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Thesis Summary

This thesis experimentally examines the use of different techniques for optical fibre
transmission over ultra long haul distances. Its format firstly examines the use of dispersion
management as a means of achieving long haul communications. Secondly, examining the
use concatenated NOLMs for DM autosoliton ultra long haul propagation, by comparing
their performance with a generic system without NOLMs. Thirdly, timing jitter in
concatenated NOLM system is examined and compared to the generic system and lastly
issues of OTDM amplitude non-uniformity from channel to channel in a saturable absorber,
specifically a NOLM, are raised.

Transmission at a rate of 40Gbit/s is studied in an all-Raman amplified standard fibre
link with amplifier spacing of the order of 80km. We demonstrate in this thesis that the
detrimental effects associated with high power Raman amplification can be minimized by
dispersion map optimization. As a result, a transmission distance of 1600 km (2000km
including dispersion compensating fibre) has been achieved in standard single mode fibre.

The use of concatenated NOLMs to provide a stable propagation regime has been
proposed theoretically. In this thesis, the observation experimentally of autosoliton
propagation is shown for the first time in a dispersion managed optical transmission system.
The system is based on a strong dispersion map with large amplifier spacing. Operation at
transmission rates of 10, 40 and 80Gbit/s is demonstrated. With an insertion of a stabilizing
element to the NOLM, the transmission of a 10 and 20Gbit/s data stream was extended and
demonstrated experimentally. Error-free propagation over 100 and 20 thousand kilometers
has been achieved at 10 and 20Gbit/s respectively, with terrestrial amplifier spacing.

The monitoring of timing jitter is of importance to all optical systems. Evolution of
timing jitter in a DM autosoliton system has been studied in this thesis and analyzed at bit
rates from 10Gbit/s to 80Gbit/s. Non-linear guiding by in-line regenerators considerably
changes the dynamics of jitter accumulation.

As transmission systems require higher data rates, the use of OTDM will become more
prolific. The dynamics of switching and transmission of an optical signal comprising
individual OTDM channels of unequal amplitudes in a dispersion-managed link with in-line
non-linear fibre loop mirrors is investigated.
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CHAPTER 1: INTRODUCTION

Chapter 1 Introduction

The expansion of the Internet has resulted in greater bandwidth being demanded from the
telecom industry. The need for extra bandwidth is highlighted acutely at the metro area
networks, long-haul area networks and the transoceanic optical fibre links, as these are the
main arteries of the telecommunication network. These core level optical fibre links are
generally hundreds to thousands of kilometres long spanning cities, continents and oceans.

There are standard techniques that can be utilized to gain extra bandwidth in the optical
fibre, such as wavelength division multiplexing (WDM) or optical time division
multiplexing (OTDM). OTDM is used in all the experiments discussed in this thesis.

The design of long haul communications systems depend on the amplification type and
spacing, dispersion map and the need to maintain pulse integrity throughout the fibre span.
The regeneration of optical pulses is usually achieved electronically, but the increased
demand for higher rates of data regeneration means this will need to be achieved optically if
the expansion of the Internet is to reach its full potential.

The most cost effective type of optical regeneration is re-amplification and re-shaping,
(2R regeneration). This method of regeneration can employ passive optical components,
such as fibre or semiconductor based saturable absorbers. 3R regeneration is the more costly
option as complex retiming solutions are needed. The cost of achieving clock recovery
using electronic means may become prohibitive at higher data rates, over longer distances,
as many regenerators may be required.

The work presented in this thesis is based on the concepts of linear and non-linear
optics, propagation, and transmission theory. The main body of the work is experimental
long haul quasi-linear pulse propagation with Raman amplification and in later chapters
non-linear elements are used to guide propagation. All these systems are then tested with

the resultant effects documented.
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CHAPTER 1: INTRODUCTION

1.1 Historical Background

The first quasi-digital transmission system was Morse code, where the duration of an
electrical signal was used to distinguish between ‘on’ and ‘off’. It was by this method that
the worlds first transatlantic telecommunication link was produced.

The transmission of light along a waveguide through the phenomenon of total internal
reflection (Snell’s Law) was discovered by J. Tyndall in 1854. However, until the 1950s
there was neither a suitable transmission medium nor a coherent source, such as a laser,
which would enable this process to be exploited. In 1954, A. C. S. van Heel’s proposal of
cladding the guiding core, resulted in a suitable transmission medium being achieved. T. H.
Maiman invented the laser in 1960 and this provided the coherent source. The loss in the
early optical fibres was high; at roughly 1000dB/km, this made them useless for long
distance communications. However, a breakthrough in 1970 by F. P. Kapron changed this
limiting factor with a novel low loss optical fibre with losses of 0.2dB/km. Compact
coherent sources became available around the same time making the prospect of optical
communications a reality.

The fundamental loss limit, which is set by Rayleigh scattering, is almost reached in
today’s optical fibre; the fibre can be routinely manufactured, with losses of 0.18dB/km at
certain wavelengths. This means that the signal can be propagated over long distances
before it needs to be recovered. Prior to 1990, in commercial submarine systems, this was
done electronically by repeaters spaced every 60 to 70km. In 1990, the erbium doped fibre
amplifier became commercially available thus replacing many of the electronic repeaters.
Today there are many submarine optical cable systems connecting countries and continents,
but as with the expansion of the Internet the need for increased bandwidth is always on the
rise.

Transoceanic optical systems routinely carry Gigabits bit per second per channel, but
with higher data rates per channel arising from the increased bandwidth, there is a drive to

deliver these signals over trans-oceanic distances without the need for electronic
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CHAPTER 1: INTRODUCTION

regeneration. Re-amplification of the signal is only one of the issues surrounding high bit
rate communications. As the degradation of the pulse shape due to non-linear interactions,
over the amplified optical spectrum also causes concern. However, it is re-timing or
reducing the effects of timing jitter that poses one of the biggest problems in optical
communications at speeds of 40Gbit/s and above.

2R (Re-shaping and Re-amplification) and 3R (2R plus Re-timing) optical regenerators
have been studied extensively for the last decade and a half, and with the miniaturization of
components, it is likely that they may be incorporated into a long-haul transmission systems
in the next decade, to provide low jitter stable pulse propagation over transoceanic

submarine cables.

1.2 Overview and aims of thesis

The aim of the thesis is to evaluate different options for ultra and long haul optical fibre
communication systems. Extensive experimental work is complimented with theoretical
analysis where appropriate. An operational wavelength of 1553nm is used and the
utilization of Raman amplification for the optical gain is used for each of the experiments
discussed in this thesis.

The theoretical background to the thesis is discussed in Chapter 2. Specifically, the
linear effects of pulse propagation in optical fibre are described and the non-linear
phenomena that can cause deleterious and advantageous pulse propagation at both short and
long distances are discussed.

The procedures and measurements used in long-haul recirculating loop experiments are
described in Chapter 3. The differences involved in pulse propagation, such as data format
and dispersion maps, are discussed in the initial sections of chapter 3, whilst the theoretical
background and experimental techniques associated with the recirculating loop are

discussed in the remainder of the chapter. The chapter finishes with a description of the
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CHAPTER 1: INTRODUCTION

autocorrelator, detailing the experimental set up and theoretical analysis that are needed for
successful operation of the device.

The transmission system described in Chapter 4, utilizes standard single mode fibre,
since single mode fibre contributes to the majority of the fibre used in commercial
transmission systems. A comparison is then made between four different types of standard
fibre dispersion map. In all four maps, the gain is provided by Raman amplification. Within
the bandwidth of the signal, Raman amplification produces noise that increases with pump
power, which cannot be determined by Optical Signal-to-Noise Ratio (OSNR) values alone.
One such component to the noise is a phenomenon called Double Rayleigh Backscattering
(DRBS). The amount of noise that originates from double Rayleigh backscattering is
dependent on which type of map is used, and this evaluation with the aide of various
techniques leads to an optimum map. The total transmission length at a data rate of 40Gbit/s
was 2000km.

Within Chapter 5 a quasi-linear generic system, similar to the one described in chapter
4, is compared with a non-linearly guided system. The non-linearly guided system utilizes
the saturable absorption effects of the Non-linear Optical Loop Mirror (NOLM), which
effectively filters out noise and dispersive wave radiation. The localized non-linearity and
the quasi-linear nature of the transmission line also allows a new stable propagation regime
called DM autosoliton to be initiated after a couple of hundred kilometres; this is in direct
comparison to a dispersion managed soliton system where the non-linearity is provided by
the fibre.

The transmission system in Chapter 5 uses standard fibre with dispersion compensation
that results in a strong dispersion map, similar to commercial transmission systems. It is
shown in this chapter that with the insertion of a saturable absorber it is possible to extend
the propagation distance to the point where it becomes physically limited.

In Chapter 6 the theory involved with timing jitter is discussed and the most important
issues concerning dispersion-managed systems are focussed on. The timing jitter

measurements were taken on a gated autocorrelator for data rates above 20Gbit/s and a
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CHAPTER 1: INTRODUCTION

digital sampling oscilloscope for comparison at 10 and 20Gbit/s. The timing jitter
measurements at 10, 20, 40, and 80Gbit/s were taken and then the generic system 1is
compared with the non-linearly guided system. The results obtained for the DM autosoliton
system show a dramatic decrease in the timing jitter at all data rates. The results are
discussed for each data rate with allocations to be made to differing forms of timing jitter.

In Chapter 7 it is shown that the insertion of a Gaussian shaped filter can improve the
stability of the NOLM, thus proving that the transmission distance is physically limited by
propagating error free over 100,000km at 10Gbit/s. When the timing jitter for this distance
is compared to that for the theoretical plot for polarization mode dispersion, it is shown that
this system is limited by Polarization Mode Dispersion (PMD). The insertion over the filter
also improved propagation at 20Gbit/s, which achieved an error free distance of over
20,000km.

The discussion in Chapter 8 concentrates on the passive effects of 2R regeneration on
optical time division multiplexing. OTDM channels of different amplitudes will experience
differing transformations. The effect of channel inequality on non-linear signal switching in
a NOLM, incorporated into a 40Gbit/s transmission system is also discussed in this chapter.

Finally, in Chapter 9 the results of the research are discussed and the conclusions

summarized.
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CHAPTER 2: SINGLE MODE FIBRE CHARACTERISTICS

Chapter 2 Single mode Fibre characteristics and transmission theory

2.1 Introduction

In this chapter the background theory to this research is presented. The linear characteristics
of single mode optical fibre are discussed in Section 2.2, such as optical fibre loss or
attenuation, dispersive effects of optical fibre and fibre birefringence.

The optical fibre non-linear characteristics are presented in Section 2.3. Topics included
are: the Non-Linear Schrodinger Equation (NLSE), Group Velocity Dispersion (GVD),
chirp, Self Phase Modulation (SPM), optical Solitons, Cross Phase Modulation (XPM),
Four-Wave Mixing (FWM), Stimulated Brillouin Scattering (SBS) and Stimulated Raman

Scattering (SBS). The chapter is summarized in Section 2.4.

2.2 Linear single mode fibre characteristics

Optical fibres used in telecommunications are manufactured from silica and consist of a
core and a cladding with differing refractive indices. For long-haul communications Single
Mode Fibre (SMF) is used which has a core diameter of typically 8 to 10-um. Light
propagates along the fibre, via a mechanism known as total internal reflection, which arises
when the refractive index of the cladding is less than the refractive index of the core. A
propagation mode in an optical fibre corresponds to a specific solution to the wave
equation, depending on the boundary conditions (diameter of the fibre optic core in this
case). Therefore, as the name suggests, for multimode fibre the boundary conditions mean
that there are many solutions to the wave equation, and hence many propagation modes.
Single mode fibre is weakly guiding due to the small difference between the refractive
indices, and the boundary conditions mean that there is only one propagation mode, which
is the only linearly polarized (LPn,) mode. The notation LP is just a different means of

expressing the Transverse Electric (TE) and Transverse Magnetic (TM) modes.
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An important characteristic of optical fibre is the normalized frequency or the V
parameter, which determines the number of modes that can propagate down the fibre. The V

parameter is dimensionless and is given as [1]:
V=27 o, (20)" 2.1)
= M;'{_ YR, . .

This equation contains four important design variables associated with single mode fibres,
the fibre radius r, the refractive index of the core n;, and the operating wavelength A. The

refractive index difference is denoted by 4 and is given as [1]:
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where n; is the refractive index of the cladding of the optical fibre.

For the optical fibre to be single mode the V parameter, whose origins arise from the
eigenvalues of the core and the cladding, has to be between 0 and 2.405, as for these cases
only the LPy; mode will propagate. For multimode fibre ¥ is greater than 2.405, then the
LP;; mode and higher modes will propagate. The work discussed in this thesis was only
concerned with the properties of the single mode optical fibre characteristics associated with

long-haul communications.

2.2.1 Optical fibre loss

Optical fibre loss or attenuation of a fibre link is one of the most important factors
associated with optical transmission. There are numerous contributing factors to optical
fibre loss, which can be grouped into intrinsic losses and extrinsic losses [2]. Intrinsic losses
are due to pure silica’s (S10,) molecular construction. SiO, molecules exhibit vibrational

resonances in the infrared region, which lead to absorption bands [2].

22



CHAPTER 2: SINGLE MODE FIBRE CHARACTERISTICS

Extrinsic losses result from the amount of impurities in the fibre core. Rayleigh
scattering is a dominant contributor to the losses; it is due to microscopic fluctuations in
density of the core [2] and is proportional to A™.

Waveguide imperfections such as Mie scattering are due to inhomogeneities in the fibre,
but by employing good design and construction these types of losses can reduced to
insignificant levels [2].

Attenuation in optical fibres, a4p, is generally expressed in Decibels per unit length (dB

km™), and is given by [2]:

P
Ay = —%10&0(%] =4.343a, (2.3)

where L (um) is the length of the fibre, P;, (Watts) is the power in and P,,, (Watts) is the

power out. The power at any given point along the fibre is given by [2]:

P

out

= Pin exp(— atlB‘L) > (24)

2.2.2 Dispersion

Dispersion is a result of the variation of refractive index with frequency, and arises because
waves of different wavelengths move through transparent media, such as silica, at different
speeds [3]. Pure monochromatic waves do not exist in nature. However, groups of
monochromatic waves with very similar frequencies clustered narrowly around the main
frequency do, and these are known collectively as a wave group. The group velocity of the

wave group is given by [4]:

23




CHAPTER 2: SINGLE MODE FIBRE CHARACTERISTICS

where v is velocity of the pulse, ¢ is the speed of light in a vacuum and n(w) is the
distribution of refractive index with frequency. This equation illustrates the effect that the
distribution of frequencies in the wave group has on the propagation of the wave group
(optical pulse) along the fibre.

For optical communications systems one of the most unfavourable effects is temporal
pulse broadening of the wave group. If @y is the centre frequency of a nearly
monochromatic wave, then taking the Taylor series expansion of the mode-propagation

constant f# = 2xn/2 gives [4]:

w 1 1

,B(a)): n(a))—c— = [, +,Bl(a)—a)0)+5ﬂ2(a)—a)0)2 +-3——'[33(a)—a)0)3 +.e, (2.6)
where f8y is the propagation mode at the central wavelength and this undergoes no change,
f1 is the group velocity which dictates the speed of the pulse envelope as it propagates
through the optical fibre, and f; and f§; are responsible for pulse broadening within the fibre.

In optical fibre telecommunications the dispersion is commonly referred to as the

parameter D, which is related f8; by the equation [4]:
27
D = —7ﬂ2 N (27)

where A is the operating wavelength.

In telecommunications 4 is usually in the 1550nm region, and for standard single mode
fibre the value of D is typically /7ps/(nm.km). D can be positive or negative as defined by
the inverse sign of 2. A positive value of D indicates the dispersion is in the anomalous
region whereas a negative value indicates dispersion in the normal region. The zero
dispersion wavelength Ap, in step index silica fibres is in the 1300nm region, and

corresponds to 5, = Ops’/nm.
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There are speciality fibres and devices that can invert the sign of the dispersion
associated with the system being used; the magnitude of the dispersion of these devices and
fibre can be fixed or variable. These can then be used to compensate for the dispersion [5]
that can accrue in an optical fibre system. The most commonly used fibres are known as
dispersion-compensating fibres (DCF) [6] whilst fibre Bragg gratings (FBG) [7], have a

similar effect.
2.2.3 Fibre Birefringence

Single mode fibre is not truly single mode because this mode has two polarization states.
Due to imperfections in the optical fibres cylindrical core, this can lead to a temporal walk
off (the change in time of an optical pulse between the two polarization states from the
beginning to the end of a length of fibre) of the optical pulse in the different polarization
states. This walk off is due to the group velocity of each of the two polarization states being
different. This is termed as the birefringence of the fibre, and this leads to a periodic power
exchange between the two polarization states called beat length (Lg), which is given by [4]:

A

Ly =2 (2.8)

Here B is the birefringence and 2 is the operating wavelength. The state of polarization
changes over Lg from linear to elliptical then back to linear again. The walk off of the pulse
that comes from fibre birefringence leads to an additional dispersion term, which is known
as polarization mode dispersion (PMD) and is of importance to periodically amplified
optical telecommunication systems [8].

Research into polarization mode dispersion is currently a topic of interest, as the
majority of the fibre currently operational is old and unfortunately has a high value of

polarization mode dispersion (typically lps/kmm)‘ Compensators for polarization mode
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dispersion are currently being sought to utilize the best performance from the already

installed optical fibre.

2.3 Non-linearity in single mode fibre

The previous section discussed the linear fibre characteristics that have a detrimental impact
on the performance of an optical transmission system. Within this section fibre non-linearity
is discussed, as this can cause pulse distortion and a degradation of transmission
performance over long-haul transmission distances [9]. Thus every effort must be made to
keep fibre non-linearity to a minimum. However, there are circumstances where fibre non-
linearity could be beneficial to transmission, producing phenomenon, such as pulse
compression [10], regeneration [11], amplification [11]{12] (Raman, Parametric etc),
wavelength conversion {13] and propagation of optical solitons [14].

The response of a dielectric medium (silica fibre) under a low intensity optical field is

given by the equation [15]:

Plo)=e,7(0)E, (2.9)

where P is the induced polarization from the electric field E, y is the linear susceptibility of
the medium and ey is the permittivity of the dielectric. The frequency of the optical wave
causes a dipole oscillatory motion of each atom and establishes polarization through the
displacement of electrons relative to the nuclei. With small fields the oscillations of each
atom are harmonic and the displacement of electrons is small, thus y stays constant.

Optical fibre becomes non-linear under intense illumination of light. This phenomenon
is due to the anharmonic motion of bound electrons under the influence of an applied

optical field. The induced polarization from the electric dipoles is given as [16]:
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P=e,(yE+ 1, B> + 1, B> +..), (2.10)

where y is the linear susceptibility and 2, x3,... are the non-linear optical coefficients,
and the applied field is in the form E = ¢, cos(wt-kz). For a non-crystalline media such silica
fibre, where y, = 0, the non-linearity is due to the next lowest term y ;. This term is
responsible for phenomena, such as self phase modulation, cross phase modulation and four
wave mixing. The non-linear susceptibility leads to an intensity dependent refractive index,

n, change through the relation [17]:

3
AN @2.11)
4eeyn, A,y

n=n,+

where the power, P is given in Watts, Ay is the effective area of the optical fibre, n; is the
refractive index of the core of the fibre, and 5 is the Kerr coefficient or non-linear index
coefficient. In fused silica n; and #, are approximately 1.46 and 3.2.10%° m*/W
respectively. The change in refractive index is small for short propagation distances, as low
optical power is used in optical communications. However, for long propagation distances

the accumulated effects of non-linearity can become substantial.

2.3.1 The non-linear Schrodinger equation

Non-linear effects in optical fibres have been an area of interesting study for many decades,
and the effects of short pulses, typically with pulse durations in the range of 1ps to 100ps,
are of particular interest to optical telecommunications.

An optical pulse propagating down an optical fibre obeys the generalized non-linear
Schrodinger equation and with all higher order terms included, this equation is given by

[17):
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where A(z,t) is the pulse envelope and it is a slowly varying function with time (it is
obtained by performing a inverse Fourier transform) and ‘Al2 is the optical power. T is a

transformation of ¢ and corresponds to a frame of reference that is moving with the pulse at
the group velocity, and z represents the change in distance along the direction of
propagation. The first term on the LHS is the pulse envelope moving with regard to the z-
axis; the next term on the LHS is the group velocity dispersion f,, which causes pulse
broadening due to different frequencies of light within the pulse envelope travelling at
dissimilar speeds (section 2.2.2). The second to last term on the LHS is the third order
dispersion term, f83: this term becomes the dominant mechanism for pulse broadening if the
propagation wavelength is at the zero dispersion wavelength of the fibre i.e. f2=0. For ultra-
short pulses (less than 0.1ps) with a wide optical bandwidth the effect of the third order
dispersion, f83, is to distort the pulse shape. Unlike the second order dispersion that broadens
the pulse symmetrically, third order dispersion distorts asymmetrically by producing
oscillations on the leading or trailing edge of the pulse (for negative and positive dispersion
values respectively), temporally. The last term on the LHS, a, determines the amount of
attenuation the propagating pulse will undergo and is defined in Section 2.2.1.

The multiplying factor on the RHS of equation 2.12, y is the non-linear coefficient,
which originates from the Kerr effect. The second term on the RHS originates from non-
linear polarization, which leads to self-steeping, and shock formation at the pulse edge. The
last term on the RHS is due to an ultra-short pulse having a wide optical bandwidth; if the
bandwidth is sufficiently wide then the pulse will undergo Raman gain from the higher
frequency components. This phenomenon causes the self-frequency shift. Finally, @y is the

central frequency of the optical pulse.
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The non-linear coefficient, y, is expressed as [18] [19]:

y = =, (2.13)

where # 1s the Kerr coefficient, }/]A‘Q (RHS in equation 2.12) is expressed in units m*/W

and kg is the propagation constant for light in a vacuum. For special circumstances a = 0,
where there are no losses the equation (2.12) becomes the non-linear Schrodinger (NLS)
equation.

For silica fibre where the zero dispersion wavelength can be greater or less than the
wavelength of the optical pulse, this then alters the sign of the second order dispersion

parameter, which greatly affects the propagation behaviour.
2.3.2 Group Velocity Dispersion (GVD)

Group velocity dispersion is an induced temporal effect, which is dependent on the
frequency of an optical pulse, and its effect is to change the phase of each spectral
component in that optical pulse. These phase changes can affect the pulse shape temporally,
but they do not alter the pulse spectrally.

Either the non-linear or the dispersive effects, depending on the initial peak power and
pulse duration, can dominate pulse evolution along the fibre. Two length scales can be
introduced here that are useful for categorizing the propagation regimes. These are the

dispersion length (Lp) and non-linear length (Ly.) and are given by [20] [21]:

T2
Ly =", (2.14)
8,
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Ly =—, (2.15)

where T is the initial pulse duration at the 1/e-intensity point, Py is the initial power, yis the
non-linear coefficient and S, is the second order dispersion constant. The following four
categories of pulse propagation exist as defined by the optical fibre length L, Lp and Ly,

[20].

1. The non-linear and dispersive effects are negligible when L << Ly; and L << Lp.

2. The pulse propagation is governed by the GVD if L << Ly; and L = Lp.

3. The pulse propagation is governed by the non-linear effects when L = Ly, and L <<
Lp.

4. Both GVD and non-linear effects act on the propagating pulse if L = Ly, and L =

Lp.

The propagation regime defined in point one is the most desirable regime for optical
communications. However, at data rates of 10Gbit/s and higher this regime is not easily
obtained: this is because the shorter pulse durations associated with data rates in excess of
10Gbit/s are more susceptible to GVD and have a higher non-linearity that arises from a
higher optical peak pulse power. In point two, the propagation regime can viewed as quasi-
linear, since GVD is dominant and the optical pulse will spread temporally as it propagates
down the fibre. Non-linear effects will be dominant in point three leading to spectral
distortion and pulse shape distortion. The propagation regime described in point four can
lead to the propagation of optical solitons due to the combined effects of GVD and self
phase modulation (this is discussed in Section 2.3.5).

Dispersion acts on all pulses regardless of the temporal profile, as the pulse maintains its

shape but broadens with propagation. For a Gaussian pulse without chirp (discussed in
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Section 2.3.3), that is propagating along a length of fibre the 1/e intensity pulse width, T,

will broaden to T}, where T is given by [20] [21]:

T, =T, 1+(Lij , (2.16)

Here z is the length along the fibre the incident pulse has travelled. T} is usually expressed
in terms of the Full Width Half Maximum (Trwmy) and for a Gaussian pulse the

relationship is Tpwpy = 1.665T. For a hyperbolic-secant pulse Tpwypy = 1.763T,.
2.3.3 Chirp

Chirp is defined as a change in the central frequency, wy, of an optical pulse with time.
Chirp can be either positive or negative, giving the two terms up chirp and down chirp
respectively. An optical pulse that undergoes some form of phase modulation is chirped,
this means the instantaneous frequency varies (from the central frequency) across the
spectral range of an incident optical pulse. As shown in equation 2.16 an optical pulse
broadens due to dispersion along a length of optical fibre. When a chirped pulse is

considered, the pulse duration, 77, after a propagation distance, z, is given by [20].

where C is the linear frequency chirp.
A pulse is chirped if its carrier frequency changes with time [21] and the time dependent

frequency shift, dw(1), is related to the chirp by:
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o¢ C
80)(1)=—E=T—02I, (2.18)

where F is the phase. Chirp is important because most lasers produce linear chirp.

GVD can cause chirp because it can cause the different frequency components within an
optical pulse spectrum to travel at different speeds along the fibre, which leads to a time
delay between the frequencies at the end of the fibre. This time delay alters the shape of the
pulse making it broader. The red frequency components travel faster in the normal regime
of optical fibre (as discussed in section 2.2.2) and blue frequency components in the
anomalous regime.

A chirped pulse has a broader Fourier spectrum than that of an un-chirped pulse and the
spectral half width is expressed as dwy = (I+C)"*/Ty. A pulse is said to be transform
limited in the absence of chirp (C=0), as then dwyTy=1.

A pulse may broaden or compress depending on whether ; and C have the same or
opposing signs. If £,C>0 then a Gaussian pulse will broaden at a quicker rate than if the
chirp was zero, if §,C<0 then the pulse duration will compress then broaden. The distance at

which the compression reaches a maximum, z,,, 1S given by [21]:

z = < L (2.19)

After a distance of z,,,, the pulse duration has reduced to its minimum, T'"i", which is given

by:

™" = (2.20)

/2 2
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When f,C<0 then the pulse is initially chirped, and the initial linear chirp can have a
opposite sign to that of the dispersion-induced chirp. This gives a reduction in the net chirp
causing a narrowing of the temporal pulse shape; the point at which the pulse duration
reaches a minimum, 7;"", is where the two chirps cancel each other out. Dispersion-
induced chirp begins to dominate over initial linear chirp with increasing propagation

distance, such as an optical pulse experiences in a transmission system.
2.3.4 Self Phase Modulation (SPM)

This section describes Self Phase Modulation (SPM), which occurs when the phase of an
optical carrier wave changes. High intensity optical fields within a confined area and time
induce SPM.

The non-linear relationship between the refractive index and optical field intensity leads
to a frequency change in the spectral profile of an optical pulse. This is a time dependent
process, which can be viewed as chirp. It follows that if the refractive index is affected by
spatial and temporal variations of optical power, then a pulse propagating with a radial
Gaussian intensity distribution will see differing refractive indices according to its radial
intensity. If the power of the pulse is steadily increased then the phase change will cease to
be negligible. In fused silica, the sign of n (non-linear coefficient) is positive, thus
increasing the refractive index with increasing optical power. In this circumstance the pulse

will experience a phase change, F, due to self phase modulation, which is given as [22]:

~

P
i 27nPL

L= : (2.21)
A,

o=21
-

where L is the length of fibre that the pulse is propagated over.
Various parts of the pulse undergo different phase shifts, which lead to a shift in

frequency (or chirp), and this is due to the optical intensity as it varies throughout the pulse
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with respect to the Gaussian distribution profile. In optical fibre, attenuation limits the
distance where the non-linear phase shift effects are significant. The length, L., after which

the non-linear phase shift effects are negligible, is given by [23]:
1
Ly=— [1-exp(-aL)]. (2.22)

For single mode fibre with a = 0.2dB/km and L = 80 km, L is approximately 21km,
therefore the non-linear effects are only significant for the first 21km. The dependence of
the propagation constant (as discussed in section 2.2) on the refractive index can is given in

the equation below [24]:

Blo,1)= 5”3(“’—’1), (2.23)

c

where the propagation constant, f(w,I), varies with time due to the variation of intensity
with time, I(¢). The time derivative propagation constant is proportional to the instantaneous
optical frequency and this causes pulse intensity variations in which new frequency
components are generated within the pulse envelope. This effect then broadens the pulse
spectrally as it is propagating in an optical fibre, whilst not affecting the temporal pulse
shape. However, when used in conjunction with group velocity dispersion it can cause pulse

duration narrowing or pulse shape distortion.

2.3.5 Optical solitons

Light pulses that utilize the non-linearity of the refractive index of optical fibres to produce
non-dispersive light pulses are called solitons. The propagation in fibres of non-linear

pulses was proposed by [25] and the first experimental demonstration was presented by

[26].
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When loss and higher order dispersive terms are ignored, normalized Non-Linear

Schrodinger Equation (NLSE) takes the form of [27][28]:

ou 10%u 2
T,

1 =
o8 205’

(2.24)

where u is the normalized pulse envelope, s is the normalized time and & is the normalized

length. All these variables are in soliton units and which given by [27][28]:

) P
t—p, _ |y )
S:%o:( ﬂ% A u_(V Iﬂz\] . (229

Equation (2.24) can be understood by considering the expansion of the pulse envelope u
to obtain the dispersive elements around the central frequency such that only the leading
terms are kept. Equation (2.24) gives a good approximation of the propagation of a pulse in
optical fibre, as long as the pulse duration is greater than 1ps, so that the higher order terms
can be ignored. If a pulse envelope propagates along an optical fibre in the anomalous
region (negative f8;) with a wavelength significantly different than the zero dispersion
wavelength then the pulse envelope will experience no changes to its shape. This pulse is
known as the fundamental soliton.

To solve equation (2.24) the inverse scattering method [29] has to be applied to the non-
linear Schrédinger equation [30]. The solution to equation (2.24) which gives the
fundamental soliton is a hyperbolic secant in the form u(¢,s) = sech(s)exp(i¢/2). The form
of this equation indicates that the pulse keeps its shape through propagation. This means
that the term that produces non-linearity induced up-chirp cancels with the term that causes
the dispersion induced down-chirp in equation (2.24), specifically in the anomalous region

of the fibre (as discussed in section 2.2.2). This leaves only the part of the term that
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produces the change in phase (sech(s)). This result shows that a distortion-less propagation
at high data rates over long distances is feasible [31].

For higher order solitons when (¢ = 0) then u(0,s) = N Sech(s) where the soliton order N
is an integer [28]. The power, P;, required to produce a fundamental soliton (/V=I) is given

by:

P = % (2.26)

7 FZWHM

The Full Width Half Maximum (FWHM) for a hyperbolic secant shaped pulse with a pulse
duration of Ty (1/e intensity point) is Tewuym = 1.76Ty. The peak power for N order
solitons is given by Py = N°P;. The soliton repeats its shape both spectrally and temporally
along a length of fibre returning to its original shape at, zg, which is known as the soliton

period and is the length scale for higher order solitons. zy is given as [32]:

2
7 = ZTMM_ £ (2.27)
’ A D’

where D is the dispersion parameter, ¢ the speed of light in a vacuum and 4 is the zero
dispersion wavelength.

The effects of group velocity dispersion and self phase modulation combine in higher
order solitons N>1 to produce an oscillatory motion that results in a soliton period or length
of zp, and multiples of thereafter. Producing a higher order soliton can lead to phenomenon
such as pulse compression. Where the interplay of SPM induced chirp and GVD leads to a
reduction of the pulse duration before the GVD starts to dominate and increase the pulse
duration. By using a fibre whose length coincides with maximum compression enables the

pulse durations to be specified.

36



CHAPTER 2: SINGLE MODE FIBRE CHARACTERISTICS

A major problem with soliton transmission is that the attenuation in the fibre causes the
soliton to collapse as it propagates down the fibre. To overcome this a solution to the soliton
form has to be introduced called the averaged soliton [33]. The averaged soliton was
experimentally demonstrated [34], with the loss compensated by the Raman effect. There
are other important effects which limit the performance of a soliton based communication
system such as the interaction between adjacent pulses and the initial chirp imposed by the
source.

Early loss compensation by stimulated Raman scattering was not practical for use in
optical telecommunications, due to the size and power requirement of the Raman lasers. It
wasn’t until the advent of the erbium doped fibre amplifier in the late eighties [35], that the
soliton was considered practical for optical communications [36], due to the lower pump
power needed. With the use of lumped amplification the induced phase shift over a fibre
span needs to be small enough to ensure a stable propagation: this is achieved by setting the
amplifiers spacing less than the soliton period z, << zy. In a soliton system the amplifier
spacing is usually a factor of ten less that the full soliton period, however, the limit is z, <
4/5z9 [37].

To achieve an ideal soliton, as in the loss-less fibre case, the average non-linear phase
shift has to be balanced with the average dispersion. This is achieved by launching a pulse
with a mean power over the fibre span that is equal to the loss-less case. As the loss in an
optical fibre system decreases exponentially with propagation distance, the intensity
dependant non-linearity diminishes, leading to the fundamental soliton not propagating in
an optical fibre for long distances and reverting temporally to a Gaussian shape. This can be
overcome by increasing the peak power of the soliton. The implication of this is that a new
scaling factor is needed to replace &V, by the soliton number M, which is not an integer. So,
the peak power of the soliton is increased by M times N. The linear gain, G, required is
described by loss rate G = exp(aL,), with L, being the amplifier spacing in kilometres (km).

This leads to M and the peak power for the average soliton being [38]:
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p-wi L

G-1 2=

(2.28)

Lumped amplification (large gain over a short distance), however, introduces large
variations of soliton peak power; this limits the amplifier spacing to a fraction of the
dispersion length. The large variations in soliton peak power cause the soliton to shed any
excess energy in the form of dispersive radiation; this builds up over successive
amplification and is detrimental to the system. At high data rates where the pulse duration is
being constantly reduced, the dispersion length becomes so small that the amplifier spacing
becomes impractical.

The introduction of Raman fibre lasers and diode lasers in the 1450nm region, (that
were small and high-powered) in the late 1990s, could provide the distributed amplification,
which was needed to extend the constraints of amplifier spacing imposed by the average
soliton regime, at data rates of 20Gbit/s and above. The use of distributed amplification
allows an almost loss-less propagation owing to the fact that each section of fibre is
compensated for. The scaled power needed for a launched soliton is approximately the same
for the lumped amplifier case, but there is a relaxation of the amplifier spacing and less
build up of dispersive radiation.

The relaxation of the amplifier spacing is solely dependent on the rate of loss of the
Raman pump, if this is zero then the amplifier spacing would be infinite [39] in standard
optical fibre this loss is ~0.3dB/km. It was found [39] that the non-adiabatic nature of the
pump that excites the intrinsic soliton dynamics is what controls the amplifier spacing. The
inhomogeneous pump intensity causes dispersive wave radiation to be radiated out, due to
the non-adiabatic nature of the pump. To still provide stable soliton transmission the
requirement of a universal amplifier spacing of 2p in soliton units holds [39]. Distributed
amplification allows a smaller soliton power excursion, as there is a smaller power

fluctuation along the fibre thus leading too less dispersive radiation. In addition the output
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power is the same as the input power in a distributed amplification scenario, which leads to

a reduced soliton broadening when compared to the lumped amplification case.
2.3.6 Cross Phase Modulation (XPM)

When two or more signals are co-propagating along the same length of fibre, the signals
have a non-linear effect on each other due to Cross Phase Modulation (XPM) coupling. Self
Phase Modulation (SPM) occurs when the intensity modulation of a signal has a non-linear
effect on the refractive index, which in turn causes a phase shift. The intensity modulation
will also cause a phase shift in the other co-propagating signal (and visa versa) and this is
called XPM. This phenomenon has many applications in signal processing [40], [41], [42].

Cross phase modulation is twice as effective at phase modulating the other co-
propagating signal of the same intensity, than the other signals self phase modulation. In
SPM the frequencies in the propagated pulse act on themselves, this is a degenerate process,
and in XPM the other signal or pump have a different frequency that act on the original
signal frequencies.

If one of the propagated waves (wave;) has a greater power than that of the other
propagated wave (wavey). Then the phase shift, f, seen by wave; is evaluated using the

slowly varying envelope approximation [43]. The phase shift is given as [44]:

p=2"2p (L apL), (2.29)
w

pump
1

where A = f; — f32, and is the difference in the group delays for the two pulses, and w; and
o, are the respective frequencies of the two waves; Pp,mp 1s the power in wave; and L is the
length over which the interaction takes place. The amount of interaction between the two

waves reaches a maximum when A8 = 0, since the phase shift is largest at this point.
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2.3.7 Four-Wave Mixing (FWM)

The third order non-linear susceptibility of silica (discussed in Section 2.3) that leads to
such phenomenon as self phase modulation and cross phase modulation also causes another
non-linear phenomenon called four wave mixing. Four-wave mixing in a wave-guide has
been studied extensively [45].

During scattering, two photons with energies A®w; and A, by means of a scattering
process create two new photons, with energies hw; and hw,. Through the process of
conservation of momentum the net energy is maintained then the phase matching condition
occurs (which is the matching of frequencies and wave vectors) [46].

A process of parametric gain [47], can occur when the four wave mixing is partially
degenerate, that is when the frequency of pump 1 (@;) and pump 2 (w;) are equal. The net
effect is that energy is transferred from the high power to the low power signal. If three
optical fields with carrier frequencies w;, @, and w; are co propagating along the same
optical fibre simultaneously, then a fourth optical field with a carrier frequency ws = w; £
w; = w3, is created as a result of the third order non-linear susceptibility and the intensity
dependence of the refractive index.

Four-wave mixing can also be used as a means to achieve 2R regeneration [48],
however, as with cross phase modulation, four-wave mixing is detrimental to wavelength

division multiplexed systems [49].

2.3.8 Stimulated Brillouin Scattering (SBS)

R. Y. Chiao, C. H. Townes, and B. P. Stoicheff first observed stimulated Brillouin

scattering in 1964. SBS occurs in optical fibres at low powers and it is a non-linear process,

where the majority of the power of an incident optical wave is converted to a Stokes wave.

The Stokes wave has a downshifted frequency that conserves energy and momentum.
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Stimulated Brillouin scattering is dependent on the spectral width of the input signal and the
pulse duration.

For stimulated Brillouin scattering, the interaction of the pump with a Stokes wave and
an acoustic wave is said to be a parametric process. This can be viewed as modulation of the
light through thermal molecular vibrations in the fibre. The scattering process of the
incident photon produces a phonon of acoustic frequency (acoustic wave); this then sets up
a periodic modulation of the refractive index. The periodic modulation of the refractive
index is caused by electrostriction, and this produces a grating within the fibre. This
periodic modulation of the refractive index has a frequency and a velocity, because of the
gratings velocity within the fibres, which Doppler shifts the scattered light to higher or
lower frequencies (Stokes wave) called sidebands, through the process of Bragg diffraction.
In stimulated Brillouin scattering the frequency shift of the Stokes wave depends on the
scattering angle (in an optical fibre the confinement of the optical signal dictates only two
possible directions: forwards and backwards). The power and intensity of the Stokes wave
is zero for the forward direction and a maximum for the backward direction.

When the pump wave is propagated through the fibre the Stokes wave grows
exponentially in the backward direction. However, if there is any loss to the pump wave in
the optical fibre then the distance along the length of optical fibre over which the power of
the pump wave is effectively converted to a Stokes wave, which is known as the effective

length, Lg, and is given by [50]:

L, = fi-expl-a,L)] (2.30)

<,

where @, is the attenuated pump power.
Noise and spontaneous Brillouin scattering that occur in the fibre cause the Stokes wave
to develop. This phenomenon occurs when the pump power reaches a critical level, P, and

it is approximated by the following equation [50]:
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, (2.31)

where A4 is the effective area of the fibre, gsps is the gain of the stimulated Brillouin
scattering and p is the polarization between the pump and the Stokes wave.

For a standard optical fibre communication system the Brillouin threshold is
approximately 1-mW. This however is drastically increased for fast phase changing laser
with a sufficiently large bandwidth (>100-MHz), where the phase change is shorter than the
phonon lifetime. If the optical pulse is shorter in duration than 10-ns then the stimulated
Brillouin scattering is reduced to insignificant levels. This occurs for high bit rate systems
where the pulse duration is reduced below than that of the phonon lifetime, which is
typically less than 1-ns. For high data rate systems (typically greater than 10Gbit/s) with a
laser bandwidth of approximately 1nm (125GHz) the effects of stimulated Brillouin

scattering can be neglected and stimulated Raman scattering becomes the dominant effect.

2.3.9 Stimulated Raman Scattering (SRS)

Spontaneous Raman Scattering occurs in all non-linear mediums converting a small amount
of the incident optical intensity (typically 10°) to lower frequency by conversion to a Stokes
wave. Only a small amount of the incident radiation gets Stokes downshifted by this
mechanism, which is called spontaneous Raman scattering.

Stimulated Raman scattering [51] occurs when a dielectric has a high intensity optical
field passed through it, so that the majority of the fields optical power is converted to the
Stokes wave, through scattering. This process is intensified in optical fibres [52] because of
the small cross sectional area, which increases scattering. This process over long fibre

lengths, SRS leads to increased non-linear effects.
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The mechanism by which SRS occurs is that of inelastic scattering. The incident pump
photon is in-elastically scattered, and this photon is Stokes downshifted (frequency
conversion) to a lower frequency. The excess energy that arises from such an event goes to
form an optical phonon [53] of a high frequency, unlike stimulated Brillouin scattering,
which produces an acoustic phonon. This process in optical fibres was first observed and
measured by [54].

Raman amplification is a non-resonant non-linear phenomenon [55]. The amount of
Raman amplification is governed by the Raman gain coefficient gsrs, which is related to the
cross section of Raman scattering events. The amorphous nature of silica means that the
vibration energy levels that occur in such materials, are bonded together. This bonding
together of the vibration energy states results in a wide frequency bandwidth of 20THz [56].
In silica optical fibre the Raman gain is typically of the order 10" cm/W. The Stokes wave
is downshifted by 13THz (also called the Raman frequency shift).

The constraints of the fibre only allow the Stokes wave, which has been ‘downshifted’,
to propagate in the forward or backward directions in relation to the fibre core. Otherwise
the downshifted stokes wave would propagate isotropically. However, as the threshold for
the forward-stimulated Raman scattering is reached first, as shown in equation (2.32),
backwards stimulated Raman scattering in optical fibre is generally not observed. One such
effect can cause optical amplification if a probe signal is used at the downshifted frequency
[57], to that of the pump so that the build up of the optical power in the Stokes wave is
passed on to the probe signal.

This type of amplification does not require population inversion, which is the mechanism
under which erbium doped fibre amplifiers operate. The wide frequency bandwidth that is
characteristic of Raman amplification means that many signals can be amplified
simultaneously and this makes Raman amplification very attractive to the
telecommunications market.

When the pump power reaches a certain threshold value (the Raman scattering threshold),

this leads to an exponential growth in the Stokes wave at the Raman frequency shift [58].
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L,y is the effective interaction length of the pump along the optical fibre and is given by

[53]:

L, - [l—exz(—apL)J, (2.32)

r

where L is the length of the fibre over which the Raman pump is propagated and a, is the
losses incurred by the pump wave over the fibre. For a typical terrestrial fibre span of L =
80km and a, = 0.24dB/km, the effective length is Loy = 17.9km.

The stimulated Raman scattering threshold occurs when the pump power reaches P, which
is defined as the point where the Stokes wave has the same power as the pump power at the

input: P is given by [53]:

xkpA .
por = P (2.33)
gSRSLL{(i"

where p is the state of polarization between the Raman pump laser and the probe wave, and
is either 1 for completely polarized or 2 for a completely random; A4 is the effective area
of the fibre core given as (A= prz); gsrs 1s the Raman gain coefficient and  the threshold
condition is either 16 for forward scattering or 20 for backward scattering.

Raman amplification is independent of the relative directions of the pump and probe waves.
For example if p = 1, Ay = 50pum?, gsrs =1.10"°m/W, x = 16 and Loy = 17.9km, then P =

0.446W.

2.4 Summary

Within this chapter the fundamental theoretical topics on which this research is based have

been discussed. Sections 2.2 onwards described linear pulse propagation and the problems
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thereof, whilst Sections 2.3 detailed the problems associated with non-linearity and pulse

propagation within an optical fibre.

45



CHAPTER 3: PROCEDURES AND MEASUREMENTS

Chapter 3 Procedures and measurements for long-haul recirculating loop

experiments

3.1 Introduction

In this chapter the procedures and measurements utilized in the recirculating loop
experiments described in this thesis are presented. The fundamental aspects of long-haul
optical transmission systems, such as amplification processes, transmission formats and
dispersion management techniques are presented in Section 3.2. In Section 3.3, the two
methods used to investigate transmission system performance are described, namely:
measurement of optical pulses and burst measurement techniques. The set up of the
transmitter, receiver and fibre loop in the recirculating loop are described in detail in
Section 3.4. The details of how the autocorrelator can be used to resolve ultra-fast pulses are

given in Section 3.5. Finally, the chapter is summarized in section 3.6.

3.2 Optical transmission

Optical transmission was widely studied in the last decade, but with the economic slow-
down in the late 1990’s, interest in the topic had diminished particularly in the private
sector. The emphasis prior to 1999 was to increase the transmission capacity, whereas from
2000 the focus has been to look at novel ways to improve data transmission.

Optical transmission research covers various techniques, including Optical Time
Division Multiplexing (OTDM) [59], Wavelength Division Multiplexing (WDM) [60],

differing modulation formats [61] and Dispersion Management (DM) [62].

3.2.1 Erbium doped fibre amplifier

The development of the Erbium Doped Fibre Amplifier (EDFA) was one of the most
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important breakthroughs in optical transmission [63]. It is the most common and convenient
way to amplify an optical signal with a wavelength of 1550nm and this is widely used in
both commercial and research optical telecommunication systems [64].

In this thesis, the main signal recovery mechanism used is Raman amplification, but the
use of EDFA’s is still beneficial. This is because Raman amplifiers operate under a
distributed amplification regime that spans over many kilometres, whilst the EDFA can
amplify the signal over short lengths (metres) of fibre. The EDFA is used in all the
experiments before the coupler in the recirculating loop (Section 3.4), to compensate for the
loss associated with the coupler. To cover the loss by the coupler with the Raman amplifier
would mean driving the pump lasers at higher powers, which would lead to signal distortion
and added non-linear effects. EDFA’s are also utilized in the transmitter (Section 3.4.1),
receiver (Section 3.4.2), before the non-linear optical loop-mirror (Chapter 5, 6, 7 and 8)
and prior to the autocorrelator (Section 3.5).

The basic principle of an EDFA is the same as a laser, where a pump laser excites a
larger proportion of electrons from the ground state to a higher energy level by absorption
of a photon, thus obtaining population inversion. The wavelength of the pump laser will
dictate how many energy levels an EDFA will have, with a two level system being the
simplest. Stimulated emission occurs when a photon enters the fibre amplifier stimulating
an inverted electron to emit a photon in coherence with the original photon and causing the
electron to return to its ground state. If the inverted electron returns to its ground state via
spontaneous emission, then the emitted photon will contribute to noise in the system: this is
known as Amplified Spontaneous Emission (ASE). The higher the number of energy levels
that the EDFA has, the slower the decay time will be, thus reducing the noise contributed by
spontaneous emission. To achieve population inversion in the EDFA used in this work, a
diode pump laser is used, with a wavelength at ~980nm or ~1480nm.

The main draw back of using an EDFA is the noise, which can become considerable
over successive spans, inevitably leading to deterioration of system performance. In an

optical transmission system the Optical Signal to Noise Ratio (OSNR) is a good indicator of
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whether there will be an excessive amount of data errors in the system. If the mean Signal to
Noise Ratio (SNR) is less than 15.6dB then the required Bit Error Rate (BER) of 1.10° will
not be reached. The Bit Error Rate is discussed in Section 3.3 and is generally used in the
transmission industry to evaluate a systems performance.

The noise accumulated by a cascaded optical amplifier system, Py, with a gain G, can

be approximated to [63]:
he
P, =2N| = (G-1)n, & (3.1)

where N is the number amplifiers in the system, df is the bandwidth over which the noise is
measured, ng, is the population inversion parameter, 4 is the operating wavelength, h 1s
Planks constant and c¢ is the speed of light in a vacuum. Equation 3.1 was obtained by
assuming the gain of the system equals the loss. The population inversion parameter, fgp, is

related to the noise figure of an amplifier, NF, by:

NF =10log,,(2n,, ). (3.2)

The two beat noise terms within the EDFA are the most dominant (signal-spontaneous
and spontaneous-spontaneous noise), as discussed in Section 3.4.2, with signal-spontaneous
noise being the most prolific. By placing a narrow band filter before the receiver, as shown
in Section 3.4.2, the spontaneous-spontaneous noise can be kept to a minimum by limiting
the bandwidth, thus reducing the interactions of the photons at differing wavelengths. The

OSNR can be approximated by [64]:

P,
OSNR =101o s : 3.3
g]°L4AA[G—1]nmN) G-3)
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where Py; is the power of the signal and 44 is the bandwidth of the filter.

High gain in an EDFA can be achieved using an erbium-doped fibre with a high
concentration of erbium ions. The use of dual pumping lasers will increase the gain and the
noise. The use of a 980nm pumping laser has a lower noise figure, because it has a reduced
spontaneous emission associated with an increased multilevel energy system compared to
the energy level system for a 1480nm pumping laser.

Careful design of the EDFA will ensure the optimum length of erbium doped fibre is
used; if this fibre is too long then the pump laser will not have the required power to excite
enough electrons, for population inversion. This will cause the signal to experience
attenuation as the failure of the pump laser to produce population inversion causes the
erbium-doped fibre to become opaque in the 1550nm region. The pumps are connected to
the erbium-doped fibre by Wavelength Division Multiplexers (WDM); Isolators (ISO) are
generally used to remove any unwanted noise and wavelengths propagating in the opposing

direction to that of the signal.

3.2.2 Raman Amplification

One aspect of Raman amplification is that it can be distributed over the entire length of the
fibre: this is known as Distributed Raman Amplification (DRA). Unlike EDFA’s, which
provide lumped amplification over distances of roughly 10 metres, distributed amplification
maintains the pulse energy, providing a more stable propagation through a ‘transparency’ of
the fibre. The main draw back for Raman Amplification is the high pump powers needed to
provide the gain to the system if the fibre spans are greater than 100km in length. These
high powers can cause non-linearity in the pump laser propagation causing noise in the

system to build up. The resulting gain can exceed 40dB [65].
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Figure 3.1 A typical Raman pump layout for co and counter pumping.

Figure 3.1 shows a typical Raman amplification scheme. The pump and the signal
wavelengths are coupled into the fibre by means of a WDM. The method by which the
pump energy is transferred to the signal is SRS (Section 2.3.9) and the pump laser can be
either counter propagating or co propagating, as shown in Figure 3.1 [65].

To obtain amplification from a section of single mode fibre a signal must be propagated
along the fibre with a pump laser, with a power normally greater than 0.2Watts.

Raman amplification of the signal occurs when the difference between the signal
frequency and the pump laser frequency is within the Raman gain bandwidth. The gain, Gy,

of a Raman Amplified system is given by [66]:
P L
G, = exp(M —ay L)

in linear units and
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in dB. Here g is the Raman gain coefficient, P, the is the pump power, Lyr is the effective
length, A5 is the optical fibre effective area, ag is the attenuation to the signal, L is the
length of the fibre, and K the state of polarization of the pump laser. K equals 2 when the
polarization is random over long distances in an optical fibre.

ASE is the dominant noise in a Raman fibre amplifier [67] as with the EDFA but not to
the same magnitude.

A decrease in the size of the fibre core increases the Raman gain, since the gain is
inversely proportional to the effective area of the particular fibre, as shown in equations 3.4
and 3.5. The diameter of Dispersion Compensating Fibre (DCF) is typically half that of
Single Mode Fibre, therefore it has a smaller effective area, giving a significant increase in
the gain for a given pump power. However too high a pump power into the DCF results in
non-linear effects such as SPM (as discussed in Chapter 2) that can distort the optical signal
leading to loss of data. The same effects occur in SMF but with much higher pump powers.

The amount of a particular type of dopant in the core of the fibre controls the amount of
Raman gain. Standard fibre typically has 3% germanium in the core, which would give a
gain of roughly 0.5W 'km™'. However, if the germanium content in the core were increased
to 18% then the gain would be increased to roughly 1.5W 'km™. Other types of dopant such
as phosphate and fluorine in the fibre core can also increase the Raman gain [67].

The noise figure of a DRA system is close to the quantum efficiency limit, which is
3dB. The noise in a counter propagating Raman pumped system can be approximated in

terms of number of photons, N,ois., and is described by:

Nnaise ~ GA ln(GA ) CXP(— 'a—S] H (3 6)
a

P

where ay is the optical attenuation of the signal and ap is the optical attenuation of the pump

laser in optical fibre.
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The wide spectral bandwidth of the noise that builds up from DRA systems, due to the
broad spectral amplification of Raman amplifiers, is such that photodiode shot noise can
impair the signal. This can be overcome by means of a band pass filter placed just before

the photodiode [65]. The power of the noise at the receiver is given as:

P

noise

~ hUSAFNnoise’ (3’7)

where h is Plank’s constant, AF is the bandwidth of the filter and vy is the frequency of the
signal.

The noise figure at the receiver in an all Raman amplified system can be expressed as

[66]:

_In(G)
2n | (3.8)

NF

where G is the gain and # is the quantum efficiency of the photodiode and the division by
two arises from the noise figure of Raman amplifiers at 3dB.

Fluctuations of the optical intensity at the output of a Raman amplifier may arise from
temperature or spontaneous emission these fluctuations originate from the fibre laser within
the Raman amplifier. These fluctuations are random and create a noise source called
Relative Intensity Noise (RIN) [1].

For an amplified system (Raman plus key EDFAs), as used in the work described in this
thesis, the combination of the detrimental effects of the noise from both amplifiers has to be

taken into account. The noise contribution due to DRA is [68]:

OSNR - 1D.S'igrml
DRA
(0156 Bo + PDRB) . (3.9
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where By is the optical bandwidth of the signal; p4sg is the optical power density
(W/nm) of the noise due to DRA, and Pprs is the power of the distributed Raman
backscattering (DRB) component, which can be assumed to be incoherent and to have a
random polarization. The OSNR for a dual amplified transmission link, with contributions
to the noise from the EDFA and the DRA, as described by equations 3.3 and 3.9

respectively, can be written as [68]:
OSNR = (OSNRy,, + OSNR b ) (3 10)

Raman amplifiers have distinct advantages over EDFA’s, such as a broader, flatter gain
spectrum and a lower effective noise figure. Counter-propagated pumped distributed Raman
amplification configurations are the most widely used as the noise from the laser pumps is
effectively averaged over the fibre span that is amplified. This is in comparison the co-
propagating distributed Raman amplification configuration, which is advantageous because
of the lower signal power can be used, thus reducing optical non-linearity, but, because of
the fast gain dynamics of the co-propagating regime this leads to a more effective RIN

transfer leading to a reduction of the Q factor.
3.2.3 Transmission formats

Two commonly used transmission formats are non-return-to-zero (NRZ) and return-to-zero
(RZ): other modulation formats include phase modulation, Phase Shift Keying (PSK) [69]
and Differential Phase Shift Keying (DPSK) [70].

With NRZ a diode laser can be switched internally by modulating the applied bias,
however, this leads to an enhanced (broader) optical spectrum that is a result of
semiconductor dynamics [71]. To counteract this a constant wave source is used, which can
then modulated externally by Electro-Optic (EO) or Electro-Absorption Modulators (EAM)

to produce a NRZ output. The NRZ data format uses the entire bit slot (e.g. at 10Gbit/s the
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bit slot is 100ps), with the off state defined by the ‘one’ position, and dispersion can cause
the pulse to temporally spread into the neighbouring bit slot. In addition, the fact that the
permanent state is ‘on’ increases non-linear effects that are detrimental to system
performance.

The transmission format used in this thesis is RZ, so called because the pulse returns to
the zero level before the end of the bit slot. A RZ pulse takes up less of the bit slot than a
NRZ pulse and the RZ format is affected more by dispersion than the NRZ format.
However, in the form of a soliton, the RZ format is more robust to pulse deformation caused
by non-linearity with propagation distance. It is important when using the RZ format to
ensure that the pulse peak power is not too high as this can lead to non-linear interactions.

The RZ format is characterized by the duty cycle, which is the ratio of the pulse
duration to the bit period and the lower the ratio the better the system performance will be,
e.g. a pulse duration of 5ps and a bit slot of 25ps, for a 40Gbit/s transmission system yields
a duty cycle of 20%. However, the same pulse duration at 160Gbit/s gives a duty cycle of
80%, thus showing the need for much smaller pulse durations at higher data rates. The
systems described in this chapter and thesis are generally concerned with RZ intensity

modulation with no phase modulation.

3.2.4 Dispersion management

Pulse propagation that is stable under a high local dispersion is called Dispersion-Managed
(DM) transmission system. Linear DM systems have a low power to negate any nonlinearity
that may occur in the optical fibre, but enough optical power to maintain the requirements
of the optical signal to noise ratio. The nonlinearity needs to be kept to a minimum in a
linear DM system, as there is no passive means of reducing or compensating for it, therefore
GVD is used to minimize the non-linear effect by dispersing the pulse quickly over the
propagation system then recovering the pulse shape at the end of the span using a fibre

whose GVD is opposite in sign to that of the first fibre. The main stipulation for this

54




CHAPTER 3: PROCEDURES AND MEASUREMENTS

propagation regime is that the average dispersion, D, is low, and over the entire
transmission link.

The nonlinearity in a DM system is unwanted, but a method of utilizing this nonlinearity
is called the DM Soliton (DMS). In a DMS system pulse periodically breathes temporally
between amplifier spacing causing a significant amount of chirp to build up, there is also
considerable pulse broadening due to the large variations in local dispersion that can be
compensated for periodically. This causes pulse-to-pulse interaction emanating from
considerable overlap in the wings of the pulse, which induces a frequency shift from the
phenomenon of cross phase modulation (discussed in Chapter 2). All this means that the
DMS pulses are attracted to each other, which causes temporal jitter and inter-symbol
interference (ISI): the overall effect is a reduction in the transmission distance. A useful
property of this propagation regime is that it can reduce the growth of timing jitter and pulse
distortion [72], [73] (timing jitter is discussed in Chapter 6) in DMS systems. A dispersion-
managed soliton system that employs periodic dispersion compensation enhances the peak
power of the pulse compared to that of a normal soliton, this is needed to balance the
nonlinearity with the path average dispersion, and this can lead to a reduction in timing jitter
[74]. One way to achieve dispersion compensation is to place a length of dispersion

compensating fibre (DCF) before or after a length of single mode fibre (SMF).

D =16 ps/(nm.km) |- _'.%““:"

Normal regime

Figure 3.2 The typical dispersion for a single mode fibre with a 49 equal to 1300nm.

55



CHAPTER 3: PROCEDURES AND MEASUREMENTS

Figure 3.2 shows a plot of dispersion against wavelength, where 4y is the wavelength at
which the dispersion is zero. At wavelengths less than 4y, D is negative (normal regime) and
at wavelengths greater than 4y, D is positive (anomalous regime). As shown in this Figure,
for standard single mode fibre, D = 16ps/(nm.km) at the operating wavelength of 1550nm,
which is in the anomalous region.

For most systems employing a RZ modulation format at data rates of 40Gbit/s or greater
the pulse duration is less than 7ps. For these short pulses dispersion management is a means
of reducing the average Group Velocity Dispersion (GVD) to a minimum. However, for
pulses with a duration less than 3ps the effect of third order dispersion can begin to have
detrimental effect on pulse intensity; this can also be kept to a minimum by choosing a large
value GVD for each section [74].

Good quality SMF has a dispersion value of ~16ps/(nm.km) at 1550nm, which gives a
dispersion of 1120ps over a span of 70km. This amount of dispersion leads to considerable
pulse broadening to the point where the pulse cannot be observed on an oscilloscope. If the
power of the signal is high ISI can occur. SMF dispersion lies in the anomalous regime,
which is positive and is shown in Figure 3.2. In DCF however, its dispersion lies in the
normal regime, which is negative. For Instance, a length of DCF has a dispersion value of
typically —80ps/(nm.km) at 1550nm and this can be cut to an appropriate length to
compensate the SMF. Thus, 70km of SMF can be compensated by 14km of DCF.

Dispersion maps were employed in the work described in this thesis to optimize system
performance. An example is shown in Figure 3.3. As can be seen there was a 77.8km length
of SMF at 16.34ps/(nm.km) followed by a 15km length of DCF at —90ps/(nm.km). This was
then followed by an 88.7km length of SMF with same dispersion value as above,
compensated by a 15km length of DCF with a value of —91.66ps/(nm.km). The dotted line

shows the average dispersion of the system, which is in the normal region.
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Dispersion Map
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Figure 3.3 A typical dispersion map with the dashed line being the average dispersion

in the normal regime.

The loss in DCF is higher than that of the SMF, where typical values are 0.5dB/km and
0.2dB/km respectively. In addition, there are coupling losses due to core diameter mismatch
between the SMF and DCF, which have diameter core sizes of 10-um and 6-pm,
respectively.

Some systems use Dispersion Shifted Fibre (DSF) with low dispersion that are
periodically alternated (anomalous/normal) to provide the dispersion compensation; these
fibres typically will not suffer from a diameter core size mismatch if the correct
specification of DSF is chosen. Raman and EDF amplification compensate the losses within
the transmission system described in this thesis.

In the design of a dispersion-managed system one parameter that needs to be taken into

consideration is the strength of the map, S, which is defined as [75]:

(ﬂz(x) - anve )’1 as (;Bz(z) - ,Bave )lz \

2
’{F WHM

S:} ,(3.11)

where f8, is the second order dispersion parameter, f,,. is the overall average dispersion in

57



CHAPTER 3: PROCEDURES AND MEASUREMENTS

the link (this can usually be neglected as 2 >> f,,.); I is the length of fibre, and # gy is
the pulse duration at full width half maximum.

Map strengths between 0-10 provide the best performance as there is very little pulse
spreading, so interactions are kept to a minimum, it is within this region where DMS
systems are utilized. Map strengths of 10-100 give the worst performance as the pulse
spreads and remains overlapped with adjacent pulses for long periods, which can lead to
non-linear interactions and amplitude jitter [76].

Map strengths greater than 100 can provide a stable quasi-linear propagation regime i.e.
to have a transmission system that exhibits linear propagation characteristics. To achieve a
quasi-linear propagation regime the pulse needs to spread temporally rapidly, which occurs
in a fibre that has a large value of chromatic dispersion. Once the pulse is fully dispersed it
overlaps with many of the adjacent pulses and interacts nonlinearly with them by such
means as intra channel four wave mixing and intra channel cross phase modulation. This
non-linear interaction can be reduced if the optical power of the pulse is kept to a minimum
for propagation but enough to overcome the level of noise so that the signal to noise ratio is
not compromised, such as with a linear transmission system, so that once the pulse is fully
dispersed the pulse-to-pulse non-liner interaction is weak.

The power of the signal at the inputs for the systems used in this work was kept low (—
3dBm at 40Gbit/s and —9dBm at 10Gbit/s) to ensure a quasi-linear propagation [77]
throughout the experiments. For high bit rate systems the limiting factor in optical
transmission systems will be ISI [78], thus careful planning of the map strength is
important.

If the pulse remains within its bit slot then ISI will remain at a low level. However, in
DMS systems there is a strong breathing of the pulse, which leads to an increased pulse-to-
pulse interaction, causing a build up of ISI induced timing jitter, which is directly linked to
map strength. When the map strength is in the region 10-100, the ISI induced timing jitter is

at its strongest.
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ASE contributes to Gordon-Haus timing jitter [79] and is one of the:major components
of timing jitter is (this is discussed in detail in Chapter 6), Gordon-Haus timing jitter is
proportional to the amount of dispersion in the system and to the cube of the length, making
this type of timing jitter one of the limiting factors to most transmission systems. The use of
distributed Raman amplification reduces the Gordon-Haus effect, as it has a lower ASE
noise and this produces less of a soliton energy excursion [80]. The use of sliding filters
[81], [82], and saturable absorbers reduces the Gordon-Haus effect by filtering out the ASE
[83].

If a pulse is transform limited at the input then its optimum optical receiver position is
the point in the fibre span where the pulse becomes transform limited again. The receiver
position can then be altered to suit if the amount of chirp on the pulse is changed at the
input. This can be an experimental advantage [84], as an amount of chirp can be added to
the pulse before the input of the transmission span, which can negate any residual
dispersion. This will then coincide with a recovered pulse shape at the end of the fibre span.

Pre and/or post-dispersion compensation [85] can be used as a method of optimising
system performance. Active dispersion compensation is an automated system [86] that
eliminates any excess dispersion without having to cut the fibre to the correct length. Active
dispersion compensation is very useful for maintaining a low dispersion on a daily basis,

since the transmission systems dispersion varies with temperature.

3.3 Transmission system performance

3.3.1 Bit-error rate

A signal will degrade when it is transmitted over optical fibre, where the extent of the

degradation, depends on the system parameters. Signal degradation originates from

amplifier noise, jitter, noise in the receiver and dispersion for example. These sources of

degradation cause a loss of the ‘bits’ or ‘ones’ and these transpose into errors in the data
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being transmitted. A count of errors is called the Bit Error Rate (BER), which is the ratio of
all errors to the total number of bits: a BER Tester (BERT) performs this test. For a
transmission system experiment, there is a limit to how many errors are acceptable. This
limit is usually a BER of 10” in research, but in the commercial sector the standard is 1072,

as market forces dictate a higher error threshold.

3.3.2 Burst measurement techniques

The measurement of the optical pulse duration, timing jitter, amplitude jitter, BER and Q-
factor enable the performance of the optical transmission system to be assessed. The
following sections deal with the measurement techniques used in this thesis given the
equipment available.

Burst measurement is a technique that is specific to recirculating loops and requires
careful timing. Measurement is taken on the last recirculation after N-loops of transmission
propagation this is the required measurement window. In order to receive the incoming data
the test equipment needs to be initiated, which is done using a delay generator. This
technique is not required with point-to-point systems, as they do not have to repeatedly
propagate down the same lengths of fibre. One of the most common pieces of test
equipment used in the burst measurement technique is the BERT set, which over the
measurement period divides the number of measured errors by the number of ‘bits’ counted
[87] (as described in Section 3.3.1).

A good measurement technique is to plot the voltage vs BER, this shows how much
noise is building up in the ‘zero’ level and the ‘one’ level and will provide a threshold
voltage at which point the system or device becomes ‘error free’. This measurement needs
exactly the same optical input power for all tests.

Another measurement technique that can be used is to plot the input optical power vs
BER. This demonstrates the minimum optical power level needed before it begins to

degrade the system performance and errors become apparent on the BERT.
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A quick way to ascertain the predicted BER is to use the Q-factor, which is measured by
using the histogram setting on a Digital Sampling Oscilloscope (DSO). This is achieved by
obtaining the ‘ones’ and ‘zero’ mean values and their standard deviations from the output
on the DSO screen (the Q factor is originated from BER threshold measurement, where
there is some Gaussian noise assumption applied: the results obtained are not prescient).
The purpose of using Q factor is to accelerate error measurement procedure, which will take

almost a week to reach 10™'°. The Q-factor is given by the following equation [88]:

Q:M, (3.12)
O, +O'0

where u is the mean value of the ‘ones’ and ‘zero’, with s being the standard deviation. The

BER can then be calculated using the relation [89], which is an approximation valid for

Q>8:

1 ex"[_ %% )

Ve 0

BER = (3.13)

In Table 3.1, there is a list of Q-factors and their respective BER’s. For an error free
propagation of 107, a Q-factor of 6 is required.

The Q-factor provides useful information on how the system is performing: for example
an OSNR of 16dB is generally required for a BER of 107, but certain phenomenon such as
Multi Path Interference (MPI) degrade the performance of the system, whist maintaining a
high OSNR. However, a measurement of the Q-factor will determine that the pulse has

undergone degradation due to MPI (discussed in Chapter 4).
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Q Q(dB) BER

2 6.0 2.7E-02
3 9.5 1.5E-03
4 12.0 3.3E-05
5 14.0 3.0E-07
6 15.6 1.0E-09
7 16.9 1.3E-12
8 18.1 6.3E-16
9 19.1 1.1E-19
10 20.0 7.7E-24
11 20.8 1.9E-28
12 21.6 1.8E-33
13 223 6.2E-39
14 22.9 7.8E-45
15 23.5 3.7E-51

Table 3.1 The Q-factors with their respective BER’s.

Another useful parameter to measure is the amplitude jitter, which can be done by using
the histogram setting on the DSO, in much the same way as the Q-factor, and looking at the
mean value of the ‘ones’.

Timing jitter measurements can be taken on the DSO, again in the histogram mode by
switching the window on the software. This allows the peak-to-peak and RMS timing jitter
to be evaluated. However, the timing jitter measurement on the DSO has added jitter due to
the clock recovery and the internal timing jitter on the DSO itself. Therefore, it is more
accurate, especially over long distances, to use other methods such as the autocorrelator, to
measure timing jitter (discussed in section 3.5). The autocorrelator that is used in
transmission experiments where there are burst measurements taken, should not be
internally gated, as this will cause the signal to be chopped. The gating should be externally
driven and in these studies this was done by a third AOM connected to the same delay
generator, which controls the burst measurement window. Ideally a slow sweeping

autocorrelator should be used, with a long sweep range preferably over 100ps.
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3.4Recirculating loop Set-up

3.4.1 Transmitter

The transmitter provides the optical signal containing the data to use in the transmission
experiments. The recirculating loop used a mode-locked fibre-ring laser, a Pritel ultra-fast
optical clock (UOC). The laser was pulsed at 9.953GHz with pulse durations of 3ps thus
giving a duty cycle of 3% and the wavelength was also tuneable in the range of 1540 to
1560nm. The transmitter set-up: is shown in Figure 3.4 both electrical and optical

connections are shown.

Agilent sweep
el . I Optical fibre connection
synthesizer:
Set at I:D-GHZ RF connection
- Anritsn
S:50RF |, Phase |, Pattern RF Amp | 20-GHz Bias
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controllers

o0:  DO® «cu: GHy
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Figure 3.4 The transmitter set-up.

The Agilent synthesizer provided the 9.953GHz clock for the UOC and the Anritsu

pattern generator provided the data. The timing jitter for the synthesizer was less than 50-fs
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and the timing jitter exiting the UOC was ~100-fs. Typical wavelengths used were between
1550 to 1555nm region; this kept the path average dispersion to a minimum.

The UOC had a primary output power of 15dBm, which is too powerful for
transmission experiments. The monitoring output was used for the main output and had a
power of 4dBm. The other monitoring outputs went to an optical spectrum analyizer OSA
and to a photodiode on a DSO to monitor the output when the UOC was locked in: this was
observed on the DSO as a quasi-sine wave.

The UOC had two possible pulse durations 3 and 6ps. The limited resolution of the DSO
meant that the only way to tell if the optical pulse was locked in to a pulse duration of 3ps
was with the optical spectrum, which was much broader at 3ps than at 6ps. An example of
the optical spectrum for a pulse duration at 3ps is given in Figure 3.5; this data was taken on
an Optical Spectrum Analyser (OSA). As can be seen the optical spectrum has a bandwidth
of 1.26nm and an optical signal to noise ratio (OSNR) of ~40dB at the output of the

transmitter.
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Figure 3.5 Optical spectrum of the 3ps pulse produced by the UOC.
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The phase shifter (shown in Figure 3.4) was used to enable one bit of data exiting the
pattern generator, to line up with the pulse produced by the UOC, thus giving a zone of
optimization. The pattern produced by the Anritsu was a pseudorandom bit sequence
(PRBS) and this had a length of 2"-1, where n equals 7, 15, 23, 27 and 31, with n = 31 being
the most like a data pattern in a real life transmission system.

The wide-band RF amplifier in Figure 3.4 had a gain of 1W (30dBm). The Sumitomo
produced Lithium Niobate (LiNBO3) modulator imposed the data pattern on to the UOC
pulsed output. The polarization controllers (PC) before the modulator were required, due to
the modulator being polarization sensitive. This meant the optimum setting needed to be
found at every time the apparatus was setup, which can be done easily with a power meter
or observing the peak power of the optical pulses on the DSO. The EDFA recovered the
optical losses in the modulator and in the subsequent multiplexer and an ASE filter reduces
the bandwidth of the noise. The set-up of the multiplexer shown in Figure 3.4 is given in

more detail in Figure 3.6.

10-Gb's 20-Gh/s
LP monifor

40-Gb/s
monitor

Optical Delay line

40-Gb/s
OP

Optical Delay line

Figure 3.6 10 to 40Gbit/s multiplexer.

As shown in Figure 3.6, the optical signal was OTDM from 10 to 40Gbit/s. The pulse
duration on leaving the multiplexer was ~4.0ps, which gave a duty cycle of 18% at

40Gbit/s. The multiplexer used in this experiment was affected by environmental changes
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such as temperature, which meant that the output needed to be monitored throughout the
experiment.

Particular care had to be taken in the setting of the system parameters and the optical
pulse power to keep the output consistent on the DSO, as it was easy to have one channel
with more optical power than the others: the optical powers are set by the polarization
controllers. The spacing between bits is also important; this could drift with time. The
optical delay lines removed the drift as shown in Figure 3.6, the optimum setting kept ISI to
a minimum.

The polarizer and the last polarization controller shown in Figure 3.4 were used to
obtain the best performance in the recirculating loop. The main output goes into the coupler
used in the recirculating loop and the optical power entering the loop can be controlled by

the EDFA before the multiplexer.

3.4.2 Receiver

The receiver provides the means of detecting the optical signal by converting it to a

electrical format so that the data can be regenerated on the BERT. The layout for the

receiver that was used in these studies is shown in Figure 3.7.
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Figure 3.7 The demultiplexing and receiver setup from 40 to 10Gbit/s.
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As shown on Figure 3.7 the 40Gbit/s optical signal was demultiplexed down to 10Gbit/s
by the EAM. The DC bias for the EAM was ~-1.8V with an RF drive of 18dBm. After the
EAM the signal was split 50/50 and passed through EDFAs.

After the EDFAs shown in Figure 3.7 (top), the data signal was then passed through a
l.Inm Band Pass Filter (BPF) to remove unwanted noise before going into the HP
lightwave converter (photodiode). The electrical RF data signal was passed through a low-
pass rise-time filter: this opened up the eye diagram on the DSO for better determination of
voltage threshold on the BERT and it removed any unwanted high RF frequencies. The RF
signal was then split 50:50 and connected to the BERT and the oscilloscope.

The clock recovery signal went directly into another HP lightwave converter (without a
BPF). The converted clock signal was connected to the clock recovery circuit shown in
Figure 3.7 (bottom). The unit that recovers the clock was a JDSU Q-Clock and is shown in
Figure 3.8. The Q-Clock works by differentiating the spectral energy of the incoming RZ
data stream at 9.953GHz and 10.664GHz. The clock can then be extracted at 9.953GHz
using a narrow band resonance RF filter. The resultant clock was aligned with the use of
variable phase shifters, as shown in Figure 3.8, to control the window on the EAM so that

the channel that is required from the OTDM signal can be selected and demultiplexed.
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Figure 3.8 Clock recovery setup, shown in Figure 3.7.

The gated absorptive modulator shown in Figure 3.8 was connected to the delay
generator and used to control the information going to the DSO, so that the DSO only
sampled the data that was within the time allocated for the burst measurement.

The first narrow band RF amp had a low gain and recovered the losses from the
preceding RF equipment. The narrow band RF amp between the variable attenuators was
used to get the optimum RF power to the EAM. The electrical spectrum analyser (ESA) was
used to monitor the clock output. The timing jitter of the recovered clock could be seen to
increase after an increasing number of recirculations, by observing the OSNR of the

9.953GHz clock signal.

68



CHAPTER 3: PROCEDURES AND MEASUREMENTS

The recovered RF 9.953GHz clock was also connected to the BERT and DSO. The
10Gbit/s demultiplexed signal which was obtained without the rise-time RF filter is shown
in Figure 3.9. The 10Gbit/s demultiplexed signal has a good clean eye with low amplitude
jitter on the ‘ones’ and low noise on the ‘zero’. The 40Gbit/s signal as shown in Figure 3.9
was obtained using a 32Gbit/s photodiode on one of the monitor outputs on the recirculating

loop coupler (Section 3.4.3, Figure 3.11).

10.0 ps/div T 24,9167 ns

Figure 3.9 Eye diagrams for 10Gbit/s top, and 40Gbit/s bottom.

3.4.2.1 Receiver noise

When an optical signal is incident on a photodiode, the signal will have a certain amount of
noise that has accumulated from the distributed and lumped amplification. In addition there
will be noise added by the photodiode. The mean electrical signal to noise ratio (SNR) is

defined as [24]:

PAY 1
SNR =101o 20 | (3.14
glo{( hcj B 2} ( )

g
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where B is the electrical bandwidth of the receiver and s is the noise variance. The noise
variance that is associated with the photodiode is thermal noise, shot noise and beat noise
between optical signals.

The contributions to the beat and shot noise are split into four categories, with signal
shot noise being the most significant.

1. Signal-spontaneous beat noise is intensity variations with a broad bandwidth that
occur from signal interference with the spontaneous noise, and cause current
variations.

2. Spontaneous-spontaneous beat noise is intensity variations with broad bandwidth
occurring from spontaneous noise interfering with spontaneous noise at a
differing wavelength.

3. Signal shot noise is a constant noise signal that is produced by the mean of the
signal power.

4. Spontaneous-shot noise is a spontaneous noise current that is produced by the
mean of the spontaneous noise.

However, in a cascaded amplifier system the noise generated by the amplifiers is usually

far greater than the noise variance generated by the receiver.

3.4.3 Recirculating loop arrangement

The recirculating loop has been used in soliton research [90] and transmission experiments
[91] and a detailed description is given in [92]. The recirculating loop is an ideal platform
for testing transmission systems as it allows optical fibre identical to that used in
commercial systems to be tested and results that are acquired in computer simulations to be
verified.

Generally, one or two spans of fibre with dispersion compensating fibre are coupled

together with amplification to overcome the dispersion and loss in the system. The signal
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can then be recirculated around the loop until the desired distance or BER floor (107) is
reached.

Once a recirculating loop is set up at the desired length, so that the path average
dispersion is low, various propagation ‘phenomena’ can be observed: these include soliton
interactions and four wave mixing. Components and devices may be tested to see how much
they degrade/improve the system over many recirculations.

A schematic diagram of the recirculating loop is shown in Figure 3.10. The signal enters
and passes through the first Acoustic Optical Modulator (AOM-1), which is controlled by
the delay generator. AOM-1 controls the fill time of the loop, this should ideally be between
one and a half to three times the propagation time of light in the fibre, to eliminate any
excessive noise accumulation provided by the amplifiers when no signal is present. A
fraction of the signal power is lost with each recirculation due to the loop coupler (shown in
Figure 3.10).

An EDFA is used to compensate for the losses of the coupler and this was then followed

by an ASE filter and a polarization controller (PC).

Tx [aoM-1] [Rx|
<4—— Coupler
1 AOM-2 j

Figure 3.10 The core recirculating loop setup.
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AOM’s have a large optical extinction ratio (60 to 70dB on/off value), so leakage of the
signal can be neglected: if the measurement timing is out this will lead to an AOM letting
signal through, then a ghost signal may appear on the oscilloscope, which will add to the
noise. The signal then passes through a 50:50 coupler: other ratios of couplers may be used,
but the signal then has to be amplified either in the recirculating loop or before the receiver
set-up.

The coupler arrangement [93] is shown in Figure 3.11, with the losses clearly indicated.

It has one main output and two monitoring outputs.

Isolator 34-dB  50:50
From Loop ___I__;'1 O/P: Blue,

4 -3.5-dB
Isolator 43-dB
L' = _3.4dB

90:10 MMain O/P:
/—- _8.2- P Cant.
/ 5.2-dB Green, -5.8-0B OP Green
Yellow, -8.8-dB

-14.8-dB

O/P: White, -15.1-dB

Figure 3.11 The coupler arrangement for the recirculating loop.

The white monitoring output shown in Figure 3.11 was coupled to a photodiode, which
allowed the power within the loop to be observed on a 200-MHz oscilloscope. The
recirculation loops are observed as steps on the oscilloscope with N-steps representing N-
loops. The use of distributed amplification gives the steps a gentle curvature on the
oscilloscope. If lumped amplifiers were used then the steps (loops) would have a sharp
discontinuity. It is ideal to have the power on each of the N-loops the same, which can be

achieved by matching up the steps to the same level.
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The green-yellow monitoring output enables monitoring of the eye-diagram for the
evaluation of the Q factor before it goes through the demultiplexer. The demultiplexer re-
times the pulse thus reducing the timing jitter. It also reshapes the pulse in a similar way to
synchronous modulation [94], and lead to re-timing of the signal. This output can also be
attached to an OSA that can also be gated off the delay generator. As discussed in Section
3.5, the autocorrelator can be connected to this output monitor to observe pulse duration
evolution and to make timing jitter measurements. The main output from the coupler goes
to the receiver.

The delay generator setup is shown in Figure 3.12. The switching of the AOM’s was
controlled with electrical signals depicted as AB and —AB in Figure 3.12: AB was an analog
signal and —AB was a digital signal. The Anritsu BERT had a low negative peak-to-peak
voltage for the burst measurement control, therefore the 0 to 3V peak-to-peak voltage
leaving the delay generator had to be converted to the lower negative voltage required 0 to —
1V peak-to-peak. The electro absorptive modulator shown in Figure 3.12 was used to

control the burst measurement on the DSO.

Optical fibre connection

RF comnection

AR AOM-1TP
200-MHz | Trigger | Delay AB
oscilloscope Generator st
: : AOMNE2
0to3Vpeak | Loop
: to peak H
Photodiode
Moniter Voltace
- Converter 0to— Flectro
Recirculating 1-V peak to peak Absarptive
Loop Coupler for BERT MNodulator

Figure 3.12 The delay generator setup.

73



CHAPTER 3: PROCEDURES AND MEASUREMENTS

ON
Transmitter
switch
OFF 1’;’1 -
| | AL I | =
B
ON /7
77
Loop switch
OFF /Z 5
| vt 77 1 i i =
X Error Count
ON
Error Gate
OFF| H— N
I 77T il I =
4  Error Burst i i
\ ’ ‘ ; " Error Output
m“ 72 I : “m Uﬂ“ .
/7 v

Time

Figure 3.13 The electrical loop timing.

To allow switching to and from the recirculating loop (Figure 3.10), a switching time of
~68us was allocated. Once the recirculating loop is full of data, AOM-1 closes and AOM-2
opens, AOM-2 allows the propagation of the signal. The timing for both of the AOMs was
programmed into a delay generator. The loop timing controlled the fill time, recirculation
time, measurement time and the reset time, and is shown in Figure 3.13.

The amount of time it takes a photon to travel around the loop is given by the loop

round trip time:

L n_.
— span”“core (315)

T
loop >
C

where Ly, is the total fibre length, ne,.. is the refractive index of the core, ¢ is the speed of

light in a vacuum, ¢, 1s indicated in Figure 3.13. The propagation time is given by:
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T,., =Nz, +R

prop

(3.16)

time >

where NV is the number of recirculations within the loop, and the resynchronization time for

the BERT is given by Ryim.. The measurement time is governed by:

M R,.-S,. ,(3.17)

time = Cloop time ®
where Syime 1s the switching time of the AOM.

AOM-2 is controlled by the delay generator as discussed earlier, and this will stay open
for the entire propagation time. The measurement time or burst measurement was smaller
than one round trip as shown in Figure 3.13. Once it was set at the right time, it could be
fine tuned using the BERT set to get the optimum position and to compensate for
environmental changes during the experiment. There may be a need at the end of N-loops to
have a small amount of time allocated for the resetting of the test equipment.

The fibre in the recirculating loop was Corning SMF-28, which was compensated for by
the slope compensated dispersion compensated fibre (SC-DCF). In SMF g is ~0.07ps’/km.
The Raman pumping configuration did not change between experimental set-ups, and the
SMF and the SC-DCF were both backward pumped in relation to the signal. The two
Raman pumps (IPG) were fibre lasers that provided up to SW each. For the experiments in
Chapter 4 these were split to the ratio of 70:30 (SMF:DCF). For the work described in
Chapters 5 to 8 the pumps were split to the ratio of 50:50 (DCF:DCF) and 50:50
(SMF:SMF), so that the pump power going in to the DCF and the SMF could be controlled
by independently.

Before any experimental measurements were carried out, reference optical pulse
measurements were taken by setting the delay generator to allow the optical signal to pass
straight through the coupler to the receiver; this can be called the back-to-back set-up. The

reference optical pulse can then be used to obtain the Q factor, the BER and the
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autocorrelation trace. All the settings in the transmitter are then generally optimized to
produce the best propagation results. The reason an autocorrelator was used instead of a
DSO for the pulse duration and jitter measurements was that the resolution on the DSO is
only suitable for pulses with a duration greater than 14ps due to it’s bandwidth and in this
system the pulse duration was 3.5ps. The DSO adds 700-fs of timing jitter to the system,
however, the autocorrelator requires no clock recovery, so, it provides a simpler, more

accurate measurement of pulse duration and timing jitter.

3.5 Autocorrelation and measurements

To observe ultra-fast pulses with sub 14ps pulse durations, an alternative is needed to that of
the DSO, as the bandwidth usually provided with the photodiode or the modules is not
sufficient. There are DSOs that can measure pulse durations of less than 10ps to meet the
need of a 40Gbit/s system but these can be costly. A streak camera could be used but these
can have inadequate resolution [95]. There are also optical sampling oscilloscopes on the
market that can resolve 1ps, but these are very expensive. The most cost effective way to
resolve ultra-fast pulses down to 100-fs and less is to use an autocorrelator: a device that is
based on the Michelson interferometer. The first autocorrelation measurement of optical
pulse duration was performed by [96].

The autocorrelator is not ideal: if a pulse’s intensity profile becomes complex then the
intensity structure of the pulse tends to get lost. For noisy pulses with a complex intensity,
such as those that have propagated over a long distance, this noise tends to be generated as a
spike on the autocorrelator output: this process will be discussed in more detail in this
Section and in Chapter 6. Certain information, such as phase, cannot be extracted using a
standard autocorrelator as the autocorrelator averages over many events. However, for
symmetric pulse’s the autocorrelation measurement technique is useful for measuring pulse

duration and timing jitter.
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3.5.1 Autocorrelator set up

Within the autocorrelator, a pulse is manipulated in order to provide measurements on itself.
The basic set-up of an autocorrelator is given in Figure 3.14: as shown, the pulse enters the
autocorrelator and is split into two identical pulses, where one of the pulses undergoes a
delay with respect to the other. The two pulses are then overlapped spatially in a second
harmonic generation (SHG) crystal. The autocorrelation trace displays the SHG pulses

energy (a product of the input pulses) versus delay.

Imput

Variable delay

Beam Splitter

Mirror

Figure 3.14 Basic set-up of an autocorrelator.

The SHG produces a signal at twice the frequency to the input signal with an electric

field envelope, described by [97]:
E(t, 7)o E()E(t —7), (3.18)

sig

where E(t) is the electric field amplitude of the first pulse and E(t- t) is the electric field
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amplitude of the second pulse. ¢ is the delay imposed on the second pulse, with the
condition that the delay # must be longer than the pulse duration. The pulses produced by
the SHG have a maximum energy at # = 0. The intensity is also proportional to the product

of the intensity of the two pulses:

1% (Z,T) oC I(t)](t—r). (3.19)

sig

However, most detectors that are used in autocorrelators are to slow to resolve a single

optical pulse so they measure the intensity correlation, G(z), of many optical pulses [95]:
G(e)= "1} (- 7)dr, (3.20)

A Photon Multiplying Tube (PMT) as shown in Figure 3.14, is used to measure the
SHG pulses energy. By varying the delay, information about the initial pulses can be
obtained by averaging out many optical pulses. The set-up of the autocorrelator is critical,
as misaligned input beams or incorrect relative polarizations at the critical plane will lead to
a loss of output of the mixed light beams within the SHG crystal.

For effective SHG to occur the momentum and energy from two photons at the
fundamental wavelength must be transferred to a photon at the second harmonic. For this to
happen the two wavelengths have to comprise an equal phase velocity. It is important that
the phase velocities for both the ordinary and extraordinary wave in an appropriately chosen
SHG crystal are matched (the latter cases are dependent on the polarization of the optical
pulse see Figure 3.15), as is the optical axis alignment of the crystal to the propagating
waves. Tilting of the crystal allows for changes in the wavelength and non-optimum cut
crystal to be accounted for. Improvements in the cutting and polishing of commercially
available crystals have simplified the alignment procedure [95].

This autocorrelator set-up with the polarizer at the input as shown in Figure 3.14 is

known as Type | mixing. The two pulses within the autocorrelator travel with the same
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polarization, but are displaced by mirrors and are focused onto the same plane within the
crystal by a lens. All this leads to a non-collinear mixing to produce SHG in the crystal.

This is shown more clearly in Figure 3.15.

Lens .
— Extracrdinary (2 )
4

Ordinary (o) / /

N o SO S

Ordinary (o) / —

Non-linear crystal Slit

Figure 3.15 Details type 1 mixing: both inputs have the same ordinary polarization,
after mixing in the crystal the second harmonic has a polarization at 90 degrees and in

extraordinary.

Type 2 mixing occurs when the polarizations of the pulses are orthogonal to each other
(ordinary and extraordinary), and the beams are not displaced by mirrors as in Type 1
mixing. Type 1 and Type 2 mixing are both dependent on which crystal is used and its
quality of facet cut [95]. Both Type 1 and Type 2 mixing have a zero background noise
autocorrelation: in Type 1 mixing this is due to the geometry of the setup, whilst in Type 2
mixing it arises from the orthogonal polarization. Type 2 mixing was not used in this
research.

The autocorrelator used in this research was an Inrad 5-14-LD, the set-up of which is
shown in Figure 3.14. A Femtochrome autocorrelator was also used for some back-to-back
measurements, but as it was gated internally, it caused problems with measuring the pulse
duration and timing jitter. This was due to the frequency of the internal gating, which was in

direct conflict with the frequency of the gating for the recirculating loop and caused the
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output to be chopped up on the oscilloscope. Therefore, an alternative solution was
employed, which comprised a slow scanning autocorrelator as shown in Figure 3.16.

The inputted optical signal into the autocorrelator was 1550nm. The SHG crystal used in
this set-up was Lithium lodate (LilO;) and, as shown in Figure 3.16, could be swivelled to
achieve the optimum angle to produce maximum SHG power from the crystal. The crystal
could also be traversed parallel to the direction of propagation to coincide with the focused
beams from the lens. The slits were used to eliminate the passage of the 1550nm signal that
is residual after the crystal. The 1550nm filter was used to eliminate any unwanted signal.

The maximum scan range or variable delay that could be used was 180ps, but the most
common setting used was 100ps, with a scan rate of 1 or 2ps/s. The translation stage
controller performed this and this also controlled the gain of the photo-multiplier tube. The
scan range of 100ps would capture the main pulse and the subsequent pulses for the use in
cross correlation measurement.

The set-up of the autocorrelator was achieved using a helium neon laser, which lases in
the visible part of the optical spectrum and enables the tuning of the geometry of the beams
to be optimised more easily than using an infrared source. This is necessary as the optimal
set up for a autocorrelation system can be difficult to achieve as the light beams have to be
parallel and at the same height throughout the system. Once the light rays are geometrically
correct then the visible source can be substituted for the infrared source, and the optimum
angle for the SHG crystal found. The focal point of the lens should coincide with the middle
of the crystal and tilting the crystal and observing the output of the PMT can find the
maximum SHG. When this has been observed then the optimum focal point can be found by

traversing the crystal parallel to the beams.
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Figure 3.16 The experimental setup for the Autocorrelator used for pulse duration

and timing jitter measurements.

At the input to the autocorrelator there is an iris and a background light filter. These are

to protect the PMT, which is very sensitive to stray light that may enter the system. There

was also polarizer at the input that could be adjusted to get the optimum polarization, which

was also identified by observing the output power at the PMT. Generally, once the

maximum output of the SHG is obtained then the rest of the components can be fine-tuned

to achieve the optimum performance.

As shown in figure 3.16, a high power EDFA provided the gain to cover the losses

incurred by the system and the power needed for SHG. A tuneable optical filter was used

after the EDFA to remove any unwanted ASE. The signal coming from the recirculating

loop passed through a third AOM, which was connected to the delay generator, thus

synchronizing the autocorrelator with the measure time at the end of N-loops.
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An optical chopper, whose speed could be varied, was used in conjunction with a low
frequency lock-in amplifier; this gave narrow band amplification of the signal at the
frequency set by the chopper, which was usually around 1-kHz. This frequency was chosen
because it can be easily differentiated in the lock-in amplifier from the gating of the
recirculating loop. The lock-in amplifier was used to reduce the received electronic
background noise. The lock-in amplifier then triggered the oscilloscope, which displayed
the temporal pulse shape, G(t). G(t) is an averaged pulse shape that exits the PMT, whereas
I(¥) is the pulse shape exiting the SHG. Therefore, knowledge of the input pulse is needed
and any transformations of the pulse within the system, to be able to assume the exiting

pulse shape. A computer was linked to the oscilloscope to capture and save the data points.

3.5.2 Pulse duration measurements

To recover the I(¢) from G(t) in equation 3.20, it is assumed the G(t) at =0 is symmetric
and therefore I(?) is also symmetric about its maximum intensity. There can be a whole
range possible pulse shapes [95], but it can be assumed that the pulse shape is either
Gaussian, sech?, Lorentzian or an one-sided exponential. Table 3.2 shows the conversion
factors by which to relate the FWHM of the autocorrelation function (G(t)) with the
FWHM of the input pulse, from which the pulse duration can be calculated. Explicitly, the

FWHM of I(#) is equal to the FWHM of G(¢) multiplied by 1/k.

Assumed pulse shape, G(t) | Time bandwidth product, Conversion factor,
dv/dt dt/dt = 1/k
Square 0.886 1
Gaussian 0.441 0.707
Sech’ 0.315 0.648
Lorentzian 0.221 0.500
Single sided exponential 0.110 0.500

Table 3.2 The correction values for autocorrelation traces with differing pulse shapes.
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3.5.3 Noise and Timing jitter measurements using the cross-correlation method

If there is modulated noise present in the pulse then this will show up as a spike on the
autocorrelator trace. The noise bandwidth or the temporal coherence range of the noisy
signal would determine the width of the spike, and this noise will effect the contrast ratio.
This spike will sit on the top of the pulse waveform and get progressively larger with
increasing noise as the pulse is propagated over many kilometres. This is shown in Figure

3.17, which shows the autocorrelation trace for 40Gbit/s propagation.
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Figure 3.17 Plots of G(t): (a) autocorrelation trace back-to-back, (b) autocorrelation

trace after considerable propagation with noise spike.

As can be seen in (a) on Figure 3.17 (discussed in more detail in chapter 6, in relation to
the timing jitter) the contrast ratio is around 3:1 and the pulses for 40Gbit/s has a clean
Gaussian shape. However, comparing with (b), the contrast ratio has reduced to 3:2, and
there is a clear modulated ASE spike on the main peak, this in accordance with previous
studies [98].

The reason the secondary pulses are at half the intensity is partly due to the PRBS,
where the subsequent pulses have a 50% probability that they will be a ‘one’ or a ‘zero’,

this results in an average of half the power and half as many pulses contribute secondary
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pulse as to the main pulse. Another reason is that the timing jitter causes the intensity to
spread to the sides of the pulses, and the timing jitter in the system increases as the
propagation distance increases. This will also cause the intensity of the secondary pulses to
fall below the 0.5 intensity mark.

The cross-correlation technique to determine the timing jitter of a propagated pulse was
used by [99], and to look at the jitter in DM autosoliton system by [100], [101], [102]. The
theory of the cross correlation technique and the mechanisms of timing jitter will be
discussed in more detail in chapter 6.

To obtain the timing jitter from the resulting trace, as shown in Figure 3.17, the average
FWHM of the secondary pulses are taken. There are three secondary pulses for 40Gbit/s
propagation as the scan range of the autocorrelator is 100ps and the pulses are 25ps apart.
The FWHM of the main pulse is then subtracted from the average FWHM of the secondary
pulses to obtain the timing jitter. The calculation used depends on the Probability Density
Function (PDF) of the timing jitter, which in most cases can be approximated, to be

Gaussian.

3.6 Summary

In this chapter the details of the optical transmission systems and the measurement
techniques used in the work described in this thesis have been outlined such as the
recirculating loop, modulation format and transmission system performance. Included was a
discussion of the problems associated with setting up the recirculating loop and dispersion
management.

Transmitter and receiver set-ups were described and a short discussion on EDFAs was
presented. Measurement techniques for optical pulses were described, and a detailed
account of autocorrelator theory and set-up was given. Pulse classification and duration
measurements were discussed, as was the measurement of timing jitter, which is discussed

in more detail in Chapter 6.
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Chapter 4 Evaluation of Dispersion managed, Raman amplified

transmission systems.

4.1 Introduction

In this chapter, Section 4.2 is concerned with Raman amplification when applied to optical
transmission systems. The theories behind the detrimental effects that occur to the optical
signal when Raman amplification is used are discussed in Section 4.2. The experimental
setup of the recirculating loop used in this chapter is described in Section 4.3. The results
that were collated during the all-Raman pumped transmission at 40Gbit/s in standard single
mode fibre over 1600km are shown and discussed in Section 4.4. Finally the chapter is

summarized in Section 4.5.

4.2 Raman Amplification

Most long haul optical fibre networks installed to date use standard single mode fibre
(SME). Upgrading these systems to higher bit-rates such as 40Gbit/s and above represents a
very attractive proposition.

Earlier studies have shown that advanced dispersion management and all-Raman
amplification are likely to be the key elements in such an upgrade [103], [104], [105], [106],
[107], [108]. Multi-path interference (MPI) caused by the double Rayleigh back scattering
(DRBS) of the signal proves to be one of the major obstacles when implementing the high-
power Raman amplification required in the systems with amplifier spacing of the order of
100km and above [107], [108], [109]. Studies on the cross-sectional area of the fibre and its
affects on signal degradation due to MPI have been reported [110]. There has also been
research into Raman effects with differing fibre types, and their effect on the propagation of

wavelength division multiplexed systems [111].
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In this chapter, the impact of span configuration on DRBS in a single-channel 40Gbit/s
is reported. An all-Raman amplified standard SMF transmission system with the mid-range
amplifier spacing of 80-90km is discussed. Four different span configurations are compared
experimentally. A transmission distance of 1666km (1973km including Dispersion

Compensating Fibre (DCF)) in SMF is observed.

4.2.1 Double Rayleigh backscattering and Multi Path Interference

As the gain on a Raman amplifier is increased, this not only increases the signal power but
also the number of scattering events. These scattering events are often referred as the
Rayleigh backscattered signal [112], [113]. The Rayleigh backscattered signal does not
decay, but goes on to produce more Rayleigh backscatter, thus interfering with the signal at
the receiver. This phenomenon is called Double Rayleigh Backscattering (DRBS) and it has
been stated that this may be the limiting factor to Raman amplification [114], [115], [116],
[117]. The main problem caused by MPI is that it’s optical spectrum is the same as the
signal and therefore special techniques need to be used when evaluating system
performance.

Along several kilometres of fibre, numerous Rayleigh scattering events will take place.
The amount of DRBS noise will steadily increase as the gain is increased and be mixed
incoherently with the signal at the receiver. Each scattering event will result in an
interfering noise signal with a different phase, such that, the resultant DRBS noise
represents a delayed version of the original signal with random phases at each frequency
component [115], [116].

Since the signal and the spectra of the DRBS coincide, the DRBS MPI impairments are
not highlighted in Optical signal to Noise Ratio (OSNR) measurements. For this, a carefully
designed Q factor measurement technique is needed to quantify how MPI degrades the
system. The Q factor is a good determinant of whether a Return to Zero (RZ) transmission

system has suffered degradation, it is calculated using the oscilloscope from the ratio of
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background noise ‘zeros’ to signal level ‘ones’. The degradation to the system caused by

MPI can be viewed as a penalty to the Q factor, which can be expressed in decibels [117]:

MPIJ, @n

AQ|dB]= 510g[1 +02, —

where Qggr is the input signal Q factor. The mean DRBS noise to mean signal power gives
the ratio of MPL This is determined by k (the ratio of peak to RMS power of the pulse) in
equation 4.1, the value of k is affected by the narrow band filter, and is calculated by taking
the ratio of peak to average optical power after the filter, in the case of a RZ data signal k is
also dependent on the pulse duration. In these studies a filter with a bandwidth of 1.1nm is
used before the receiver, this is slightly narrower than the bandwidth of the pulse generated
by the laser. Therefore, this optical filter removes a much of the noise in the wings of the
pulse. The use of the 1.1nm filter was determined experimentally as it provided the best
system performance.

The eye diagram given in Figure 4.1, shows a pulse with a peak electrical power of
215mV and a RMS value (including the offset voltage of 81mV) of 74mV. These voltages
give a k value of ~3, this is in accordance with previous studies [117], which state that a RZ
pulse should have a k value between 3 and 4.

The type of data format can also influence the amount of MPI in a system. For example
it has been suggested that Q penalty (dB) for RZ has a greater immunity to MPI than Non

Return to Zero (NRZ) by 1.5 to 2dB [117].
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Figure 4.1 The electrical eye diagram that determines the k value in equation 4.1, the

thick black line denotes the RMS electrical power level.

Counter propagation pumping increases the amount of MPI in the system but this can
be reduced significantly by bi-directional pumping [114]. This method works by splitting
the gain between the co and counter pumped amplifiers, MPI is then minimized due to the
lower gains involved. This suggests that a counter-pumped amplifier with a high gain will
suffer from DRBS and that Raman amplification would be far better suited to a distributed

amplification scheme than a high gain lumped amplification unit.

4.3 Experimental set-up

Transmission experiments were conducted in a recirculating loop as shown in figure 4.2 and
set-up experimentally similar to that described in Chapter 3, but with differing fibre lengths.
In the transmitter, a tuneable mode-locked fibre laser (PriTel) generated 3.5ps pulses with a
repetition rate of 10GHz. The pulses were modulated at 10Gbit/s with a 2°'-1
pseudorandom bit sequence and optically multiplexed to 40Gbit/s. All the pulses in the

transmitter output were polarised identically. On the receiver side, the transmitted 40Gbit/s
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data stream was optically demultiplexed to 10Gbit/s using an electro-absorption modulator
[104]. Transmission performance was evaluated by measuring the bit error rate averaged
over the four 10Gbit/s channels. Average signal power launched into the loop was in the
range -3 to —1.4dBm, with the low powers used non-linearity could be kept to a minimum
and the system could be said to be operating in the quasi-linear regime. The EDFA
(Marconi) within the transmission loop had a noise figure of 5-6dB, whereas the Raman

amplifiers (IPG) had a noise figure of 3-4dB.

AOM
10GD/s TS el 1&\230 - Dgl’:ll‘llr\ 10Gb/s Rx
ese
d PC AOM N
Eg ASEF
SMF SMF

EDFA
A 88km 77km
DCF DCF

Raman Raman Raman Raman
pump pump pump pump

Figure 4.2. Experimental set-up, the EDFA within the loop had a NF~5-6dB, the max
gain of the 77km SMF plus DCF was 37.3dB with a total NF~9.5dB. For the 88km of

SMF plus DCF the max gain was 43dB with a NF~13dB.

The fibre span in the loop consisted of a dispersion over-compensated section and a
dispersion under-compensated section, each including a length of SMF (Corning SMF-28)
and a slope compensated dispersion compensating fibre module (SC-DCF), OFS DK80 with

an effective area of 20-pum?.
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Figure 4.3 Dispersion maps of four types of fibre span configurations. Fibre

connection sequences are given in each plot.

The SMF1 and DCF1 in the dispersion over-compensated section 1 had lengths of
77.88km and 14.14km, with the dispersion of 16.54ps/(nm-km) and -96.11ps/(nm-km)
respectively. The SMF2 and DCF2 in the dispersion under-compensated section 2 were
88.76km-long and 16.33km long, with the dispersion of 16.54ps/(nm-km) and -
84.2ps/(nm-km) respectively. The four different dispersion maps are shown in Figure 4.3.
The important fibre characteristics of the two SMF section and the two DCF sections, are
given in Table 4.1.

The differing SMF lengths and DCF placements were then studied experimentally by
altering the sequences of the two sections of SMF and changing positions of SMF and DCF

in each section. The accumulated dispersion over the two spans was 2726.23ps/(nm.km)
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and the residual dispersion was 7.76ps/(nm.km). The average dispersion of the fibre over
the total span was 0.04ps/(nm.km).

Two Raman pumps operating at a wavelength of 1455nm provided the amplification on
each section. In each section, the pump power was split between the SMF and the DCF with
a ratio 70:30. Hence, the SMFs and DCFs were pumped individually and acted as four
distributed Raman amplifiers with a counter-propagating pump. Figure 4.4 shows a typical
Raman amplification scheme. Isolators in Raman wavelength multiplexers (WDM) were

used to eliminate the effects of any lumped reflections.

Loss. Total Loss. | Loss, dB/km | Dispersion. | Dispersion slope
Length. dB/km. dB @14550m ps/(nm-km) ps/(nm2km)
km @1550nm @1550nm @1550nm @1550nm
SMF #1 77.88 0.209 17.49 0.247 16.54 0.06
SMF #2 88.76 0.201 20.55 0.279 16.54 0.06
DCF #1 14.14 0.520 11.66 0.81 96.11 -0.0568
DCF #2 16.33 0.477 12.12 0.87 -84.2 -0.0574

Table 4.1 The fibre characteristics used in this chapter.

Gain in the two sections reaches an estimated value of 0.54dBkm™ for the SMF and
0.87dBkm™" for the DCF. This arises from the fact that the SMF has a lower Raman gain
coefficient than that of the DCF. Specifically the gain coefficients are 0.27W'km™ and the

latter is 1.454W 'km™', respectively.

SMF 1 SMF 2
78km Raman Pump 1 89k Raman Pamp 2
30% 30%
DCF1 DCF2
14k 16k
Raman Raman Raman Raman
WDM WDM WDM WDM
N ~ e -
"v' V—
Section 1 Section 2

Figure 4.4 Typical amplifier configuration (dispersion map A).
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4.4 Results and discussion

A plot of the Raman gain versus pump power for the individual SMF and DCF fibres is
shown in Figure 4.5(a). Also shown is the gain saturation in DCF #2, which is in
accordance with previous findings [118] for identical fibre length, pump power and core

size. A plot of the OSNR versus pump power is given in Figure 4.5(b) for the individual

fibres.
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Figure 4.5 Raman gain for the individual fibres (a) and the OSNR for differing pump

values (b).

Total optical loss in each section was ~16dB. To compensate for that loss, the Raman
pump power was in the range of 1.2-1.3W per section. At this high power level, the DRBS
becomes significant and MPI causes degradation of the Q factor of the received signal. At
the same time, the optical signal-to-noise ratio (OSNR) remains high since the spectra of the
DRBS and the signal coincide [108]. Therefore, the presence of DRBS can be detected by
independent measurement of the Q factor and the OSNR. In the experiments, these
measurements were carried out simultaneously whilst the Raman pump power was varied.

During the measurements, the power of Raman pump 1 (Figure 4.5) was kept at a

constant level of 1.3W, whilst the power of pump 2 was varied in range 1.1-1.9W. As a
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result, gain of the signal in the dispersion overcompensated section (section 1) was constant
and equal to 30dB. Gain of the signal in section 2 varied (as the power of the Raman pump
was increased or decreased) and this was then combined with the gain in the SMF in section

2. The gain to the signal was (15dB to 25dB) in the SMF and the gain to the DCF in section
2 was (11dB to 18dB).
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Figure 4.6 Gain Vs pump power for SMF and DCF (a) and OSNR Vs pump power

(b).

In Figure 4.6(a), the gain in both the SMF and the DCF for both cases can be observed
to increase linearly with pump power. The OSNR versus pump power in Figure 4.6(b),
shows that an increase in fibre length of 11km produces a penalty in the OSNR of ~5dB.
The OSNR can be seen to increase with pump power, before it reaches a peak and starts to
reduce, this effect is more noticeable in the 77km SMF plus DCF #1 case. The reduction in
OSNR is due to excessive ASE noise building up in the fibre link, and non-linear
interactions from the higher signal power, primarily in the DCF. There is no observed
saturation of the Raman gain as the input signal is -1.0dBm, which is low enough not to

cause saturation within this length of fibre.
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Figures 4.7(a) and (b) show the ONSR and the Q factor of received signals after six
round-trips in the loop (approximately 1000km of SMF) as a function of the pump power.
The Q factor was measured using a digital sampling oscilloscope. In the absence of MPI,
OSNR and Q should have similar trend. It can be seen from Figure 4.8(a) that the OSNR
constantly increases with the pump power, whilst the Q factors first increase with pump

power and then decrease after reaching the peak.
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Figure 4.7 Pump power effect on output OSNR (a) and Q factor (b) after total

1200km of propagation.

It is estimated that the average power of the signal arriving to the DCF2 (Figure 4.3(b))
never exceeded 0dBm. The signal propagated in DCF2 is in quasi-linear regime, i.e. no
significant degradation, caused by non-linear self-interaction of the signal occurred.
Therefore, the observed rollover of the Q factor is attributed to strong DRBS at pump levels
above 1.3W.

The increasing noise floor of the background MPI versus the Q penalty in dB is shown
in Figure 4.8(a), and this was calculated using equation 4.1. The reference Q factor was
taken back-to-back and is the best obtainable Q factor for this system. The delta Q factor for

the specific type of map used was calculated by comparing the Q factor obtained over the
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map type with the reference Q factor. The MPI could then be calculated with both of the Q

factors obtained. The MPI value was then compared by increasing the Raman pump power.
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Figure 4.8 (a) Increasing level of MPI noise Vs the Q penalty, and (b) rising MPI

level in linear units Vs the pump power.

The experimental results show a good correlation to the numerical results given in
[117]. As can be seen the result for type A over this range of pump power produces the
lowest value of MPI with all the other types of dispersion maps producing a higher MPI
noise floor. As can be seen for map type A the change in Q factor is small which can be
directly correlated to a low MPI value. All of the other maps have a large change in Q factor
that leads to a higher MPI value. Figure 4.8(b) shows the normalized MPI value increase
versus the Raman pump power for all four maps, and this shows that type A dispersion map
has the optimum performance, with the MPI building up at a much-reduced rate. This result
shows the direct link between the Q factor and the MPI value, and the use of the Q factor to
determine any system degradation that OSNR values alone would miss.

In the earlier studies, it was found that the Q factor degradation due to DRBS is
strongly dependent on the dispersion management in a dispersion map comprising positive

dispersion fibre and negative dispersion fibre (PDF/NDF map) [107], [108], [109]. In line
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with these results, there was observed a strong dependence on the dispersion map
configuration in an SMF-based system. It was found that the most robust type of map
configuration against DRBS was type A, where the dispersion over-compensated span was
followed by dispersion under-compensated span as shown in Figure 4.3(a) along with the

other types of map configuration.
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Figure 4.9 Comparison of BER performance of a single channel 40Gbit/s data stream
in the four system configurations (a) and an example of the eye diagram (b) back-to-back
bottom and type A top after 1970km total propagation (10Gbit/s demultiplexed eye above

for each case).

The transmission performance of the four types of map used can be compared in Figure
4.9(a). The Raman pump levels were adjusted for each map in order to minimize the output
error rate. The optimal pump power was in range 1.2-1.5W per section. As was expected
given the previous measurements, the configuration type A showed the longest error free
(BER<10'9) transmission over 10 round-trips in the recirculating loop, corresponding to the
transmission distance of 1666km in SMF (1970km including SMF and DCF).

The eye diagrams in Figure 4.9(b) shows; the 40Gbit/s and demultiplexed 10Gbit/s

signal back-to-back in the bottom eye diagram; the 40Gbit/s and demultiplexed 10Gbit/s
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signal after 1600km in the top eye diagram. As can be observed there is a small amount of
added dispersion in the 40Gbit/s signal after 1600km, when compared to the back-to-back
case. The retiming of the pulse can also be seen in both cases for the 10Gbit/s signals, with
reduced timing jitter when compared with pulses in the 40Gbit/s data stream. This figure is
the ‘raw’ transmission distance achieved without forward-error correction. It is estimated
that a FEC scheme similar to that used in [106] could extend the transmission limit to

3000km if applied in the system presented in this chapter.

4.5 Summary

The results obtained in this chapter indicate that system degradation caused by DRBS can
be minimized by optimization of the amplification regime. This yields a significant
improvement, delivering system performance similar to the theoretically limited one. A
further optimization of the dispersion map also gave improved results to a standard fibre
transmission system. An error free propagation over 1666km of standard fibre has been
achieved. The results demonstrated here show a possible route for upgrading the installed

standard fibre networks.
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Chapter 5 Signal propagation in dispersion managed systems guided by

non-linear optical loop mirrors

5.1 Introduction

In this chapter, the main topic is the improvements in signal propagation that can be
obtained by inserting a Non-linear Optical Loop Mirror (NOLM) into a transmission
system.

In Section 5.2, the theories of the NOLM, effects of concatenation and DM autosoliton
propagation are discussed. The improvements in propagation by the addition of a NOLM to
a transmission system at 10Gbit/s and 40Gbit/s are also shown in this section. Signal
propagation at 80Gbit/s requires the use of a different NOLM: this is discussed and
experimental results are presented in section 5.3. Finally in section 5.4 the chapter is

summarized.

5.2 Background theory

In this section the background theory of the Non-linear Optical Loop Mirror (NOLM) and
its abilities to suppress background noise are discussed. The NOLM’s application in a
transmission system and the observed propagation regime that arises from concatenated
loop mirrors is discussed.

On the fundamental level, degradation of the transmission performance of a soliton
system is mainly caused by pulse-to-pulse interaction and an accumulation of spontaneous
emission noise. These detrimental effects can be suppressed to some extent by an
optimization of the dispersion map and improvements to other aspects of the transmission
system, such as transmission format and amplification scheme. A more radical

improvement can be achieved by signal regeneration. Even partial regeneration, including
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reshaping and re-amplification of the signal (2R-regeneration) affects the system
performance significantly.

One way to provide 2R regeneration is to employ a non-linear optical element acting as
a saturable intensity filter. Non-linear optical loop mirror and semiconductor saturable
absorber are two well known non-linear intensity filtering techniques [120], [121]. Data
transmission over transoceanic distance in a low-strength dispersion map using saturable
absorbers has been reported recently [120]. However, the NOLM has never been
implemented in long-haul data transmission, in spite of receiving a considerable research
attention over the last decade.

Recent theoretical studies have suggested that in-line NOLMs can provide stable pulse
propagation in a dispersion managed fibre system [121], [122], [123]. Specifically, not only
does the NOLM act as a 2R regenerator, but also a new DM autosoliton propagation regime
is supported by a NOLM guided system that does not exist in an equivalent DM-system.
The main advantage in using a NOLM instead of a Non-Linear Amplifying Loop Mirror
(NALM) is that the NOLM is a completely passive device. Therefore, it does not introduce
additional amplified spontaneous noise that is inevitably present in the NALM output.

There exists a considerable difference between the NOLM guided DM autosoliton and
the filter-guided DM soliton. A filter is a linear element; hence the DM soliton’s existence
requires the propagation through the fibre to be essentially non-linear. On contrary, NOLM
is a non-linear switch, and DM autosolitons can exist in the system even if the propagation
in fibre is linear (or quasi-linear, as in our experiment). This stable wave (the ideal
information carrier) is reproducible at the output of each section, and has its characteristics
set by the system parameters only and not by the input and system parameters as with DMS
systems.

Autosolitons can be described, as an asymptotically stable solitary wave in non-
conservative media, when, in addition to the equilibrium condition between non-linearity
and dispersion, there exists a balance between amplification, frequency-dependent damping

and non-linear dissipation [124].
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5.2.1The Non-linear Optical Loop Mirror (NOLM)

The non-linear optical loop mirror originally proposed by [125], and this was
experimentally demonstrated by [126] and [127]. The NOLM incorporates the Sagnac
interferometer, and consists of a four port bi-directional coupler, where port one is the input
port. Port three and four are connected together with a length of optical fibre (preferably
with a high non-linear coefficient), and port two is the output.

A schematic diagram of the NOLM is shown in Figure 5.1. The operation of the
NOLM in this work required an asymmetry to exist between the arms (that is between Ej
and E,). There are numerous ways to construct the NOLM, such as using different coupling
ratios [125], or by placing an attenuator after the coupler to create an asymmetry [128]
(these were the methods used in this work). A gain element can also be used in the NOLM
to achieve asymmetry [129], whilst differing the dispersion between the arms can have the
same effect [130].

One of the most important features of the NOLM is that it can reshape a pulse, suppress
the noise and dispersive wave radiation [128], even if the input pulses are non-soliton.
Differing parts of the pulses see differing transmissivity, because of intensity modulation,
which leads to a partial transmission and pulse break up. The NOLM can increase the pulse
duration of inputted non-soliton pulses as a result of the dispersion added by the NOLM,
pulse shaping, added spectral chirp and loss [131].

The pulse duration increase can be minimized with proper optimization in the
construction the NOLM. If the input pulses are solitons they can be viewed as particle like,
but there will be some pulse reshaping. This will be limited if the coupler is highly
asymmetric thus keeping the optical power in one arm of the NOLM well below the soliton
threshold. The pulse in this arm will see substantial broadening and dispersive wave

radiation.
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Figure 5.1 Schematic of the NOLM.

As shown in Figure 5.1, the propagating signal enters the NOLM, where it is split into
two identical signals by a 50:50 ratio coupler. The two signals are then sent in counter-

propagating directions to each other. On exiting theNOLMhto signals either

constructively or destructively interfere with each ofhéffgfﬁf, s produ - an interferometer.

Altering the phase of one of the signals can control'thfe-: ihtefféféné‘é and increasing the.

intensity of the optical field within the NOLM can control the 4p_hase. If a coupler witha

70:30 ratio is used, a greater magnitude phase shift will occur to the signal.

If the two counter-propagating signals have different intensities, this leads to a

differential Kerr-effect-induced (non-linear) phase shift. As the input optical ~powef is
increased the signal is reflected back down port one until a Az phase shift is reached, at
which point the signal is transmitted through port two.

The phase shift due to SPM, F, in the loop mirror is given as [25]%

o - 2, |E| L

I , (5.1

where E? is the inputted optical power, n; is the non-linearity coefficient, L is the length of
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optical fibre within the NOLM and 2 is the operating waveler

the power coupling ratio for the cross coupler is given as a:I-a,

split optical power. A NOLM with a single input

Ey|” =|En| (1 ~2a(l- a‘){l +cos|_(1 22

where Ej; is the output electrical field, Eyy is t/h/e”iripilf electncalﬁeld .
If the coupler’s ratio is unbalanced this then switches the NOLM to a transmittance
mode where the signals appear at the output port, where the transmissivity, 7, is given as

[121]:

P 7P
T:%UI_Z 1—2a(l—a)1il+cos(®+ﬁﬂ s (5:3)

SWITCH

Here F is the bias, Py is the input power and Pswrrcu is the sw tching ower and is \g;i"\"/fen

as:

P, My (5.4 R
SWICH = 2 7m, L(1 - 2t ) | .

where A4 is the effective area of the fibre.

The NOLM is sensitive to polarization, and in the construction of the NOLM used in
this work there were two polarization controllers within the loop/m/ifrfo/’i and one just before
it. The number of polarization controllers could be reduced if birefn'riéent fibre was used
instead of DSF. The bias, F, in the experiments is set to zero or p, as the polarization in the
NOLM is set by the polarization controllers [132].

If a NOLM has a low contrast (switching ability) then the output signal may be of no

better quality than the input signal. This would then be pointless as an optical regenerator.
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The transmission characteristics are dependent on the type of

Continuous Wave (CW) case there is 100% transmission with a pphase

similar for a soliton input as phase in solitons is time i pe_nde‘nf, and is 'charaCtériS_ti'c- ‘folr“

the whole pulse duration. For these two casesthetr smission peaks are shlﬁed, with
respect to the input optical power. For an input that 1sn0tCW or a soliton then the 100%
transmission is not reached, therefore the contrast is- redhge;d?andéthe. peaks are shifted,

which requires more input power to achieve the switching point maxima.
5.2.2 Concatenated non-linear loop mirrors

The concatenation of NOLMs in a transmission link, was first proposed by [121]; and was
used to help provide stability to soliton propagation by intensity filtering and pulse
amplitude control. The use of NOLM instead of other types of saturable absorber was
simply a case of response time; the NOLM has an ultrafast response time in the sub-

picosecond region. The work presented in [122] pro:Vidésﬂ?zfa;lg‘ffif?:insi_ght-to autosoliton

transmission in standard fibre. If asymmetric couplers are used, then the fraction of

background noise rejected by the NOLM will increase, with increasing asymmetry. Gain in
the amplifiers needs to be slightly more than the loss in the system to overcome the fraction
of the pulse power that was rejected by the NOLM; this was overcome in later sections by
the use of an attenuator after the NOLM.

It is important to operate the NOLM just past the peak of the switching curve [121]. By
operating past the switching peak, a negative feedback mechanism is set up where if the
pulse power increases the transmissivity decreases and vice versa. This enables the pulse to
keep at a steady state, while still eliminating the background wave radiation.

Timing jitter as discussed in Chapter 3, can be a considerable problem in a soliton
transmission system, due to the Gordon-Haus effect. This effect can be reduced with the use
of saturable absorber’s noise suppression abilities. However, if an amplifier is to be used

before the NOLM, then depending on the bandwidth of the amplifier a certain amount of
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and the NOLM.

The bifurcation effect is also marginalized by the ’solitéh’éelf;ﬁequ,cncy shift [133], thié
was observed by [134], and is the downshifting of the optical carrier frequency through
stimulated Raman scattering in the fibre. Placing an optical band-pass filter with a
sufficiently narrow bandwidth after the amplifier can suppress this phenomenon [135], if
the filter is offset by the equal but opposite amount to that seen by the soliton in Raman
frequency shift.

The magnitude of the pulse is controlled by the bandwidth of the filter, however there
will be more gain needed to overcome the losses incurred by the filter that leads to a
building up of dispersive waves and noise at the carrier that are deleterious to the soliton.
Dispersive waves or radiative background is always formed by solitons in optical fibre, and

it originates from amplifier noise or from the mismatch between a soliton and a linear pulse.

The NOLM on the next round trip will then remove the unwanted noise radiation and |

ASE build up from the fibre span by intensity filtering [128].

5.2.3 DM autosoliton propagation

DM autosoliton [124] propagation in fibre has been proposed by [122], [136] and
experimentally demonstrated by [137]. Autosolitons are dynamically stable solitary waves
[136], these stable waves are the ideal information carrier, and DM autosolitons have their
characteristics set by the system parameters, unlike standard soliton or DM soliton
propagation as discussed in chapter 3, which is set by the input pulses as well as the system
parameters.

The impetus behind DM autosoliton propagation is the need to keep the standard fibre
maps that exists in the field. DM autosoliton propagation has to be shown to work on

sections of SMF fibre between 80 to 100km in length with high dispersion (strong in map
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strength), that have been routinely laid by ‘te’l‘ecommunicaﬁon;f prov1dersDM 'ol'it‘(f)nf
propagation cannot exist in these strong dispersion maps, often kceflflédi the _quasi-linea
regime. ‘

A fundamental feature of the DM autosoliton is th/ét:it can be set-up in a system
independent of the input pulse parameters. The critical points are that the pulse duration and
energy are restored at the end of each transmission link. The NOLM provides the non-
linearity needed for DM autosoliton propagation unlike the DM soliton, which requires the
energy of the pulse in the fibre to provide the non-linearity. To ensure that the optical power
is restored to the initial level at the end of each cycle an attenuator was placed after the
NOLM to provide quasi-linear propagation through the fibre span, this is the distinction
between the DM soliton and the DM autosoliton transmission regime.

Before DM autosoliton propagation exists, there is a period of change; the autosoliton
and other solitary waves, such as chirped Gaussian pulses are all perturbations of the initial
pulse. As the pulses are propagating through the fibre, the solitary waves then disperse and
go to form dispersive wave radiation, which get filtered out by the NOLM leaving the
autosoliton. The DM autosoliton experiences no dispersive spreading at the output of each
successive fibre span (undergoes significant dispersive spreading within the fibre span) and
thus keeps its profile, more importantly any distortions to the DM autosoliton profile do not
destroy the DM autosoliton, and it is maintained as dynamically stable solitary wave. This is

the difference between DM autosoliton and a DM chirped pulse [136].

5.3 Experimental observation of autosoliton propagation in a dispersion-managed system

guided by non-linear optical loop mirrors at 10 and 40Gbit/s

Ultra-long haul data transmission at high speeds over transoceanic distances represents a
substantial technical challenge and usually requires the optical transmission system to
support stable optical carrier propagation. The so-called fundamental soliton [138] and

Dispersion Managed (DM) soliton [139] have been proved able to propagate over
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transoceanic distances without distortion. These techniques provide in pxti}ﬁCipl'ei a solution

to the problem of transmission at bit-rates up to 40Gbit/s. Speeds of 4QGbi7t/s.= and above
require additional efforts, such as a carefully designed dispersibn fnap: constructed of a
special dispersion-shifted fibre [140]. i

In these fibre links, the dispersion map strength, (a fibre link parameter that is
proportional to the local dispersion variation and the map period and inversely proportional
to the square of the pulse width [141]) is relatively small. However, more than 90 percent of
the installed fibre to date is standard single mode fibre. Typically, the dispersion map
strength in a standard-fibre system is in the range of 25 to 300, depending on the duration of
propagating pulses and assuming the amplifier spacing is in the range of 80 to 100km. In
such strong dispersion maps, neither the conventional soliton nor the DM soliton techniques
can provide the stable carrier propagation over long distances [142]. As a result, the
physically limited (i.e. measured without forward error correction (FEC)), error-free
transmission distance at 40Gbit/s in standard fibre typically does not exceed 2000km [138]

unless active regeneration techniques and/or FEC are employed.
5.3.1 Experimental Set-up

The experimental set-up is shown in Figure 5.2. The carrier signal was provided by a mode-
locked fibre ring laser (Ultrafast Optical Clock, Pritel, Inc), operating at a central
wavelength of 1553.5nm. The laser produced pulses of 3.5ps in duration at the repetition
rate of 10GHz. The signal was encoded using a pseudorandom bit pattern with the bit word
length of 2°'-1 by means of a LiNbO; modulator. This 10Gbit/s encoded signal was

optically multiplexed to 40Gbit/s.
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Figure 5.2 Experimental set-up of the transmission system used for DM autosoliton

propagation.

The re-circulating loop comprised two spans of standard single mode fibre, 82km and
83km long, and two slope-compensating fibre dispersion compensators. Average dispersion
in the system was set to be slightly anomalous, approximately +0.003ps/(nm.km) at the
operating wavelength. The corresponding dispersion map strength is 280, which means the
pulse is highly dispersed and unlikely to suffer degradation from intra-channel non-linearity
due to the low peak power. An Electro-Absorption Modulator (EAM) was used in the
receiver to demultiplex the signal from 40Gbit/s to 10Gbit/s.

The average signal power coupled into the recirculating loop was —9dBm at the data
speed of 10Gbit/s and —3dBm at 40Gbit/s. The system was Raman amplified with the gain
provided by Raman pump waves counter-propagating with the signal. A separate pump was
used for each standard fibre and for each dispersion compensator. The Raman pump

wavelength was 1455nm.
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Figure 5.3 The NOLM switching curve, with the different powers for differing data

rates, with the operational range of average optical power needed.

The operation of the generic DM system as described above was compared with that of
an equivalent NOLM-guided system. For this purpose a NOLM was added to the system
also added was a high power EDFA amplifier (1 Watt) to boost the power to the level
required by the NOLM, as shown in Figure 5.3. In addition, an attenuator was placed after
the NOLM in order to balance the power in the system. The NOLM switching curve given
in Figure 5.3, as observed a 100% transmission is not reached as discussed in section 5.2.1.
In this case it is ~25%, and the contrast is reduced to ~40%, this is due to a 70:30 coupler
being used (if a high data rate is used it can be comparable to that of the CW scenario).

The NOLM used in this experiment comprised an asymmetric fibre coupler with
splitting ratio of 70:30 and 2.3km of TrueWave fibre with an anomalous dispersion of
+2.8ps/(nm.km) at 1550nm. The non-linearity coefficient, n; of the DSF was 1.6.102%-m/W.
The NOLM was placed at the beginning of the recirculating loop. An EDFA at the NOLM
input was used to boost the signal to appropriate power level. In all measurements, the

system was optimized in order to maximize the error-free (BER 10”%) transmission distance
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for a given configuration. Maximum transitivity of the NOLM operating at 40Gbi;tls_‘f‘wa,s”,\’ .
reached with an input average power level of 1.3-1.4W and this is shown in Figure 5.3.

The propagation in our experiment was quasi-linear due to the special efforts to
maintain the average power at low level. Considerable non-linearity was present only in the
NOLM itself. The transmission format was Return-to-Zero, and the propagating pulses were
considerably chirped virtually at any point in the re-circulating loop except for the region

near the loop input/output.
5.3.2 Experimental Results

The signal dynamics were investigated in the above system at data rates of 10Gbit/s and
40Gbit/s. At both speeds, performance of the generic system was compared with that of the
NOLM guided system. The effect of the NOLM was immediately evident from the Bit
Error Rate (BER) measurements. At the data transmission speed of 10Gbit/s, the error-free
transmission distance increased from 4,300km in the generic system to 11,000km in the
NOLM-guided system, as shown in Figure 5.4(a). At the speed of 40Gbit/s, the similar

increase was from 1,000km to over 4,000km (Figure 5.4(b)).
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Figure 5.4 Transmission performance at 10Gbit/s (a) and that at 40Gbits/s (b). Closed
squares and open circles correspond to the generic system, and to the NOLM-guided

system, respectively.
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The eye-diagrams for the 10Gbit/s signal are shown in Figure 5.5; in Figure 5.5(a) thg
generic system is shown with a substantial amount of amplitude jitter, and A\S_E.noisé on the -
zero. The NOLM guided system can be observed in Figure 5.5(b) where the amplitude jitter
has been reduced along with the ASE. The NOLM suppresses the background wave
radiation and, because of the NOLM’s operation beyond the first switching peak, the

negative feedback allows for a suppression of the ‘ones’.

(bF—+

-
Bt o

Figure 5.5 10Gbit/s eye diagrams at 4000km in the generic system (a) and at 11000km

in the NOLM guided system (b).

In order to study the NOLM-guided system in more detail, the signal evolution in the
spectral and temporal domains was monitored at 10Gbit/s. The stroboscopic evolution of
the auto soliton pulse is shown in Figure 5.6, the evolution of the pulse can be seen to
remain stable beyond 17,000km, both spectrally (Figure 5.6(a)) and temporally (Figure
5.6(b)).
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Figure 5.6. Spectral (a) and temporal (b) autosoliton evolution at 10Gbit/s in a NOLM

guide system.

Evolution of the 40Gbit/s signal spectra in the generic and in the NOLM-guided
systems is presented in Figure 5.7, where the OSA resolution is 0.05nm. In the generic
system with a AA of 1.1nm at 3dB, the signal spectrum experiences changes during the
entire time of propagation, as shown in Figure 5.7(a). The signal gradually accumulates
Amplified Spontaneous emission (ASE), this accumulation produces a narrow peak in the
final spectrum, shown by the solid line in Figure 5.7(a). Multiple passes cause gradual
narrowing of the ASE spectrum through the band pass filters.

In the NOLM-guided system, the spectrum evolves in a very different manner (Figure
5.7(b)). The spectral profile, AA of 0.95nm, which is well approximated by the sech” shape,
was formed during the initial stage of propagation over several hundred kilometres. The
spectrum does not change within the error- free propagation distance and remains
remarkably stable well beyond this distance, up to 10,000km and more. Figure 5.7(a), in the
generic system the observed signal bandwidth gets progressively narrower, whereas in the
NOLM guided system, shown in Figure 5.7(b), there was an initial reduction then a
stabilization of the signal. This initial reduction originates from the intensity filtering of the
NOLM, where there was a portion of the bandwidth switched due to intensity and the rest of

the spectra rejected. The DM autosoliton regime is then set up and the pulse turns particle

111



CHAPTER 5: SIGNAL PROPAG/ATION IN DISPERSION MANAGED SYSTEMS

like in nature and performs in a different manner to that of a chirped Gaussian pulse in the

NOLM.
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Figure 5.7 Spectral evolution of the 40Gbit/s signal in the generic system (a) and in

the NOLM-guided system (b).

Evolution of the temporal profile was characterized by using a gated, background-free
autocorrelator. Autocorrelation traces measured at several points in the generic system are
shown in Figure 5.8(a), and those taken in the NOLM-guided system are shown in Figure
5.8(b). The pulse duration and shape were monitored as the signal propagated in the system.
Each autocorrelation trace included a main peak and several additional peaks arising from
the cross-correlation between adjacent pulses. These additional peaks are broader than the
main peak because of the timing jitter. The timing jitter was evaluated by using a procedure
similar to that as described in [143] and is discussed in further detail in Chapter 6.

As can be seen in Figure 5.8(a) the noise build up in the generic system shows up as a
spike on the main peak, this is not evident on the NOLM guided system, where the pulse
has kept its shape up to 10000km Figure 5.8(b). The background increase in the generic
system Figure 5.8(a) is due to non-linear intra-pulse interaction and dispersive broadening.
Whereas in the NOLM guided system (Figure 5.8(b)) the pulse shaping properties of the

NOLM coupled with the DM autosoliton propagation regime maintain the pulse profile.
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Figure 5.8 Autocorrelation traces showing the 40Gbit/s signal evolution in the

generic system (a) and in the NOLM-guided system (b).

In the 40Gbit/s generic system, the pulse duration gradually increased due to non-zero
average dispersion and reached 12ps after 2,500km (Figure 5.9(a)). Although it was
possible to balance the dispersion with a greater precision and therefore to minimize the
pulse spreading, this configuration was found to show a reduced error-free transmission
distance and we chose not to study it any further.

The NOLM-guided systems pulse duration remained stable within the accuracy of
measurements and was measured as 3.6ps during transmission over more than 10,000km.
Notably, the pulse spreading was virtually eliminated in the guided system in spite of the
fact that the NOLM dispersion added to the average dispersion, making it greater than that

in the generic system. The dispersive pulse broadening was compensated for by the self-

phase modulation in the NOLM.
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Figure 5.9 Dynamics of pulse duration measured in the generic system and in the

NOLM guided system.

The transmission system was then optimized and further experiments carried out.
Additional care was taken with the OTDM, to ensure the ‘bits’ were exactly in the centre of
the time slot and the pulse-to-pulse power was the same from pulse to pulse (~6f] peak
power). The power in the recirculating loop was optimized to just under —2dBm, however
this still ensured a quasi-linear propagation regime. The results of this optimization can be
seen in Figure 5.10(a), where the transmission distance has increased to 5,800km, with a
total transmission distance including the DCF of 7000km. The eye diagrams for the back-to-
back signal are shown in Figure 5.10(b), the difference in the pulse to pulse optical power
was 10%, where an improvement still could be made on the pulse-to-pulse peak power and
the eye diagram after 5800km is given in Figure 5.10(c).

The 40Gbit/s eye diagrams at various stages of propagation are given in Figure 5.11
(top), with the 10Gbit/s demultiplexed eye diagram on the bottom of each individual
picture. A good clear eye can be observed at all distances up to 7500km, which indicates

that with further optimization there could be further gains in transmission distance.
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Figure 5.10 (a) BER performance of de-multiplexed 10Gbit/s data versus propagation
distance. Eye diagrams of 40Gbit/s data stream, (b) back to back, and (c) propagation

over 5,800km of SMF using 2R regenerators.
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Figure 5.11 40Gbit/s eye diagrams at i) 2500km, ii) 4000km, iii) 6000km and iv)

7500km. With the respective demultiplexed 10Gbit/s signal below.

The results confirmed the existence of DM autosolitons in the NOLM-guided system,
in line with the earlier theoretical results [122], [123]. There exists a propagation regime

where the pulse duration, power and spectrum, measured at a certain point in the system,
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remain stable over a virtually infinite distance. The NOLMs act as 2R-regenerators and the
degradation of the data transmission performance in the NOLM-guided system is mainly
due to the timing jitter increase. The measurements confirmed the constant increase of the
timing jitter, shown in Chapter 6. In principle, it could be possible to optimize the
dispersion map in order to reduce the accumulated timing jitter which represents a potential

for further improvement of the demonstrated method.
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5.4 DM autosoliton propagation at 80Gbit/s using concatenated non-linear loop switches

in standard fibre

One of the ways in which optical data transmission is progressing is through the steady
increase in bit rate per channel. As 40Gbit/s technologies mature, interest in even higher
speeds increases. In particular, the feasibility of long-haul transmission at 80Gbit/s is of
considerable interest.

To date, non-regenerated transmission at 80Gbit/s per channel has been limited at
distances up to 200km in standard fibre [144] and up to 1,200km in dispersion-shifted fibre
[145]. Long-haul type transmission has been also demonstrated (10,000km, dispersion
shifted fibre) although at the cost of using relatively complex optical retiming [146].

2R regeneration is one possible way to improve the transmission at 80Gbit/s and to
make it more practical whilst keeping the complexity of the system low compared to
complete (3R) regeneration. In the previous section there was demonstrated data
transmission at 40Gbit/s over 7,000km in standard fibre and DCF by 2R regeneration using
in-line non-linear loop switches [147]. The key to this kind of transmission is the design of
dispersion-managed system that supports switch-guided autosolitons [148].

In this section, switch-guided DM autosoliton propagation at 80Gbit/s was evaluated.
Switch-guiding is using the NOLM at the optimum power point on the transmission curve
to transmit the pulse and reject the noise. By comparing the dynamics of spectra and pulse
duration, signal transmission in the dispersion-managed switch-guided system is directly
compared with a generic dispersion managed system. The stable DM autosoliton

propagation over distances in excess of 3,000km was observed in the switch-guided system.

5.4.1 Experimental set-up

The experimental set-up is shown in Figure 5.12, and is similar to that of our earlier

experiments carried out at 40Gbit/s [147]. Measurements were taken in a re-circulating
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loop. A mode locked fibre laser (Ultrafast Optical Clock, Pritel Inc) gen‘erated a 10GHz

pulse train with the pulse duration of 3.5ps. A 2*1-1 pseudorandom bit pattern was imposed

on the carrier signal by a LiNbOs3 modulator. The signal was then optically multiplexed to

80Gbit/s.

The generic recirculating loop consists of 165km of Single Mode Fibre (Corning SMF-

28) split into two spans of equal length, and two slope compensated dispersion

compensating modules, resulting in an average dispersion of +0.003ps/(nm.km). The map

strength for the system was approximately 280. The average power at 80Gbit/s in the

recirculating loop was kept at ~1dBm during the experiment to maintain a quasi-linear

propagation regime.
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Figure 5.12 Experimental set-up.

Non-linear switching was provided by an in-line non-linear optical loop mirror

(NOLM). The NOLM comprised a symmetric (50:50) fibre coupler and 2.3km of

TrueWave fibre (DSF in Figure 5.12) with an anomalous dispersion of +2.8ps/(nm.km).

Asymmetry was provided by a variable attenuator placed inside the NOLM near one of the

ports. Polarisation controllers inside the NOLM compensated for the fibre birefringence.
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Polarisation and attenuation inside the NOLM were adjusted to minimize the

transmitted noise. An auxiliary attenuator at the NOLM output was used to maintain the

appropriate average power in the system. By using a gated output, spectra and background-
free autocorrelation traces were taken at a given number of round-trips around the re-

circulating loop.

5.4.2 Experimental results and discussion

In the experiment, the signal evolution in the NOLM-guided system was compared with that
of the generic system. The generic system was formed by the removal the 2R regenerator
unit (the loss across the NOLM was minimal as the power into the 2R unit was accounted

for by the EDFA before and the attenuator after the NOLM)(see Figure 5.12) from the

recirculating loop; the generic system was then subsequently optimised for maximal
transmission distance.

The switching curve of the NOLM is shown in Figure 5.13. The Operating range of the
NOLM was chosen to be slightly beyond the transmission maximum as discussed
previously. Therefore, the non-linear effects of the NOLM were essential during pulse
propagation in the NOLM-guided system. Transmission through the NOLM caused some
elongation of the transmitted pulse from 3.8ps to 4.1ps. The spectral bandwidth at the

NOLM output was 0.84nm corresponding to the time-bandwidth product of 0.43.
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Figure 5.13 Switching curve of the 50:50 split NOLM with asymmetrical loss.
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Figure 5.14 Spectral evolution in the generic system (a). Spectral evolution in the

NOLM guided system (b).

Figure 5.14(a) and Figure 5.15(b) show the spectra measured in the generic (a) and in
the NOLM-guided (b) systems. A gradual accumulation of the amplified spontaneous
emission (ASE) was evident in the generic system, resulting in almost complete signal
degradation at a distance of 1,600km. A shift of the central wavelength and a slight
narrowing of the bandwidth were also visible. Contrary to the above, the signal spectrum in
the NOLM-guided system forms a well-defined shape at the initial stage of propagation
over several hundred km and subsequently maintains this stable shape over a distance of

more than 3,000km (Figure 5.14(b)).

Figure 5.15 Eye of the 80Gbit/s signal back to back after the NOLM.
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The 80Gbit/s eye diagram is shown in Figure 5.15, this was taken back-to-back with the ‘

NOLM in situ. There was a suppression of the noise level and a levelling of the peaks, but

as the bandwidth of the detector is 32GHz, it could only be used for observational and

setting up purposes. Care had to be taken to align all the pulses correctly within their

allocated time slot.
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Figure 5.16 Autocorrelation traces measured: a) back to back; b) after 1000km in the

generic system; c) immediately after NOLM during the first round-trip; d) after 3300km

in the NOLM-guided system. Left parts of the traces are not shown.

For monitoring the temporal dynamics, autocorrelation traces were measured at regular

intervals in the generic and in the NOLM-guided systems. Results of the autocorrelation

measurements are shown in Figure 5.16. The considerable difference between the traces in
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Figure 5.16(b) and Figure 5.16(d) was due to the gradual pulse broadening in the generic
system as well as the growth of pedestal due to accumulated ASE. The peaks in Figure |
5.16(d) are better resolved and have a greater contrast, indicating the pulse duration
stabilization and noise suppression in the guided system. The plot of pulse duration is given

in Figure 5.17, and it shows a significant difference between the generic and the switch-

guided systems.
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Figure 5.17 Evolution of pulse duration in the generic system (circles) and in the

NOLM-guided system (squares).

In the generic system, the pulses broaden because of non-zero average dispersion. The
dispersion non-zero value was chosen in order to optimize the transmission performance of
the generic system. In the guided system, the pulse duration stabilizes at 4ps and remains
unchanged up to 3,000km and beyond, after which the jitter makes the autocorrelation
traces difficult to measure. The timing jitter was taken using a method similar to [149] and
this is discussed in detail in Chapter 6.

The spectral and temporal measurements above indicate the existence of a stable
propagation regime in the NOLM-guided system. This regime is characterized by a fixed
pulsed duration and a constant spectral profile and was similar to the DM autosoliton

propagation [146],[147]. Any increases to the ASE and intra-pulse interaction were
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efficiently suppressed by the NOLMs. However, ISI will probably be the dominant
mechanism responsible for signal deterioration in this system as shown in previous studies

[140].
5.5 Summary

In section 5.3, autosoliton propagation in a dispersion managed transmission system
controlled by in-line NOLMs has been experimentally demonstrated. The in-line NOLM
provides stabilization of the signal in the spectral and temporal domains as well as the ASE
suppression.

The temporal stabilization was shown by the obtained autocorrelation traces and the
comparison between the regenerated system and the generic system. This demonstrated the
increasing pulse duration in the generic system from the onset whereas in the regenerated
system the pulse duration remained constant up to 10,000km. This was also confirmed
spectrally, where the spectrum for the regenerated system remained unchanged with
increasing propagation distance.

Improvement of the error-free propagation distance from 4,300km to 11,000km at a
speed of 10Gbit/s and from 1000km to 4,000km at a speed of 40Gbit/s has been achieved.
In later experiments the 40Gbit/s result was improved to 5800km, with still possible scope
for improvement.

In section 5.4, autosoliton propagation of an 80Gbit/s data stream in a dispersion-
managed system with a strong dispersion map has been demonstrated by in-line 2R
regeneration in non-linear loop switches. Stable pulse propagation over 3,000km has been
observed by comparing the pulse duration measured on an autocorrelator of the regenerated
system with that of a generic system.

This resulted in a constant pulse duration under propagation in the regenerated system

up to a distance of 3,300km, whereas in the generic system there is a rapid increase in the

pulse duration. A spectral comparison was also made between the generic and regenerated
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transmission systems, which showed there was no change spectrally in the regenerated
system. A reduction of ASE (as confirmed by the OSNR) to minimal levels has been

achieved by in-line non-linear switching.
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Chapter 6 Timing Jitter in an regenerated dispersion managed transmission

system

6.1 Introduction

This chapter is concerned with the aspects of timing jitter and its effect on optical pulse
propagation. Timing jitter was evaluated at data rates from 10Gbit/s to 80Gbit/s. In section
6.2 the different mechanisms that lead to an increased timing jitter are dealt with
theoretically. Section 6.4 deals with the experimental set-up of the transmission systems. In

section 6.5 the results are given and discussed. Finally the chapter is summarized in section

6.6.

6.2 Theory

There have been a number of experimental studies looking into the effects of timing jitter in
DMS and soliton systems such as [150], [151], [152]. The following sections deal with the
types of timing jitter that occur in a standard transmission system and a non-linearly guided

system.

6.2.1 Gordon-Haus effect

J. P. Gordon and H. A. Haus proposed in 1986 that a transmission system’s limitation
would be noise added to the system by amplifiers. In particular, the noise that is generated
at the same frequency as that of the carrier pulse, this noise, which itself is fluctuating
randomly, would create random frequency shifts within the optical pulse, due to Group
Velocity Dispersion (GVD). These frequency shifts lead to differing travel times of
individual optical pulses within the transmission system, causing shifts in time of the pulse

at the receiver, this phenomenon is known as Gordon-Haus timing jitter.
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Calculation of the variance of the timing jitter due to the Gordon-Haus effect, can be
done by understanding that after each optical amplifier in a transmission span there are
random perturbations in the timing of the pulse caused by the random noise. Therefore, in a
transmission system, the number of amplifiers with their individual carrier frequency shifts
can be summed together. This leads to a overall temporal growth of the timing jitter that is
non-linear with distance to the cubic power.

The random timing jitter induced by the Gordon-Haus effect in a strongly dispersion
managed soliton transmission system is given by the equation 6.1 [153], where the path

average dispersion and energy enhancement factor Ej are taken into account:

N’D*AL’n, h
(o2)= 00174~ =" (6.1)

CT e Eo

where D is the dispersion (path average dispersion), 4 is the operating wavelength, ¢ rwum 18
the pulse duration, N is the number of amplifiers per span, & is planks constant, 1, is the
spontaneous emission coefficient of the amplifier and G'is the power lost per km by the
signal in the fibre.

The G-H timing jitter occurring in the transmission system used in this work was caused
by distributed Raman amplification. The loss between amplifiers is given as G =
exp(GLawmp), Where Lyuyp is the spacing between the amplifiers and G is the gain of the
amplifiers. However, as the loss between amplifiers is small and G can be approximated by:
G =GLamptl.

The study of reducing the Gordon Haus induced timing jitter, has been numerically
shown to offer a reduction in timing jitter in a distributed Raman amplified system [154]. A
similar effect is seen for hybrid amplification [155], when compared to lumped
amplification alone. This is also the case for dispersion management [150], [156], in
particularly when a strong dispersion map [153], post compensation [157], soliton

transmission control [158], and the sliding-frequency guiding filter [159], [160] are used.
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Figure 6.1 The Gordon-Haus jitter for the generic system used in this thesis, with (a)

variations in path average dispersion and (b) variations of input pulses duration.

The theoretical values of the Gordon-Haus timing jitter are given in the graphs of shown
in Figure 6.1. These plots show varying amounts of path average dispersion at the operating
wavelength (a), and differing pulse durations (b). For a generic system with a path average
dispersion of 0.003ps/nm/km at the operating wavelength, and a pulse duration of 4ps, an
allowable timing jitter of 2ps at 40Gbit/s is reached after 2100km. The spontaneous
emission coefficient used was 1.13 (acceptable for a Raman amplifier), and the energy of

the pulse was 6.24fJ (peak power of 1.56-mW).

6.2.2 Intra channel non-linearity

One of the most common ways to increase the throughput of optical transmission system is
to increase the bit-rate. However, this leads to the pulses being in a closer proximity to each
other, which leads to the power in the wings of the pulse altering the refractive index seen
by the following pulse. The estimation of the impact of intra-channel non-linearity it is

useful to distinguish between soliton, DMS and quasi-linear systems.
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The main difference between quasi-linear DM, DMS and Soliton systems lies in the
interaction between dispersion and non-linear effects. For the quasi-linear DM system case
the transmission behaviour of the optical pulse in the fibre is like that of a dispersion
dominant linear system with Gaussian pulse shape profile, due to the fully dispersion
compensated nature of the transmission system. The non-linear effects play a detrimental
role in propagation of a quasi-linear optical pulse to alter the properties of the optical signal.
For a soliton or a DMS propagation regime the nonlinearity is utilized so that a stationary
propagation solution can be obtained due to the balance between dispersion and non-linear
effects.

The high values of local dispersion coupled with short pulse durations give large map
strengths beyond the regime where the stationary DM soliton exists. Strong pulse-to-pulse
interactions occur if the map strength S is greater than 10 [161], leading to a break down of
the DMS propagation regime. If the map strength is over 100, therefore if the initial pulse
peak power is low and a pulse duration is selected so that pulse-to-pulse interactions are of
quasi-linear nature and the net dispersion close to zero, then quasi-linear pulse shape is
totally destroyed over the whole dispersion map length, recovering only at its end again,
leading to minimal non-linear interaction. There have been studies that show that as long as
the time spent at the point of maximum interaction is short then strong dispersion managed
systems have low non-linear interaction [162] called quasi-linear DM systems.

In soliton and DMS systems, adjacent solitons are periodically attracted to each other, if
they are of the same phase, or repelled, if they are of opposite phase [162]. This is known as
soliton-soliton interaction, which in time introduces timing jitter and eventually leads to the
collapse of the soliton, if the pulse-to-pulse temporal separation is too small. To minimize
this effect the pulse duration needs to be reduced and pulse power increased, however, this
will then lead to increases in other mechanisms of timing jitter such as the Gordon-Haus
effect and acoustic jitter. To reduce these effects orthogonal polarization time division

multiplexing can be used to bypass the pulse overlap problems [152].
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Quasi-linear DM systems, lead to the pulse becoming highly dispersed in a short period
of time, which leads to the dispersion length being much shorter than the non-linear length.
The time induced dispersion and compression leads to a much altered power distribution
that averages out the non-linear effects.

If the input power is too high then this leads to a significant build up of non-linear
pulse-to-pulse interactions. These interactions lead to phenomenon, such as intra-channel
Four Wave Mixing (FWM) and intra-channel Cross Phase Modulation (XPM), where these
are both main mechanisms of pulse jitter and distortion. I-FWM can lead to the creation of
ghost pulses that propagate and grow logarithmically with distance, and can be reduced by
the square of the pulse separation. I-XPM induces timing jitter on adjacent pulse and visa
versa through pulse peak power. [[FWM and [-XPM, become significant at data rates of
40Gbit/s and above, but with careful dispersion management, the intra-channel non-linear
effects can be minimized. All the above effects lead to an overall problem called Inter
Symbol Interference (ISI), which has been the major factor in limiting transmission distance

in high data rate systems [163].

6.2.3 Electrostriction

Electrostriction, which is variations in refractive index along the fibre core, leads to acoustic
timing jitter, which has been studied extensively, both theoretically [164] and
experimentally [152]. Electrostrictive interaction is described as occurring when the
distance between picosecond pulses is larger than their duration, and arises from an acoustic
wave produced by electrostriction in the fibre core.

The acoustic waves propagate radially out of the core until a change of refractive is
encountered, then a fraction of the wave energy is reflected back causing changes in the
core refractive indices. The interaction lasts for the lifetime of the sound wave, which is in
the nanosecond region. Subsequent pulses then see a difference in dispersions arising from

the change in refractive index caused by the acoustic wave, leading to differing arrival times
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at the receiver. The timing jitter, which is caused by electrostriction, is described in the

following equation [152]:

<G§C>_46.7 DL [B__ 7 J 62)

-5 2 0.5
Aeﬁ T Fwrm Aejf

The above equation, is arrived at by assuming a constant value of the coefficient for the
intensity reflection of the sound (over the whole length of the optical fibre span), from the
cladding-coating boundary (r = 0.25). The acoustic timing jitter is greatly reduced in a
dispersion-managed system, where the path average dispersion is close to zero compared to
that of a system with a uniform dispersion. Inserting the experimental values into equation
6.2, D = 0.003ps/nm/km, t = 4ps, A = 80 pmz and B = 40Gbit/s at 10Mm gives 0.4-fs of

timing jitter for the generic system, clearly this form of jitter can be neglected.
6.2.4 Polarization mode dispersion

Polarized Mode Dispersion (PMD) induced timing jitter unlike the previous forms of jitter
discussed in this chapter is bit-rate and pulse duration independent. The case studied here is
for 1* order PMD only and the higher orders are not discussed. PMD arises from
discrepancies in the birefringence of the optical fibre along the length of propagation. PMD
scales linearly with length and is expressed as units in ps/kmo‘s. Although all optical fibre
produced is affected by it, the fibres produced in the last few years generally have a PMD of
0.1ps/km”’, but older fibres can have values greater than lps/kmO‘S.

Generally, older fibres are used in existing global transmission systems, therefore any
up-grade in the data rate of the system requires the impact of PMD to be accessed,
especially if the systems are to transmit in excess of 40Gbit/s per channel. The timing jitter

attributed to PMD can be calculated using the following equation [165]:
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d hv

1% (6.3
16F, pL,(63)

CrE

where G, p, Ey and L are taken, so that G= 0.043km'l; p= O.Ips/kmo‘s; Ep = 6.24-fJ and; L
in the range 0 to 4000km.

Figure 6.2 shows the timing jitter calculated from equation 6.3. For the scenario were
the optical fibre is new, as in the case for the fibre used in this thesis, then the accumulation
of timing jitter due to PMD can be neglected for these distances in the generic system as the
dominant jitter comes in the form of the Gordon Haus effect. However, if the fibre used
were old, then the timing jitter accumulation would be split between the G-H effect and
PMD.

For cases with long propagation distances, as with the previous chapter where 10Gbit/s
is transmitted over 100Mm in a NOLM guided system, the majority of the timing jitter
could only be attributed to PMD, as ISI and the G-H effect are negligible. This highlights

the fact that there is considerable research into reducing the effects of PMD.

2.0
—=&— PMD 0.1-ps/km™® °
- @ -PMD 1-ps/km”’ .,o’
1.6 s
v ) ®
o @
o 1.2 P
@ PR
£ ] o
o 08 o
. S
£ &
E o°
0.4 o
o’.’ B
/ sEpEEER
@ EpEEEEES
0.0 .=

0 1000 2000 3000 4000
distance, km

Figure 6.2 The accumulation of timing jitter attributed to PMD for 0.1 ps/km0‘5

(squares) and 1 ps/km0‘5 (circles), obtained using said values in equation 6.3.
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From figure 6.2, the amount of timing jitter accumulated in the NOLM guided system
that can be attributed to PMD at 8000km is 0.3ps, this can then be subtracted, from the
overall timing jitter obtained in results. The remainder can be attributed to ISI in the higher

data rates.
6.2.5 Timing jitter measurement using the cross correlation method

The setup of the autocorrelator used to obtain the data is described in Chapter 3. The Cross
Correlation (XC) signal between adjacent pulses, at all of the data rates used in this thesis,
was used to estimate the timing jitter [166]. For this purpose, autocorrelation traces were
taken with the scanning range greater than the pulse-to-pulse period. As a result, each
autocorrelation trace included a main peak and several additional peaks arising from the
cross-correlation between adjacent pulses. These additional peaks are broader than the main
peak because of the timing jitter. The expression used to calculate the timing jitter from the

data received from the autocorrelator is given as:

_1_ZN: ATZXC —ATEC " (6 4)
In(2) ’ '

where t 4¢ is the pulse duration of the main peak in the autocorrelation trace and £ xxc 1s the
pulse duration of k-th sub-peak. A peak number & in the autocorrelation trace corresponds to
the cross-correlated signal between pulses separated by k repetition periods. The
measurements were averaged over the peaks thus improving the accuracy of the estimate.
The measured timing jitter in the XC method for a small distance is approximately equal
to the temporal resolution, making the accuracy of the timing inversely proportional to the
timing jitter itself [166]. To evaluate the temporal resolution, 4R, which results from the

relation below:
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AR = AT — AT ¢, (6.5)
The expression for the smallest measurable timing jitter is shown as:

5 _ARATAC

O in ™ —@;{(2—))‘ s (66)

where AR for this system was 160-fs, which gives the smallest measurable timing jitter as

317-fs.

6.3 Evolution of timing jitter in non-linearly-guided, dispersion managed transmission

systems

The limiting factors of most optical transmission systems today are amplitude jitter and
timing jitter. As data-rates reach 40Gbit/s and beyond, sensitivity intolerance to timing jitter
on the bit error rate becomes more pronounced. The differing mechanisms that make up the
timing jitter are Gordon-Haus effect [167], non-linearly induced Inter-Symbol Interference
(ISI) [163], electrostriction [164] and timing jitter due to polarization mode dispersion
(PMD) [165].

Numerous techniques have been employed in soliton systems to reduce timing jitter,
such as sliding filters [168], and synchronous modulation [169]. One way to reduce the
effects that cause timing jitter is to use a passive optical device such as a Non-linear Optical
Loop Mirror (NOLM), where it was found that it reduced the jitter considerably in a
40Gbit/s system [170].

The NOLM acts in two ways, firstly by reducing the ASE noise that leads to the
Gordon-Haus effect [171], and secondly because of the stable nature of the propagation
regime there is a reduction of the IS], which has been shown to be the limiting factor in

dispersion managed soliton (DMS) systems [163].
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In this chapter, the timing jitter results experimentally measured in a 2R regenerative
NOLM guided system are discussed, and the results at 10, 20, 40, and 80Gbit/s are
compared with the results from the generic system at the same data rates. The
autocorrelation traces are taken at distances set by N recirculations of the transmission loop,
and the timing jitter is then extracted using a cross-correlation technique (XC), similar to

that used in [166].

6.4 Experimental set-up

The experimental set-up is shown in Figure 6.3. A 10Gbit/s pulse train with a pulse duration
of 3.5ps at Full Width Half Maximum (FWHM) was produced by a commercially available
mode-locked fibre ring laser (Ultrafast Optical Clock, Pri-Tel). The centre wavelength
exiting the laser was 1553.6nm. The signal was then encoded with a 2°!-1 pseudorandom
binary sequence (PRBS) using a Lithium Niobate (LiNbO3) modulator. The signal was then
passed through a Mach-Zender (MZ) optical multiplexer to achieve 20Gbit/s and passed
through subsequent MZ multiplexers to achieve the higher data rates.

The re-circulating loop comprised of two spans of standard single mode fibre (SMF-28),
82km and 83km long, and two slope-compensating fibre dispersion compensators (DCF).
Average dispersion in the system was set to be slightly anomalous, approximately
+0.003ps/(nm.km) at the operating wavelength. The corresponding dispersion map strength
is 280. Low values of path average dispersion give a reduction in timing jitter, by reducing

the translation from frequency jitter to timing jitter.
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Figure 6.3 Experimental setup for the generic and the NOLM guided system. 2R

regenerator 1 was used for data rates up to 40Gbit/s and 2R regenerator 2 was used for

The average signal power coupled into the recirculating loop was -9dBm at the data
speed of 10Gbit/s, -6dBm at 20Gbit/s, -3dBm at 40Gbit/s and 0dBm at 80Gbit/s to ensure a
quasi-linear propagation regime for this particular system. The system was Raman
amplified with the gain provided by Raman pump lasers counter-propagating with the
signal. A separate pump was used for each standard fibre and for each dispersion
compensator. The Raman pump wavelength was 1455nm. An Erbium Doped Fibre

Amplifier (EDFA) was used in the recirculating loop to overcome the losses from an

Raman
pump

Raman

pump

EAM
DEMUX

—— - oy

Raman

pump

80Gbit/s.

I 2R Regenerator 1

L 2R Regenerator 2

Acoustic Optical Modulator (AOM) and the recirculating loop coupler.

A commercially available Q-Clock (JDS) then recovered the clock. An electro-
absorption modulator (EAM) was used at the receiver to demultiplex the signal from

40Gbit/s to 10Gbit/s and from 20Gbit/s to 10Gbit/s. The 80Gbit/s data was not

demultiplexed.
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The operation of the generic DM system as described above was compared with that of
an equivalent NOLM-guided system. For this purpose, a NOLM was added to the system
and a power amplifier to boost the power to the level required by the NOLM, as shown in
Figure 6.4. In addition, an attenuator was placed after the NOLM in order to balance the
power in the system back to quasi-linear regime.

Two NOLMSs were used in this experiment. The first, which was used for the data rates
10, 20 and 40Gbit/s, comprised of an asymmetric fibre coupler with splitting ratio of 70:30
and 2.3km of TrueWave fibre (OFS) with an anomalous dispersion of +2.8ps/(nm.km) at
1550nm. The second NOLM was used at data rates of 80Gbit/s and it consisted of a 50:50
coupler with the asymmetry coming from an internal attenuator the non-linear element was
2.3km of TrueWave fibre (OFS) with an anomalous dispersion of +2.8ps/(nm.km) at
1550nm The two NOLMSs were placed at the beginning of the recirculating loop. The
transmission function was similar for the two NOLMs.

The method of measuring the timing jitter was to use a gated autocorrelator by means of
an AOM linked to the recirculating loop controller. The autocorrelator was background free
using the non-collinear output from the crystal. The scan range used was 163ps for the
10Gbit/s results and 102ps for the remaining data rates. The scan rate was set at either 1 or
2ps/s. An optical chopper and a lock-in amplifier were also used. The timing jitter was then

extracted from the autocorrelation traces using a XC technique.

6.5 Results and discussion

Pulse duration measurements over all data rates in the generic and the NOLM guided

system are shown in Figure 6.4. It can be seen in this figure that the pulse duration stabilizes

into the DM autosoliton regime within a few hundred kilometres, which is in contrast to the

generic system, which undergoes broadening from the onset.
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Figure 6.4 Pulse duration measurements as a function of distance, at data rates of 10,
20, 40, and 80Gbit/s. The stable pulse propagation at all the data rates in the NOLM

guided system is shown (squares).

In Figure 6.5 the timing jitter measured by the XC method is shown for both the generic
and NOLM guided system, along with the timing jitter measured on the DSO for both
regimes. As one can see from Figure 6.5, the timing jitter increase in the generic system at
10Gbit/s is essentially non-linear and accelerates with distance, especially at the lower bit
rate, when the jitter increase is considerably affected by the spontaneous noise
accumulation. A theoretical plot in Figure 6.6, presents an estimate of the Gordon Haus
timing jitter and shows reasonable agreement with the jitter dynamics measured in the
generic system at 10Gbit/s.

When the results shown in Figure 6.5 are compared with the theoretical plots shown in

Figure 6.1, there is a good match up to 2000km, when a timing jitter of 2ps is reached.
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However, as the distance increases a discrepancy in timing jitter occurs. This was due to the
system being strongly dispersion managed and any resemblance to a hyperbolic secant pulse
shape is quickly lost in the generic system. In addition, as the filter and the AOM are at the
end of each fibre span shown in Figure 6.3 (when the pulse shape is fully recovered), there
could be a slight frequency offset by the AOM. This may affect propagation by causing a
tail off in the G-H effect, similar to the sliding-frequency guiding filter effect [159], which
would account for the lower values of timing jitter observed in Figure 6.5. It was also

reported in [151] that the calculated timing jitter was two times the measured timing jitter.
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Figure 6.5 Timing jitter measurements as a function of distance at the data rate of
10Gbit/s. The large error for low values of timing jitter is because the error (using the XC

method) is inversely proportional to the jitter value.

The difference in the timing jitter between the XC NOLM guided system (filled in
squares) and the NOLM guided system on the DSO (triangles), was about 300-fs and is due
to the amplitude jitter dependence of the DSO, compared with the amplitude jitter
insensitivity of the XC method. The DSO converts amplitude jitter to timing jitter when
using the eye diagram as the source [163]. This was one of the reasons the XC method was

chosen over the DSO , another reason was that the XC method had a smaller resolvable
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timing jitter than that of the DSO. It is for this reason that the first value of the. NOLM
guided system using the XC method (filled squares) in Figure 6.5 is not shown; it is below

the resolvable limit.
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Figure 6.6 20Gbit/s jitter results using the DSO and the XC method.

The timing jitter for a 20Gbit/s data rate is shown in Figure 6.6. This figure shows that
the jitter for the NOLM guided system is reduced to 1.5ps at 12Mm compared with that in
the generic system, which is 4.3ps at 3.5Mm. Comparing the two results for 10 and
20Gbit/s; at 3.5Mm the measured timing jitter for the generic system was 2.8ps in the
20Gbit/s system, this gives a difference of the total timing jitter of 1.5ps to that of the
10Gbit/s system. Therefore, 1.35ps can be allocated to ISI and 150-fs to the optical
demultiplexing process (shown up on the DSO). In the NOLM guided system the amount of
timing jitter attributed to ISI is 0.45ps after a comparison between 10 and 20Gbit/s at
12Mm, assuming negligible affects from electrostriction.

For the generic system at 10 and 20Gbit/s, the XC method was not conclusive, but for
the NOLM guided system it gives credible results, so one can ascertain that it was not
directly due to the amount of delay between the pulses. This only leaves the noise build up

within the frequency bandwidth of the optical pulse during the long scans of the
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autocorrelator at lower data rates, as it was minimal in the NOLM guided system, but

substantial in the generic system.
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Figure 6.7 Timing jitter measurements as a function of distance, at the data rate of
40Gbit/s. The timing jitter results at this data rate for the generic system are more definite

and show a rapid increase.

The timing jitter for the generic system at 40Gbit/s increased from approximately 0.5ps
in the back-to-back signal to 2.1ps after 2.5Mm as shown in Figure 6.7. This result is in
good agreement with the theoretical value shown in Figure 6.1, where 2ps of timing jitter is
achieved after 2.1Mm of propagation. The jitter accumulated in the NOLM guided system
after 10Mm is 1.5ps. The amount of timing jitter at a data rate of 40Gbit/s at 12Mm that can
be attributed to ISI is 1.25ps, when compared to the NOLM guided system at 10Gbit/s.

Figure 6.8, shows the timing jitter for the generic 80Gbit/s system increases from less
than 0.5ps in the back to back signal to 2ps at 0.5Mm, whereas the timing jitter accumulated
in the 80Gbit/s NOLM guided system after 3Mm was 1.2ps. When the 80Gbit/s jitter is
compared to the 10Gbit/s jitter, 1.25ps can be allocated to ISI after 3Mm, and ~5ps at
12Mm. At 80Gbit/s it was 4 times the amount than at 40Gbit/s, and double the amount of

what would be expected if there were a linear increase. The reason for this is the amount of
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overlap causes non-linear ISI in the higher data rates; this will lead to a non-linear increase
in the rate of timing jitter from one bit rate to another, assuming the pulse maintains a

Gaussian shape through propagation.
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Figure 6.8 Timing jitter measurements as a function of distance, at the data rate of

80Gbit/s

The timing jitter increase rate, measured in femtoseconds per kilometre, is presented in
Figure 6.9. In the guided system, the jitter increase rate was defined between the launch
point and the end point of the link. In the generic system, the jitter increase rates for each
bit-rate were defined separately at zero distance and at maximum transmission distance, in
order to take into account the non-linear behaviour of the jitter increase. The height of each
error bar in Figure 6.9 is defined by the difference between the timing jitter rate in the
beginning and at the end of transmission.

The dramatic effect of non-linear guiding is evident from the data presented in Figure
6.9. At 10Gbit/s, the rate of increase is 0.5+0.3-fs’km in the generic system, which is
reduced to 0.07+0.03-fs/km in the guided system. At 80Gbit/s, the timing jitter is reduced

from 1.87+0.7-fs/km to 0.37+0.1-fs/km, respectively. The rate of timing jitter accumulation
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for a system with a PMD value of 0.1ps/km®?, is 0.05-fs/km, this makes PMD the limiting
factor for any ultra-long haul 10Gbit/s system using saturable absorbers. As for the
remaining data-rates, a non-linear dependence of the timing jitter with bit rate that can be

allocated to non-linearly induced ISI is evident.

B Guided system ——es
<-—— 0 Generic system

=
o

© =~ = b h
» o » o »u o
=)
o
uny/sy ‘oseasoul 1anll jo ajel

rate of jitter increase, fs/km

e

0.0 ———————— 1
0 10 20 30 40 50 60 70 80 90
bit rate, Gbit/s

Figure 6.9 Rate of timing jitter accumulation in the generic and the NOLM guided

system.

An example of PMD is given in Figure 6.10, which is one of the linear components of
timing jitter. The 10Gbit/s NOLM guided system has a reduced Gordon-Haus effect and a
weak ISI, so using a method described in [166], a theoretical plot was produced and
compared with the data acquired from the autocorrelator for the 10Gbit/s NOLM guided
system in section 5.3. As can be seen the theoretical PMD (the dispersion was set at
0.1ps/km”?) plot matches well with the 10Gbit/s data; the PMD within the recirculating
loop may be slightly greater than 0.1ps/km0'5 and the added affect from electrostriction may
need considering along with the timing jitter added by the NOLM. However, most of the
timing jitter in a NOLM guided 10Gbit/s system can probably be attributed to PMD. This

alone will limit the propagation distance. Note that the timing jitter for the same system
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(Section 7.3, Figure 7.4), but measured on the DSO gives substantially more timing jitter,
this is due to the conversion of amplitude jitter to timing jitter.

As PMD is bit rate independent, approximately a quarter of the timing jitter at 40Gbit/s
at 10Mm can be PMD. The NOLMs effect on the PMD could prove useful for future work

along with the NOLMs effect on timing jitter compared with other 2R regenerator’s effect

on timing jitter.
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Figure 6.10 Timing jitter for the guided system at 10Gbit/s (squares), and theoretical
PMD plot.

There are several factors contributing to the efficient suppression of jitter by NOLM.
Firstly, the NOLM restores the pulse shape and suppresses the spontaneous emission and
dispersive wave radiation. Secondly, non-linear switching in the NOLM compensates for
the small residual dispersion in the system thus preventing the pulse broadening during
propagation. Finally, the NOLM operates at a point of the switching curve where the
amplitude fluctuations are efficiently reduced. Therefore, transposition of amplitude

fluctuations into the timing jitter is also reduced.
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6.6 Summary

The comparison of identical transmission system apart from the inclusion of a regenerator
has been made and at all data rates there was a reduction of the inter-symbol interference, a
result of the pulse-shape control in the NOLM guided system and the ASE suppression,
which leads to a reduction of the Gordon-Haus effect in this system.

The timing jitter was obtained on an autocorrelator for both the generic system and the
regenerated system and for all the individual data rates there was rapid increase in timimg
jitter for the generic system, whereas in the NOLM-guided system the timing jitter was
observed to increase at a reduced rate. Therefore, in the NOLM-guided system, the timing
jitter for all the data rates steadily increased to 0.37-fs’/km at 80Gbit/s, but the rate of
increase was lower than that in the generic system, which reached 1.87-fs/km at 80Gbit/s.

The main limiting factor at lower data rates was a combination of timing jitter added by
the NOLM and PMD and at higher data rates it was, ISI, which is in good agreement to the

results given in [163].
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Chapter 7 Signal propagation in dispersion managed systems guided by

non-linear optical loop mirrors with filter control

7.1 Introduction

In this chapter the benefits of placing a band pass filter at the exit of the non-linear optical
loop mirror are presented.

The theory of placing a Band Pass Filter (BPF) after the NOLM and thus further
increasing the transmission distance, is discussed in Section 7.2. Experimental results are
presented in Section 7.3 and 7.4 for 10Gbit/s and 20Gbit/s transmission systems
respectively, where the transmission system for 20Gbit/s propagation included a

demultiplexer. The Chapter is summarized in Section 7.4.

7.2 Background theory on a filter for soliton control

The use of a narrow band filter after an amplifier to reduce the amount of soliton self-
frequency shift is well documented [135]. In addition, the use of a NOLM as an intensity
filter [121] has been discussed. The research performed by [172] used WDM filters after the
NOLM, where the results indicated the inclusion of a BPF did not expand the transmission
distance, gave negative results, although this may have been due to the narrow bandwidth of
the WDM. One of the conclusions of this research was to optimize the filter bandwidth to
gain maximum propagation distance. The impact of the filter bandwidth on the system
performance is investigated in the following sections.

Theoretical and experimental research on soliton squeezing [173], [174], [175] yields
an insight into the effect of frequency shift of the soliton at the output of the NOLM. The
band pass filter after the amplifier will remove some of the soliton self-frequency shift that
builds up in the ‘wings’ of the pulse.

As the NOLM is asymmetrical, the low power arm carries the linear dispersive wave
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radiation, and the other high power arm has the N = 1 soliton. Although the effects are not
as great as reported in the research by [175] the pulse will undergo a small Raman induced
frequency shift in that arm. This was found to be the limiting factor in [175]. All of the

optical spectral measurements were taken at the coupler before the NOLM after each

recirculation; therefore, the observable spectrum seen was comparable with earlier loops.
The overall result is a DM autosoliton effect similar to sliding filter control in a soliton
system, where the NOLM offsets the carrier frequency on each loop then the filter corrects
this after the amplifier before the NOLM.

The pulses entering the NOLM have instabilities that arise from the high power
introduced by the high power optical amplifier. This will cause differences in the amount of
soliton self-frequency shift within the NOLM itself, and this will produce slight variations
of the carrier frequency at the output. All this translates to different pulses traveling at
different speeds around the recirculating loop, and frequency induced polarization
instabilities with the addition of a secondary band pass filter, which is offset slightly in
frequency, with a bandwidth wide enough to minimize reshaping of the autosoliton pulse.
The instabilities are virtually eliminated; this should allow physically limited transmission

at all data rates.

7.3 10Gbit/s transmission over 100Mm with a bit rate distance product of 1Tbit/sMm in

standard fibre using 2R regeneration in an optical loop mirror

In principle, ultra-long-haul data transmission at a relatively low (by today's standards), bit
rate of 10Gbit/s can be achieved without any regeneration [176], [177]. This requires a
carefully designed dispersion map and appropriate power balance in order to support the
Dispersion-Managed (DM) soliton propagation. The Gordon-Haus effect also imposes a
fundamental limit on these systems. On the other hand, passive 2R regeneration can provide

high-quality transmission using lower signal power and longer amplifier spacing. 2R
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regeneration suppresses the accumulated spontaneous noise and thus reduces the Gordon-

Haus jitter [178], {179].

Previously, data transmission at a bit rate of 10Gbit/s over a practically unlimited
distance (one million kilometres) has only been reported in a 3R-regenerated system [180].
Compared to the 3R regeneration, all optical 2R regeneration is considerably more cost-
effective, as it does not require a complex re-timing scheme and therefore it can be achieved
in a simple, purely passive device, such as a saturable absorber [181], or a Non-Linear
Optical loop mirror (NOLM) [182]. The NOLM has proved to be one of the most versatile
all-optical switching devices for high speed all optical networks [183], [184]. The ultrafast
nature of operation in the NOLM, the simplicity of the device and its multi-wavelength
operability make it an ideal element for 2R regeneration in all optical networks [185], [186].

DM autosoliton propagation regime in a NOLM-guided transmission system has been
shown in the work described in this thesis to dramatically improve the transmission quality

and increase the transmission distance [187].

7.3.1 Experimental set-up

The experiments were carried out using a re-circulating loop configuration, as shown in
Figure 7.1. The carrier signal was provided by a mode-locked fibre ring laser (Ultrafast
Optical Clock, Pritel, Inc) operating at a central wavelength of 1553nm. The laser produced
3.5ps long pulses at a repetition rate of 10GHz. The signal was encoded using a
pseudorandom bit pattern with the bit word length of 2°".1 by means of a LiNbO;

modulator.
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Figure 7.1 Experimental configuration, showing re-circulating loop (generic system)

and design of the 2R-regeneration module (inset).

At the receiver input, an optical band pass filter with a Gaussian-shaped, 1.1nm-wide
transmission window and an electrical quasi-Gaussian low pass filter with 3dB bandwidth
of 7.5GHz were used.

The re-circulating loop comprised two spans of SMF, 82km and 83km long, and two
slope-compensating fibre dispersion compensators. Total dispersion in the system was set to
be slightly anomalous, approximately 0.6ps/nm at the operating wavelength. The
corresponding dispersion map strength is 280. The system was all Raman amplified with the
gain provided by Raman pump waves counter-propagating with the signal. The Raman
pump wavelength was 1455nm. An auxiliary erbium-doped fibre amplifier was used to
compensate for the signal losses induced by the acoustic-optical mvodulator (AOM) and the
3dB fibre coupler, forming the re-circulating loop. A high-pass Amplified Spontaneous
Emission (ASE) filter was inserted after the amplifier in order to remove the ASE peak at
1530nm.

The NOLM used in the experiment comprised an asymmetric fiber coupler with
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splitting ratio of 70:30 and a 2.3km length of Dispersion Shifted Fiber (DSF) with an
anomalous dispersion of 2.8ps/(nm-km) at 1550nm. The NOLM was placed at the
beginning of the re-circulating loop. A high-power EDFA at the NOLM input was used to
boost the signal to appropriate power level. A band pass filter BPF1 with a Gaussian-
shaped, 1.Inm-wide transmission window was placed before the high-power EDFA to
reduce ASE noise arising from Raman amplifications. An attenuator placed after the NOLM
was used to adjust the average power of the re-circulating signal in order to assure quasi-
linear pulse propagation in the link. Finally, one more band pass filter BPF2 (Gaussian-
shaped, 2.3nm-wide transmission window) was placed at the NOLM output (see Figure 7.1)
to compensate for the spectral changes occurring in the NOLM. Addition of this last filter
proved to be essential as it dramatically improved the transmission stability, in line with the

earlier studies of filter-guided pulse propagation [178], {179].

7.3.2 Results and discussion

Initially, the transmission performance of the NOLM was characterized. Figure 7.2 shows
the switching curve of the NOLM measured with a 10Gbit/s, pseudorandom data stream.
Several transmission maxima appear in the plot, typical for the NOLMs of this type. The
best regeneration performance was obtained when the input power was slightly above the
first transmission maximum, as shown by shaded area in Figure 7.2(a). In this regime, the
amplitude fluctuations of the input signal as well as the low-intensity spontaneous noise can
be suppressed efficiently [183].

The transmission performance of a generic system was used as a reference. Removing
the 2R regenerator from the recirculating loop formed the generic system. The generic
system was subsequently optimized by adjustment of gain in all the amplifiers and by
tuning the total dispersion in the system. The longest error-free transmission distance
obtained in the optimized generic system was approximately 4Mm. The signal was

considerably distorted at this point showing a noisy eye-diagram.
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Figure 7.2 Measured switching curve of the NOLM. Shaded area shows the operation

range used in the experiments.

At the next stage, the system was evaluated with the in-line 2R regenerator present. The

system was optimized for the best transmission performance. Stable propagation of pulses

with constant pulse width and unchanged spectrum was obtained, similarly to earlier results

[187], as shown in Figure 7.2(b).

el -

Figure 7.3 Eye diagrams measured back-to-back (top row) and after 50Mm (lower

row) in the regenerated system.
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Figure 7.3 shows the eye diagrams measured back-to-back and up to a distance of
50Mm, respectively. Clear, open eye with no signs of waveform distortion was observed up
to SOMm, indicating an excellent signal reshaping capability of the regenerator. Some
degradations of the eye quality occurred at this point, and general deterioration of signal
with distance, are due mainly to the timing jitter increase. The measured evolution of timing
jitter is illustrated in Figure 7.4(a), which shows a practically linear increase at a rate of
approximately 0.1ps/Mm.

The evolution of amplitude fluctuations is shown in Figure 7.4(b) as standard deviation
of ‘ones’ and ‘zero’ rails in the eye diagrams measured at different distances by maintaining
a constant received signal power. Suppression of background noise at "zero" level and a
certain increase of amplitude fluctuations at ‘one’ level are evident in this plot. At the same
time, the mean amplitude values of ‘zero’ remained virtually unchanged and that of ‘ones’
went down slowly, shown in Figure 7.3. This suggests that the amplitude jitter increase is

due to the accumulation of timing jitter and not noise.
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Figure 7.4 (a) Measured evolution of timing jitter with distance. (b) Standard

deviation (STD) of amplitude for "ones" and " zeros' as a function of distance.
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The measured Q-factor as a function of propagation distance is shown in Figure 7.5(a).
The error-free data transmission was observed for 610 round-trips of re-circulating loop,
corresponding to a distance in excess of 100Mm of standard fibre this gives a bit rate
distance product of 1Tbit/sMm. No forward-error-correction was used at any time;
therefore, the transmission distance was physically limited. In the final stages of
transmission, timing jitter exceeded the pulse duration measured at the "chirp-free" point.

At a distance of 100Mm, the measured timing jitter of the signal was as large as 10.5ps, thus

severely distorting the eye diagram.

The corresponding BER for the NOLM with the BPF is shown in Figure 7.5(b). The

error free propagation can be seen to be in excess of 100Mm, whilst in the NOLM guided

system alone the maximum achievable error free distance is 27Mm.
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Figure 7.5 Experimental Q-factor evolution against transmission distance (a). BER

for the NOLM with/without the BPF.

A corresponding simulated eye diagram is presented in Figure 7.6. However, strong
filtering by an electrical low pass filter placed before the receiver was sufficient for signal
recovery and dramatically improved the eye quality Figure 7.6 [188]. As a result, signal

recovery was made possible after the transmission distances in range 50-100Mm.
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The optimum average power of the re-circulating signal, measured immediately after
the 2R regenerator, was approximately —6dBm, corresponding to a peak power of
approximately 12-mW. Therefore, the pulse peak power was well below the level required
for conventional soliton transmission, and propagation in the system was quasi-linear. The
system possessed a strong dispersion map resulting in considerable pulse breathing. The
regenerator essentially represented non-linearity of the system.

These results show that there is a virtually unlimited propagation distance, where the
pulse duration, power and spectrum, measured at a certain point in the system, remain stable
over a virtually infinite distance. The DM autosoliton propagation was unaffected by
changes in the input pulse, and the NOLMs provide the non-linearity, with the transmission
line being quasi-linear. In contrast the propagation regime for DM solitons was non-linear,

and dependant on the input pulse.

—— 10G-jilur-tusl Byu Disarerd «ILTBS6. Run

Figure 7.6 Simulated eye diagrams corresponding to the transmitted signal without

(upper plot) and with (lower plot) the 7.5GHz Gaussian low-pass electrical filter [188].
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7.4 20Gbit/s transmission over 20Mm giving a bit rate distance product of 400Gbit/s.Mm

in standard fibre using 2R regeneration in an optical loop mirror

There is considerable interest in increasing the data rate in long haul and submarine optical
transmission cables. 3R and 2R regeneration offer this upgrade-ability while maintaining
the transoceanic distances required.

Gaussian RZ pulse propagation in DSF at 20Gbit/s is limited to 5,500km [189]. Soliton
propagation at 20Gbit/s over 200km was first observed by [190]. The use of sliding
frequency-guiding filters in soliton propagation has allowed the transmission distance to be
extended to 19Mm [191] also using DS fibres.

An other means of extending the transmission distance is to use 3R regeneration, which
has proven very successful, with 7,150km achieved with in-line phase synchronous
modulation. This method also eliminated the need for dispersion management [192].
150Mm has been achieved with an in-line electro-absorption modulator [193]. However,
these methods can prove costly, as the clock has to be recovered, leading to expensive
electronics. Also, all the above methods use DSF whilst field transmission systems mainly
use SMF in strong dispersion maps.

Passive 2R regenerators are a less complex and cost efficient option when compared to
the 3R regeneration. Passive semiconductor saturable absorbers have been shown to
improve propagation at 20Gbit/s [194]. The NOLM has been experimentally proven to
extend the propagation distance at data rates from 10 to 80Gbit/s [187], [195], and with the
use of a band pass filter, this distance was extended to in excess of 100Mm [196].

In this section, the aim is to observe the propagation characteristics at 20Gbit/s to

confirm the results achieved at 10Gbit/s.

7.4.1 Experimental set-up

The 20Gbit/s signal was taken at the 40Gbit/s multiplexer’s 20Gbit/s monitor, and the
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experimental set-up was the same as shown in Figure 7.1. The power in the recirculating
loop was maintained at —4 to —~3dBm, with 12mW peak power, which ensured a quasi-linear
propagation regime. The EAM was inserted at the receiver to demultiplex the data from
20Gbit/s to 10Gbit/s. Other than that, the set-up was the same as described in Section 7.3,
with a 2.3nm band pass filter placed after the NOLM and before the attenuator as shown in
Figure 7.1. This was to compensate for the spectral changes occurring in the NOLM due to
the soliton self frequency shift. The addition of this last filter has proved to be essential as it
dramatically improved the transmission stability, in line with the earlier studies of filter-
guided pulse propagation [178], [179].

The EAM in this experiment was impaired, due to age, giving a 3dB power penalty in
the receiver sensitivity from earlier studies, to overcome this the optical power from the
EDFA’s before the clock and data recovery photodiodes had to be increased adding extra
noise. The system was tested at 40Gbit/s but the transmission distance achieved was down
by 50%. Even though the EAM reduces the overall propagation distance, it was still

possible to investigate the effect of inserting the NOLM and BPF to the system.

7.4.2 Results and Discussion

The transmission performance of a generic system was used as a reference. Removing the
2R regenerator from the recirculating loop formed the generic system. The generic system
was subsequently optimized by adjustment of gain in all the amplifiers and by tuning the
total dispersion in the system. The longest error-free transmission distance obtained in the
optimized generic system was approximately 2Mm. The signal was considerably distorted

at this point showing a noisy eye-diagram.
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Figure 7.7 The switching curve for the NOLM at 20Gbit/s with and without the band

pass filter.

The switching curve of the NOLM at 20Gbit/s is shown in Figure 7.7, the curve for

filter can be observed to become more mesa-like, giving a slightly more added stability. The

contrast for this NOLM is 60%. The spectral output after the NOLM 1is shown in Figure 7.8,

the resolution of the OSA is 0.05nm. A\ for the NOLM was 0.95nm, and this was reduced

to 0.87nm when the BPF was added. The filter can be observed to clip the wings of the

pulse and give a reduction of noise on the blue and red-shifted wavelengths.
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Figure 7.8 The spectrum exiting the NOLM with and without the band pass filter.
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The pulse duration stabilization imposed by the DM autosoliton regime is illustrated in

Figure 7.9(a) that is consistent with all the previous studies. The pulse duration for the

generic system can be seen to increase from 4ps to 13ps at 2000km. The decrease in pulse
duration after 2000km was attributed to the background level build up in the autocorrelator
arising from increased background noise, which was associated with increasing the PMT
gain. In contrast, the NOLM guided system starts at 4ps then reaches a steady state of 3.5ps,

which continues up to 12Mm. In Figure 7.9(b), the temporal pulse shape can be observed

before and after the NOLM, and is compared to a soliton fit. The wings in the pulse exiting
the NOLM have been increased along with the pulse duration, giving it a comparable

temporal shape to that of a soliton.
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Figure 7.9 Stabilization of the pulse duration at 20Gbit/s in the NOLM guided system
compared to the generic system (a). Autocorrelation traces taken before and after the

NOLM (b).

The RMS timing jitter taken at 20Gbit/s, shown in Figure 7.10 was measured on the
DSO. As can be seen there is a dramatic improvement in the timing jitter from the generic
system to that of the NOLM guided system. The timing jitter rate of accumulation is

0.16ps/Mm, with a core linear element of timing jitter arising from PMD, the rate of PMD
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accumulation can be approximated at 0.05ps/Mm. This improvement in jitter was due to the
reduction of ASE that leads to Gordon-Haus timing jitter and dispersive wave radiation
elimination by the intensity filtering properties of the NOLM. This is in agreement with the
results obtained at 10Gbit/s. At data rate of 20Gbit/s and higher there is additional timing
jitter attributed to ISI, due to the strong dispersion map. The timing jitter in the NOLM
guided system with the BPF added, shows a stabilization of the jitter, and the overall rate of
timing jitter accumulation is reduced to 0.11ps/Mm which is slightly greater than that at

10Gbit/s obtained in Section 7.3, where the extra jitter is arising from ISIL.

rms jitter, ps

—&— generic system
- & -with NOLM
- -A. withNOLM and BPF

15 20
distance, Mm

Figure 7.10 The RMS timing jitter in the generic system (squares), in the NOLM
guided system (circles), and in the NOLM guided system with the band pass filter

(triangles).

The benefit of this stabilization and jitter reduction rate is illustrated in Figure 7.11,
which shows in the generic system, the BER reaches 10* at 2500km total transmission
distance (SMF plus DCF). For the NOLM guided system, the 10 BER floor was reached at
8900km total transmission distance. But the stabilization of the transmission system was
evident in NOLM guided system with the BPF, where the BER stays at 10" beyond 20Mm.

The values that drift away from the error free floor arise from timing problems and general

polarization optimization.
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Figure 7.11 Shows the BER in the three different systems. The demultiplexed eye

after 20Mm of propagation in the NOLM guided system with the BPF.

This result agrees with the result given in section 7.3, and is in correlation with

previous studies [178], [179].

7.5 Summary

In section 7.3, propagation of a 10Gbit/s data stream over a practically unlimited distance in
a strongly dispersion-managed, standard fibre system has been observed using passive,
NOLM based 2R regeneration. Physically limited, error free (Q>15.6dB) data transmission
over a distance in excess of 100Mm of standard fibre with 80km amplifier spacing has been
achieved without re-timing.

In section 7.4, propagation of a 20Gbit/s data stream over a practically unlimited
distance in a strongly dispersion-managed, standard fibre system has been observed using
passive, NOLM based 2R regeneration. A physically limited, error free data transmission
over a distance in excess of 20Mm of standard fibre with 80km amplifier spacing has been
achieved without re-timing, thus giving a bit-rate distance product of 400Gbit/sMm. The

propagation distance at 20Gbit/s is limited by a combination of ISI and PMD.
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Chapter 8 The effects of passive 2R regeneration on optical time division

multiplexed propagation

8.1 Introduction

In this chapter the importance of keeping the optical power in each of the data channels
uniform, in an optically time division multiplexed system is examined. In section 8.3 the
experimental set-up is explained. The results are discussed in section 8.4 and finally in

section 8.5 the chapter is summarized.

8.2 Transmission of non-uniform OTDM channels in a non-linearly-guided dispersion-

managed fibre system

Optical time division multiplexing (OTDM) is an important technique in high-capacity
optical communications. At ultrahigh speeds of 80Gb/s and above, it is currently the only
way to form optical data streams. Due to the finite accuracy of channel equalisation
techniques, some variation of amplitude between the constituent channels is inevitable in
OTDM transmitters. Other fundamental effects, including phase noise from the laser source
and interferometric noise, also contribute to these variations [197]. On the other hand, it is
sometimes advantageous, from the system point of view, to introduce some degree of
channel inequality deliberately in order either to reduce pulse-to-pulse interactions [198], or
to simplify the task of clock recovery [199].

All 2R regenerators, including non-linear optical fibre loop mirror (NOLM) [200],
[201], [202], possess non-linear transmission response characteristics. Therefore, OTDM
channels of different amplitudes will experience different transformations when switched in
a 2R device. This is an important factor in a 2R-supported data transmission link. In this

research, we investigate how the channel inequality affects non-linear signal switching in a
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NOLM-based 2R regenerator, and the data transmission at a speed of 40Gbit/s in a non-

linear switch-guided system.

8.3. Experimental set-up

The experimental arrangement (Figure 8.1) was similar to that used in previous
recirculating loop experiments using the in-line NOLM as a 2R element [202]. A mode-
locked fibre laser generated Gaussian-shaped 3.5ps pulses with an extinction ratio higher
than 33dB. The pulses were modulated at 10Gbit/s by a pseudo-random bit stream (PRBS)
with a length of 2°'-1 and were subsequently optically multiplexed to form a single-
polarization, 40Gbit/s OTDM data stream by using a two-stage fibre delay line. It was
possible to vary the amplitudes of the four OTDM channels in the 40Gbit/s signal

individually by adjusting the polarization states within the delay line.

2R Regene ator

---J

EPF¥ EDFA 150
70:30

10-40Ghbit/s
OTDM Tx

40-10Gbit/s
OTDMRx

Figure 8.1. Experimental set-up

At the receiver, the 40Gbit/s signal was optically demultiplexed to 10Gbit/s using an
electro-absorption modulator. The NOLM comprised a 70:30 fibre coupler and 2.3km of
dispersion-shifted fibre with an anomalous dispersion of +2.8ps/(nm-km) at a wavelength of
1550nm. The recirculating loop comprised two spans of standard single mode fibre (SMF),

82 and 83km long, respectively, and two slope-compensating fibre dispersion
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compensators. The average dispersion in the system was set to be slightly anomalous, at

approximately +0.003ps/(nm-km) at the operating wavelength.
8.4. Results and discussion

Figure 8.2. Shows the measured transmission of the NOLM as a function of the average
power of the input 40Gbit/s signal. The shaded area indicates the input optical power range

that usually provides the best switching and noise suppression performance [200], [201],

[202].
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Figure 8.2 Switching curve of NOLM at 40Gbit/s.

Firstly, the switching behaviour of the 40Gbit/s OTDM signal was investigated by using
histogram analysis of the eye diagrams taken on a 50GHz digital sampling oscilloscope
equipped with a 32GHz photodetector. The signals were measured before and after the 2R
regenerator. The relative standard deviation of amplitude, AV, was used as a measure of
inter-channel non-uniformity. The mean voltage value V; (i = 1, 2, 3, 4) of the marks in each

individual eye determined the amplitude of the corresponding channel. The effective inter-
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channel amplitude difference was defined as AV = o/u, where o is the standard deviation of
V measured channel-to-channel, and g is the averaged value of ¥ over the four channels.

The input value of AV was varied by adjustment of the OTDM multiplexer. The average
power at the NOLM input was optimized to minimize the AV of the signal at the NOLM
output. The average power arriving at the photodetector was maintained constant. Figure
8.3 shows the output AV as a function of that at the regenerator input. One can see that the
inter-channel amplitude variation is always reduced by the NOLM, but that the effect

weakens as the input signal becomes less uniform.
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Figure 8.3. Inter-channel amplitude variation, AV, before and after the 2R

regenerator.

The dynamics of another important parameter were studied, the random fluctuation of
amplitude. This was characterized by du = (Sp;)/4, where p; was the measured standard
deviation of the amplitude within each channel. Figure 8.4. shows two dependencies of du
on the input amplitude difference, AV, one measured before and the other after the

regenerator. The height of the error bar indicates the difference between the minimum and
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maximum p; measured in the most stable and in the noisiest of the four channels,
respectively.

One can see that the effect of the input channel non-uniformity on the amplitude noise
suppression is significant. When the input amplitudes are relatively uniform (AV less than
5% in the experiment), the NOLM efficiently suppresses the amplitude fluctuations in all
channels. However, when the input channels become considerably unequal (A} larger than
10%), the efficiency of the amplitude noise suppression varies strongly among the channels:
as a result, the overall quality of the switched signal deteriorates. In fact, a signal
comprising very non-uniform OTDM channels actually experiences an amplitude noise

increase as a result of switching in the NOLM.
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Figure 8.4. Random amplitude fluctuations du before (squares) and after (circles) the

2R regenerator, as functions of the input AV.

Non-uniformity of the input signal is likely to affect the data transmission in any system
employing NOLMs as in-line 2R regenerators. If the format of the input signal is such that
the amplitude fluctuations in some channels increase in the first NOLM, these channels
might subsequently deteriorate during propagation through subsequent 2R elements,

probably resulting in unstable propagation of corresponding channels.
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The effect of channel non-uniformity on the data transmission was studied by
monitoring the eye diagrams and Q-factor of a digital signal propagating in the recirculating
loop. The 2R regeneration was performed after every 200km of fibre [202]. Figure 8.5
shows the eye diagrams measured back-to-back and after propagating over 2500km of
SMF. The initial amplitude difference, AV, was set at a level of either 15% (Figure 8.5(a,

b)) or 5% (Figure 8.5(c, d)) for this experiment.

(c) :|20ps;/| div (d)

Figure 8.5 Eye diagrams. a) Initial AV = 15%, back-to-back. b) AV = 15%, measured

after 2,500km. c) AV = 5%, back-to-back. d) AV = 5%, after 2,500km.

With an initial AV of 15% (Figure 8.5(a)), the signal considerably deteriorated during
transmission, showing drop-out of the selected channel after propagating over 2,500km
(Figure 8.5(b)). The overall bit-error-rate of the 40Gbit/s data stream increased dramatically

during the first several hundred kilometres of transmission.
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Figure 8.6 Q-factor vs. transmission distance.

The higher quality signal with an initial AV of 5% (Figure 8.5(c)) propagated in a totally
different manner. Channel non-uniformity was eliminated after multiple transmissions
through the 2R element, resulting in a virtually perfectly uniform OTDM data stream
observed after 2,500km of propagation (Figure 8.5(d)). The estimated Q-factor was as high
as 19dB after 2500km of SMF (Figure 8.6) and the error-free propagation (Q ~ 15.6dB)

distance was estimated to be in excess of 5800km.
8.5 Summary

Channel-to-channel amplitude differences in OTDM data streams were shown to have a
strong impact on the switching behaviour of individual channels in a 2R-regenerator.
Depending on the inter-channel amplitude difference, the optical pulses in different
channels experience either suppression of the amplitude noise, or a noise increase.

The results given in this chapter show that if there is as much as a 15% deviation of the
pulse amplitude then there is pulse ‘drop out’ when propagated. However, with a deviation
of 5% the 2R-regenerator can then overcome this and go on to eliminate channel non-

uniformity to sustain a stable propagation regime. This was verified by taking the Q factor
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that showed the propagation of the pulse up to 5,800km before falling below the accepted

level.

Appropriate control of the channel uniformity in the OTDM transmitters is necessary in

order to support stable long-haul transmission in 2R-regenerated systems.
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Chapter 9 Conclusion

The work described in this thesis has experimentally examined the viability of using several
techniques for high-speed long haul optical communications. Before any such system could
be considered for implementation, issues regarding stability, cost and practicality must all
be addressed. Using current technologies, a practical insight to what is possible in terms
transmission has been considered.

Chapter 2 presents the underlying theory to optical propagation and Chapter 3 describes
the experimental details.

In Chapter 4, the optimization of the dispersion map and Raman amplification was
considered; this is of importance as there is a continual need for greater bandwidth and
propagation distance, to be extracted from single mode fibre. Single mode fibre (SMF)
represents the majority of fibre laid in the ground, so any method that exploits this is of
interest. Placement and amplification of the dispersion compensators is critical if the
optimum transmission distance to be reached, as too much signal power will lead to
increased non-linear effects. Distributed amplification is most likely the future of optical
amplification, where Raman amplification provides high gain and a relatively flat gain
bandwidth, making it suitable to both wavelength division multiplexing (WDM) and optical
time division multiplexing (OTDM). In the experiment demonstrated in this thesis the
Raman amplification was optimized for the individual dispersion maps, with degradation of
the signal arising from double Rayleigh backscattering (DRBS) that leads to multi-path
interference (MPI).

The degradation of the signal was monitored by two means to highlight the effects of
Multi Path Interference (MPI); these were Optical Signal to Noise Ratio (OSNR) and Q
factor measurements. The amplifier spacing used throughout was between 75 to 90km,
which are mostly adopted in long-haul communications (such distance is not an ideal
choice, but based on economical consideration). The signal in each of the four dispersion

maps was monitored with increasing pump power, and type A yielded the best overall
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values for OSNR and Q factors. This was corroborated with the bit error ratio (BER) test,
which also showed that dispersion map A was the best. This then led to an error free
propagation of over 2000km of total fibre at 40Gbit/s in dispersion map A. Optimization of
the amplification regime and the dispersion map yielded significant improvements,
delivering system performance similar to the theoretically limited one.

The work described in chapter 5, signal propagation in a Raman amplified system with
transoceanic amplifier spacing and strong dispersion map has been studied. A direct
comparison of transmission performance has been carried out in a regenerated system and
an equivalent non-regenerated system.

A 2R regenerator was utilized to extend propagation distance, whilst stabilizing the
pulse into a novel DM autosoliton propagation regime at 10, 40 and 80Gbit/s. The use of a
non-linear loop mirror (NOLM), as a saturable absorber has virtually eliminated noise build
up arising from amplified spontaneous emission (ASE) and dispersive wave radiation as
shown in the results obtained. In addition, the NOLM initiates in standard fibre, a DM
autosoliton propagation regime even with a large dispersion map strength. The experiments
demonstrate that the DM autosoliton is achieved by using the local non-linearity of the
NOLM, as NOLMs are not as susceptible to changes in the input parameters, unlike
dispersion-managed solitons (DMS).

The DM autosoliton in comparison to a DMS system can be set up within a transmission
system designed for linear DM RZ pulses, as the DM autosoliton for the majority of the
propagation time spends it in the quasi-linear regime, where it undergoes significant
temporal dispersion. The use of the NOLM periodically provides the nonlinearity to the
pulse to provide the distinction between the DM autosoliton and linear DM pulses. As the
NOLM provides the nonlinearity the system needs to propagate in the DM autosoliton
regime, the pulse exiting the NOLM is a soliton, the optical power of which is then
attenuated to that of a linear DM pulse this maintains the quasi-linear propagation. This is in
comparison to DMS systems where the inputted pulse has a power enhancement to maintain

the balance between the path average dispersion and the nonlinearity of the fibre producing
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a soliton, and at no point along the fibre span does the pulse resemble that of a quasi-linear
DM pulse.

After the initialisation of the DM autosoliton propagation regime, stable propagation
where the pulse integrity remains visible was observed over 17,000km at 10Gbit/s, over
10,000km for 40Gbit/s and over 3,500km at 80Gbit/s. A BER test at 10Gbit/s gave an error-
free data transmission distance of over 10,000km and at 40Gbit/s a distance of over
5,800km.

Chapter 6 discussed the timing jitter in a Raman amplified system with transoceanic
amplifier spacing and strong dispersion map has been studied. A direct comparison of
transmission performance has been carried out in a regenerated system and an equivalent
non-regenerated system.

Timing jitter is of importance as it is the limiting factor to transmission distance in the
optics industry, when loss and dispersion are fully compensated for. Therefore, a better
understanding of the timing jitters involved in transmission systems is imperative. The
timing jitter in this chapter was measured on a gated autocorrelator which unlike many
digital sampling oscilloscopes (DSO), it is unaffected by amplitude jitter.

Optical transmission systems that are amplified with optical amplifiers, will suffer from
Gordon-Haus jitter and in the generic system, as described above, this was the limiting
factor.

Timing jitter after propagation in the 2R regenerated systems is considerably suppressed
by the reduction of ASE to minimal amounts and a much-reduced ISI. The NOLM itself
adds timing jitter to the system and this was one of the limiting factors at lower data rates,
and at higher rates ISI. The rate of timing jitter accumulation was accessed and as the bit
rate increases the rate of timing jitter increase becomes non-linear, which is indicative of
non-linear interactions due to ISL.

In the NOLM guided system at 10Gbit/s, where the noise has been intensity filtered and
inter symbol interference (ISI) is at a minimum, the limiting factor is a combination of

polarization mode dispersion (PMD) and jitter added by the NOLM.
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The experiments described in Chapter 7, show that signal propagation in a Raman
amplified system with transoceanic amplifier spacing and strong dispersion map has been
studied. A direct comparison of transmission performance has been carried out in a
regenerated system and an equivalent non-regenerated system yielding a further
demonstration of the DM autosoliton regime at 10 and 20Gbit/s. A band pass filter (BPF)
was placed after the NOLM and this offered greater stabilization to the DM autosoliton
propagation, making it physically limited at 10Gbit/s and giving an error free propagation
over 100Mm. This result was also confirmed at 20Gbit/s where an error free distance of
20Mm was achieved.

Finally, in Chapter 8, the dropping of OTDM channels in long haul communications
was considered in a 2R regenerator based on a saturable absorber was investigated. 2R
regenerators and how they perform in telecommunications are of great interest, especially
information on how intensity dependent switches react with any channel non-uniformity
when concatenated over long distances.

This experiment uses the same set-up as described previously, using the NOLMs to non-
linearly guide the signal. The signal was then monitored on the DSO, and the intra channel
amplitude variation was taken before and after the NOLM. Depending on the inter-channel
amplitude difference, the optical pulses in different channels experienced either suppression
of the amplitude noise, or a noise increase. Appropriate control of the channel uniformity in
the OTDM transmitters is necessary in order to support stable long-haul transmission in 2R-
regenerated systems.

In conclusion, the use of NOLMs as a concatenated 2R regenerator is valid and initiates
the DM autosoliton propagation regime that until now was not observed in optical fibre
communications. The use of numerical simulations would have been useful in verifying the
work carried out and expanding on the results, by taking all the system parameters and input
parameters more insight could have been attained in how and what direction to take the
experimental work. With the miniaturization of components, the NOLM will become one of

the important devices in optical transmission.
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9.1 Further Work

Any future research, could investigate making the NOLM more efficient to enable lower
pump powers that initiate switching to be used, this would then enable the observation of
propagation at higher data rates.

The optimization of the dispersion map is also of interest, such as longer/shorter maps to
enable the best propagation distance to be reached. A 40Gbit/s demultiplexer with an
appropriate switching window would enable up to 160Gbit/s transmission to be checked on
the 10Gbit/s BERT.

To ascertain whether use of NOLM and a broadband amp if it is possible to regenerate
multiple signals from Wavelength Division Multiplexed (WDM) transmission system. Also,
if multiple NOLMs are used on a WDM transmission system the possibility to regenerate
the signals individually, as S. Boscollo et al have shown theoretically. In both of these cases
if the NOLM could be constructed from highly non-linear fibre or photonic crystal fibre this
would greatly aid stabilization.

A comparison of the work described in this thesis with numerical simulation could be
carried out, this could highlight better ways to improve propagation.

Further studies of the timing jitter and the NOLMs effect on it would be beneficial as
would any work to enable the distribution of the jitter to be determined as some theoretical
work by Leclerc et al, has indicated the distribution is Gaussian rather than Lorentzian when
2R regenerators are used. The effect on PMD by the NOLM could also provide some useful

insight.
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