale of the soliton evolution (L, << Zj or 2z, << #/2) and its
average is a good approximation in equation (3.12) [9,10,26]. By equating average variation

of A%(z) over the first amplifier span (j=0) to the desired normalised average value of 1, we get

= ZL ]'A2 (2)z=1 (3.14)

Which gives
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A(z)=A = - (3.15)

Where A’ is the peak amplitude of input average soliton,

For such a system the variation in the soliton energy on propagation along a few
amplification periods is shown in figure (3.2). The average soliton model balances the excess
non-linear chirp of the initial section of the propagation between amplifiers with the excess
dispersive chirp of the second part, so that on average dispersion and non-linearity balances.

This is equivalent to the areas above and below the A%(z)=1 being equal as shown in figure

(3.2).
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Figure 3.2: Soliton energy variation with propagation distance over 4 amplifier spans each with

a net loss of 5 dB. A%(z)=1 is the energy of an N=1 soliton in a lossless fibre to which the soliton is

averaging.

This discussion about loss can be generalised for other perturbation to the soliton
transmission system. Thus other periodic variations should have period short compared to
the soliton period. Even though the defects from manufacturing process should meet this
criteria, however as these defects are generally short compared with any realistic

amplification period, designing the system for average soliton also removes their effects.
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3.4 Soliton System Design Features

Apart from average soliton considerations, there are other important requirements, specific to
solitons, which must be considered in the design of optical soliton transmission system. Any
design requires some trade-offs for its competing requirements. Generally, soliton system
design can be divided in to two main categories, namely short and long haul systems.
Systems with lengths of hundreds of kilometres are here referred to as short haul and with
transoceanic lengths (thousands of kilometres) are the long haul systems. As mentioned
earlier one very important consideration is that average soliton to amplifier spacing, L, << Z,
, which should be met for any length of soliton system. Typically a factor of 10 is taken to be
acceptable, but we consider the full soliton period (8zy =2n), giving this limit as L, <8/10Z,
[27]. Soliton interactions, random timing jitter, the signal to noise ratio (SNR) requirements,
acoustic interactions and the average power requirements are also discussed in the following

sections.

3.4.1 Soliton-soliton interaction

The solitons have to be placed as close as possible in order to maximise the possible data rate
(R) when considering high-speed transmission systems. Thus minimum separation between
solitons need to be assessed, without detrimental effects. The nonlinearity, which leads to the
existence of solitons also, provides mechanism for interaction between them. A great deal of
interest has been shown in this effect and methods of dealing with it [28, 29, 30, 31, 32, 33, 34,

35, 36, 37, 38].
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The two main cases to be considered are the ones where solitons have equal frequency or the
one where solitons have unequal frequency. The earlier case applies to optical time division
multiplexing (OTDM), and the later is used in wavelength division multiplexed (WDM)

systems [39, 40, 41].

The equation describing two solitons at the input of a transmission system can be described

u(0,7)= sec.‘{r =l ] +rsec !{:{r MDBN (3.16)
TU TU

Where Tr =1/R is the initial separation, r is the relative amplitude and 8 is the relative phase

as

of the two input pulses. The inverse scattering method, perturbation theory as well as
numerical simulation [39], can be used to solve NLSE for this input. Solitons with equal
amplitude and phase have been shown to attract periodically and collapse upon propagation

as shown in figure (3.3).

Figure 3.3: Evolution of two in-phase, equal amplitude solitons along a transmission line. The
fibre dispersion of 17 ps/nm/km and pulse width of 10 ps gives a collapse distance of 108 km (Zp
=216.7km) at the data rate of 20 Gbit/sec.
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For solitons with large separation compared with the pulse width, the pulses collapse and

separate with a period [1], pp.132

Z,=2, exp[zR J (3.17)

1'»i}

The collapse occurs at Z,, /2, in a perfect lossless system. For a perfect pair of soliton in a
lossless system, this distance is related to the soliton period Zy, even though predictable, this
behaviour has implications for a soliton system. In order to avoid potential failure
mechanism, systems are designed to ensure that this length is shorter than the collapse
length. For solitons separated by a sufficient mark to space ratio the exponential of equation
(3.16) is large enough to avoid interactions over global distances. Generally mark-to-space

ratio is taken to be between 1:6 to 1:10.

For out of phase pulses (8 = m) different evolutions occurs in that the pulses don’t attract but

instead repel, as shown in figure (3.4).

Figure 3.4: Two 10 ps pulses at 20 Gbit/sec in standard fibre, as in figure (3.3), but with a phase

difference of w between them.
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The repulsion in first glance may seem to be desirable for soliton systems design, as it avoids
the pulse collapse of in phase solitons. Due to the fact that pulses continue to separate for the
entire system length at the same rate, regardless of how far apart they become, make it a non-
desirable effect. This could result in out of phase pulses walking into adjacent bit slots
producing errors. It has been suggested that in the context of a pulse stream the mutual
repulsion from out of phase pulses on either side will give a stable operating point with no
pulse movement [42]. However in the usual amplitude modulation format of a soliton data

stream we cannot have pulses either side of every pulse, and hence this method fails.

Recently some interest has been shown in pulses having unequal amplitude [43]-[44].
Unequal pulses introduce an interesting behaviour to a transmission line, in that they
essentially eliminate the problem of soliton interaction. The evolution of two such solitons,

with an amplitude difference of 10 % is shown in figure (3.5).

Figure 3.5: Two in-phase, 10 ps pulses at 20 Gbit/Sec in standard fibre, with an amplitude
difference of 10%.
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The pulses remain in their given time slots, regardless of the interplay between them which is
not noticeable of this figure. This behaviour is result of the difference in the evolution rate of
the phase of two pulses. The rate of evolution of éhase, as given in equation (3.6), is related to
the phase amplitude. Thus the phases of pulses with unequal amplitude vary at different
rates, constantly going in and out of phase, causing the pulse to attract and repel periodically,
hence cancelling out the effect of each other. This effect have been used successfully to

propagate solitons over 11500 km at 20 Gbit/sec [45] and 500 km at 80 Gbit/sec [44].

Another distinct soliton interaction case is that of solitons with different frequencies, as used
in wavelength division multiplexed systems [39,40]-[43]. Trains of pulses with different
frequency travel at different rates due to the difference in the group velocity and hence
collide and interfere periodically when in conjunction. After the interaction the pulse emerge

unperturbed from the encounter, as illustrated in figure (3.6).

Figure 3.6: Interaction of two 10 ps pulses having different frequency (40 GHz frequency

separation) on propagation along an optical fibre.
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Even though the pulses do emerge unscathed by their encounter, there is a small modification
to the pulse position, resulting from the modification to the refractive index. The
manifestation of the refractive index change is that while pulses interfere, the slower pulse
gets retarded and the faster pulses advances, by a time proportional to frequency difference
[13,26]. Even though both pulses return to their original velocity at the end of interaction,
there is implication for data in a WDM transmission system. Due to the random data imposed
on the communication data stream, the pulse of one stream may not always encounter a pulse
from the other, resulting in random number of temporal shifts any pulse encounters. These
temporal shifts can become significant for long haul communication systems, thus limiting
separation between the WDM channels. This effect shall be left out of the system design

considerations as this thesis considers only single wavelength channel propagation.

3.4.2 Gordon Haus effect

When perturbed, solitons try to retain the stable soliton solution due to their resilience to
perturbations. However over long transmission distances this leads to some unusual
consequences such as random timing jitter, known as Gordon-Haus effect [46,47]. The
resilience mentioned above also leads directly to method for dealing with this timing jitter

problem.

The EDFA'’s introduce ASE noise to the propagating signal resulting in Gordon-Haus effect.
This noise effects various parameters defining a soliton such as temporal position, the
spectrum, the pulse width and phase. The most important perturbation is found to be
experienced by the soliton spectrum [48], pp.130. The pulse tries to absorb this noise
component due to the resilience of soliton to perturbations. This absorption results in small
change in the soliton spectrum due to the shift in average central frequency by the new

induced component of the spectrum, towards or away from the new noise component
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frequency depending upon the relative phases. Even though this frequency shift could have a
profound effect, the problem encountered is however in the temporal domain. The slight
change in frequency gives a small change in the group velocity of the pulse. This result in
difference in the arrival time of the pulse from centre of its nominal bit slot over a long

propagation distance called random timing jitter.

The Gordon-Haus effect results from the change in the group delay of a pulse over one
amplifier span L, of At; = P2 L, Aw for a frequency change Aw. An estimate of the standard
deviation of the pulse arrival time can be derived by considering an ensemble of pulses and
summing their variation over the full system length [47] as follows

(12)= 2, N | B, he{G - 1)1
: 9?:0/12 A‘f}.‘f' Ai

(3.18)

Where Nsp is the spontaneous emission factor of the amplifiers, G is the amplifier gain, h is
the Plank’s constant and 1o is the pulse width. The deviation of the pulse position and hence
jitter experienced is dependent on the system length by L2, Thus the jitter is low for short
systems and does not present a significant problem, but for system with long length the jitter

may become significant and can be the limiting factor in long distance system design.

Thus the pulse must arrive with in a time window +t,, around its input position, in order for
the detector not to receive an error. For Gaussian statistics, a typical acceptable bit-error ratio

[BER} of less than 10 can be obtained by applying the variance to be [13,33]

2
f5)= Lo (3.19)
Tl 6 '
The maximum transmission distance allowed for a given set of parameters can be found

using equation (3.18) and (3.19) as

2 2
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(3.20)

Where D; is the dispersion and ;= 21n(1+v@}rﬂ =1.7637, is the full-width at half maximum

for a soliton. Thus shift in the frequency of a signal due to ASE noise and hence the arrival
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time of the pulse, through the interaction of the pulse with dispersion, limits the maximum

allowable length a soliton transmission system.

As this timing jitter appears to limit the possibility of long distance soliton transmission and
the data rates of such systems, a great deal of work has been directed to reducing or
eliminating its effect. There is an overlap here to other soliton work toward an optical fibre
“soliton storage ring” where pulses can be maintained for long times (and hence long
distances) in order to provide an optical buffer or memory which obviously suffers similar
problems to soliton transmission. One novel result has returned soliton to the fore again. It
has been shown that this resilience could lead to a substantial reduction in the ASE noise
build-up and the accumulation of timing jitter [55] , by forcing the soliton to follow a change
in their central wavelength. By gradually changing the central wavelength of the filters in a
transmission line away from the input wavelength. However as the noise is linear it cannot
follow the shifting wavelength and will eventually be attenuated by the fibres. This “sliding
guiding” filter technique has been used to great effect to propagate soliton of 20 Gbit/s over
14,000 km error free. The advantages found from this form of filtering by far outweigh the

disadvantages of the extra gain requirement.
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Chapter 4

Dispersion Management

4.1 Introduction

Recent years have seen the potential of constructing a transmission line using section of fibre
with different dispersions [49]. This technique is usually referred to as dispersion
management. Alternating lengths of normal and anomalous dispersion fibre are used to form
the simplest and most successful dispersion map. This results in high local dispersion but low
average dispersion. Maps of this sort have been found to support stable non-linear pulses,

known as dispersion managed solution [50].

The high local dispersion and low average dispersion of the dispersion-managed system have
many advantages. One of the expected advantages of low dispersion is the reduction in
Gordon-Haus timing jitter. Equation 3.18 shows how the timing jitter depends on the size of
dispersion. The low average dispersion results in the increase in soliton period, which means
that the amplifier span length can be increased as a result of the constraints set by the average
soliton model (see section 3.2). The high local dispersion means that the four wave mixing is
insufficient, as it is phase matched at zero dispersion. There are also less expected advantages
that result from using dispersion management, for example dispersion managed solitons

demonstrate enhanced pulse energies when compared to average solitons is optical fibre with
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constant dispersion [50, 51, 52, 53, 54]. This implies that it is possible to use lower average
dispersion and so gain further advantage from the reduced Gordon-Haus jitter
[55][56][57][58][59] without degrading the signal-to-noise ratio. A further advantage of using
dispersion-managed solitons is the possibility to operate at the zero dispersion and even to

operate with a normal average dispersion [54][60][61][62][63].

This chapter will give a review of the work that has been done previously on dispersion
managed solitons. This will include an examination of the effect of the dispersion map on the
properties of solitons such as pulse shape as well as the effect of dispersion management on
such things as Gordon-Haus jitter and soliton interactions. There will also be a review of
some of experimental and numerical results, published for high bit rate transmission systems,

which use dispersion management.

4.2 Background

In the context of this chapter, dispersion management will be taken to mean a transmission
line made up of alternating steps of normal and anomalous dispersion fibre. The average
dispersion of transmission line is set to be significantly less, in magnitude, than the dispersion

of constituent fibres.

An example of the dispersion map is given in figure 4.1. This dispersion map consists on
mainly normal dispersion fibre with fibre grating having normal The fibre grating was
simulated by a small piece ( 10 cm ) of high normal dispersion fibre. Transmission lines made
up of different dispersion fibre have been used for some time. The first dispersion maps were
used in an attempt to have a dispersion profile that followed the exponential loss of the fibre.
This technique involves minimising the difference between a true exponential dispersion
decreasing fibre [64] (which have also been used [65, 66]) and a dispersion profile that

decrease in steps and so can be more easily constructed.
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Figure 4.1: A dispersion map withl lengths of anomalous dispersion fibres followed by fibre grating
having normal dispersion.. L, and B, are the length and dispersion of fibre grating respectively, and L,

and S, are the length and dispersion of the anomalous dispersion fibre.

A second precursor to dispersion management is using dispersion compensating element at
the end of the transmission line to remove some of the accumulated timing jitter from the
pulses [67]. The idea is that the dispersion of the line is unaffected thus a lower average
dispersion could be used without having an effect on the signal-to-noise ratio [67]. In this case
the decrease in dispersion at the end of the transmission line is gained at the expense of an

increased pulse width, which limit the amount of compensating fibre that can be used.

Dispersion managed solitons were discovered when a transmission line made up of
alternating lengths of anomalous and normal dispersion was used. The length of each section
of fibre are generally 100km or less so the length of dispersion map in total is of the same
order as an amplifier span. One of the major areas where dispersion management is found to
be useful is for the upgrade of the standard fibre network. Standard fibre was originally

intended for use at a wavelength of 1.3um and has low dispersion at this wavelength. The

59



invention of Erbium doped fibre amplifiers ( EDFA )has made it more attractive to work
around 1.55 um wavelength. It is thus necessary to operate standard fibre at this wavelength,
which results in the dispersion of the fibre being between 16 and 20 ps/nm km. Dispersion
management could be used for these fibres to reduce the average dispersion, which makes it
possible to work at higher data rates, without the use of regenerators. Propagation in

standard fibre will be discussed in more detail in chapter 5 and 6.

4.3 Dispersion Managed Solitons

In this section the formation of solitons in a transmission line with dispersion management
will be discussed. Prior to examining the pulse shapes and energies found for dispersion
managed soliton, it is interesting to see what happens to the pulse width and bandwidth
through one dispersion map in order to see how the balance between dispersion and
nonlinearity is attained in the case of dispersion managed solitons. Since the average
dispersion of the transmission line is much smaller than the local dispersion at any point in
the map, thus the powers being used are low relative to the local dispersion, hence the
dispersion dominates, however the nonlinearity of the self-phase modulation still has an
important role to play in the formation of dispersion managed soliton The traditional soliton

transmission lines have constraints such as timing jitter, interaction [68].

Let us consider an un-chirped pulse launched into a length of anomalous dispersion fibre
with a power less than that required for formation of a soliton. The higher dispersion causes
the pulse width to increase as the pulse becomes chirped. Fig 4.2 , 4.3 and 4.4 show the pulse
shape, FWHM and chirp of a pulse in a length of anomalous dispersion fibre. The fibre was

taken to have no loss and no higher order dispersion.
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Fig 4.2: The pulse shape evolution of a Gaussian pulse in 100km of anomalous dispersion fibre
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Fig 4.3 The increase in pulse width as the soliton propagate through in 100km of anomalous dispersion

fibre
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Fig 4.4: The instantaneous frequency across the soliton as it propagates through in 100Km of

anomalous dispersion fibre, The accumulation of chirp can be clearly seen as the pulse propagates.

The pulses used are 20 ps Gaussian pulse with a pulse energy of 0.116 pJ] in 100 Km of
anomalous dispersion fibre with dispersion of 17 ps/nm /km, which is well below the pulse
energy for a first order soliton which would be 1.485 p]. The bandwidth of the same pulse as
it propagates over the length of fibre is shown in Fig 4.5. The non-linearity causes the
bandwidth of the pulse to decrease as it propagates through the fibre. This decrease in

bandwidth of pulses is due to the effect of nonlinearity acting on a chirped pulse.
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Fig 4.5: The bandwidth of the Gaussian pulse decreasing as it propagates through in 100Km of

anomalous dispersion fibre
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Due to the domination of dispersion the pulse quickly become chirped in such a way that the
leading edge is up shifted in frequency and the trailing edge is down shifted the nonlinearity
reduces the frequency of the front of the pulse and increase the frequency of the trailing edge
of the pulse. This destroys the extremes of the spectrum, creating frequencies closer to the
centre of the pulse bandwidth, thus resulting in a decrease in a bandwidth. The propagation
of the same un-chirped Gaussian pulse into a length of normal dispersion fibre is shown in

Fig 4.6.

Fig 4.6: The pulse shape evolution of a soliton in 100Km of normal dispersion fibre.
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Fig 4.7: The pulse width increases as the soliton propagates through 100 Km of normal dispersion fibre.
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The simulation in this case uses the same parameters as those for the anomalous dispersion
simulation, however the dispersion of the fibre is -17 ps/nm/km . Once again the effect of
dispersion on this pulse increases the pulse width, as seen in Fig 4.7. The bandwidth of the
pulse in normal dispersion fibre increases due to the fact that the chirp induced on a
transformed limited input pulse is of the opposite sense to that found in the anomalous

dispersion fibre. This can be seen in the plot of instantaneous frequency given in Fig 4.8.
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Fig 4.8: The instantaneous frequency across the soliton as it propagates through a 100 Km of normal

dispersion fibre. The chirp is of opposite direction to that seen for the pulse in anomalous dispersion

0.0180

0.0975 +3

00170 | / d

0 D1EE |- l

Bandwidth , THz

0.0180 1

0 0155 | 4

0.0150 . - - :
0.0 200 400 600 80.0 100.0

Distance , km

fibre.

Fig 4.9: The bandwidth of the soliton increases as it propagates through a 100 Km of normal dispersion

fibre.
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This shows that the pulse has lower frequencies in its leading edge and higher frequencies on
its trailing edge. As the nonlinearity reduces the frequencies on the leading edge and
increases the frequencies at the trailing edge, the overall effect of the normal dispersion fibre

is to increase the bandwidth of the chirp free input pulse.

It is also interesting to look at the evolution of the pulse parameters as they vary through out
one section of the dispersion map. [69](70]. In this simulation, the dispersion map consists of
100 Km of anomalous dispersion fibre with a dispersion of ~17 ps/nm/km followed by a 10
cm grating having dispersion of 2.142 x 107 ps?/ Km which gives a average dispersion of 0.2
ps?/km. The input pulse is taken to be 20 ps sech pulse having peak power of 0.6 mw. In this
case when the pulse enters the first dispersion segment it is unchirped, and accumulates
dispersion induced linear chirp (negative chirp). In the grating this negative chirp is counter
balanced by the positive chirp induced by the normal dispersion of the grating and some
residual chirp is induced in the opposite direction. When the pulse enters the second segment
of the standard fibre, the extra chirped gets compensated. Fig 4.10 shows the pulse as it

propagates through this dispersion map.

Buid

Fig 4.10 Propagation of dispersion managed soliton through one unit cell of the dispersion map this

pulse is 20 ps Gaussian with a peak power of n 0.6 mW.

The bandwidth, pulse width and instantaneous frequency for this pulse are shown in Fig 4.11

4.12 and 4.13 respectively.
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Fig 4.12 The instantaneous frequency through one unit cell for a dispersion managed soliton.
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Fig 4.13 The change in bandwidth of a dispersion managed soliton during propagation through one

unit cell.

As the pulse propagates through the first section of anomalous dispersion fibre the, pulse
width increases because the pulse become chirped. During the same section of the fibre the
bandwidth decreases afterwards when the pulse entered the grating having normal
dispersion, the pulse width decreases as it become less chirped. Since the sign of the chirped
determines whether the bandwidth increases or decreases, the bandwidth continuous to
decrease during propagation through grating. At the end of the second section of fibre the
pulse width reaches a minimum, as it is un-chirped at this point after the end of the second
section of fibre the pulse once again becomes chirped and hence the pulse width increases.
Since the chirp is now in the opposite sense the bandwidth also increases during this section

of the normal dispersion fibre.

In order to have correct balance between the nonlinearity and the dispersion, it is necessary to

have the right pulse shape and energy, as is the case with traditional solitons. [71].

When dispersion management is used, the required pulse shape and energy depends on the

dispersion map as well as the pulse width an average dispersion [12, 25, 52, 72].



The dispersion map can be described using average dispersion f3,.., the dispersion difference
AP and the normalised average dispersion given by D=-B.../AB(=D../AD). Finally the

parameter used to describe the dispersion map’s strength S, given by [54]

LB, =15,
S:M (4.1)
T_

Where 1, and B, are the length and dispersion of normal fibre, I; and B, are the length and
dispersion of grating and T is the FWHM pulse width. The map strength gives an indication
of the amount of pulse spreading the pulse is under go, in the dispersion map. The high
dispersion of the fibre or short pulses cause the maps strength to be high, which means that
the dispersion length of the pulse is short compare to the length of fibre map’s strength up to

12 have been used to give stable propagation [4, 73].

In dispersion managed systems the stable pulses have different pulse shapes from those in

constant dispersion systems. The pulse shapes vary from being very close to Sech shaped for

Weak dispersion map to Gaussian pulse and on to pulses with shapes closer to Sinc functions
[3,27]. For dispersion managed soliton there is no one set shape, the correct shape of the pulse
can be found numerically using an averaging technique first used in reference [4 ]. If the
pulse shape or width of a dispersion managed soliton are not exactly correct, they do not
evolved into the correct pulse but oscillate around the correct solution [74]. The pulse energy

depends on the strength of the dispersion map as well as the average dispersion.

The original work to find the stable pulse energies was presented in reference [50], this paper
finds stable enhanced power dispersion managed solitons by letting the pulse evolve over a
long propagation distance and removing the dispersive radiation to help the pulse evolve. It
was noticed that the energy enhancement of these pulses had empirical relationship with
what is now known as the dispersion map strength. An empirical relationship for the energy

enhancement is given by,
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E, =E|1+0.7

(4.2)

(([J’.,. = Baveg i = (Biz = Banee s
T?
Where By and P, are the dispersions of the fibre and the grating, I; and 1, are the lengths of the
fibre and grating respectively, Bae is the average dispersion, T is the FWHM pulse width, S is
the dispersion map strength. Esq and Eo are the energies of the dispersion managed soliton
and the equivalent first order soliton respectively. The same paper first time indicated that
the pulse shape also varies with dispersion map strength. The possibility of using stronger
dispersion map was thus opened up development of averaging techniques to find the exact
periodic solution to dispersion managed system, and hence has allowed further investigation

of the energy enhancement.

4.4 Conclusions

In this chapter we have discussed the basic principles of dispersion managed soliton
transmision. It is apparent that the development of dispersion managed solitons based fibre
communication have entered the stage of commercial exploitation and real world soliton
networks. Dispersion managed soliton systems are an attractive option to upgrade existing
fibre networks to multigigabit regimes. Dispersion managed pulse propagating down the
fibre line experiences rapid periodic variations of power fibre loss and amplification and
periodic breathing like oscillations of pulse width and chirp due to nonuniform local
dispersion. We have shown the behaviour of soliton when they propagate in the normal and
anomalous sections of fibre. They can be clearly seen to acquire different type of chirps
depending on the dispersion of the fibre. In both cases the pulse broadens as it propagates
down the fibre but the bandwidth decreases in the case of fibre having anomalous dispersion
and increases in the case of normal dispersion fibre. Map strength is also an important
parameter in describing the dispersion map and solitons. It gives the measure of, the amount
of dispersive broadening, pulse undergo in the dispersion map. In the case of dispersion

managed system shown in figure 4.1, the pulse clearly recovers after each dispersion map.
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After propagating through the fibre the pulse accumulates a negative chirp which gets
compensated in the grating by positive chirp due to the normal dispersion of the fibre. In the
alternating sections having anomalous and normal dispersions, dispersion dominates the
evolution of these pulses however self phase modulation modulation modulation modulation

modulation plays an important role in the formation of dispersion managed solitons.

In summary we have discussed the various parameters involved in the propagation of
dispersion managed solitons in the standard fibre for powers well below the ones required

for the first order soliton.
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Chapter 5

10Gbit/s RZ transmission over standard

fibre with unchirped input pulses

5.1 Introduction

Most of the world wide installed optical fibre has low loss in the 1.3 and 1.55 um region called
the second and third communication window. This fibre which is also called standard fibre
has low dispersion in the 1.3 um window. In order to maintain data over system length,
current systems work in the second window using electronic regenerators to retime, reshape
and amplify the signal periodically. The regenerators only operate at a fixed data rate. If the
system is to be upgraded, it is necessary to replace the regenerators by EDFA’s, which are
data rate transparent due to wide bandwidth. The EDFA’s have their own drawbacks, and
since they do not retime or reshape the signal, it is required to address these system design
problems due to the high dispersion of fibre in the third communication window. Various
methods have been suggested to counter the dispersion problem, such as use of dispersion
compensating fibre [3], optical phase conjugation, pulse chirping and use of fibre grating. The
pulse chirping and duobinary coding are limited in the distance over which they can be

effective to around 150 km, phase conjugation is a complex process to implement.
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A great deal of interest [75] has been shown towards use of higher data rates in optical fibre
communications with 10 Gbit/s now virtually a minimum base line rate in
telecommunications. As the potential data rates have increased in purpose designed systems
[76], attention has turned to what can be made of the existing fibre infrastructure. There are
tens of millions of kilometres of optical fibre already installed throughout the world,
generally operating at very low data rates and over "standard fibre" at 1.3 um wavelengths.
Here the question arises that how can it be reused, avoiding expensive and time-consuming
fibre laying, at higher data rates. The use of dispersion managed solitons decreases the path
averaged dispersion of transmission line, thus reducing the timing jitter. Computer
simulation and experiments have shown that stable pulses in a fibre with dispersion maps
[54] that have larger deviation of local dispersion from average have enhanced energy
relative to solitons in fibre with uniform dispersion that is equal to path averaged dispersion

of the map.

Due to the emergence of the erbium doped fibre amplifier (EDFA) one solution to this
problem is to replace the data rate specific electronic regenerators employed at 1.3 um and
replace them with essentially data rate transparent EDFAs. However, as the EDFA operates
around 1.55 um, whilst standard fibre was designed to have a dispersion minimum at the
original 1.3 um operating wavelength, there is high dispersion in the EDFA window causing
significant problems, particularly temporal spreading of the pulses. There are also other
problems associated with this older fibre, such as polarisation mode dispersion (PMD) which
is generally higher than for newer fibres [77]. The dispersion is the correct sign for soliton
transmission and solitons are resilient to PMD, plus they are compatible with all-optical
processing technologies currently being proposed [78]. However such a high value of
dispersion, typically 17 ps/nm/km limits the propagation distance for the short pulses

required for high data rates.

In this chapter problems associated with using solitons to upgrade already installed standard
fibre systems using EDFAs and fibre grating were studied. In particular systems were
considered, where existing amplifier spacing are >25 km with a view to upgrading the data
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rate to 10 Gbit/s, which is a specific but important technological challenge relevant to current
European optical network [79]. The soliton system design constraints are discussed and
investigated by numerical simulation. The soliton propagation was shown to be possible in
standard fibre systems to distances of around 5000 km, and that phase modulation and
alternating amplitude coding are detrimental in such highly perturbed systems. To extend
this distance a novel method of improving soliton propagation in standard fibre systems is
examined. This investigates the use of Fibre grating to reduce the average dispersion of each
system link. This scheme should lead to soliton propagation for distances greater than 5000

km.

5.2 System Description

For short-haul systems such as this considered here, the effects of Gordon-Haus jitter was
kept to minimum by keeping low the average dispersion of the system. The soliton
interaction and average soliton constraints must however be balanced to give a stable
propagation. The average power requirements can also be an issue, due to the high
dispersions of these systems. These constraints are illustrated and assessed using the

following system.

It was assumed that EDFAs could provide the optical powers and gain necessary for soliton

propagation, with amplifier output power in the range of 5-15 mW.

In this Chapter, an asymmetric map shown in figure 5.1 was used. The input pulse were
taken to be sech shaped and is unchirped. The standard fibre was taken to have typical value
of dispersion of -21.6821 ps?/km, a loss of 0.2 dB/km at 1.55um wavelength and Aeff is 50
um?. Dispersion compensation was performed prior to each amplification. The fibre grating

was simulated to have a length of 10 cm and a dispersion of 2.142x 107 ps2/km and a 3dB loss.
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The loss is chosen to allow double pass insertion loss of the circulator required, typically 0.8

dB port to port, and the loss of grating itself around 1-1.5 dB.

CIRC
Input @ M utput
100 km 10 km
SMF Amplifier SMF
10 em

Figure 5.1: Schematic diagram of the system under consideration

Ideally original amplifier spacing should be maintained since the existing systems waas being
upgraded, but more amplifier means more cost. In this section, the focus on the use of 100 km
amplifier spacing. Since operation of soliton system at 10 Gbit/s necessarily prohibits
soliton’s width greater than approximately half the bit interval at 50 ps, the associated soliton
periods in standard fibre are only a few tens of kilometres. As L, = Z, average soliton
perturbations are severe and the system design is closely squeezed between the competing
requirements of the soliton-soliton interaction and average soliton constraints. Consequently,
any potential system is highly perturbed. In order to probe the constraints and identify the
limits, we have performed extensive set of numerical simulations using full NLSE
propagation, as prescribed in the following section.
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Various different maps were investigated by placing fibre grating and amplifier at different
position in the span of standard fibre. The best results were obtained by using the schematic
shown in figure 5.1. The amplifier provides 23 dB gain, which compensates for the loss of

fibre and grating.

5.3 Optimisation Procedure

The dispersion map consists of 100 km long spans of standard fibre followed by a grating and

an amplifier.

The launch position of soliton in the unit cell was set such that minimum pulse width
variation is maintained and soliton repeat itself after each span. This type of launch position
ensures the positioning of the grating in the unit cell at a point where minimum nonlinearity
and hence dispersion compensation can be achieved independent of the nonlinearity effects.
Fibre grating provides post dispersion compensation for the initial 90 km and acts as pre
compensator for the rest of the 10 km in the unit cell. Since these pre compensation and post
compensation sections were alternately positioned along the transmission line, there effect

balanced each other error free transmission became possible.

The system was simulated by propagating a random bit sequence of 144 data bits, half of
which were data 1s, at 10 Gbit/s using split-step NLS method, with the system under study
as shown in figure 5.1. The standard fibre was taken to have typical values of dispersion of 17
ps/nm/km and loss of 0.2 dB/km at 1.55 um wavelength and data rate was 10 Gbit/s.
Dispersion compensation was performed prior to each amplification. For the purpose of
simplification the fibre grating was simulated as a 10 cm piece of fibre with the appropriate
dispersion ( 1680 ps/nm) and loss ( 3 dB) characteristics. The loss was chosen to allow for the
double pass insertion loss of circulator required, typically 0.8 dB port to port, and the loss of
grating itself, around 1-1.5 dB. Amplified spontaneous emission (ASE) noise was included,
with noise figure is 4.5 dB. The impact of amplifier noise was expected to be significant in

such long amplifier spans. A super Gaussian filter of 0.04 THz bandwidth was used to filter
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out this noise. The receiver was simulated as a fast photodiode followed by an electronic filter
with bandwidth of half the data rate to convert the return-to-zero (RZ) soliton data to non-

return-to-zero (NRZ) format.

The traditional soliton transmission lines have constraints such as timing jitter, interaction
between adjacent pulses and collision induced frequency shift. Optimisation of the system
performance assumes suppression of these factors in order to minimise the bit error rate
(BER). However in practical transmission systems, many other factors such as boundary
conditions and even the cost issues make it a complicated problem. The cost issue was taken
into account in this system designby making the length of the SMF used long, which meant
that less repeater sections were required. Secondly the use of passive element such as grating,
for dispersion compensation, that can be incorporated into a single unit with the amplifier
made the design simpler. Dispersion compensation makes the optimisation procedure more
complex, as the introduction of new parameters (characterising the dispersion map) involved.
The structure and propagation of the pulses in dispersion compensated system are different
from those in conventional soliton systems. As discussed earlier the dispersion managed
soliton is chirped, and the pulse width and chirp vary along the compensation section. Along
with the other factors, it is important to diminish the energy shedding from the input pulse
into a dispersion pedestal. This can be achieved by launching properly shaped pulses with
optimum power into the fibre at an optimum position. The best system performance is
achieved when an input signal fits the DM soliton (true periodic solution) corresponding to a
given map. Initially the launch position of the pulse with in the dispersion map was varied

until minimum deviation of pulse width was obtained.
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Figure 5.2: The pulse width variation verses distance for grating placed (a) dashed line: at start of 100
km span  (b) solid line: after 90 km of standard fibre followed by 10 km of standard fibre (c) dot-dashed

line: at the end of the span

After launching the pulse at this point, the peak power of the pulse was optimised for
minimum pulse width variation from the original value for thousands of kilometres of

propagation.

Figure 5.3 shows the pulse width variation by varying the value of input power. The plot
shown with solid line represents the optimum peak power (12.5 mW), the other two plots
represented by dotted and dot-dashed line having powers of 85 mW and 17 mW

respectively.
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Figure 5.3: The pulse width against propagation distance for schematic shown in figure 5.1 for a input
chirp of 0.0015 THz and peak powers 12.5 mW (solid line) 8.5 mW (dotted line) and 17 mW (dot-

dashed line)

5.3.1 Result of Optimisation

Simulations were performed for pulse widths 20-50 ps to test the maximum transmission
distance for which data could be recovered. Figure 5.4 shows a typical simulation result taken
at each amplifier output for 30 ps pulses propagating to 500 km. After only a few

amplifications the pulse begins to distort and by the end of the simulation the data has been

lost.
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Figure 5.4: Single pulse propagating to 400 km (a) without dispersion compensation (b) with
dispersion compensation.
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These optimised pulses as discussed in previous section are now used in a direct simulation
of standard fibre transmission. The system was simulated by propagating a random bit
sequence of 144 data bits, half of which were data 1's, at 10 Gbit/s using split-step NLS

method,

With the system under study as shown in figure 5.1. Amplified spontaneous emission (ASE)
noise was included, with noise figure is 4.5 dB. The impact of amplifier noise is expected to be
significant in such long amplifier spans. A filter of 0.0325 THz bandwidth is used to filter out
this noise. The receiver was simulated as a fast photodiode followed by an electronics filter
with bandwidth of half the data rate to convert the return-to-zero (RZ) soliton data to non-
return-to-zero (NRZ) format. It was then possible to estimate the bit error ratio (BER) from

the received eye diagram through the Q parameter method [80]-[81] Where Q is given by,

Q=H"Ho (5.1)

o, +0,
For means 1 , i and standard deviations oo , o1 of the data 1’s and 0's. The BER is then

estimated according to

2
BER = _I_ EXP(—Q {,.'2)
27 Q

(5.2)

For each BER computation, the 144 data bits were propagated in 9 sets of 16 bits for speed
simulation, as it was found that the BER estimated was the same using this method or a
single 144 bit propagation. We note that determination of the BER by this method is normally
performed for a set of single, isolated pulses to avoid an under-estimate of the Q from
patterning effects. However, in this work we expect strong soliton interactions, the nature of

which will be pattern dependent, necessitating the inclusion of patterning in the BER

estimate.

80



Figure 5.5: Simulation of 30 ps pulse train in a system compensated to -0.3 ps/km, with data
<0111011101000110>.

Figure 5.5 shows the 30 ps pulses propagating to 5000 km. After 5000 km propagation the

pulses start interacting and BER falls bellow 10,
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Figure 5.6: The pulse width evolution for the system shown in figure 5.1, the oscillations are

considerably reduced.
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Figure 5.7: Two optimised pulses propagating over 5,000 km.

Figure 5.7 shows two of these optimised pulses propagating with a separation of 100 ps,
making it equivalent to 10 Gbit/s over 5,000 km. These pulses don’t undergo significant

interaction even after several thousand of kilometres of propagation.
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Figure 5.8: The pulse width against distance for system shown in figure 5.1,
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The minimum in the pulse width relates to pulses with high peak powers and approximately
coincides with the high Q-values. This can be seen as slight humps in the Q-values shown in
figure 5.24. The maximum Qs are related to the minima in the time bandwidth product. The
fluctuations in the pulse parameters such as chirp and width are due to the mismatch of the
pulse shape with the dispersion map. The pulse under goes a long-term evolution as the
pulse sheds dispersive radiations and all the parameters including pulse width, peak power,
shape and chirp change. The chirp is highest at the start of the fibre and hence launching the
chirped pulses at this point enhances this effect. The pulse is initially chirp free at the output
point in the map, it soon accumulates complicated chirp. The points where the pulse width

and Q are highest coincide with the points where chirp is at minimum.

Figure 5.10: Instantaneous frequency for the system under consideration.

The chirp of the pulse can be examined by looking at the instantaneous frequency of given in
figure 5.10, it is clear that even though it is chirp free at the output point in the map, it soon
accumulates a complicated chirp. The pulse width shown in figure 5.8 varies a lot during the
course of each dispersion map due to the high local dispersion but at the end of the

dispersion map it returns close to its original value.
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Figure 5.11: The top figure shows a section of a bit pattern at the start of the simulation. The lower

picture shows the same bit pattern after it has propagated over 4000 km.
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Figure 5.12: Simulation eye diagrams corresponding to figure 5.5, at distances (a) 0 km (b) 1000 km
(c) 2000 km (c) 3000 km (d) 4000 km (e) 5000 km
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Figure 5.13: The bandwidth against distance for the map shown in figure 5.1.

By contrast bandwidth of the pulse as show in figure 5.13 reducles initially but recovers
afterwards. Eventhough the bandwidth recover, on the whole it decreases. This recover does
reduce the over all change in bandwidth, which in turns results in improvement in the
performance of the system. The reduction in bandwidth is a critical factor, as it leads to long
term changes in the pulse width, since the minimum pulse width is defined by the bandwidth
of the pulse. Figure 5.12 show the simulation eye diagrams, and it can be clearly seen that

even after 5000 km propagation the eye is open enough to give BER more than 109,

The oscillations even though very low can be seen in the Q value. These oscillations normally
occur as pulses are either not launched at the optimum place in the dispersion map, or the
chirp in the input pulses is not completely optimised. The oscillations can also be seen in the
plots of pulse shapes, which is shown in figure 5.7. They can be more clearly examined in the

graphs of the pulse width evolution (figure 5.6) and time bandwidth product (figure 5.9).
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Figure 5.14: Q-value against distance for the system using the optimised pulses and system having

optimised launch position.
Using 20 ps pulses in stead of 30 ps pulses the same simulations saw a clear improvement in
the propagation distance. Figure 5.15 shows the pulse width variation for a single pulse as it

propagates down the fibre.
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Figure 5.15: The pulse width against distance for the map shown in figure 5.1 for 20 ps input pulses.
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Figure 5.16: The bandwidth against distance for the map shown in figure 5.1 for 20 ps pulses.

Figure 5.17: The pulse width evolution of a 20 ps pulse for the system shown in figure 5.1, the

oscillations are considerably reduced
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Figure 5.18: The pulsewidth against distance for the map shown in figure 5.1.

Figure 5.19: The instantaneous frequence against distance for the map shown in figure 5.1.
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Figure 5.20: Simulation of 20 ps pulse train in a system compensated to -0.3 ps*/km, with data
<0101011011010111>,

Figure 5.20 shows the 20 ps pulses propagating to 8000 km. After 7000 km propagation the

pulses start interacting and BER falls bellow 10

Figure 5.21: Two optimised 20 ps pulses propagating over 8,000 km.

Figure 5.21 shows two of these optimised pulses propagating with a separation of 100 ps,
making it equivalent to 10 Gbit/s over 8,000 km. These pulses don’t undergo significant

interaction even after 7000 km of propagation distance.
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Figure 5.22: The top figure shows a section of a bit pattern at the start of the simulation. The lower

picture shows the same bit pattern after it has propagated over 7000 km

91



voRane

=20 0
Time (ps)
(a)

=
L=

0.007
0.006
0.005
0.004
0.003

0.002
0.001

I|I|1[l]||i

Time (ps)
(€)

0.007
0.006
0.005
0.004
0.003
0.002
0.001

0.007
0.006
0.003
0.004
0.003
0.002

0.001 §

llll_l_l[ll

-20 0 20

Time (ps)
()

Figure 5.23: Simulation eye diagrams corresponding to figure 5.5, at distances (a) 0 km (b) 1500 km

(c) 3000 km (c) 5000 km (d) 6500 km (e) 7000 km



1000 g T
L
1 E
*
=
?
o
10 F x
-\\n
| . L L
a0 20000 K00 8000 00,0
Distance (km)

Figure 5.24: Q-value against distance for the system using the optimised 20 ps pulses and system

having optimised launch position.
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Figure 5.25: Comparison of Q-value against distance for systems with 20 ps input pulses (dots) and

with 30 ps input pulses (upside triangles) at optimum position in the dispersion map.
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Figure 5.25 shows comparison of Q-values for system with 20 ps input pulses (represented by
dots) and with 30 ps input pulses (represented by up side down triangles) launched at
optimum launch position in the dispersion map. A considerable improvement can be seen in

the total propagation distance.

5.4 Conclusions

In conclusions we have studied the behaviour of dispersion managed solitons using fibre
grating for dispersion compensation and optimising the position of grating in the dispersion
map. We have shown that by carefully choosing the position of grating in the map the overall
system performance can be dramatically improved. The optimum launch position of soliton
for chirp free pulses is 90 km before the grating and energy enhancement is reduced by
inclusion of loss in the systems. Stable solutions are possible by alternative arrangement of

the pre compensation and post compensation sections.

Figure 512 shows the system performance improvement by launching the input pulses at
optimum position, in terms of eye opening and temporal and amplitude jitter. It is clear from
the Q-value plot in figure 5.24 that total propagation distance is over 4000 km, As found else
where, whilst a traditional soliton system would require a mark to space ratio of 5 or 6,
making 20 ps pulses the long pulse width limit, this constraint is reduced in dispersion

managed systems [59] and longer pulse widths (30 ps in this case) are possible.

The results presented in this chapter demonstrate that proper choice of launch position in the
dispersion map and peak power can improve the stability of dispersion managed soliton

systems.
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Chapter 6

10Gbit/s RZ transmission over standard

fibre with chirped input pulses

6.1 Introduction

The importance of pulse chirping to reduce the chromatic dispersion penalty and to improve
the transmission capacity of the dispersion managed systems has been pointed out in [82].
For systems with high dispersion map strength, the large variation of dispersion modifies the
pulse propagation, including breathing like oscillations of the pulse width and chirp during
the compensating period. Soliton propagation in the link with dispersion compensation is
chirped in contrast to NLSE soliton. The most surprising feature of compensated solitons is
their propagation stably along the fibre with zero and even normal average dispersion [60] (in
contrast to the fundamental soliton that only propagates in anomalous dispersion region).
This is extremely interesting because transmission of the finite energy pulse close to the zero
dispersion point takes advantage of the suppressed timing jitter. On the other hand, in order
to keep the signal to noise ratio large enough, one must not operate too close to zero
dispersion point. Thus an optimum average dispersion is to be found with minimum timing
jitter and maximised signal to noise ratio. The chirp is the most important feature of
dispersion managed solitons [83]. Soliton chirp leads to rapid rotation of the relative phase

shift between the neighbouring solitons, resulting in the suppression of the interaction.



This chapter examines the transmission of dispersion managed solitons, over standard fibre,
with large amplifier spacing and chirped input pulses at 10 Gbit/s. Fibre grating is used for
the dispersion compensation. It has been shown numerically and experimentally
[84],[85],[86],[87],[88],[89],[90],[91],[92] the possibility of 10Gbit/s transmission using fibre
gratings. A direct comparison is made between modelling of a system with unchirped input
pulses launched at optimum launch position in the dispersion map. For a given dispersion
map, the effects of changing the peak power and chirp of the input pulses is studied.
Oscillations in the pulse width and peak power that lead to oscillation in the Q-values can be
suppressed by appropriately choosing the chirp of the input pulses. These simulations can be

used to compare the results of numerical simulations to experimental results.

The use of fibre amplifiers rather than repeaters means that the long-term effects of
nonlinearly and dispersion has to be considered. Due to the use, EDFA’s signal must
propagate at 1.55 um where dispersion of the standard fibre is high. High dispersion that
leads to increases the power required to create a soliton also increases Gordon-Haus jitter and
reduces the soliton period which causes problem with average soliton model and reduces the

collapse length for adjacent solitons.

The average dispersion of the fibre link can be reduced by using dispersion management and
hence  possibility ~of large increase in the propagation distance [93],
[94],[95],196],[97],[98],[99],[100],[101],[102]. Dispersion management can be used for
upgrading the current standard fibre network, as dispersion-compensating grating can be
installed along with the amplifiers at the sites of repeaters in the current network and so

upgrade will save us laying of large amount of fibre.

6.2 System Description

In this Chapter, we again consider the asymmetric map shown in figure 6.1. The input pulse

is sech shaped and is chirped. The standard fibre was taken to have typical value of
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dispersion of -21.6821 ps?/km, a loss of 0.2 dB/km at 1.55um wavelength and Aeff is 50 um?2.
Dispersion compensation is perform prior to each amplification. The fibre grating is
simulated to have a length of 10 cm and a dispersion of 2.142x 107 ps?/km and a 3dB loss. The
loss is chosen to allow double pass insertion loss of the circulator required, typically 0.8 dB

port to port, and the loss of grating itself around 1-1.5 dB.

@

Input Output

CIRC

100km

SMF Amplifier

10 cm

FBG

Figure 6.1: Schematic diagram of the system under consideration

Figure 6.1 shows the dispersion map used. The amplifier provides 23 dB gain, which

compensates for the loss of fibre and grating.

6.3 Optimisation Procedure

The traditional soliton transmission lines have constraints such as timing jitter, interaction
between adjacent pulses and collision induced frequency shift. Optimisation of the system
performance assumes suppression of these factors in order to minimise the bit error rate
(BER). However in practical transmission systems, many other factors such as boundary
conditions and even the cost issues make it a complicated problem. The cost issue however is
taken into account in this system design, as the length of the SMF used is long which makes

the required number of repeater sections small. The use of passive element such as grating,
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for dispersion compensation, that can be incorporated into a single unit with the amplifier.
One of the other benefits gained by using grating is the low loss as compared to 0.2 dB/km
for the fibre. Dispersion compensation makes the optimisation procedure more complex, as
the introduction of new parameters (characterising the dispersion map) involved. The
structure and propagation of the pulses in dispersion compensated system are different from
those in conventional soliton systems. As discussed earlier the dispersion managed soliton is
chirped, and the pulse width and chirp vary along the compensation section. This leads to
new important aspects of optimisation problem that are absent in the traditional soliton (i.e.,
unchirped and preserves its width with propagation). A new critical issue is the optimised
soliton chirping. Along with the other factors, it is important to diminish the energy shedding
from the input pulse into a dispersion pedestal. This can be achieved by launching properly
shaped and chirped pulses with optimum power into the fibre. This chirping of the input
pulses could be achieved by using an additional piece of fibre preceding the line edge or by
properly phase modulation. The best system performance is achieved when an input signal
fits the DM soliton (true periodic solution) corresponding to a given map. Initially the chirp
of the input pulse was varied until minimum deviation of pulse width was obtained. Then
using this value of chirp the peak power of the pulse was optimised for minimum pulse

width variation from the original value for thousands of kilometres of propagation.
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Figure 6.2: The pulse width against propagation distance for schematic shown in figure 6.1 for a input
chirp of 0.0015 THz and peak powers 12.5 mW (solid line) 8.5 mW (dotted line) and 17 mW (dot-
dashed line)

Figure 6.2 shows the pulse width variation by varying the value of input power. The plot
shown with solid line represents the optimum peakpower (12.5 mW), the other two plots
represented by dotted and dot-dashed line having powers of 85 mW and 17 mW

respectively.
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Figure 6.3: The pulse width (dashed line) and bandwidth (solid line) for an optimised pulse,

Figure 6.3 shows the bandwidth (solid line) and pulse width (dashed line) of the optimum
pulse as it propagates over the dispersion map. It is clear that there are large changes in the
pulse width (represented by solid line) during propagation, however at the beginning of the
line the fibre bandwidth suffers a net increase, whereas over the later section of standard fibre
the bandwidth suffers a net decrease. Two sections of the dispersion map are shown to show
the net increase in the bandwidth at the beginning of the next section. This is due to the
nonlinearly on the chirped pulse. This provides a considerable improvement in the
performance of the earlier discussed system with unchirped input pulses. If the input pulses
are not chirped, using the same dispersion map, no net increase in the bandwidth is obtained
in the beginning of each section as shown in figure 6.4. This result in high net change in the
bandwidth, hence degradation of the overall system performance. Thus by reduced net
change in the bandwidth during each dispersion map improves the performance of the

system.

The peak power and chirp of the input pulses is varied until the net change in the bandwidth

of each section is minimised.

100



2000 .
150.0 | i 4 0.01040
- 2 | .
ya ; o
'/ !
= 5.1 . ! o
a T ;. | 3
g , e i ;
5 1000 | y — | @01030 B
. ]
2 y -
; B
‘/
If
s00 7 0. 01020
=
-
0o : : 0.0101
00 500 100.0 1500 2000 o

Distance (km)

Figure 6.4: The pulse width (dashed line) and bandwidth (solid line) for an unchirped input pulse.
Figure 6.4 shows a comparison between the changes in bandwidth (solid line) and pulse
width (dashed line). Note that the introduction of optimum chirp in the input pulse reduces

the increase in pulse width where as it introduces the net increase in the beginning of each

dispersion map.

Figure 6.5: Two optimised pulses propagating over 8,000 km.
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Figure 6.5 shows two of these optimised pulses propagating with a separation of 100 ps,
making it equivalent to 10 Gbit/s over 8,000 km. These pulses don’t undergo significant
interaction even after several thousand of kilometres of propagation. This likely cause for this
can be seen in the bandwidth shown in figure 6.3. Since interactions are a non-linear effect,
the only occur where there is a large peak power, which is seen in figure 6.3 as changes in the

bandwidth.

6.3.1 Result of Optimisation

These optimised pulses are now used in a direct simulation of standard fibre transmission.
The system was simulated by propagating a random bit sequence of 128 data bits, half of

which were data 1’s, at 10 Gbit/s using split-step NLS method,

With the system under study as shown in figure 6.1. Amplified spontaneous emission (ASE)
noise was included, with noise figure is 4.5 dB. The impact of amplifier noise is expected to be
significant in such long amplifier spans. A filter of 0.04 THz bandwidth is used to filter out
this noise. The receiver was simulated as a fast photodiode followed by an electronics filter
with bandwidth of half the data rate to colnvert the return-to-zero (RZ) soliton data to non-
return-to-zero (NRZ) format. It was then possible to estimate the bit error ratio (BER) from
the received eye diagram through the Q parameter method [103]-[104] Where Q is given by,

equation 5.1 and the BER is then estimated according to equation 5.2.

For each BER computation, the 128 data bits were propagated in 8 sets of 16 bits for speed
simulation, as it was found that the BER estimated was the same using this method or a
single 128 bit propagation. We note that determination of the BER by this method is normally
performed for a set of single, isolated pulses to avoid an under-estimate of the Q from

patterning effects. However, in this work we expect strong soliton interactions, the nature of
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which will be pattern dependent, necessitating the inclusion of patterning in the BER

estimate.

Figure 6.6: Simulation of 30 ps pulse train in a system compensated to -0.2 psi/km, with data
<0111011101000110>.

Figure 6.6 shows the 30 ps pulses propagating to 6000 km. Previously using the unchirped
pulses the maximum propagation distance of more than 4000 km was possible. Now by using
chirped input pulses with a peak power of 125 mW a maximum distance of more than 7800

km is possible.

The oscillations even though very low can be seen in the Q value. These oscillations normally
occur as pulses are either not launched at the optimum place in the dispersion map, or the
chirp in the input pulses is not completely optimised. The oscillations can also be seen in the
plots of pulse shapes, which is shown in figure 6.8. They can be more clearly examined in the

graphs of the pulse width evolution (figure 6.9) and time bandwidth product (figure 6.10).
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Figure 6.7: Q-value against distance for the system using the optimised pulses and system having
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Figure 6.8: The pulse width evolution for the system shown in figure 6.1, the oscillations are

considerably reduced.
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Figure 6.9: The pulse width against distance for system shown in figure 6.1.

0.9%

Figure 6.10: The time bandwidth product against distance for the map shown in figure 6.1.
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The minimum in the pulse width relates to pulses with high peak powers and approximately
coincides with the high Q-values. This can be seen as slight humps in the Q-values shown in
figure 6.7. The maximum Qs are related to the minima in the time bandwidth product. The
fluctuations in the pulse parameters such as chirp and width are due to the mismatch of the
pulse shape with the dispersion map. The pulse under goes a long-term evolution as the
pulse sheds dispersive radiations and all the parameters including pulse width, peak power,
shape and chirp change. The chirp is highest at the start of the fibre and hence launching the
chirped pulses at this point enhances this effect. The pulse is initially chirp free at the output
point in the map, it soon accumulates complicated chirp. The points where the pulse width

and Q are highest coincide with the points where chirp is at minimum.

R

Figure 6.11: Instantaneous frequency for the systent under consideration.
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Figure 6.12: The top figure shows a section of a bit pattern at the start of the simulation. The lower

picture shows the same bit pattern after it has propagated over 6000 km.
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Figure 6.13: Simulation eye diagrams corresponding to figure 6.6, at distances (a) 0 km (b) 2000 km
(c) 4000 km (c) 6000 km (d) 7000 km (e) 7800 km
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The chirp of the pulse can be examined by looking at the instantaneous frequency of given in
figure 6.11, it is clear that even though it is chirp free at the output point in the map, it soon
accumulates a complicated chirp. The pulse width shown in figure 6.9 varies a lot during the
course of each dispersion map due to the high local dispersion but at the end of the

dispersion map it returns close to its original value.
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Figure 6.14: The bandwidth against distance for the map shown in figure 6.1.

By contrast bandwidth of the pulse as show in figure 6.14 reduces initially but recovers
afterwards. Eventhough the bandwidth recover, on the whole it decreases. This recover does
reduce the over all change in bandwidth, which in turns results in improvement in the
performance of the system. The reduction in bandwidth is a critical factor, as it leads to long

term changes in the pulse width, since the minimum pulse width is defined by the bandwidth
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of the pulse. This shows why systems with initially chirped pulses a better in contrast to the
ones having unchirped input pulses where the bandwidth goes on decreasing due to the

same sign of chirp.

Figure 6.13 show the simulation eye diagrams, and it can be clearly seen that even after 7800

km propagation the eye is open enough to give BER more than 10,

E

Chirped input pulse

3
B o B
- -ty
Unchirped input pulse
‘o zm0.0 Jom o amo o B0 0

Dl (kml

Figure: 6.15: Comparison of Q-value against distance for systems with chirped input pulses (dots) and
system optimised by launching pulses (upside down triangles) at optimum position in the dispersion

map.
Figure 6.15 shows comparison of Q-values for system with chirped input pulses (represented
by dots) and system optimised by pulses launched at optimum launch position (represented
by up side down triangles) in the dispersion map. A considerable improvement can be seen

in the total propagation distance, which shows the robustness of the system.
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6.4 Conclusions

In conclusions we have studied the behaviour of dispersion managed solitons in the deep
dispersion mapped systems and have shown that by carefully choosing the input chirp
(which found to be in this case 0.0015 THz) the overall system performance can be
dramatically improved. Stable solutions are possible by alternative arrangement of the pre
compensation and post compensation sections. With the increase in map strength [99], the

pulse shape changes from secant hyperbolic to Gaussian.

Figure 6.13 shows the system performance improvement by using chirped input pulses, in
terms of eye opening and temporal and amplitude jitter. It is clear from the Q-value plot in
figure 6.15 that total propagation distance is increase from over 4000 km to over 7500 km. As
found else where, whilst a traditional soliton system would require a mark to space ratio of 5
or 6, making 20 ps pulses the long pulse width limit, this constraint is reduced in dispersion

managed systems and longer pulse widths (30 ps in this case) are possible.

The results presented in this chapter demonstrate that proper choice of chirped input pulses

and peak power can improve the stability of dispersion managed soliton systems.
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Chapter 7

40Gbit/s RZ transmission over standard
fibre wusing grating for dispersion

compensation

7.1 Introduction

Several experiments where transmission of data at 40 Gbit/s over distance greater than 1000
km in standard fibre have been performed already [105][106][107]. Due to the preliminary
nature of these results, it is likely that the greater propagation distances could be obtained
with parametric optimisation. The dispersion strength S is very large for these data rates, due
to the short pulse widths, as compared to the one generally used [108]. It thus becomes very
difficult to find optimal parameters in this regime to allow maximum transmission distance.
In our optimisation we have limited our optimisation procedure to the variation of the signal

power, pulse chirp and average dispersion within the dispersion map.

In the previous chapter the possibility of transmitting single channel data rates of 10Gbit/s
over transoceanic distance, with chirped pulses was discussed. The next logical thing will be
to investigate the propagation of soliton like RZ pulses at 40 Gbit/s. One of the main drives
for this comes from the possibility to using such technique to upgrade the existing standard
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fibre network, even though we will be propagating the pulses to modest distances required
for land bases communication. This chapter identifies the possibility of propagating soliton
like pulses over distances more than 2000 km with single channel data rate of 40 Gbit/s. This
distance was obtained using fibre grating for dispersion compensation and utilising a non

symmetric dispersion map.

The number of experimental investigation of 40 Gbit/s transmission on standard fibre
[105][107][109] has been very limited. Most of the work has been focused on maximising the
performance at 10 Gbit/s. optical phase conjugation (OPC) and dispersion management are
the two most successful techniques use for 40 Gbit/s transmission over standard fibre. Using
OPC at the mid point of a transmission line, it has been possible to propagate over 434 km of

standard fibre [109].

Increasing the data rate from 10 Gbit/s to 40 Gbit/s presents its own problems, most
important of which is the increase in the map strength, which is caused by the necessary
reduction in the pulsewidth. This increase map strength is well beyond the expected limit for
stable soliton propagation. The map sl‘_rengm use in chapter is 172, The dispersion length for
the system is short compared to the length of the fibre used. This is due to the short pulse
width (5 ps) and high fibre dispersion (17 ps/(nm km)) that results in a dispersion length of ~
0.3722 km. Due to this short dispersion length the pulse broadens substantially in the
standard fibre. This in turn causes the pulse to exist only at chirp free points. This chirp free
point moves throughout the standard fibre due to the relative high average anomalous

dispersion, which leads to incorrect balance between the average dispersion and nonlinearity.

This chapter contains discussions relating to standard fibre propagation and the dispersion

map used.
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7.2 System Description

In this Chapter, we again consider the schematic shown in figure 7.1, as this is the mostly
used scheme for upgrading the standard installed fibre [110]. The input pulse is 5 ps, sech
shaped and are chirped. The reason for using chirped pulses is the nature of non-symmetric
map, where either pulses have to be launched at optimum point or chirped input pluses must
be used. As shown in the previous chapter that a considerable improvement can be gained by

using chirped input pulses.

The standard fibre was taken to have typical value of dispersion of -21.6821 ps2/km, a loss of
0.2 dB/km at 1.55um wavelength and Aeff is 50 pm2. Dispersion compensation is perform
prior to each amplification. The fibre grating is simulated to have a length of 10 cm and a
dispersion of 2.142x 107 ps?/km and a 3dB loss. The average dispersion can also be varied by
varying the length of the standard fibre. The loss is chosen to allow double pass insertion loss

of the circulator required, typically 0.8 dB port to port, and the loss of grating itself around 1-

1.5 dB.
CIRC
Input Output
100km
SMF Amplifier
10 cm
FBG

Figure 7.1: Schematic diagram of the system under consideration
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Figure 7.1 shows the dispersion map used. The amplifier provides a gain of 23 dB, which

compensates for the loss of fibre and grating and has a noise figure of 4.5 dB.

7.3 Optimisation Procedure

In order to find the best performance we kept the length of the standard fibre and the pulse
width constant at 100 km and 5 ps respectively. By varying the signal peak power and the
chirp of the input pulses we looked at the Q values at the output. The minimum acceptable
value for the Q values was taken to be 6 (i.e., BER=10"). At the end of the optimisation the
optimum chirp is found to be 0.007 s-'. The optimum average dispersion is -0.002 ps?/km,
which is slightly anomalous. Figure 7.2 shows a single pulse with tﬁese parameters

propagating through 3000 km of standard fibre in the dispersion map given in figure 7.1.

Figure 7.2: A single 5 ps pulse propagating through 3000 km of standard fibre in the dispersion map
given in figure 7.1.

Figure 7.3 shows two of these optimised pulses propagating with a separation of 25 ps,
making it equivalent to 40 Gbit/s over 3,000 km. These pulses don’t undergo significant

interaction even after several thousand of kilometres of propagation.
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Figure 7.3: Two optimised pulses propagating over 3,000 km.

7.3.1 Result of Optimisation

These optimised pulses are now used in a direct simulation of standard fibre transmission.
The system was simulated by propagating a random bit sequence of 128 data bits, half of

which were data 1's, at 40 Gbit/s using split-step NLS method,

With the system under study as shown in figure 7.1. Amplified spontaneous emission (ASE)
noise was included, with noise figure is 4.5 dB. The impact of amplifier noise is expected to be
significant in such long amplifier spans. A filter of 0.04 THz bandwidth is used to filter out
this noise. The receiver was simulated as a fast photodiode followed by an electronics filter
with bandwidth of half the data rate to convert the return-to-zero (RZ) soliton data to non-
return-to-zero (NRZ) format. It was then possible to estimate the bit error ratio (BER) from
the received eye diagram through the Q parameter method [111]-[112] Where Q is given by

equation 6.1 and BER is then estimated using equation 6.2.

For each BER computation, the 128 data bits were propagated in 8 sets of 16 bits for speed
simulation, as it was found that the BER estimated was the same using this method or a
single 128 bit propagation. We note that determination of the BER by this method is normally
performed for a set of single, isolated pulses to avoid an under-estimate of the Q from

patterning effects. However, in this work we expect strong soliton interactions, the nature of
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which will be pattern dependent, necessitating the inclusion of patterning in the BER

estimate.
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Figure 7.4: Simulation of 5 ps pulse train in a system compensated to -0.2 ps/km, with data
<0101011111010111>,
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Figure 7.5: Q-value against distance for the system using the optimised pulses and system having

optimised launch position.
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Figure 7.6: The top figure shows a section of a bit pattern at the start of the simulation. The lower

picture shows the same bit pattern after it has propagated over 1500 km.
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7.4 Conclusions

In conclusions we have studied the behaviour of dispersion managed solitons in standard
fibre using fibre grating for dispersion compensation and have shown that by carefully

choosing the input chirp (which found to be in this case 0.007 THz) the overall system
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performance can be dramatically improved. Stable solutions are possible by alternative
arrangement of the pre compensation and post compensation sections. With the increase in

map strength, the pulse shape changes from secant hyperbolic to Gaussian [50].

The results presented in this chapter demonstrate that proper choice of chirped input pulses

and peak power can improve the stability of dispersion managed soliton systems.
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Chapter 8

Conclusions

8.1 Thesis Conclusion

This thesis investigated various aspects of dispersion managed solitons for a single channel
high bit rate system over longer distances. Initially an introduction to optical fibre and its
properties was explained which was followed by a discussion on propagation in optical fibres
(chapter 2). Propagation in optical fibre was explained with and without loss, followed by
discussion on soliton system design features (chapter 3). After discussing dispersion
managed solitons in chapter 4 a real system was introduced in chapter 5. Short-haul systems
were considered, two of the constraints, the Gordon-Haus jitter and the required signal-to-
noise ratio were unimportant, as neither had sufficient degree. The soliton interaction and
average soliton constraints were however taken into account and balanced to give a stable
propagation. The average power requirements were considered due to the high dispersions

of these systems.

It was assumed that EDFAs could provide the optical powers and gain necessary for soliton

propagation, with amplifier output power in the range of 5-15 mW.

The optimised pulses were used in a direct simulation of standard fibre transmission. The
system was simulated by propagating a random bit sequence of 144 data bits, half of which
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were data 1's, at 10 Gbit/s using split-step NLS method, with the system discussed in chapter
6. Amplified spontaneous emission (ASE) noise was included, with noise figure is 4.5 dB.
The impact of amplifier noise was expected to be significant in such long amplifier spans. A
filter of 0.0325 THz bandwidth is used to filter out this noise. The receiver was simulated as a
fast photodiode followed by an electronics filter with bandwidth of half the data rate to

convert the return-to-zero (RZ) soliton data to non-return-to-zero (NRZ) format.

In chapter 5 we studied the behaviour of dispersion managed solitons using fibre grating for
dispersion compensation at 10 Gbit/sec and optimising the position of grating in the
dispersion map. We have shown that by carefully choosing the position of grating in the map
the overall system performance can be dramatically improved. The optimum launch position
of soliton for chirp free pulses is 90 km before the grating and energy enhancement is reduced
by inclusion of loss in the systems. Stable solutions are possible by alternative arrangement of

the pre compensation and post compensation sections.

In chapter 6 we studied the behaviour of dispersion managed solitons in the deep dispersion
mapped systems at 10 Gbit/sec and showed that by carefully choosing the input chirp (which
found to be in this case 0.0015 THz) the overall system performance can be dramatically
improved.  Stable solutions were possible by alternative arrangement of the pre
compensation and post compensation sections. With the increase in map strength, the pulse

shape changes from secant hyperbolic to Gaussian.

In chapter 7, we studied the behaviour of dispersion managed solitons in standard fibre
using fibre grating for dispersion compensation at 40 Gbit/sec and have shown that by
carefully choosing the input chirp (which found to be in this case 0.007 THz) the overall
system performance can be dramatically improved. Stable solutions are possible by
alternative arrangement of the pre compensation and post compensation sections. With the

increase in map strength, the pulse shape changes from secant hyperbolic to Gaussian.

The results presented chapter 7 demonstrates that proper choice of chirped input pulses and

peak power can improve the stability of dispersion managed soliton systems.
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8.2 Future Work

We have looked at a few aspects of dispersion managed solitons there are however many still
to be investigated. In this thesis a very simple grating was simulated, it will be interesting to
add other parameters effecting the grating such as PMD and third order dispersion etc and
investigate the effect on system performance. Further investigation into the position of
amplifier and grating in the dispersion map is needed to understand the effect on the
propagation distance and amplifier spacing. At present amplifier and grating are placed at
the same point, investigation into the reasons for this might allow larger propagation

distances. It would be interesting to look at using fibre grating in WDM systems.

Secondly in order to control the polarisation-mode dispersion (PMD),) it will be interesting to
use saturable absorbers. It has been shown that saturable absorbers provide stabilising effect
where stable pulse propagation is not possible. It should be noted that saturable absorbers

can be more useful in stabilising propagation, rather than extending the propagation distance.

Further investigation into optimising the chirp will be quite useful, as we have shown that
right choice of chirp in the input pulses considerably increases the propagation distance at

high data rates.

8.3 Future of Optical Communication

The data rates of optical systems have increased in recent years through the use of both
OTDM to increase the single channel data rate and WDM to increase the number of channels
used. Single channel bit rates of 400Gbit/sec have been reported  [113] using these
techniques. Over Trans-oceanic distances 32, 5 Gbit/sec channels have been propagated [114]

and experimental demonstrations of terabit/sec transmission have also been reported using a
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combination of these techniques [115, 116, 117]. Comparing these data rates with the single
channel 5 Gbit/sec rate of Trans- Atlantic TAT12/13 systems, it can be easily seen that it is
still possible to increase system data rates substantially. The advantages of WDM systems are
that they allow single channels to be added and dropped [118] leaving the other channels
unaltered. This finds its application in systems where several nodes need to be connected
together and each pair of nodes can be given a particular wavelength. Nothing comes with a
price, hence WDM systems do suffer from complication in design due to increased number of
components involved, specially for long haul point to point systems. In dispersion managed
systems WDM present slightly different kind of problem, where only a single channel can be
optimally compensated, where as the other will suffer some penalty which can only be
partially reduced by post transmission dispersion compensation. Finally all the channels will
not be equally amplified at each EDFA due to the gain profile of the amplifier. This effect can
be reduced by using gain flattened EDFA's [119], and the unequal gain can be compensated

for by pre-emphasis or gain equalisation [120].

The possibility of soliton being used in the commercial communication systems is increased
due to use of dispersion compensation. Several successful fields trials have shown that the
dispersion managed solitons can be successfully operated in the already installed systems not

designed for their use [121, 122, 123, 124, 125].

A study of limitations to error-free transmission distance as set by noise accumulation and
nonlinear pulse interactions in dispersion-managed N40 Gbit / s transmission systems with
either distributed backward Raman amplification or lumped erbium-doped fibre amplifiers

[126] have shown significant performance im provement.

It has been shown through detailed numerical simulations that stable dispersion-managed
solitons exist in short-period dispersion maps characterised by a dispersion-management
period that is less than the amplifier spacing [127]. These pulses are shown to have regular
dynamics within the amplifier span and have greater energy enhancement than the

conventional dispersion-managed soliton, which results in greater interaction. Other
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numerical simulations have recently demonstrated N x 40Gbit/s single channel transmission

over thousands of kilometres [128, 129, 130].

The possibility of achieving all optical passive regeneration and distance unlimited
transmission, have also been numerically demonstrated using dispersion management and

inline nonlinear loop mirrors over standard fibre [131].

Several experiments have recently demonstrated transmission of several hundred Gbit/s

using WDM over modest distances [132, 133, 134, 135, 136, 137].

Dispersion management has found very beneficial in WDM systems in terms of suppressing
the collision induced timing jitter between the wavelength channels. Thus while considering
high data rates in WDM systems, effects of nonlinearity must be considered when operating
at hundreds of Gbit/s data rates, which can be achieved using dispersion managed solitons.
At higher data rates the strength of the dispersion maps are likely to increase, which will lead
to necessary use of further control to get stable propagation. Dispersion managed solitons are
currently the most successful method of transmitting data over standard fibre at high data

rates.

The effect of PMD in fibres have been investigated numerically and soliton robustness to
PMD has been shown to have strong dependence on both chromatic dispersion and soliton

energy [138].
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