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Summary

This thesis presents a theoretical investigation on applications of Raman effect in
optical fibre communication as well as the design and optimisation of various Raman
based devices and transmission schemes. The techniques used are mainly based on
numerical modelling. The results presented in this thesis are divided into three main
parts.

First, novel designs of Raman fibre lasers (RFLs) based on Phosphosilicate core
fibre are analysed and optimised for efficiency by using a discrete power balance
model. The designs include a two stage RFL based on Phosphosilicate core fibre for
telecommunication applications, a composite RFL for the 1.6 um spectral window,
and a multiple output wavelength RFL aimed to be used as a compact pump source
for flat gain Raman amplifiers. The use of Phosphosilicate core fibre is proven
to effectively reduce the design complexity and hence leads to a better efficiency,
stability and potentially lower cost.

Second, the generalised Raman amplified gain model approach based on the
power balance analysis and direct numerical simulation is developed. The approach
can be used to effectively simulate optical transmission systems with distributed
Raman amplification.

Last, the potential employment of a hybrid amplification scheme, which is a
combination between a distributed Raman amplifier and Erbium doped amplifier,
s investigated by using the generalised Raman amplified gain model. The analysis
focuses on the use of the scheme to upgrade a standard fibre network to 40 Gb/s
System.

Keywords: Nonlinear Optics, Raman effect, Raman Amplification, Raman Fibre
Lasers, Hybrid Amplification
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Chapter 1

Introduction

1.1 Historical perspective

During the fundamental transformation inherent in globalisation, the definition of
telecommunication has to be extended to an integration of all media establishing in-
tegrated service networks. Technological advancement in the areas of telecommuni-
cation has increased the reliance on telecommunications and information technology
in every area of human life, in all sectors of economic and social activity, and in the
pursuit of knowledge and the expression of culture.

From an engineering point of view, that global telecommunication and informa-
tion technology revolution has resulted in a surge of data traffic and has greatly
increased the demand for ultra-high speed transmission links. Optical communica-
tion has been proven to be the only reasonable choice to meet such a demanding
requirement [1]. Optical fibre can transmit ultra high speed information with ex-
tremely low loss over a wide range of wavelengths. By virtue of this outstanding
property, fibre-optic communication technologies have been applied to a variety of
transmission systems throughout the world, such as international undersea networks
and terrestrial links [2, 3].

The deployment of optical fibre cable in telecommunications was boosted by
the invention of lasers in 1960’s [1]. Since then the physical properties of optical

fibres have been studied intensively. Lightwave is guided within an optical fibre

15
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core by total internal reflection at the interface between the core possessing a higher
refractive index and the cladding layer with a lower refractive index.

In the early years of this technology, the signal propagating in an optical fibre
suffered a great deal of fibre loss, which exceeds 1000 dB/km. The loss was due to
a presence of impurities in the fibre material. It was, however, proposed in 1966
that the loss could be minimised to the possible limiting point for transmission
medium [4]. The significant revolution of optical fibre began in 1970 when a silica
fibre exhibiting 20 dB/km loss could be fabricated [5]. At present, modern optical
fibres have the minimum loss of approximately 0.2 dB/km in the vicinity of 1.55 pm.
The loss is mainly contributed by material absorption in the far-infrared region and
Rayleigh scattering arising from random density fluctuations that take place during
fibre fabrication. Pure silica absorbs light at a wavelength around 2 pum, while
Rayleigh scattering loss is dominant at short wavelengths.

A finite number of guided modes are supported by the optical fibre. The lowest
mode is HE,; followed by TEg and TMy,. When more than two guided modes
propagate simultaneously in an optical fibre, the received signal suffers a distortion
because each mode propagates with different speed and hence arrives at different
time. This phenomenon arising from velocity mismatch of each mode is known
as intermodal or multimode dispersion which limits the transmission speed and
distance. However, when the core diameter of the optical fibre gets smaller, only
the lowest mode is allowed to propagate so that the multimode dispersion would
disappear. An optical fibre that supports only one mode of propagation is known
as a single mode fibre (SMF).

Although the intermodal dispersion is not present in SMF, there still exists an
inherent dispersion in which the refractive index changes slightly with frequency.
The phenomenon is recognised as chromatic dispersion. This type of dispersion
brings about a dependence of group velocity on frequency (or wavelength) resulting
In a situation that different spectral components of an optical pulse propagate at
different velocities leading to pulse broadening. As a result, the signal is distorted
at the receiver end in a way similar to the intermodal dispersion. This phenomenon

is referred to as group velocity dispersion (GVD).
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Chromatic dispersion has two contributions: material dispersion and wave-guide
dispersion. Material dispersion originates from the physical properties of silica, i.e.
a retarded response of bound electrons in silica for lightwave electric fields which
gives rise to the frequency dependence of the refractive index. On the other hand,
waveguide dispersion arises from the geometry of the guided structure of the core
radius. The latter thus allows optical fibre designers to achieve a desired dispersion
profile by adjusting the geometry of the fibre core.

Although optical fibre has long been recognised as a linear device, it also exhibits
some nonlinear phenomena when the light intensity is increased [6]. Nonlinear effects
in optical fibres have been classified into two main categories: (1) nonlinear refractive
index arising from the nonlinear electric polarisation of bound electrons in silica, and
(2) stimulated inelastic scattering arising from an excitation of vibrational mode
of silica molecules. Since silica based optical fibres do not exhibit second order
nonlinear effects due to the inversion symmetry of molecules, third order nonlinearity
(known as Kerr nonlinearity) is the lowest order nonlinear electric polarisation in
optical fibres.

Kerr effect introduces an intensity dependence of refractive index resulting in
an ntensity dependent phase shift. The nonlinear phase shift introduced by the
optical field over itself is called self-phase modulation (SPM) whereas the cross
phase modulation (XPM) is a phase shift induced by other light copropagating with
different frequencies or polarisations. These nonlinear phase shifts give rise to a
spectral broadening and by interplaying with GVD may produce a considerable
amount of pulse distortion.

In addition to phase modulation, when phase matching conditions are satisfied,
the third order nonlinearity induces a parametric process referred to as four wave
mixing (FWM), which results from a beating between two signals at different wave-
lengths, and creates new tones at other two wavelengths. This leads to inter-channel
crosstalk in wavelength division multiplexing (WDM) systems. The effect reduces
performance on WDM transmission and imposes a limit on its characteristics such
as the number of channels and channel spacing.

As for the inelastic scattering processes, part of the incident energy is transferred
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to a vibrational mode excitation in silica, which eventually generates a scattered
light wave with downshift frequency. Furthermore, once the incident power exceeds a
threshold value, the power of scattered light grows exponentially. Stimulated Raman
scattering (SRS) causes the energy transfer to optical phonons whereas stimulated
Brillouin scattering (SBS) transfers the energy into acoustic phonons. Since the SBS
scatters light in the backward direction, the threshold of SBS limits the launched
optical power. On the one hand, the energy transfer among channels may result in an
increase of noise or cross talks in communication systems. On the other hand, SRS
can be turned to advantage as it has recently drawn a considerable attention due to
Its potential to provide amplification to high speed signals resulting in an improved
transmission performance as well as to give birth to a number of applications relying
on its principle [2, 6]

In the early stages of optical communication, the limiting factor of transmission
speed and distance was intermodal dispersion [1]. To overcome this problem, SMF
was deployed so that the higher order modes reach cutoff. This requires a core radius
of less than 10 xm and fractional index change of less than 1% at the core-cladding
interface. Since SMF exhibits zero dispersion at 1.3 um, lightwave systems at an
early age were initially operated at this wavelength.

Once intermodal dispersion was controlled, the next problem of the system in the
beginning era was the fibre loss, which also became the main limiting factor for the
transmission distance. Fortunately, advances in fibre fabrication technology have
made possible low loss optical fibre with an attenuation of 0.2 dB at 1.55 pm. In the
past, electronic regeneration has been employed periodically to compensate for the
loss of optical fibres in transmission systems [1]. The regenerator consists of detec-
tors, amplifiers and re-transmitters; all operate in electrical domain. However, the
main problems of electronic regeneration are power requirements, bandwidth limita-
tions and high costs. A remarkable breakthrough occurred in the early 1990s when
Erbium-doped fibre amplifiers (EDFAs) were introduced and became commercially
available [7]. These amplifiers allow direct amplification of optical signals without
having to convert them to electrical domain. The systems therefore do not suffer

from the limitation imposed by the electronic based amplifiers.
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Because loss has become a major concern, transmission at the wavelength with
lowest attenuation (0.2 dB at 1.55 pm) is preferable in spite of the non-zero chro-
matic dispersion. At some points, transmission turned from loss limited to dispersion
limited instead. The difficulty was overcome by the invention of dispersion shifted
fibres (DSF's) exhibiting minimum dispersion at 1.55 pm by controlling the waveg-
uide dispersion. As discussed previously, this is possible through a careful design of
the core structure so that the zero dispersion wavelength is shifted from 1.3 pm to
the vicinity of 1.5 um. Note that we have almost complete control over the choices
of GVD values. It is thus possible to fabricate an optical fibre with the opposite
sign of GVD that compensates for the high amount of accumulated GVD of the
transmission fibre. These fibres are referred to as dispersion compensating fibres
(DCFs).

In modern optical transmission systems, EDFAs are widely used to compensate
for the losses. However, the EDFA itself introduces optical noise due to amplified
spontaneous emission (ASE), which was not present in systems employing electronic
repeaters. Therefore, a lightwave system deploying EDFAs must operate at relatively
high power in order to refrain signal from being buried by the ASE noise. Such a
high power enhances the significance of nonlinear effects that become the major
problem in high-speed long-distance systems.

The first attempt to deal with nonlinear effects is to make the effects acceptably
small by keeping signal power as low as possible and by using special dispersion
maps. Dispersion Management (DM) is a technique that the transmission link is
comprised with multiple sections of carefully chosen optical fibres with different
lengths and GVDs. The technique allows a low average GVD of the entire link while
keeping the local GVD (GVD of each segment) high enough to reduce the effects
of SPM, XPM and FWM in the systems. The attempt aims to avoid the nonlinear
effects and maintain the signal power to remain in the linear transmission regime.
Optical modulation in non-return-to-zero (NRZ) bit format is generally used due to
Its narrower spectral bandwidth. However, at a high bit rate the NRZ bit format is
found to be more susceptible to nonlinearity. Research shows that the return-to-zero

(RZ) format is more tolerant to nonlinearity [8, 9] and consequently becomes more
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popular to be employed in high bit rate transmission systems. A pulse modulated
in RZ format propagating through DM line is sometimes referred to as a chirped RZ
pulse or nonlinear supported RZ pulse.

An alternative way to deal with nonlinearity is to turn it to advantage. In 1973,
Hasegawa and Tappert [10] proposed and showed theoretically that stationary pulse
propagation in optical fibre is possible. They derived the Nonlinear Schrodinger
(NLS) equation for the propagation of the slowly varying envelope of an optical
pulse in a fibre with the presence of dispersion and nonlinearity. The equation
yields “soliton” solutions which can propagate undistorted along the fibre due to
an interplay between GVD and nonlinearity. Solitons thus do not suffer from ei-
ther pulse broadening in the presence of GVD or spectral broadening due to SPM.
Moreover, the integrable nature of the NLS equation guarantees the stability of soli-
ton propagation and at the same time indicates that any pulse of arbitrary shape
launched with a proper amount of power evolves itself into a soliton during propaga-
tion. This also implies the robustness of soliton that can still preserve its properties
even under the presence of periodic perturbations such as non-adiabatic loss and
lumped amplification.

The discovery attracted profound interest as an ultimate solution to overcome
the nonlinear effects in long haul high speed optical communication systems. How-
ever, soliton-based transmission unfortunately encounters some technical difficulties
unique to solitons. One of the most serious issues is the phenomenon referred to as
Gordon-Haus effect [11] which crucially limits the available capacity and transmis-
sion distance in soliton-based systems. Gordon-Haus effect is a timing jitter which
originates from a random fluctuation of the carrier frequency of solitons caused by
the nonlinear interaction with ASE noise.

Nonlinear interaction between two neighbouring solitons in a single channel also
degrades the performance since two solitons, when in-phase, experience an attracting
force and tend to collide with each other. This effect also gives a contribution to
the timing jitter resulting in the system bit error rate (BER) limitation. To avoid
the attraction effect, the interval between solitons should be set at least five times

as large as the pulse width [12].
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Moreover, in wavelength division multiplexing (WDM) systems, solitons at dif-
ferent wavelengths (channels) can also induce a timing jitter. Once pulses in differ-
ent channels having different speed (due to different carrier frequencies) walk pass
through each other, they experience a nonlinear phase shift due to the other pulse’s
intensity. The process, so called XPM, causes a change in the pulse velocity during
the time of collision. In an ideal system with no loss, solitons interact elastically
with each other. Their amplitudes and velocities remain the same as those prior to
the collision because of the symmetry of the whole collision process. Nevertheless,
they experience temporal displacement after the collision by an amount given by the
integral of the temporary frequency shift along the distance. The situation becomes
much worse within periodically inserted lumped amplifiers because of a breakdown
of the symmetry resulting in a residual frequency shift. This again contributes to
the timing jitter and reduces the system performance.

Several techniques have been proposed to overcome these limitations, such as the
use of bandpass filters [13]. Narrow bandwidth filters inserted periodically are able
to stabilise the amplitude and frequency of a soliton. The principle relies on the fact
that the soliton amplitude is always proportional to the inverse of its pulse width.
Suppose that the amplitude increases (due to the ASE noise, for instance), this would
result in a decrease of the pulse width and hence an increase of the spectral width.
The increased spectral width is cut off by the filter which brings back the amplitude
to its original fixed point. Each filter, however, requires the addition of excess gain
to compensate for the loss of energy resulting from the filtering. Therefore the excess
gain, at the same time, amplifies linear waves within the filter bandwidth every time
the pulse goes through a filter. This leads to a significant growth of noise and may
eventually destroy the pulse.

The growth of linear wave can be avoided by using sliding filters [14] whereby the
central frequency of the filter is gradually shifted. In this scheme, the glowing linear
wave eventually falls in the dissipative region of the filter and can be eliminated
while the soliton central frequency is shifted.

Another attempt to separate the noise from solitons is the use of synchronous

modulators [15, 16]. This scheme has demonstrated to great effect a full soliton
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control and achieved unlimited transmission distance. However, synchronous mod-
ulation is not compatible with WDM transmission, since the pulses in different
channels propagating with different speeds have to be re-timed separately. This re-
quires a demultiplexing and multiplexing of all channels every time they go through
modulators.

Among those attempts to overcome the limitations imposed on soliton-based
transmission, a significant breakthrough has been achieved by the introduction of
dispersion managed (DM) solitons [17, 18]. A DM soliton is a new stable nonlinear
pulse which propagates through programmed dispersion segments. The dispersion
management, which was originally introduced to suppress nonlinear effects in linear
transmission systems, now supports solitons in the nonlinear propagation. The
pulses are supported by both linear dispersion and nonlinearity in the dispersion
managed system resulting in a quasi-stationary pulse propagation.

In fact, the motivation to develop dispersion managed systems for soliton prop-
agations is the demand in reducing Gordon-Haus effect. This can be achieved by
taking advantage of the fact that the Gordon-Haus timing jitter is decreased by
reducing the total amount of GVD. Smith et al. [17] numerically showed that DM
solitons, whose shape is close to Gaussian, exist in a periodically dispersion managed
fibre. A DM soliton has enhanced energy compared with the energy of a classical
soliton in a fibre with the same average GVD. The energy enhancement is an impor-
tant property in soliton transmission since it allows the suppression of Gordon-Haus
Jitter by reducing the average GVD without facing the degradation of signal to noise
ratio (SNR). Indeed, the DM soliton is found to exist even when the average GVD
Is zero, so that the Gordon-Haus effect is fully suppressed.

Although DM solitons provide a solution in reducing timing jitter, its large mag-
nitude of the pulse width oscillations due to GVD variations is found to produce
enhanced interaction between adjacent solitons, thereby limiting the bit rate in each
wavelength channel. This problem may be minimised by a proper choice of the dis-
persion map via the map strength [17]; however, the fragility of DM solitons still
remains. This is a consequence of the fact that, though a DM soliton is constructed

by a balance between properly averaged GVD and nonlinearity, it does not have the
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robust nature of an ideal conventional soliton. The intrachannel Interaction problem
of DM solitons becomes more serious when operating at higher bit-rates, since the
pulses tend to overlap more.

An alternative way to avoid the problems encountered by DM solitons in high bit-
rate transmission systems is to use densely dispersion managed (DDM) solitons [19,
20] in which the dispersion period is made much shorter than the amplifier span. The
pulses therefore are not allowed to spread too much and are expected to encounter
less interaction problems. This method, however, requires a new type of optical fibre
with periodic change of dispersion. To date, the solution may not be practical from
an engineering standpoint.

Other advanced soliton controls have been proposed, such as the use of nonlinear
loop mirrors (NOLMs) [21]. The use of in-line NOLMs is an effective technique for
all-optical passive 2R (reshape and retransmit) regeneration. Again, the implemen-
tation of advanced soliton control will result in an increase in the system overall
costs.

An alternative is to turn back to the linear side. A quasi-linear mode [22, 23] has
recently become more popular. By using a large map strength, the pulses are allowed
to spread and overlap with adjacent pulses, but the peak mntensity is considerably
reduced to avoid nonlinear interactions. In this case, the transmission distance is
only limited by the noise. For long-haul transmissions, forward error correction
(FEC) techniques are often used. The technique consists of embedding some header
information for error correction purpose.

During the development of optical amplifiers, EDFA has been brought to its
limit as the demand for bandwidth grows recklessly. At present, WDM transmission
systems are using up the entire gain band of EDFA.

EDFAs used in WDM transmission systems are called lumped amplifiers, in which
the gain is provided only at the amplifier positions in the transmission line. The
discontinuity of the gain also perturbs pulse stability. In contrast, distributed ampli-
fiers retain the optical signal power level over a distance. Therefore they obviously
present a better noise performance than the conventional lumped amplifiers [24].

Distributed amplification can be realised by exploiting the stimulated Raman
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scattering (SRS) effect mentioned previously. A fraction of energy of an incident
wave is transfered into an emitted field (Stokes field) whose frequency is red-shifted
with respect to the frequency of the incident beam. The stimulated process can be
used to transfer energy from a co-(or counter) propagating pump to a signal at a
lower frequency resulting in an amplification of the latter. As the gain of Raman
amplifiers is relatively low, the signal is gradually amplified while propagating down
the fibre. Therefore Raman amplifiers are distributed by nature.

In fact, the idea of Raman amplification was introduced some time ago. Un-
fortunately the lack of appropriate power sources has delayed the development of
Raman amplifier technology for more than 10 years. However, several high-power
diode pump sources have become commercially available recently. Coincidentally
with the limit of EDFA, Raman techniques have drawn a considerable attention
as a new hope to find a breakthrough for solving the present problems for higher
transmission speeds.

Most part of this thesis thus focuses on the application of Raman techniques
to enhance the performance of high speed optical communication systems. The
scope covered by this thesis includes the study of Raman effect in optical fibre,
the development of Raman devices particularly Raman fibre lasers (RFLs) and the
employment of distributed Raman amplification to upgrade the existing terrestrial

links based on standard optical fibres.

1.2 Thesis outline

Reflecting the recent trends in fibre optic communication systems, this thesis pro-
vides a theoretical investigation on the feasibility of exploiting Raman effects to
enhance the performance of optical communication systems. The research began
with the development of a discrete power balance model used to describe the power
nteraction within Raman based devices turning a passive optical fibre into an active
gain medium, which is the underlying principle of Raman amplifiers. The model is
only concerned with a few important power signal components in frequency domain

that play an important role in the devices. Subsequently, the same model was mod-
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ified to describe the power interaction within the cavity of RFLs, which can be used
to pump Raman amplifiers, allowing one to study its characteristics and perform
the cavity optimisation. Next, the discrete model was further developed to account
for all interactions of power signals in a whole frequency range of interest. The
full frequency model can be used to analyse the gain spectrum of Raman amplifiers
and thus provides the information of the signal dynamic and noise within an optical
transmission system. In conjunction with an optical transmission system simulation
by means of solving the nonlinear Schrodinger equation, this technique allows one
to numerically investigate characteristics of a transmission system with Raman am-
plification and to carry out the optimisation for its performance. Summarising the
study and results obtained in the research, the thesis presentation is organised as
follows:-

In this chapter, a history of optical fibre communication systems is summarised.
The problems experienced in the development of the optical communication systems
and their solutions are addressed in a chronological order.

Chapter 2 reviews theory and properties of optical fibres used in telecommunica-
tion systems. Important fibre characteristics that affect the performance of optical
communications such as optical losses, chromatic dispersion and fibre nonlinearity
will be discussed.

Chapter 3 deals with a theoretical background on Raman effects. Its historical
perspective ranged from a discovery of spontaneous Raman scattering phenomenon
by C.V. Raman in 1928 to a stimulated version of scattering typically employed by
most Raman devices will be presented. The development of a simple discrete power
balance model to describe the power signal transfer within the Raman devices will
also be discussed. The potential application of the model in numerically simulating
Raman devices including other influential effects such as noise and double Rayleigh
scattering (DRS) will be addressed.

Chapter 4-6 present the results from the author’s research. In Chapter 4, the
principles, designs, analysis and optimisations of various novel types of RFLs will be
described. Most analysis and optimisations are carried out by using the developed

numerical model. Some experimental results will also be presented for the sake of
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comparison and validity of the model.

Chapter 5 is devoted to describe the development of a technique, so called gen-
eralised Raman gain model, effectively used to simulate transmission systems with
Raman amplification. The technique will be used in Chapter 6 to analyse and op-
timise the 40 Gb/s WDM transmissions with hybrid amplifiers over standard fibre
networks.

Finally, the thesis conclusions are given in Chapter 7.



Chapter 2

Optical fibres and optical

communication

2.1 Introduction

Since its introduction in the early 1970s, optical fibre has become the global medium
for broadband telecommunication networks. Relying on the basic principle of to-
tal internal reflection, optical fibre is capable of guiding lightwave signals without
any regeneration nor amplification for hundreds of kilometres—much longer than
any conventional electrical transmission line. If the signal is amplified periodically,
transmission over transoceanic distance is possible.

This chapter is intended to provide an overview of optical fibre characteristics and

an understanding of important phenomena related to fibre optics communication.

2.2  Optical fibre characteristics

The most commonly used type of optical fibre consists of a central core surrounded
by a cladding layer. The core and cladding each has a constant refractive index that
is slightly higher for the core to allow total internal reflection. This type of fibre is
called “step index fibre” [1] which is shown schematically in Figure 2.1.

There are two major types of step index fibre, namely multimode and single

mode step index fibres. The multimode fibre has a core diameter of around 50 Lm

27



Chapter 2. Optical fibres and optical communication 28

cladding

core

Figure 2.1: Parts of fibre optics cable (not to scale)

or greater, which is large enough to allow propagation of many modes within the fibre
core. This effect will cause signal distortion due to intermodal dispersion as discussed
in Section 1.1. For high bit rate systems, single mode step index fibre is more suitable
since the signal propagating though it does not suffer from the intermodal dispersion.
This is possible by making the core small enough to allow the propagation of only
one transverse electromagnetic mode (typically HEy;). Generally, the core diameter
must be in the range of 2 to 10 pum. In this thesis, we shall consider only single
mode step index fibre.

To characterise a single mode fibre, two important parameters, namely relative
core-cladding index difference (A) and normalised frequency (V) are of interest. The
relative core-cladding index difference is defined by

ny — Ny
A= —= 2.1
o (2.1)

and the normalised frequency is defined by

- QT%NA, (2.2)

The numerical aperture (VA) is given by

NA = y/n} —n2, (2.3)

where n; and n, are refractive indices of the core and cladding respectively. « is
the core radius and A is the propagation wavelength. Fundamentally, the number of
modes supported by an optical fibre can be determined by normalised frequency V.

A step index fibre supports only one mode if V < 2.405.
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Parameters | SMF-28¢ DCF TL RTL TW LEAF
Attenuation Q1550 nm 0.19 0.65 0.21 0.28 0.2 0.2
[dB/km]

Dispersion (D) 17 —100 8 —16 6.4 4
[ps/nm/km]

Dispersion slope (D)) 0.086 -0.41 0.058 -0.116 0.04 0.06
[ps/nm?/km]

Nonlinear refractive index (n,) 2.3 2.52 2.7 2.7 233 2.7
(%1072 m? /W]

Effective area @1550 nm (A,;/) 80 19 65 25 50 72
o)

T SMF-28e:  Corning SMF-28e® [25]
DCF:  Standard dispersion compensating fibre
TL:  Alcatel Teralight® [26]
RTL:  Alcatel Reverse Teralight® [26]
TW:  Lucent Truewave® [27]
LEAF: Corning LEAF® [25]
1 The parameter n, for TL, RTL and LEAF fibres are approximate values.

Table 2.1: Characteristics of some commercial fibres.

2.2.1 Optical losses

An important parameter that fundamentally limits transmission distance is a mea-
sure of power loss during optical signal propagation inside the fibre. When a signal
with power P, is launched into the fibre, the signal will suffer optical loss and de-
crease exponentially when traversing the fibre. The power level at a point in optical
fibre is given by

P(2) = Pe, (2.4)

where z is the traversed distance at the point of interest and « is the fibre attenuation
constant. It is customary to express the attenuation constant in units of dB/km by
using the relation

agp = 10 alog(e) ~ 4.343 «. (2.5)

Some attenuation parameters for commercial fibres can be found in Table 2.1.
The attenuation in optical fibre results from the contributions of various effects.

Two major contributions are material absorption and Rayleigh scattering. Absorp-



Chapter 2. Optical fibres and optical communication 30

tion is a complex phenomenon that is governed by the laws of energy exchange
at atomic level. Pure silica absorbs light in the ultraviolet and in the far-infrared
region. The absorption in the ultraviolet region is mainly due to electronic and
molecular transitions whereas the vibrational transition process is responsible for

the absorption in the far-infrared region beyond 2 pm [6].
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Figure 2.2: Loss profile of a single mode fibre

Nonetheless, the presence of even a small amount of impurities can lead to high
peaks of absorption in the infrared region, too. OH-ion from water moisture, with a
fundamental vibrational absorption peak at 2.73 pm, is the most significant impurity
affecting fibre loss in the infrared region. Moreover, its overtone near 1.37 pm
is also responsible for the absorption peak in the transmission wavelength. Such
OH absorption peaks hence limit optical transmission to three wavelength windows
centred at 0.85,1.3 and 1.55 um, respectively. From a practical viewpoint, care must
be taken in the fabrication process to minimise the OH-impurity level to achieve a
low loss optical fibre.

Rayleigh scattering is another fundamental source of loss arising from random
density fluctuations of the fused silica, resulting in random variations in the reflec-

tive index of the transmission medium. These local fluctuations scatter light in all
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directions and hence result in intrinsic fibre loss. The Rayleigh scattering loss is
inversely proportional to the light wavelength, and thus it dominates the loss at
short wavelengths. Figure 2.2 shows the measured loss profile of a standard single
mode telecom fibre. The minimum loss is about 0.2 dB/km at 1.55 ym. Figure 2.3
depicts the attenuation curves for various modern transmission fibres.

Apart from the losses due to material absorption and Rayleigh scattering, there
are yet a number of factors that may contribute to the fibre loss. They mainly arise
from the engineering process required in the installation of a fibre optic cable, such as
bending loss, splicing loss and mode field diameter (MFD) mismatch loss. Advanced
technology and careful engineering design are therefore necessary to minimise these

losses.
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Figure 2.3: Attenuation curves for some modern transmission fibres. (after Ref. [28]
(©2003 Springer)

2.2.2 Chromatic dispersion

In a single mode fibre, the intermodal dispersion, which is a result of more than two
guided modes propagating simultancously and arriving at different time, does not

exist. However, chromatic dispersion or intramodal dispersion may occur. The effect
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originates from finite spectral linewidth of optical source. Since optical sources do
not generally emit only a single frequency but a band of frequencies, there may be
propagation delay differences between the different spectral components of the trans-
mitted signal, resulting in pulse broadening. The delay differences may be caused by
the dispersive properties of the material (material dispersion) and guidance effects
within the waveguide structure.

The origin of material dispersion can be explained by considering the charac-
teristic resonance frequencies at which the medium absorbs the electromagnetic ra-
diation through oscillations of bound electrons. This gives rise to a dependence of
the material refractive index on the frequencies. The refractive index can be well

approximated by Sellmeier equation [29]

" Bw?
o) =14 2.6

where w; is the material resonance frequency and B is the strength of the jth res-
onance. This equation is a good approximation of the refractive index as long as w
s far from the medium resonances. The parameters are to be obtained experimen-
tally. For bulk fused silica, these parameters are found to be B =0.6961663, By =
0.4079426, By = 0.8974794, A\, = 0.0684043 pum, N\, = 0.1162414 pm, and Ay =
9.896161 pm [6].

In the context of signal transmission in optical fibre, the dependence of the
refractive index on the spectral components results in the variation of the mode
propagation constant k as a function of frequency. To gain a deeper understanding,
1t is customary to account for the effect of dispersion by expanding the propagation

constant k(w) in a Taylor series around the centre frequency wy:

ok
k(w) = k g + aw s (W — CL)O)
1 C{?Qk 1 ’dSk )
2 w2 o (w~— WO)z + 600.)3 - (w— wo)‘j +- (2'7)

Each Taylor component can be interpreted as follows. The first component is
the propagation constant describing the phase velocity of the pulse carrier. The
pulse envelope moves at the group velocity expressed by the second term (v, =

(0k/0w|u=w,)™") while the third term is responsible for pulse broadening. The cubic
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term is higher order dispersion, which is related to dispersion slope to be discussed
later. For simplicity, constant variables &', k” and k" are defined to represent the
constant coefficients in the second, third and fourth terms respectively. These pa-

rameters are also related to the refractive index n(w) and its derivatives via the

relations
ok 1 dn n 1
a(.d w=wg s <n + wd&)) C U_(} ’ ( )
27, 2 2 3 g2
= _(9_/; 2 2@+wd_71 ~uin 2 dn, (2.9)
Ow?lo=wo ¢ \ dw dw? cdw?  2mc? d)\?

where ny is the group index and c is the speed of light.
In optical fibre engineering, it is common to use the dispersion parameter D in

place of £”. The relation between these two parameters is

a2
=0 o T (2.10)

D_ﬁ“ )2

If A =1.55 um, a short hand version of the equation becomes

k" [ps®/km) = —1.275D [ps/nm/km]. (2.11)

1.55 um 1.55 um

An interesting feature of chromatic dispersion is that D vanishes at a wavelength
of about 1.27 um [1] and becomes positive for longer wavelengths. The wavelength
at which D = 0 is referred to as the zero-dispersion wavelength Ap that divides
the dispersion into two regions. The shorter wavelength side, where D is negative
(or k" is positive), is referred to as the normal dispersion region whereas the longer
wavelength side is recognised as the anomalous dispersion region. In the normal-
dispersion regime, the lower frequency (red-shifted) components of an optical pulse
travel faster than the higher frequency (blue-shifted) components. The opposite
occurs in the anomalous-dispersion regime [6].

The zero-dispersion wavelength discussed earlier has been measured from a bulk
fused silica. The actual dispersion of optical fibre generally deviates from the above
value due to a contribution of dielectric waveguniding effect. The total dispersion must
therefore be a combination of the material dispersion and the waveguide dispersion.
Typically, single mode fibres exhibit total A\p ~ 1.31 pm. Note that the waveguide

dispersion depends on fibre design characteristics such as the refractive index profile
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and the physical core-cladding structure. This feature can be used to shift the zero-
dispersion wavelength Ap to the vicinity of 1.55 pm where the fibre loss is minimuni.
This type of fibre is referred to as dispersion-shifted fibre (DSF), and finds a great
potential in high speed optical communication systems. Figure 2.4 illustrates the

dispersion parameter curves versus wavelengths for some commercial fibres.
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Figure 2.4: Dispersion parameter D versus wavelength for serveral commercial fibre
types. (after Ref. [28] (©2003 Springer)

Other types of special dispersion profile, such as dispersion flattened fibres, can
also be realised by properly designing the core-cladding structure. The dispersion
parameters for various types of modern telecommunication fibres are summarised in

Table 2.1.

2.2.3 Fibre nonlinearities

In the early stages of optical communication, signals were launched into the fibre
with a relatively low power. The optical fibre was recognised at that time as a linear
device. However, as the bit rate increased, a higher launch power was required to

ensure that enough photons per bit were received at the receiver to achieve a good
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bit error rate (BER). In other words, the signal power must be high enough to avoid
being buried by noise. As the power increases, the nonlinear effects in optical fibres
become more significant and make an impact on the quality of optical communication
systems. This section will discuss the major nonlinear effects in optical fibres and
their properties.

Nonlinear effects in fused silica optical fibres have been classified into two main
categories. The first one is nonlinear refractive index arising from nonlinear electric
polarisation of bound electrons in silica. The intense light interacts with the dielec-
tric medium, whose response results in the change of the refractive index with the
light intensity.

The second category is stimulated inelastic scattering, in which the optical field
transfers parts of its energy to the nonlinear medium in the form of vibrational
excitation modes of silica. Two important effects in optical fibres fall into this
category, namely stimulated Raman scattering (SRS) and stimulated Brillouin (SBS)
scattering. SRS transfers energy from the incident field into optical phonons and
thus creates photons at the down-shifted Stokes frequency, where in contrast, SBS
transters the energy to the Stoke waves via acoustic phonons. A detailed discussion
of SRS will be given in Chapter 3.

As for the nonlinear refractive index, the origin of the nonlinear response can be
understood by considering the influence of incident light over the medium properties.
The induced polarisation P from the electric dipoles in the electric field E is

i
P = / eox(l)(r,t — 1) E(r,n)dn

o0

-
+ // eox(g)(r, t—m,t—1): E(r,n)E(r, m)dndr (2.12)

oC

ol
+ /// eox(g)(r,t —1,t —To,t — 13):E(r, ) E(r, 1) E(r, 5)dmdTodTs,

oC
where xV, x® and x represent the linear, second and third order nonlinear

susceptibility tensors, having the dependence on the spatial coordinates r of the
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material, and

(x-E), = > X E
)

(xX?: EE), = Y X{\BE
7,k

<X<3>5EEE> = >\ EBE, (2.13)
: .kl
where 7, 7, k and [ are the axis of polarisation (z, y, z). However, in silica glass optical
fibre, the second order nonlinear effect (x(*) disappears due to the centrosymmetric
crystal structure of silica.

In the common analysis of light propagating through optical fibres used in optical
communication, the nonlinear effects that have drawn the most attention originate
from the third order susceptibility (x(*), which is responsible for various important
phenomena, namely nonlinear refraction, third harmonic generation and four-wave
mixing. However, the latter two phenomena require phase matching conditions that
are hardly satisfied under normal circumstances. Most of the nonlinear effects in
optical fibres, therefore, originate from nonlinear refraction so that the medium
refractive index becomes intensity dependent as a result from the contribution of
x®. Thus

E|?) = n(w) 4+ nsl, (2.14)

n(w,
where n(w) is the linear part as given in Eq. (2.6), [ is the light intensity and ns is

nonlinear index coefficient defined as,

3 .
Ny = ch( ), (2.15)

XIiI.’E

where Re(+) is the real part of a complex value. The field is assumed to be linearly
polarised so that only ngjm contributes to the refractive index. This nonlinearity is

referred to as Kerr nonlinearity.

2.3 Wave propagation in optical fibres

To analyse the impact of those effects discussed previously on the performance of

optical communication systems, one needs to understand how a lightwave signal
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propagates in optical fibre. In this section, we derive the nonlinear Schrodinger
equation that governs the dynamics of signal propagation in the optical fibre.
We shall formally begin the formulation with the well known Maxwell’s equa-

tions [30],

= 2.
VxE 5 (2.16)
OF
B = ¢— 2.1
V x e (2.17)
V-D = 0 (2.18)
V-B = 0 (2.19)

where D = ¢E and B = pH, and D, E, B and H represent electric flux density,
electric field intensity, magnetic flux density and magnetic field intensity, respec-
tively. To establish a wave equation, we apply a curl operator at both sides of

Eq. (2.16) and substitute Eq. (2.17) into the result. Thus

5} PE
VxVxE——pa(VxH)——ue PR (2.20)
From a vector identity V x V x A = V(V - A) — V?A, Eq. (2.20) yields,
’E
V(V-E)—-V’E = —pe¢ (2.21)

ot?

Since the medium is purely dielectric and thus no charge particles exist, Eq. (2.18)
holds. The magnetic properties of silica can also be ignored, the permeability is thus
given by the free space permeability pp. As a result, Eq. (2.21) yields

9

V2E(rt) — poe%E(r,t) =0, (2.22)

Because the permittivity € is a function of frequency w as a result of chromatic

dispersion, it is simpler to work in Fourier domain, thus
V2E(r,w) + wzuoef)(r,w) =0, (2.23)
where E(r,w) is the Fourier transform of E(r,t) defined by

E(r,w) = /;OC E(r,t) exp(iwt)dt. (2.24)
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It is convenient to define the propagation constant k2 = (nw/c)? = w2uee. Eq. (2.23)

then becomes

V2E(r,w) + k*E(r,w) = 0. (2.25)

The above equation may be solved under a proper set of boundary conditions for
a full description of the wave solutions in the optical fibre. This section, however, is
intended to focus only on the propagation of wave packets that carry information.
Therefore, we shall neglect all transverse components and then assume that there
Is no variation of the field in other directions apart from the propagation direction.
In the Cartesian coordinate system, the assumption leads to yield 0/0z = 0 and
0/0y = 0 when the light is propagating along the z-axis. Eq. (2.25) can then be
reduced to a scalar form

2

(,%Q—Ez(z,w) + k2E,(z,w) = 0. (2.26)
To solve Eq. (2.26), an essential step is to apply the quasi monochromatic approx-
imation, which assumes that the waveform has a slowly varying envelope, or has a
narrow spectrum with respect to its carrier frequency. This assumption is valid for
consideration of a pulse whose width is much wider than the carrier time period.
In general, this assumption is approximately valid for pulse widths > 1 ps. Using
the monochromatic approximation, we can simply assume a solution for the above
equation such that

E.(2,t) = Q(z,t) exp(ikoz — iwgt), (2.27)

where ((z,t) is the slowly varying wave envelope, ko and wy are the propagation
constant and the angular frequency of the carrier, respectively.

We apply the Fourier transform to the assumed solution and obtain

E.(z,w) = Q(z,w — wy) exp(ikoz). (2.28)
When we substitute Eq. (2.28) into Eq. (2.26), we can eliminate the second order

partial derivative term (02@/022) due to the slowly varying nature of the wave

envelope. We also approximate the factor k% — k% ~ 2k¢(k — ko). Thus we obtain

%—? + (k—ko)Q = 0. (2.29)
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If one solves Eq. (2.25) applying the quasi monochromatic approximation for the

full description of light propagating in the fibre including the transverse components

(that we have so far omitted), the electric field should take the general form as
E.(x,y,2;t) = F(z,y)Q(2,t) exp(ikoz — twpt), (2.30)

where F'(z,y) is the mode field distribution in the fibre cross section. The Eq. (2.14)

can be rewritten as
QI
_l.
Aesy

where ng is the refractive index of the medium at carrier frequency. A.;s is the

n(w, |Q) = na, (2.31)

effective area given by [31]

(S22 y)ledzay)

Agpr = 2.32
I [ | F(z,y)[*dzdy (2:32)
Recalling the relation k = nw/c, we now redefine k as
2
= k(w,|QY) = & 2 ] (2.33)

C C Aeff'
In a similar way to Eq. (2.7), we employ the Taylor expansion on the propagation

constant k around wy and |Q[* =0

ok 5
kJ(W,‘QP) = k 2 + 5= (w ) ) ‘Cg‘
wmenlQP=0 QW onmo IQ\ w=w0,|Q|?=0
+5508| (@ wo) +——] [1Q1%]
w=wq,|Q|?=0 w—wo,|Q]?=0
— - QP +--- 2.34
+oo| Wow)’ + g [1@} [|2|(] o, (2.34)
w=wo,|Q]*=0 w—wp,|Q]?=0

Substituting Eq. (2.33) into Eq. (2.34), we find that

1 1, s
k— ko = K'(w = wo) + 5" (w = wo)? + i Ch wo)® + 2002, (2.35)

Acsy

neglecting all higher order nonlinear terms. We subsequently substitute Eq. (2.35)

into Eq. (2.29) and see that

N

20
i,

[N

1 1 1 " 3 oW
+ {k’(w —wo) + Sk (w - wo)? + K (W= wo)’ + Cjefof Q| +} =0. (2.36)
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The last step is to perform an inverse Fourier transform to obtain the wave
envelope in time domain. From Eq. (2.28), we can define the inverse transform of
the wave envelope as

Qz,t) = / E(z,w)e”i(“’_“’“)‘ el (w — wp)

—00

= / Qz,w — wo)e TG — ), (2.37)

which leads to the transform operator (w — wy) <= 49/0t. Hence in the time
domain, Eq. (2.36) becomes

{8@ " Q} BOQ ik 9°Q  wo o

o e[ T 2 6 oF oAy,

\Q{ Q=0 (2.38)

For the sake of convenience, we employ a frame of reference moving with the wave
envelope at the group velocity v, = 1/k{ by making the transformation 7 = ¢ — kiz
thus

E‘)Q ky 0*°Q  iky 8362 27r Mg

6)2 2 Or2 6 ({‘)’7'd (,ff

where )¢ is the wavelength of the carrier.

QPQ =0. (2.39)

So far, we have considered the case in which the fibre loss has been omitted. In

the lossy case, the fibre attenuation can be included as

00k O°Q ik 8Q 2 m B
R Rl o = R v LA ) (2:40)

where o represents the linear attenuation coefficient. Finally we arrive at the NLS
equation accordingly. Note nonetheless that, in order to numerically solve this NLS
equation, one may consider to normalise it to maintain a high computational accu-

racy. The detailed discussion regarding the normalisation will be given in Chapter 5.

2.4 Impact of important effects in optical commu-
nication

In optical communication, a number of effects arising from fibre loss, dispersion and
nonlinearity simultaneously limit the capacity of the system. Fibre loss may be over-

come easily in some systems by using amplification techniques. However, the other
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two are rather complicate to deal with. In this section, we review some important
effects that are of concern in limiting the performance of optical communication

systems.

2.4.1 Group velocity dispersion

As discussed in Section 2.2.2, the parameter k” is responsible for pulse broadening
and is referred to as group velocity dispersion (GVD). This phenomenon results
from the frequency dependence of the propagation constant k, or in other words,
the material refractive index and waveguide structure of the optical fibre. The
effect is to cause different spectral components to propagate at different velocities
resulting in a linear chirp in the carrier across the pulse and eventually inducing
pulse broadening. For an arbitrary pulse envelope f(t), a linearly chirped pulse is
defined as ,

Q) = 1) exp(=5 ) (241
where C' is the chirp parameter and t is the pulse width. By considering Eq. (2.41),
one may notice that the instantaneous frequency increases linearly from the leading
to the trailing edge of the pulse for a positive C. This effect is referred to as the
“positive chirp or up-chirp”. Negative chirp or down-chirp is simply the opposite
situation when C' is negative. During the propagation GVD also introduces a lin-
ear chirping to the pulse. A positive chirp is introduced when propagating in an
anomalous dispersion regime and vice versa for a normal regime.

As the GVD arises from different frequency components travelling at different
velocities, a shorter pulse (wider spectrum) will experience GVD more seriously. It
is convenient to introduce the dispersion length Lp, which provides a length scale
over which the GVD becomes important. Dispersion length Lj is proportional to
the square of pulse width and the inverse of the absolute value of k”, and is defined

as
_ 4
R

where tp is the pulse width, which is related to its full-width at half-maximum

Lp

(2.42)
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(FWHM) pulse width as follows:

tEw 1 =2vIn2 ty ~ 1.665 t, for Gaussian pulse (2.43)
trway = 2In(1 + \/5) to ~ 1.763 ¢, for hyperbolic sech pulse (2.44)
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Figure 2.5: Pulse broadening due to GVD in the absence of loss and nonlinearity.
The launched pulse has Gaussian shape with an initial pulse width of 12.5 ps and
the peak power of 1 mW

Under the condition that the propagation distance is comparable or longer than
the dispersion length Lp, GVD will play an important role in the propagation,
resulting in severe pulse broadening. Figure 2.5 illustrates the propagation of a
single Gaussian pulse launched in an ideal optical fibre whose k” is similar to that
of standard SMF. The pulse appears to disperse completely only after 20 km as the
dispersion length Ly is only 2.6 km for this pulse width. Had we used a wider pulse,
for instance, a pulse width of 25 ps, the propagation would have suffered much less
dispersion as the degree of dispersion effect varies with the square of the pulse width.

In the case of a pulse having Gaussian form, it is rather simple to derive a general
formula describing the pulse width variation throughout the propagation. Neglecting

the nonlinear, higher order dispersion and attenuation terms in Eq. (2.40), we thus
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have

9Q K OQ _

This equation can be readily solved by using the Fourier method. If @(z,w) is the

Fourier transform of Q(z,7), definition of which is defined in Eq. (2.24), Eq. (2.45)

can be transformed into the Fourier domain as

a:Qv kg 2 5
2% 4 Mo e 2.4
i, + i Q =0, (2.46)
whose solution is given by
~ ~ Ko o
Qz,w) = Q(0,w) exp igwz). (2.47)
For a Gaussian pulse with the initial pulse width 74 and the initial chirp C
1 ) 72
Q(O, T) = exXp —-(1 + ZC())"“Q‘ s (248)
2 T

its Fourier transform takes the form

1
~ 21T 2 I, e oy
g = ——— ) exp|—= —ikyz . 2.4
Q(0,w) < = 7ZC’0> exp [ 5@ (1 Tic, e (2.49)

By substituting Eq. (2.49) into Eq. (2.47) and carrying out the integration and the

inverse Fourier transform, the amplitude at any point z along the fibre is given by

Q(z,7)=<2 T >%exp[ 1 72(1+iCy) ] (250

¢ —iklz + k{Coz 278 — k(1 4+1iCy)z

One may notice from Eq. (2.50) that a Gaussian pulse maintains its shape on prop-
agation but its width may vary and become
1
22 2 N :
T = To 1+Z§*(1+CO)+25gIl(k0)*L—~CO . (251)
D D
Similarly, one may work out the general formula for the chirp parameter variation

of the propagating pulse, and find that

z

Cl - Cvo + sgn(%’)(l + Cio)z——)‘
1

(2.52)

The above equation shows that the chirp parameter varies linearly in the case that

only dispersion is present.
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For an initially unchirped Gaussian pulse, Eq. (2.51) takes a simple form as [6]

2
TN = T 1+ <L;> . (253)

GVD is a linear effect and can be compensated for by using a straightforward
strategy. As previously mentioned in Section 2.2.2, one may design an optical fibre
with a shifted dispersion curve or even an inverse dispersion sign at a particular
range of wavelengths. An optical fibre which has been specifically designed to com-
pensate for the accumulated dispersion is referred to as dispersion compensating
fibre (DCF). We may use the DCF to compensate for the accumulated dispersion
induced by GVD during the propagation through the transmission fibre. By peri-
odically compensating for accumulated GVD with carefully located DCF, the pulse
can be restored completely to its original shape. This technique is widely known
as “dispersion management”. Figure 2.6 shows the propagation of a single Gaus-
sian pulse in a lossless dispersion managed system. The initial pulse width is again
12.5 ps with 1 mW peak power. The accumulated dispersion is compensated for
every 100 km of transmission fibre using DCFs. The linear chirp parameter of this
pulse is shown in Figure 2.7, where one may see that the pulse returns to chirp-free
(so called transform limited state) after the dispersion has been compensated for by
DCFs. Note that the pulse broadening behaviour also depends on the initial chirp
of the launched pulse. For example, if a pulse with negative chirp is launched into
an optical fibre under an anomalous dispersion regime, the pulse will experience
compression at the beginning until the residual chirp has been fully compensated

for and becomnie a chirp free pulse. Then the broadening will continue as usual.

2.4.2 Higher order dispersion

Our discussions on dispersion induced pulse broadening in Section 2.4.1 are restricted
to the effect of k" only. Under some particular circumstances at which the higher
order dispersion terms, such as k£, play an important role, one may need to under-
stand what effect the inclusion of these higher order terms will have on the pulse

propagation. This section is devoted to discuss such issue.
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Figure 2.6: Single pulse propagation in a lossless dispersion managed line.
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Figure 2.7: Variation of chirp parameter with propagated distance for a Gaussian
pulse under a dispersion management.

In general, there are two circumstances in which k" plays a crucial role in pulse

g ) ) p
propagation. The first one is when the pulse wavelength nearly coincides with the
zero-dispersion wavelength Ap where &” =~ 0. In this case, the ¥ term is dominant

and has to be taken into account. The second circumstance is when ultrashort
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pulses with pulse width t, < 0.1 ps are considered [6]. It is then necessary to include
the & term, since the frequency difference between the pulse spectral width and
carrier frequency is not small enough to justify the truncation of Taylor expansion
in Eq. (2.7). Understanding this fact, it is convenient to define a dispersion length

associated with the higher order dispersion term as

3
/ tO

D= lkl”|. (254)

The higher order dispersion plays an important role if L'y £ Lp. Figure 2.8 depicts
the pulse shapes at z = 4 L/, of an initially unchirped Gaussian pulse (solid curve)

propagated in an artificial optical fibre in the absence of loss, nonlinearity and &”.
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Figure 2.8: Effect of the third order dispersion on a Gaussian pulse with an initial
pulse width of 12.5 ps propagated in a fibre in the absence of loss, nonlinearity and
k". The solid curve represents the initial pulse at z = 0 km and the dashed curve
represents the pulse at z = 4 L/, ~ 22,000 km

One may see that the effect of higher order dispersion is to distort the pulse shape
such that it becomes asymmetric with an oscillatory structure near one of its edges.
The oscillation appears near the trailing edge of the pulse for the case of positive
k", and the opposite occurs when k™ is negative. The higher order dispersion may

be compensated for by using a carefully designed DCF, which compensates not only
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for the effects of £”, but also for the effects of . Note that k" is often referred to
in the context of optical communication and in fibre specifications as the dispersion
slope D, which is related to & by

(Dado +2D) A3

k/// —
(27c)? ’

(2.55)

where D is dispersion parameter and ), is the carrier wavelength.

2.4.3 Self phase modulation and cross phase modulation

As discussed in Section 2.2.3, the nonlinear refractive index arising from x® non-
linearity is responsible for self phase modulation (SPM) and cross phase modulation
(XPM). The former can be described as the effect of which a light propagating down
the fibre experiences when the refractive index becomes a function of the light inten-
sity. The SPM gives rise to an intensity dependent phase shift inducing a distortion
in the pulse spectrum, while the temporal pulse shape remains undistorted as long
as the GVD does not play a role. As in the previous section, it is useful to introduce
a nonlinear length Ly, over which the nonlinear effects become important for pulse
evolution along a fibre of length L. Thus the nonlinear length Ly, is defined as

2T Ny !
Ly = — P, , 2.56
= (Ean) (2:56)

where ny, A,y and Py are the nonlinear index coefficient, effective area and pulse
peak power, respectively. In optical communication, nonlinearity plays an important
role only if L 2 Ly, < Lp. Figure 2.9 shows the optical spectra of a Gaussian pulse
at z = 0,2 = 10 Ly, and 2z = 20 Ly, in a presence of nonlinearity only. The
spectra are clearly distorted and some new frequency components are generated as
the propagation distance increases.

As mentioned previously, SPM only introduces a distortion in the pulse spec-
trum, whereas the pulse shape remains undistorted. However, this is not the case
when GVD becomes important, because the SPM induces a nonlinear chirp across
the pulse that GVD will translate into a pulse broadening or compression. In the

anomalous dispersion regime, the interplay between SPM and GVD will support a
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Figure 2.9: Optical spectra of a Gaussian pulse with an initial pulse width of 12.5 ps
propagated in a fibre in a presence of SPM only. Solid, dashed and dotted curves
represent the spectrum at z = 0,2 = 10 Ly, and z = 20 Ly, where Ly =~ 1000 km,
respectively.

stationary pulse-so called a “soliton”, which can propagate undistorted over a long
distance [31].

Another nonlinear effect, with a similar origin to the SPM, is cross phase mod-
ulation (XPM), which arises when two or more optical waves copropagate inside a
fibre and interact with each other through the nonlinearity. The nonlinear refractive
index of a wave does not depend only on its own intensity, but also on an intensity

of other copropagating waves.

2.5 Conclusions

In this chapter, a review of the theory and properties of optical fibres in the context
of optical communication has been given. To understand the mechanism behind
the optical signal transmission in a fibre, important fibre characteristics have been
discussed in details, namely optical losses, chromatic dispersion and fibre nonlinear-

ities. A simple derivation of the nonlinear Schrédinger equation that governs the
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pulse propagation dynamic has also been presented. The equation may be applied to
analyse the influence of each fibre characteristics over the dynamic of optical signal
propagation in communication systems. We briefly discussed some important effects
in this chapter.

Considering those fibre characteristics, we presented the impact of some impor-
tant effects in optical communication. The effect from fibre loss causes the sig-
nal power to decrease exponentially along the propagation. Chromatic dispersion,
which is the dominant dispersion effect in single mode fibres, is responsible for pulse
broadening as a result of group velocity dispersion (GVD) in which different spec-
tral components travel at different velocities leading to pulse chirping. The effect
of higher order dispersion, which causes asymmetric oscillatory pulse structure, has
also been reviewed. Finally, we presented the effects of nonlinearity on the pulse

spectra through self phase modulation (SPM) and cross phase modulation (XPM).
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Raman effect in optical fibre

3.1 Introduction

As the demand in ultra-high capacity optical links grows exponentially due to a
surge in data traffic, the entire optical bandwidth must be used to accommodate
an increasing number of data channels. In the 1.55 pm window, there is about
100 nm bandwidth, which corresponds to 15 THz of optical frequency bandwidth.
At 40 Gb/s bit rate, the uncertainty relationship gives approximately 40 GHz as the
limit for optical frequency spacing. This would mean that the wavelength window
might be able to accommodate around 375 channels. However, the fibre nonlinear
effects such as cross-phase modulation (XPM) and four-wave mixing (FWM) have
always brought about the limit and set the maximum number of channels to around
150 channels for a typical 100 GHz channel spacing of a 40 Gb/s per channel system
yielding a total of 6 Th/s transmission.

Such a large bandwidth has brought conventional optical amplification techniques
to their limit. Recently, the most popular optical amplification technology has been
Erbium-doped fibre amplifiers (EDFAs) because its high gain and relatively wide
bandwidth. However, the typical bandwidth provided by each EDFA is only 20 nm,
limited by the emission cross section of Erbium ions. A wider bandwidth can be
achieved by the use of multiple dopant, which may widen the bandwidth up to

48 nm [7]. To cover the whole range of 1.55 pum transmission window, one needs to

50
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employ two types of EDFA, each of which operates in different bandwidths, namely
the C-band (1525 — 1562 nm) and the L-band (1570 — 1615 nm), respectively.

Nevertheless, the recent development of high speed long haul node-to-node trans-
mission has seen not only the demand for an increased transmission bandwidth, but
also an increase in requirement of other criteria such as cost reduction by allow-
ing a longer amplifier spacing and reduction of signal distortion to allow a longer
transmission link.

To fulfil such demanding criteria, the use of Raman effect in optical fibres en-
ables a development of a new type of optical amplifiers called Raman amplifier. The
amplifier relies on the intrinsic properties of silica fibres to obtain signal amplifi-
cation meaning that the fibre loss can be compensated for within the transmission
fibre. An amplifier that relies on this principle is commonly known as a distributed
Raman amplifier (DRA) [3]. Unlike EDFAs whose amplification band depends on
the dopant, Raman gain can be achieved in most bands by adjusting the pump
wavelengths. Therefore, the Raman gain band only depends on the availability of
the pump wavelengths. Typically, the usable gain bandwidth of a Raman amplifier
pumped by a single wavelength is approximately 48 nm. However, a flat gain Ra-
man amplifier covering the whole range of C+L bands was implemented by using 12
pump wavelengths [32, 33].

The distributed nature of Raman amplifiers also helps to improve the optical
signal-to-noise ratio (OSNR) [34] along the transmission. As we may see from Fig-
ure 3.1, the signal energy does not sink too much when a DRA scheme is employed,
thanks to the distributed nature of the amplifier, compared to the case of lumped
EDFAs, in which the signal level drops considerably and may be buried at some
point by the noise. This will also lead to the fact that the DRA provides a better
OSNR than the lumped EDFA, and thus a longer amplification span is possible.

This chapter is devoted to the study of the underlying theory behind Raman am-
plification. The Raman effect in optical fibre will be reviewed. We will also present

the general models to characterise Raman amplifiers and Raman based devices.
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Figure 3.1: Comparison between signal energy evolution in an optical fibre with ED-
FAs (dashed line) and backward pumped DRAs (solid line). The amplifier spacing
1s 100 km.

3.2 Raman effect: The historical perspective

In 1928, C.V. Raman made the unexpected and highly surprising discovery that
light scattered from a liquid sample did not contain only the light with a wavelength
identical to the incident light, but also contained other wavelengths at either side of
the light source spectral line in the frequency domain. An interesting feature of this
observation is that the foreign spectra followed when the primary light spectrum
was displaced, in such a way that the frequency distance between the light source
and the foreign spectra was constant. When an extra light source was employed, a
new pair of foreign spectra appeared themselves round the source spectrum. Raman
investigated the universal character of this phenomenon by experimenting with a
large number of media as scattering samples, and found the same effect everywhere.
The explanation of this phenomenon was also found by Raman himself. The effect
was then named “Raman effect” after its discoverer and won him a Nobel prize in
1930 [35, 36].

Raman effect is the underlying principle of “Raman spectroscopy”, which is com-
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monly used in chemistry. Light scattered from sample molecules exhibits a unique
frequency shift via spontaneous Raman scattering. Since the Raman frequency shift
i1s very specific for the chemical bonds in molecules, it therefore provides a fingerprint
by which the molecule can be identified [37). |

In spite of the small Raman gain of silica glass compared to those of crystals or
liquids, a long length of low loss optical fibre may permit a low threshold stimulated
Raman scattering (SRS) process. In 1972, R.H. Stolen et. al. reported the obser-
vation of stimulated Raman emission in a single mode silica fibre [38]. They also
suggested a potential in employing SRS in light amplification and fibre laser appli-
cations. Raman amplifiers were first demonstrated in 1973 [39] and have become a
popular field of research since then. However, the lack of high power compact light
sources at the time froze the development of Raman optical amplifiers. Much of the
work has been overtaken by the development of EDFAs by the late 1980s [40).

Due to a high demand in deploying wider bandwidth for optical links, Raman
amplification was resurrected and became a major field of interest as a breakthrough
in optical amplification and laser technology in the mid- to late 1990s. By the early
2000s, almost every long haul (300 ~ 800 km) and ultra long haul (> 800 km)
optical fibre communication system employ Raman amplification as a part or all of
its amplification scheme [34].

To date, research on Raman amplifiers may be divided into two general cate-
gories, i.e. distributed Raman amplifier and discrete (or lumped) Raman amplifier.
Distributed Raman amplifier provides a smooth loss compensation along the prop-
agation of signals in an optical fibre. This thus helps to improve the noise figure
and reduce the nonlinear penalty of the amplification allowing a longer amplifier
span, higher bit rate and closer channel spacing. On the other hand, discrete Ra-
man amplifier may be used to increase capacity of an optical link by extending the
transmission bandwidth to the region in which other amplification techniques are
not an option. In light source area, considerable attention has also been paid to
the research and development of Raman fibre lasers (or converters) as novel light

sources that are highly flexible to operate at any wavelength [41, 42, 43].
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3.3 Spontaneous scattering of light in material

media

In this section, we describe spontaneous light scattering in materials when an intense
light beam is shone into a medium. Light scattering occurs as a result of optical
property fluctuations in a material medium. That means, light scattering cannot
occur in a completely homogeneous medium. In such a case, the incident light will
just transmit through the medium. To clarify this statement, Figure 3.2 shows a
diagram demonstrating a completely homogeneous medium illuminated by an in-
cident plane wave. Suppose that an infinitesimal volume dV; scatters an incident
light in 0 direction. There will always be nearby volume dV,, which scatters the light
in such a way that the second scattered light interferes destructively with the first
light. An only exception is that the light scattered into the forward direction (8 = 0)
does not experience this cancellation and will be transmitted through the medium.
Since the same argument can be applied to any volume element in the medium, we
may conclude that there can be no scattering in any direction except 6 = 0. The
scattering in the forward direction is known as coherent forward scattering, and is
the origin of the refractive index.

Note that the above argument requires that the medium be completely homo-
geneous. Light scattering can occur as a consequence of fluctuations in any of the
optical properties. For instance, if the density of the medium is not entirely uni-
form, the total number of molecules in the volume elements dV) and dV, may not
be identical. Thus, the destructive interference from between the lights scattered
by these two volume elements may not be exact, resulting in a scattering in other
direction than 6 = 0.

The above argument leads us to the fact that light scattering must be originated
from fluctuations in the material’s optical properties of some kind. Figure 3.3 depicts
the spectrum of scattered light under the most general circumstances. The medium
is assumed to be illuminated by a light beam with frequency vy. The spectrum has
a number of features corresponding to the origin of their type of fluctuation.

Lying on the same frequency as the incident light is the scattering of light by
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Figure 3.2: Light scattering. (a) Spontaneous scattering. (b) Cancellation of scat-
tered lights in a completely homogeneous medium.

Rayleigh scattering process. The origin of this scattering are the medium density
fluctuations. Rayleigh scattering may be considered as a quasielastic scattering
because it induces no frequency shift and hence no energy loss in the scattering
process.

Next, on both sides of the Rayleigh scattering see two spectral lines of Bril-
louin scattering. This is the scattering of light from the fluctuations induced by
sound waves, that is, from the propagating pressure waves. The Brillouin scattered
lights have their frequency shifted to both sides of the incident light frequency. By
definition, the components that are shifted to lower frequency are called Stokes
components, whereas those components shifted to higher frequencies are known as
anti-Stokes components.

Further away from the Brillouin scattering spectral lines, we find light scattered
by the Raman scattering process. Raman scattering results from the interaction of
the incident light with vibrational modes of the molecules constituting the scattering

medium. Equivalently, Raman scattering may be described as the light scattering
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from optical phonons. In a similar sense, Brillouin scattering can also be considered

as the scattering of light from acoustic phonons.

o
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Figure 3.3: Spectrum of light scattering in a medium.

In the Raman scattering process, the incident light interacts with a vibrational
mode of a molecule resulting in scattered light with either or both positive and neg-
ative frequency shifts. Figure 3.4 depicts the quantum picture of Raman scattering.
When a photon is incident to a molecule, two cases of scattering may occur. The
first case is that the photon loses its energy and is annihilated to emit a new photon
with lower energy, and hence lower frequency. The rest of the energy is converted
into a vibrational mode of the molecule or optical phonon (€2). The emitted photon
in this case is a Stokes photon. The opposite situation occurs if the photon gains en-
ergy from the optical phonon instead. The emitted photon will have a higher energy
than its original and hence a higher frequency. In this case, the emitted photon is
referred to as anti-Stokes photon. In the case of optical fibres, the anti-Stokes case
is much weaker than the other as it requires molecules in the end state, which are

generally much less than the molecules in the ground state.

3.4 Stimulated Raman scattering

So far, we have described the origin of spontaneous scattering of light, which is
a rather weak process. Nevertheless, under an excitation by intense light beam,

the spontaneous emission can grow stronger in such a way that it stimulates an
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Figure 3.4: Quantum picture of Raman scattering.

emission of scattered light, resulting in a highly efficient scattering process. This
version of scattering is referred to as stimulated scattering, and is typically a very
strong process. This stimulated scattering can also occur when the light emission is
stimulated by an external light beam, by which an amplification of the light beam
can take place.

In this section, we aim to gain an understanding of the physical phenomenon
behind the stimulated Raman scattering (SRS) by describing it through a simple
classical model, and explain the features and applications of Raman gain in both

frequency and time domain.

3.4.1 Classical model of stimulated Raman scattering

In the stimulated Raman scattering process, the optical radiation interacts with a vi-
brational mode of a molecule. In the simple classical model developed by E. Garmire
et. at. [44] and presented in Ref. [45], the vibrational mode can be assumed to behave
like a simple harmonic oscillator of resonance frequency w, and a damping constant
7 as shown in Figure 3.5. The internuclear distance is represented by ¢ +¢(t), where
q(t) is the deviation of the internuclear distance from its equilibrium qo-

From Figure 3.5, the equation of motion governing the molecular vibration takes
the form of

d*q dg F(t)

— — 2 = —
qz gt = (3-1)

where F' represents the force on the vibrational degree of freedom and m is the
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Figure 3.5: Molecular description of stimulated Raman scattering.

reduced nuclear mass.
Here, we make an assumption that the optical polarisability of the molecule

depends on the internuclear distance as

oft) = ap + (g—j) o), (32)

where ag is the polarisability of a molecule in which the internuclear distance is
rested at its equilibrium. Eq. (3.2) implies that the polarisability will be modulated
in time when the molecule is set into oscillation. A similar effect will occur to the

refractive index via the relation

n(t) = ve(t) = [1+4nrNa(t)])?, (3.3)

where N is the number density of molecules. The modulation in time of the refractive
index will affect the transmitted light beam in such a way that sidebands separated
by +w, will be generated.

In the presence of an optical field E(z,t), each molecule will become polarised.

The induced dipole moment of a molecule is thus given by
p(z,t) = aE(zt). (3.4)

Now we may determine the energy required to establish this oscillating dipole mo-
ment

(p(2,1) - Blz,0)) = a(B(z,1)) (3.5)
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where the angular brackets (-) denote a time average over an optical period. Hence,
one may work out the force on the vibrational degree of freedom exerted by the

applied field and see that
F= %‘g - -21~ (%g) (E*(z,1)). (3.6)
q=0
Note that if the applied fields contain two frequency components as it is the usual
case for the SRS, Eq. (3.6) shows that the molecular coordinate will experience a
time-varying force at the beat frequency between the two field components.
To elaborate the discussion on the influence of the fields over the molecular

vibrations, let us assume that the total optical field can be represented as
E(z,t) = Apeillkre—wrl) | g pitksz—wst) 4 ¢ (3.7)

From Eq. (3.6), the time-varying part of the applied force can be given by

F(z,t) = (8_@) [ApAgei(KZ_m) +c.c], (3.8)
99 / 4o
where
K =kp— kg and Q=wp — wg. (3.9)

Now we are ready to find the solution of Eq. (3.1) with a force term from Eq. (3.8).

The following trial solution is adopted:
g = q(Q)eF>=0 ¢ (3.10)
Substitute Eq. (3.8) and (3.10) into Eq. (3.1) and obtain

1 (O«
—20(Q) — iy 2a(! = | = A <. 1
() — 2iyg(©) + wZa() m(aq)qzo P4 (3.11)

Hence one may find the amplitude of the molecular vibration

Q) = (1/m) [E‘)Oz/c")q]q:(J ApA%
e W2 — Q% — 210y

(3.12)
Since the polarisation of the medium is given according to Eq. (3.2) and (3.4) by

P(z,t) = Np(zt) = Na(z,

= N {ao+ (%g) ) q(z, t)} E(z,1). (3.13)

N
b
~
=
N
o~
~—r
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Here we are interested only in the nonlinear part of the polarisation. It is hence

given by
NL da i(JKz—Qt)
P (zt) = N 50 [q(w)e 27 - cc]
9/ ¢=0
x [Apelkramwrt) o g oilKsz—wst) | c.c.. (3.14)

The nonlinear polarisation in the above equation contains several different frequency
components. The part of interest is the Stokes polarisation, which oscillates at
frequency wg

P (2 t) = P(wg)e™™st 4 c.c., (3.15)
with the complex amplitude of the Stokes polarisation given by

Ja

P(WS) =N <"—> q*(Q)APGikSz. (316)
94 ) 4o

Substituting Eq. (3.12) into the above equation, one may find that the complex
amplitude of the Stokes polarisation yields

(/) 0ar/ ) o4 A5
w2 — Q2 4+ 210y

Plws) = ihsz, (3.17)

Now we shall define the Raman susceptibility yp via the following expression [6]
> 3 2 iksz
I (w,g) = ZX:’?(WS')IAPl ASCJ R (318)
Comparing Egs. (3.17) and (3.18), we find that the Raman susceptibility is given by
(4N/3m) (0 Oq)?

q=0
. 3.19
w2~ (wp — wg)? + 2i(wp — wg )y ( )

Xr(ws) =

In order to make a connection between the Raman susceptibility recently and
the Raman gain coefficient generally used in the context of Raman amplification, we
assume the following equation to describe the evolution of the slowly varying field

amplitude Ag,

— 54 (3.20)

where

L wWe
Ig = zgixﬁ(ws)mpﬁ (3.21)
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is the Stokes wave absorption coefficient, and |A;|* = I; is the field intensity. Since
we are interested only in the amplification or attenuation of the field, it is convenient

to modify Eq. (3.21) such that

w
Tg = —2Im {xn(ws)} |Ar|*. (3.22)
ngc

Multiplying Eq. (3.20) by A% and making a summation with its complex conjugate,
we arrive at
dls

w
—> = Tsls = —Im {xr(ws)} Ipls. (3.23)
z ngc

We may compare the above equation with a standard intensity equation governing
the power transfer between the pump and Stokes waves [3]

dl
_ds = QRIPI& (3-24)
4

where gp is the Raman gain coefficient. Hence we may relate the Raman gain

coeficient to the Raman susceptibility as

gr(Aw) = %Im {xr(AW)}Y, (3.25)

n
where Aw is the frequency shift defined as Aw = wp — wg.

By considering Egs. (3.19) and (3.25), the Raman gain spectrum can be seen to
be proportional to a Lorentzian

2Awy
(Bw? —w2)? + (2Bar)?

gr(Aw) o (3.26)

In the above equation, the extraneous constants have been removed to emphasise
the functional form of the equation.

In practice, the Raman gain spectrum can be obtained experimentally. By fitting
the Lorentzian profile to the actual Raman gain spectrum, the parameters w, and

~ are given in relation to parameters 7, and 7, measured from a bulk fused silica by
= 1/w, 71 =122 fs
o= 1/v Ty = 32 fs. (3.27)
Figure 3.6 illustrates the Raman gain spectrum calculated from Eq. (3.26). The

calculated value has been scaled to match the peak of the measured Raman gain

curve (dashed line).
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Figure 3.6: Raman gain spectrum obtained from the single-damped-oscillator model
(solid curve) compared to a measured Raman gain (dashed curve)

Although, Raman gain calculated from the simple single-damped-oscillator model
illustrates the overall gross structure of the Raman gain spectrum, all the fine struc-
tures are absent. This is because the glass material is not just a collection of in-
dependent silica molecules that all behave in the same manner. Rather, it is a
random arrangement of silicon and oxygen atoms with an ensemble of different in-
ternal structures consistent with the vitreous nature of the material, which results
in a finer structure of the gain spectrum.

It is, however, possible to incorporate the fine structure, in which case the multi-
vibrational mode model is required. The Raman gain spectrum is assumed to be a
result of superposition of numerous Gaussian profiles equivalent to multi-vibrational
mode oscillators. Detailed treatment of this multi-vibrational mode model can be

found in Ref. [46].
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3.4.2 Power balance model for Raman amplification

In this section, we describe the set of equations governing the power transfer within
the Raman amplification process. As developed in the previous section, Eq. (3.24)
indicates the variation of Stokes intensity /g which receives its power from the pump
Ip through the SRS process. During the scattering process, an incident photon with
energy hvp from the pump is annihilated to generate a lower frequency photon (with
energy hrg) at the Stokes frequency. SRS is an inelastic scattering process that does
not conserve the energy during the conversion; however, the annihilated and created
photon numbers are still conserved. Therefore, the change in pump and Stokes

photon energy must satisfy the following relation:
Vp
dép = —d&%s, (3.28)
Vs

where & denotes the energy of a photon at frequency j. Hence, the interaction

between the pump and Stokes waves is governed by

dls

df = —asls+grlpls,

dlp ,

= = —aplp- 2P onlslp, (3.29)
z Vs

where /g and Ip represent the intensity of Stokes and pump wave, respectively.
We have also included the material attenuation coefficients ag and ap to take into
account the losses in the medium. gp is a shortened form of gr(Av), where Av is
the frequency difference between the Stokes and pump frequencies.

In the context of optical amplification in optical fibres, it is more convenient to
work with optical powers. The beam intensity and its optical power is related by

P
Acyr’

[ = (3.30)

where A.;y is the effective core area of the fibre. Thus one may write Eq. (3.29) in

the power form as

dPs IR
2 = _goPe Pp Po
17 g ,s-i-AeN rPls,
dPp
d = —Cl’pPp - V—P IR PSPP, (331)

dz Vg Aeff
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where Ps and Pp are the average power of the signal (Stokes) and pump waves.

To understand how the power transfer initiates, we shall consider a continuous
wave (CW) pump beam propagating inside the fibre at the optical frequency vp. If a
signal beam with frequency vg is copropagating inside the fibre, it will get amplified
as long as their frequency difference Av = vp — vg lies within the bandwidth of
the Raman gain spectrum. At the same time, the spontaneous Raman scattering
may act as a weak signal and get amplified, too. This will result in the amplified
spontaneous emission (ASE) noise. As the spontaneous scattering generates photons
within the entire bandwidth of the Raman gain spectrum, all frequency components
are amplified. However, the frequency component for which gz is maximum builds
up most rapidly. This fact provides a basic underlying principle of Raman fibre
lasers.

Figure 3.7 shows the Raman gain spectrum for fused silica at a pump wavelength
of 1 pm. For other pump wavelength the Raman gain can be scaled by using the

relation

A
9rj = _99R0, (3.32)

Aj
where, gr; and gro are the scaled and original Raman gain coefficients with their
corresponding pump wavelength A; and \g, respectively.

Care must be taken when using the Raman gain spectrum shown in Figure 3.7 in
the analysis of Raman amplification in optical fibres. As the Raman gain spectrum
is measured from a bulk glass sample, it may not be used instantly. In optical
transmission, we always assume that the signal in optical fibres is linearly polarised
whereas the scramble polarisation of Raman pump is commonly used to avoid gain
fluctuation. Hence, the signal will effectively experience half of the possible gain
achieved when both pump and signal are in the same polarisation. A factor of 0.5
must be multiplied to the Raman gain to take into account this effect. Note however
that Raman lasers rely on the build-up of Stokes beam from spontaneous emission
process, which generates light in a random polarisation. In this case, hence, there
must be a pair of pump and Stokes photons that are in the same polarisation. The
Raman gain spectrum can thus be adopted directly.

Under some circumstances, it is more convenient to measure Raman gain effi-
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Figure 3.7 Measured Raman gain spectrum for fused silica at a pump wavelength
Ap = lpum. (after Ref. [47] ©1980 IEEE)

ciency defined as gr/A.;;. The measured parameters have taken into account the
mode overlap of pump and signal fields and thus may provide a more accurate es-
timation of Raman gain in the model. Figure 3.8 shows the Raman gain efficiency
for various modern transmission fibres.

One may be able to solve Eq. (3.31) analytically if the pump depletion is ne-
glected. The case is only valid when Pg is small and the interaction length is short.
Assuming a non-depleted pump, we can now find the solution for the pump equation
as

Pp(z) = Pp(0)e™ %, (3.33)

where Pp(0) represents the injected pump power. Substituting Eq. (3.33) into the
Stokes equation of Eq. (3.31), we then find that

1 dPs L R
— 0 = — g
Ps dz g Aeff

Pp(0)e™P7. (3.34)

The solution of the above equation can be easily found and it takes the form of

Ps(z) = Ps(0) exp [—QS.H Ag’;fLefpr(O)} , (3.35)




Chapter 3. Raman effect in optical fibre _ 66

Aston University

lustration rem oved for copyright restrictions

- —_— - v — e - P - R Lo m

Frequency Shift (THz)

Figure 3.8: Raman gain efficiency spectra for some commercial transmission fibre.
The spectra were measured with a reverse-pump at 1455 nm. (after Ref. [28] ©2003
Springer)

where
1 _ p—Qpz
Ljp=——o (3.36)

Qp

is the effective interaction length as a result of pump absorption.

3.4.3 Effective core area for stimulated Raman scattering

Due to the relatively wide gain bandwidth of the SRS, there is a range of wavelengths
that may be guided by the optical fibre. These wavelengths have their own transverse
modes resulting in a different field distribution and hence a different effective area
(Aeyy) for each wavelength. The power transfer thus takes place in the effective area
in which the pump and Stokes fields are interacting. To achieve a good accuracy of
the model described in Eq. (3.31), one may have to take into account the mode field

overlapping of the pump and Stokes fields such that [48]

Aojy = g (w? +w?), (3.37)
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where 2ws and 2wp are mode field diameters (MFDs) of the pump and Stokes field,
respectively. Assuming that each field distribution has the Gaussian form

)

2
U)j

Fi(z,y) = exp (— (3.38)

the mode field radius can be calculated from an empirical formula as follow [29]
w; = a (065 + 1619V, + 2879, (3.39)
where the normalised frequency

V, = ZaNA, (3.40)
Aj

where A;, a and NA are wavelength, fibre core radius and numerical aperture, re-

spectively. Details of the optical fibre characteristics are given in Section 2.2.

3.4.4 Transient stimulated Raman scattering

The analysis so far has been focussing on Raman effect from the viewpoint of CW
or quasi-monochromatic pulses (valid for longer pulses). The power analysis in
frequency domain is sufficient to cover most interesting features of the effect. In
recent years, however, the effects of the phenomenon on ultrashort high intensity
pulses (width < 100 fs) have attracted much interest. With such a short pulse,
its spectral bandwidth is so large (2 1 THz) that Raman scattering can happen
between the high and the low frequency components of the same pulse. This effect
is referred to as intrapulse Raman scattering [6]. Moreover, as the spectral width of
the pulse becomes comparable to the carrier frequency, the derivation of Eq. (2.40)
becomes questionable. Therefore, a new version of nonlinear Schrodinger equation
(NLS) is needed to take into account the Raman effect contribution.

For convenience, the Raman susceptibility described in Eq. (3.25) can be rede-
fined as

gr(Aw) = 25 foy®Im {waR(Aw)}, (3.41)
ngc

where fr is the fractional contribution of the delayed Raman response, which can be

estimated from the known numerical value of Raman gain peak. The typical value
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of fg is about 0.18 [49]. lNzR(Aw) is the normalised Raman gain spectrum. Hence,
we may introduce the corresponding Raman response function hg(t), which is the
Fourier transform of the Raman gain spectrum ER(Aw). From the consideration of
the single-damped-oscillations described in Section 3.4.1, the response function is
proportional to the Fourier transform of the Lorentzian Raman gain spectrum as
such [49]

4Ty

= exp(—t/72) sin(t/m). (3.42)

Tl 7\2

hR(t) =

The values of 7, and 7 as well as their relation to the medium resonance frequency
(wy) and the damping constant () have been given in Eq. (3.27). Figure 3.9 il-
lustrates the comparison between the temporal variations of the Raman response
function hg(t) given by Eq. (3.42) and obtained by using the actual Raman gain

spectrum of silica glass as shown in Figure 3.7.
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Figure 3.9: Comparison between the temporal variations of the Raman response
function hp(t) (a) given by the single-damped-oscillator model and (b) obtained by
the actual Raman gain spectrum of silica glass.

Now the Raman effect may be included into the NLS equation by assuming the

following functional form for the third order susceptibility [49]
Ot =ty b=ty t— t5) = XV R(t — 1)6(t — £2)6(t — L), (3.43)

where 6(t) is the Dirac delta function, defined to be zero everywhere except at

¢t = 0, and R(t)is the nonlinear response function normalised in a manner similar to
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the delta function such that [ R(t)dt = 1. The nonlinear response should include
both the electronic and vibrational (Raman) contributions. By assuming that the
electronic contribution is nearly instantaneous, the nonlinear response function R(t)

can be related to the Raman response function hg(t) through

R(t) = (1 = fR)5(t) + frhn(t). (3.44)

Using the above assumption, the NLS equation described in Eq. (2.38) can be

modified to include the Raman effect as

i{@@ H@Q}%@@’@?@J%’@BQ_

2z T[T 2o 6 B
ire} Wy Ty [1 1 0

— () - = 4+ ——
2 c A@ff woat

] [Q(,z,t) /Om R(t’)IQ(z,t—t’)tgdt’} (3.45)

However, for a pulse larger than 50 fs, the above equation may be simplified
considerably by using a perturbative approach. The NLS equation, which approxi-

mately includes the effect of a delayed Raman response thus takes the form

| {062 k,ace} K OPQ ik 9°Q
’1/ [

0z 0o

2 Ot? 6 ot
0

QF
ot

~Bo-2 2 (9P + 22010 - Th0

1 0
= ., (3.46)

c Aeff Wo ot
where Tj is related to the slope of the Raman gain assumed to vary linearly with
frequency in the vicinity of the carrier frequency wg, and has a relation to the

nonlinear response function by
Tr = / t'R(t")dt'. (3.47)
Jo

The estimate value of Tx is ~ 5 fs.

Till now, we have considered the effect of SRS within a pulse, which results in
pulse distortion. In an optical Raman amplification system using pulsed pump with
such a small pulse width that the monochromatic assumption becomes invalid, the
NLS equation in Eq. (3.45) has to be modified to account for the interaction between

the pump and signal pulses. The dynamics of pulses propagating in the fibre are
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described by the following coupled equations [6].

; oQp Lk , 0Qp | kb 0°Qp ~i/\”"p"33QP _
0z e ot

2 Ot? 6 ot

(1 — fR)(1Qp* + 2|Qs[)Qp + Rp(z,1),  (3.48)
(005 |, 005\ K005 i 0Qs

0z S ot

10g wg Mo

T ST d

2 Ot? 6 ot

(1 - fr)(1Qs]* +2|1Qp|*)Qs + Rs(z,1). (3.49)

The Raman contribution R, and R are obtained from

R;(z,1) frQ; / hr(t—1') (le(z,t')|2+iQk(z,t’)P) dt’ + v frRQx

o Ae/f]

X / hr(t —1)Qs(2,1)Qk(z,t") exp (:tiQR(t—t’)) dt’ (3.50)

—00

where j,k = P or S such that j # k, Qp = wp — ws is the Stokes shift, and fr
represents the fractional Raman contribution.

In the picosecond regime in which pulse widths exceed 1 ps, Eq. (3.48) and (3.49)
can be simplified. This is due to the fact that the pulse envelopes vary a little over
the time scale over which the Raman response function hr(t) changes. By treating
Qp and Qg as constants, the integral in Eq. (3.50) can be performed analytically.

As a result the Raman contributions yield the value

/n [(\Qﬂz +2|1Q:)Q; + ﬁ,z(iQR)QjQZ) (3.51)

where hg is the Fourier transform of the hp(t) and the negative sign is chosen for
j = S. At the gain peak located at Qp, the real part of 71,]3 vanishes while the

imaginary part is related to the Raman gain. By introducing the gain coefficients

7 —~ Y

wp , o
gp =24 Frlhr(0)], g5—2~—
f c Acff,P ]{1 R( R)‘ chfb

the couple amplitude equations become
; oQp LK aQp| @EWQP ikl PQp
0z Fot B

Frlha(S2R)] (3.52)
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For the present Raman amplification technology in optical transmission systems,
the simplified version should be sufficient to provide a good accuracy. However,
the numerical procedure will be much more complicated when some random effects
such as noise and backward Rayleigh scattering, which are important in the realistic
system consideration, are taken into account. To ease the calculation, the generalised
Raman-amplified gain model may be used. The details of this approach will be

described in Chapter 5

3.5 Noise in Raman amplification

In the analysis of optical amplifiers, one of the most important characteristics is the
noise, which has become an important limiting factor in high speed optical transmis-
sions. As mentioned in Section 3.2, the distributed nature of Raman amplification
helps to reduce the effect of noise significantly by improving the optical signal-to-
noise (OSNR) of the signal along the transmission path. In the design and analysis
of Raman amplifiers or Raman amplification systems, however, it is important to
understand their noise characteristics in order to accurately predict or optimise the
overall performance of the systems.

There are two important types of noises in Raman amplification. The first one
is the amplified spontaneous emission (ASE) noise, which is a result of spontaneous
emission photons getting amplified in the same direction as the signal. The second
effect that is responsible for other type of noise is double Rayleigh scattering (DRS).
This type of noise can be understood simply by considering the fact that some signal
photons get scattered backwards by the Rayleigh scattering process. The scattered
photon will get amplified by the pump and may be scattered back again into the
signal direction resulting in an in-band noise or multipath interference (MPI).

Apart from those two major noise sources in Raman amplification, other phenom-
ena may contribute to the noise, too. As the Raman process is almost instantaneous,
slight pump power fluctuations may cause the individual bit of signal to experience
a different gain. Consequently, this leads to the amplitude fluctuations or jitters.

This effect is not significant in backward pumping scheme, as each bit will see the
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pump wave only for a short period of time, and will be averaged out in most cases.
In addition, an external noise source such as the noise from the pump laser may also
degrade the signal performance, especially when forward pumping scheme is used.
Due to these several disadvantages of the forward pumping, the backward pumping
scheme is more popular and desirable.

The ASE noise in optical amplifiers has its origin from the spontaneous emission.
It has been shown in Ref. [50] that purely spontaneous scattering is approximately
equivalent to the injection of a single Stokes photon per mode at the input. Hence,

the equivalent noise power injected at the input is
Py = 2Ng,hvAv, (3.55)

where h = 6.6260755 x 10731 [J - 5] is the Planck’s constant. v is the optical fre-
quency. Av is the effective bandwidth of the signal in which the noise is considered.
Note that Ny, is related to noise figure F' via the relation F' = 2N,(G—1)/G ~ 2N,
In Raman amplifiers, the spontaneous emission factor N, is always determined by
thermal equilibrium such that

1 1

Np = 1 — c-hBv/kT 1+ GhBu/ET _ 1 (3.56)

where k = 1.380658 x 1072 [J/K] is the Boltzmann’s constant. 7" is the ambient
temperature. At room temperature (300 K), the spontaneous emission factor Ny, o~
1.1, which is equivalent to the noise figure of about 3.5 dB.

By incorporating the above ASE noise in the power balance model introduced
in Eq. (3.31), we now have a new set of equations describing the power interaction

between the signal and pump waves including the ASE noise as

dPs gr 9r ( 1 ]

2 = _—goPe — PpPs + 2hve Ay = 1+ -1 P
T as P + a4, Pt + 2hvgAv o T e 1) TP
dPp vp 9Rr 4dr 1

Az = ”Q[)Pp — —VS Aejf PS'PP - QhVPAI/Aeff (1 -+ AGII,AV/XCIF ] ) R

(3.57)

where Av is vp — vg.
It is also possible to incorporate the DRS into the above equation. In doing so,

we need to consider the contributions of backward propagation too. By introducing
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the coupled equations for the backward propagation, Eq. (3.57) is modified to take

the form of

P}

_ . pE F 9r + ~ IR ——-———1 3
7o = q:O.SPS j:EsPS im(PP +PP)PSi2]]VSAVAeff [1+8}1Au/kT~_1] PP
dP]:Dt + + VP QR + - gR 1
- = FoarPrFepPp u—sAeff(PS + Pg)Pr ¢4huPAV~—Aeff (1 + m’f‘-_‘j] !

(3.58)

where Av = vp — vg. The + and — superscripts and signs indicate the forward and
backward propagating waves, respectively. ¢; is the Rayleigh scattering coefficient.

In order to analyse the OSNR from this power balance model, it is convenient
to separate the signal and noise from each other. We once again modify Eq. (3.58)

to consider the signal and noise separately. Thus we obtain

e il

];_Ij _ ¢appg¢z_§i1;f (P5+n§+n§+4hl/5Al/ [1+W]}P§
% = —asnd +esng + a4, (n; + 2hvsAv [1 + gﬁ'&?ﬁl_v”-_—l] PJ:‘)L]

% _ aeng — es(nd + Ps) — Age/;f [ng + 2hvsAv (1 + E—A—-’//i—j;—l] Pfot) ;

(3.59)

where nf and ng are the forward and backward propagating noise at the signal

frequency vg, respectively. This model allows for the estimation of the OSNR of
a single pump Raman amplifier. It can also be generalised to take into account

multiple pumps and signals.

3.6 Conclusions

This chapter provides a theoretical background on Raman effect, which will be
applied in various applications described in later discussions. Starting from the his-
torical perspective when the spontaneous Raman scattering was first observed as a
curious phenomenon in C.V. Raman’s laboratory in 1928, the discussions have been

elaborated to cover the stimulated version of the scattering which is the underlying
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principle of most Raman related applications in the context of optical communica~
tions.

The literature on stimulated Raman scattering (SRS) in optical fibres has been
reviewed. The most interesting use of the SRS is its potential to turn an optical
fibre into a gain medium providing a distributed gain to signals. Raman amplifiers
have been proven to help improve the optical signal-to-noise ratio (OSNR) due to
its low noise and distributed gain structure. Lumped Raman amplifiers have also
drawn much attention as they represent a breakthrough in the area of ultra-wide
band optical amplification.

In Section 3.4, we presented an overview of SRS theory to gain some understand-
ing of the process. A simple single damped oscillator model has been presented to
describe the fundamentals of the SRS. The model was successtul in approximately
predicting the Raman gain spectrum. We also developed a power balance model
to describe the power interaction in a simple Raman amplifier. The model will be
extended to characterise various Raman applications such as Raman fibre lasers and
amplifiers in later chapters.

For ultra-high speed transmission (hence ultrashort pulse width), the SRS may
become a detrimental effect. The intrapulse Raman scattering may cause the pulse
breaking and hence signal distortion. To account for this effect, the standard nonlin-
ear Schrodinger (NLS) equation must be modified. The transient Raman response,
obtained from the Fourier transform of Raman gain spectrum, was included in the
nonlinearity part of the NLS equation to incorporate the Raman transient effect.
We also presented the transient model that governs amplification of short pulsed
signals amplified by a pulsed pump.

Lastly, the noises in Raman amplification has been described. Two of the most
important noises in Raman amplification are the amplified spontancous emission
(ASE) noise and double Rayleigh scattering (DRS) noise. The origin of ASE noise
is the amplification of spontaneous Raman scattering whereas the DRS noise comes
from the signal and ASE noise being scattered back and forth into the signal di-
rection. A brief description of those two noises has been given in Section 3.5. We

have also presented the incorporation of ASE and DRS noise into the power balance
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model to accurately predict the characteristics of Raman amplifiers and lasers.



Chapter 4

Raman fibre lasers

4.1 Introduction

At present, laser technology has played a vital role and taken part in various ar-
eas such as display technology, optical recording, high precision sensing, biomedical
engineering and especially optical communication. The demand in new laser tech-
nology has grown rapidly as the technological world evolves. A higher power and
better beam quality laser is always needed at every new step of those technological
advancements.

In optical communications, the laser is an important part, used as the data signal
sources in optical transmitters, and as the pump sources for optical amplifiers. Due
to an abrupt surge in the demand of ultra-high capacity optical transmissions, a wide
range of laser wavelengths are required to provide pumping for optical amplifiers to
maximally utilise the entire transmission window of the optical fibre.

In addition, Raman amplifiers deliver a relatively wide bandwidth, and has re-
cently gained much popularity in many high-speed long-haul optical transmission
systems. Multiwavelength pumping has been proven to be a key technique to expand
the gain bandwidth of distributed Raman amplification, which has become an attrac-
tive technology in ultralong long haul, high bit rate transmission systems. [51, 52].
To enable multiwavelength pumping technology, lasers with flexible output wave-

lengths are required.

76
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Unfortunately, conventional lasers such as semiconductor lasers or rare-earth-
doped fibre lasers failed to provide such a flexibility, because their lasing wavelengths
are tied to the emission cross section of dopant ions [40].

The discussions in Chapter 3 pointed out that the Raman fibre laser (RFL),
whose operating wavelength depends only on the wavelength of its pump, can be
used as a pump source operating at the wavelength inaccessible by the others, and
hence providing a coverage of the entire 1.5 um transmission window of the optical
fibre. Table 4.1 summarises the spectral band in the 1.5 pm window for a standard

single mode fibre (SMF) [53].

Band Wavelength range (nm)
S*-band 1450 — 1490
S-band 1490 — 1530
M-band 1530 — 1570
L-band 1570 — 1610
L*-band 1610 — 1650

Table 4.1: Spectral band under 0.3 dB/km loss in ordinary single mode optical fibre

Recently, a considerable attention has been focusing on the development of the
RFLs as a breakthrough in laser pumping technology. Because of its flexibility
to operate at almost every wavelength, the RFL can be used as a pump source for
Raman or Erbium-doped fibre amplifiers. Moreover, its advantage of wider available
wavelengths also shows a great potential to find an application in other areas such
as biomedical engineering and sensing.

This chapter is devoted to the study and development of various types of Raman
fibre lasers. The principle of the lasers, their designs, modelling and characteristics

will be described.

4.2 Modelling of Raman fibre lasers

The principle of Raman fibre lasers (RFLs) relies on the wavelength conversion
through stimulated Raman scattering (SRS) process, in which the pump light prop-

agating down the gain medium fibre interacts with the medium molecules. This
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interaction results in a power transfer from the pump into a Stokes wave with a
lower frequency. The frequency shift is always determined by the peak of the Ra-
man gain spectrum of the medium. A cavity, used to confine and resonate the pump
wave, will help to improve and maximise the conversion efficiency. The power trans-
fer to a higher Stokes wave is possible by employing a nested cavity, in which each
Stokes line is resonated, and transfers its power into a higher order one. In general,
the reflectivity of each cavity mirror is high, except for the one at the output end
of the cascade that has a moderate reflectivity to couple the light out of the cavity.
The cavity is generally formed by pairs of fibre Bragg gratings (FBGs) due to its
simplicity and compatibility to be spliced or connected directly to the gain medium

fibre. Figure 4.1 depicts the schematic diagram of a generic cascade RFL.
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Figure 4.1: Schematic diagram of Raman fibre lasers.

In order to characterise a RFL, the power balance model described in Sec-
tion 3.4.2 may be used. A modification of Eq. (3.31) is made to account for both
forward and backward propagating waves and the cascade structure of the laser as
illustrated in Figure 4.2, where L is the cavity length of the laser. Hence, the power

balance model used to characterise a (n + 1)-stage RFL is as follow:

dPE ve R o4 -
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dz v Agpy
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= FauP £ g (P PR PEF g (B PP
z eff V2 Beyy
dp:‘c gk—l,r’c . - Uy gk’,k’-*-l -
£ o= Fa P+ _%M(Pk—l + P )P T ’Zim (Pl + P )P
dz AL Vk41 Ac“
dPi R n—1n ( _ .
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where the subscripts P, ..., k,...,n denote the pump wavelength and Stokes orders
of frequency vp, ..., v, ..., vy, respectively. The forward and backward propagating
waves are indicated by the 4+ and — signs. The optical fibre used as the gain medium
in this RFL has the attenuation coefficient «; at wavelength j. The Raman gain

Im

coefficient ¢ and effective core area Aé’?'f are determined by considering the fact
that the pump at wavelength [ interacts with the Stokes wave at wavelength m
causing the power to transfer from the pump wave at wavelength [ to m through

the SRS process.

Pin Pi'
> b =
N R,
P —
S
Ry,L \_ y Ry, r
< P, <
" PouL‘
. e s P, & < - &
n, L out
\- B P < N
z=0 z=L

Figure 4.2: Problem definition for the Raman fibre laser power balance model.

The problem defined in Figure 4.2 is a boundary value problem (BVP), in which
one may need a set of boundary conditions to solve. The boundary conditions are

given by the injected pump power at the input end and the reflection at each FBG.
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Thus, the boundary conditions yield

P (0) = Pi P5(L) = P(L) - Rp - CL%
P(0) = P7(0)- Ry - CL7 Pr(L) =P (L) Ryr-CL%
Pf(0)=P;(0)- Ror-CLY Py(L)= Pf(L)- Row - CLy, (4.2)

where C'L; and C Ly are the linear connector losses at the left and right ends of the

cavity, respectively. The output power may be obtained as

POUL = P;(L) - P—(L> = ‘ij-(L)(l - Rout)' (43)

n

Any standard algorithm for solving BVPs may be used to integrate Eq. (4.1)
given the above boundary conditions. Note that, neglecting thé contribution given
by spontaneous Raman scattering, the system does not have a unique solution.
A possible solution is when the pump is depleted only by the linear loss without
generating any Stokes wave at all. This trivial solution may be avoided by providing
a good set of initial values and looking for the only stable solution. T hroughout this
thesis, we have adopted the shooting method [54] and the fixed step Runge-Kutta

algorithms to integrate the BVP equations.

4.3 Single stage Raman fibre laser

In order to test the validity of the model described in the previous section, a single
stage RFL has been modelled and compared to the experimental results. A low
Germanium doped fibre is used as the gain medium. Details of the fibre parameters
are summarised in Table 4.2. The laser is designed to lase at the output wavelength
of 1150 nm with the pump wavelength at 1090 nm. The cavity is formed by a pair
of FBGs. Each FBG except the output coupler has the reflectivity of 99%, which
is the limit of the present technology. The output coupler terminating the cascade
resonating cavity is a FBG with a reflectivity of 20%. It is important to include

the connector losses appearing at the concatenation between the FBGs and the gain
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medium fibre. Both connector losses take the value of ~ 0.27 dB. The fairly high
value of the connector losses are due to the mode field mismatch between two types

of fibres used as the gain medium and FBGs and the imperfection of the optical

connectors.

Parameters Value
cut off wavelength 0.95 pm
index difference 0.06
core diameter 9.5 pum
GeQ, concentration 4 mol%

attenuation at 1.09 pum
attenuation at 1.15 pm

0.85+0.05 dB/km
0.70 4+ 0.05 dB/km

QR/Aeff 1.3355 x 1073 (anl)_l

Table 4.2: Fibre parameters for the single stage RFL.

Two configurations of the laser have been tested namely the configuration with
a cavity length of 500 m and 1000 m. Figures 4.3 and 4.4 show the comparison of
the output power characteristics between the experiment and numerical results for
L = 500 m- and 1000 m-cases, respectively. The results show a fairly good agreement
between the numerical simulations and the experiments. This, thus, confirms the
validity of the model.

As one may see from both cases, the laser output power varies almost linearly
with the input power. For a convenience in comparing the laser performance, we
shall define the conversion efficiency, which is a ratio between the output and input

power as

Pout
b

Pin

n = (4.4)

where 7 is the conversion efficiency. F,,, and P, are the output and input powers
of the laser, respectively. For this RFL, the conversion efficiency is approximately
64% for L = 500 m and 72% for L = 1000 m. However, the cavity is clearly not
optimised. A better performance is expected for the RFL with an optimal cavity
length. In addition, the RFL exhibits a laser thresholds about 0.8 W and 0.5 W for
the L = 500 m- and 1000 m-cases, respectively. A further detailed discussion on the

laser threshold will be given in the next section.
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Figure 4.3: Output power characteristic comparison between the experiment (square
dot) and values predicted by the power balance model for a single stage RFL with
L =500 m (solid line).
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Figure 4.4: Output power characteristic comparison between the experiment (square
dot) and values predicted by the power balance model for a single stage RFL with
L = 1000 m (solid line).



Chapter 4. Raman fibre lasers 83

4.4 Two stage Raman fibre laser based on Phos-

phosilicate core fibre

Multi-wavelength pumping is a key technique to expand a gain bandwidth of dis-
tributed Raman amplification that rapidly becomes an attractive technology in ultra-
long, high-bit rate transmission. Recently, a considerable attention has been drawn
to the development of the RFLs operating at 1480 nm region, which can be used
as a pump source for Raman and Er-doped fibre amplifiers. However, the pump
source for the laser itself must be widely available with an inexpensive price. More
importantly for telecom applications, the whole device should require a minimum
maintenance and has a long duration.

RFL pumped by a double-cladded Yb-doped fibre laser is an interesting candidate
to fulfil such a demanding requirement. The Yb-laser is pumped by a laser diode
array with emission wavelength of 978 nm. The cladding mode pumping of the
Yb-laser allows an efficient coupling of the laser diode array’s large spot size into
the Yb-fibre. This way, a large array of laser diodes can be used, and consequently
results in a high pump power. While propagating in the Yhb-fibre, the cladding
mode light stimulates the emission of a laser light in the fibre core with a scrambled
polarisation instantly suitable for the RFL. The output wavelength is set by a palr
of FBGs forming a resonating cavity. In our design, the output wavelength of the
Yh-laser is set to 1061 nm.

Typically, many RFLs employ GeO, doped fibre as the active medium, which
possesses a rather small Stokes shift of 440 em™!. 1 Asa consequence, alarge number
of cascades in Raman frequency conversion to the long-wavelength are required,
leading to a complicated and expensive optical scheme and decreased efficiency. An
alternative way to avoid this complication is the use of PoOs doped silica fibres, due
to the large Raman shift (1330 cm™') in the Phosphosilicate fibre, the number of
required cascades can be significantly reduced [55]. Figure 4.5 depicts the comparison

of the Raman gain spectrum between the Phophosilicate and Germanosilicate fibres.

IThe frequency in the unit of “wave number per m” may be used in some parts of the thesis to
maintain the consistency with the literature, and is simply defined as v|;,-1 = 1/A. It is related to
the frequency is Hz by v|g, = ¢ v|m-1, where ¢ is the speed of light.
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In this section, we discuss the characteristics and parameter optimisation of a
two-stage RFL based on Phophosilicate fibre and investigate the tolerance of a found

optimal regime against variations of the laser characteristics.

Normalised Raman Gain

0 400 800 1200
Frequency Shift (1/cm)

Figure 4.5: Raman gain spectrum comparison between the P-doped (solid curve)
and Ge-doped (dash curve) fibres.

4.4.1 Laser characteristics

In the simulations, the model described in Section 4.2 is employed. We numerically
solve Eq. (4.1) for both forward and backward propagating waves using two-point
boundary conditions given by the reflections at the Bragg gratings. The model
includes realistic parameters for both distributed and lumped (splicing) losses.

! conversions from

Since the Raman shift in Phosphosilicate is around 1330 cm™
1061 to 1480 nm occurs through cascaded Raman scattering involving intermediate
wavelength of 1240 nm. The laser presents the Phosphosilicate-core single-mode fibre
with 13 mol.% P,05 doping level. This corresponds to the Raman gain coefficients

and fibre losses as summarised in Table 4.3. Bragg reflectors with 99% reflectivities

except for the output reflector are considered.
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Figure 4.6: Schematic diagram of the two-stage RFL based on P-doped fibre.

The sum of one-path splicing loss and background loss of Bragg gratings in this

scheme was equal to 2x4%=8% (0.36 dB).

| Wavelength(nm) | a (dB/km) | Gr/Ae; (Wm™!) |

A\ = 1061 1.55 1.29 x 1073
Ay = 1240 0.92 0.94 x 1073
A3 = 1480 1.75

Table 4.3: Simulation parameters

Figure 4.7 shows the pump and Stokes power evolutions inside the cavity when
Ry is either (a) 15%, (b) 1% or (c¢) 50%, respectively. The cavity length L and input
power P, are fixed to 500 m and 2 W in all cases. In case (a) the output reflectivity
is close to optimal for the given L. One may see the differences when comparing
(a) to other two cases. In the case of (b) Roy = 1%, the output reflectivity is
too low resulting in a very low power transfer rate from the intermediate into the
output wavelength. The intermediate wavelength power grows considerably high but
stimulates only a small amount of power transfer into the output wavelength. In
case (c¢) the Ry 1s too low. Although, the power of the forward propagating wave at
the output wavelength is rather high inside the cavity as a result of high stimulation
due to the high output reflectivity, only a little of the output wavelength light can
be coupled out of the cavity. Therefore, it is essential to optimise the output coupler
reflectivity to achieve as high laser performance as possible.

Another key parameter that affects the laser performance is the cavity length.
Too long cavity length will incur an unnecessary fibre loss whereas a too short cavity

does not provide enough gain to stabilise and achieve full laser performance.
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Figure 4.7: Power evolution of forward (right arrow) and backward (left arrow)
pump and Stokes waves. Dashed, dash-dotted, and solid lines represent the pump,
Ist- and 2nd-order Stokes powers, respectively. (a) Ry = 15% (b) Row = 1%
(C) Rout = 50%

4.4.2 Cavity optimisation

To optimise the laser parameters we evaluate performance of the RFL considering as
a figure of merit the conversion efficiency 7 defined in Eq. (4.4). Performance of RFLs
depends on several parameters, first of all: reflectivity of the output coupler Ry,
cavity length L and input power F,. First, we performed numerical optimisation
of the laser performance varying these three main parameters. Figure 4.8 illustrates
the optimal reflectivities at different P, for a number of fixed cavity lengths. Both
the optimal R, and cavity length L decreases exponentially when P, increases.

Note that shorter cavity lengths require higher reflectivity for the same input power.
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Under the optimal output reflectivities the conversion efficiencies at each L have
been calculated for a range of P;,. Figure 4.9 depicts a plot of those characteristics.

By considering both graphs in Figure 4.8 and Figure 4.9 one may be able to
deduce from the graphs approximately the optimal parameters of the RFL for a
given P, ranged from 2-15 W [56]. For example, for an RFL operating at P, =
2 to 4 W the cavity length should be approximately 500 m for the best conversion
efficiency according to Figure 4.9. This corresponds to the optimal reflectivity of
the output coupler of 15 to 7.5%. Note that in the experiment presented later, it
was convenient to choose 15% reflectivity.

Obviously, for simple RFL configurations the full-scale optimisation in the space
(Row, L, Pin) 1s possible. However, due to high tolerance of the optimal regime
against deviations of the key parameters (as it will be shown in Section 4.4.4) the
approximate optimisation approach that we used here gives a relatively good esti-

mate of optimal parameters and is very effective for practical system design.

4.4.3 Full scale optimisation

To confirm the validity of the approximate optimisation approach, the full scale op-
timisation has been performed [57]. Figure 4.10 illustrates the contour plots of 7
over the variations of R, and L for a few P,,. According to the plots, an optimal
regime is found for each P, yielding the highest performance. The conversion efhi-
ciency, however, increases as the input power is increased because the higher input
power enhances the conversion rate from the lower Stokes wave into the higher one.
It is interesting to note that both optimal cavity length and optimal output coupler
reflectivity move towards the lower values as the input power increases. This can
be explained as follows. First as discussed, the higher input power enhances the
conversion rate. The cavity for a laser operating at a high power input needs not to
be long, which otherwise will suffer from the fibre attenuation. Similarly, the output
coupler reflects some power back. This backward light again helps to enhance the
conversion rate, which is especially important for low input power. However, too

strong output coupler limits the laser performance and should be weaker for higher
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Figure 4.8: Optimal reflectivity versus input power
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Figure 4.9: Conversion efficiency versus input power

Input power.
Therefore, there is a different optimal regime for each input power. Fortunately,

due to the high tolerance of the optimal regime against deviations of the key parame-
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ters (as discussed in the previous section), the RFL parameters optimised at a chosen

Py, is good enough for a practical design without loosing too much performance.
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Figure 4.10: Contour plots of the conversion efficiency at several P,
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4.4.4 Tolerance of the optimal regime

Next we investigate the tolerance of laser performance to the deviations in a reflec-

tivity of the output coupler and cavity length. Figure 4.11 (a) and (b) show the

conversion efficiencies of the RFL under the deviations from the optimum of Ry,

L=500m) and L (R, =15%), respectively. One may see that the laser performance
I

degrades by less than 1% for £5% R, deviated from its optimal value. So does the

laser performance with L deviation of 100 m from its optimum. We also notice that

overestimate of those two parameters does less harm to the laser performance and

the conversion efficiency in this case degrades only a little bit beyond the optimal

values.
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Figure 4.11: Tolerance of the RFL performance to the deviation in (a) the reflectivity
of output coupler (L = 500 m) (b) the cavity length (R, = 15%)

4.4.5 Laser threshold

Threshold power is an important characteristic of lasers. Threshold indicates the
minimum input pump power that the laser can operate stably. In this section, we aim
to investigate how the laser threshold is affected by variations of key parameters that
will lead to a suitable design of the RFL in terms of its performance and flexibility.
Figure 4.12 illustrates the variation of the RFL power threshold as a function of
various parameters. Iirst of all, Figure 4.12 (a) shows the plot of power threshold
versus the cavity length. The laser threshold decreases exponentially with a longer
cavity length and rolls off to the value about 0.65 W when the cavity length exceeds
700 m. This effect can be explained easily by considering the fact that the longer
cavity length, the longer gain that the lights experience and hence a lower threshold
power. One may thus allow a longer cavity length in the design to lower the threshold
power. This can be done without sacrificing too much conversion efficiency due to a
high tolerance of the optimal regime discussed in Section 4.4.4. The power threshold
also decreases exponentially when the output reflectivity is increased as illustrated
in Figure 4.12 (b). Similarly, this is because the output wavelength light reflected
into the cavity by a high reflectivity output coupler stimulate the power transfer
rate from the light at the intermediate wavelength into the output wavelength.

Lastly, we investigated the behaviour of the threshold power when the cavity is
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optimised for various input powers. We found that the threshold power is increased
when the laser is optimised for a higher input power. For example, the threshold
power is approximately 0.65 W when the cavity is optimised for P, = 2 W but
is increased to 1 W for the 5 W-optimised laser. This effect can be described by
referring to the contour plots of the conversion efficiency at several input powers
shown in Figure 4.10. For a cavity optimised for a higher input power, the shorter
cavity length and lower output reflectivity are required resulting in a higher threshold

power.
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Figure 4.12: Laser threshold variation as a function of (a) cavity length (b) output
reflectivity and (c) optimal laser configuration for various input power.
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4.4.6 Comparison with experimental results

In this section, we shall compare our predicted characteristics with the experimental
results [56]. In the experiment, The fibre length was 500 m. The converter was
pumped by Yb-doped double-clad fibre laser having a maximum output power of
3.8 W at 1061 nm. This power was achieved for a power of semiconductor source
at 978 nm equal to 5.8 W. The dependence of the output power at 1480 nm versus
the input power of the pumping Yb laser and results of the simulation are shown
in the Figure 4.13. Using the results of the modelling and optimisation, there is a

good agreement between theoretical predictions and the experimental results.
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Figure 4.13: Comparison of the experimental results and simulations (Roy, =
15%, L = 500 m)

4.5 Efficiency spectrum comparison between Ge-
and P-doped Raman fibre laser

WDM signal bandwidth expansion is very important to achieve high capacity in
transmission systems. Multi-wavelength pumping is a promising technique to ex-

pand the gain bandwidth of distributed Raman amplification that rapidly becomes
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an attractive solution for high bit rate transmission systems. One of the major
advantages of the Raman technique is the freedom it allows in a design of gain spec-
trum by detuning pumping wavelengths and powers. However, a distributed Raman
amplifier requires high power pump source. Raman fibre laser (RFL) pumped by a
high power double-clad Yb-doped fibre laser is an interesting candidate to be used
as a pump source for such amplifier.

For multi-wavelength pumping, it would be important to know the spectral de-
pendence of RFL’s performance. In this section, applying numerical modelling, we
Investigate the total efficiency of RFLs pumped by an Yb-doped fibre laser with two
types of active gain media, namely GeO, doped and Phosphorus doped silica fibres.

In order to design a RFL operating at a range of output wavelengths for multi-
pumping applications, it is necessary to take into consideration the spectral depen-
dence of the efficiency of both Yb-doped fibre laser and the RFL. Here, we shall
define a slope efficiency, which is used as a figure of merit to indicate the laser per-
formance. The slope efficiency is defined as a slope of the linear variation between

the output and input power of the lasers such that

7 . Apoul,
slope — AP .
n

(4.5)

Unlike the conversion efficiency defined by Eq. (4.4), the slope efficiency eliminates
the contribution of threshold power.

Figure 4.14(a) presents the measured slope efficiency spectrum of the Yb-doped
fibre laser. To ensure the highest efficiency at each emission wavelength, the slope
efficiency of the Yb-laser has been measured under the optimal condition of its
parameters [58]. High efficiency of Yb-doped laser (70 — 80%) is achieved over
a relatively wide range of wavelengths, namely 1060 — 1130 nm. The efficiency
decreases at the short and long wavelength are due to the reabsorption of the emitted
light by Yb-lons and the decrease of the Yb-ion emission cross section, respectively.

We then perform numerical simulations to evaluate the slope efficiency spectrum
of the RFLs over a range of emitting wavelength from 1400—1600 nm. Figure 4.14(b)
illustrates the simulation results. Two active gain media, namely Ge-doped (5-stage

converter) and P-doped (2-stage converter), are used for comparison. The parame-
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Figure 4.14: Slope efficiency spectrum of (a) Yb-doped fibre laser (b) Ge-doped
(DCF) and P-doped RFLs

ters of the Ge-doped fibre are similar to those of a standard dispersion compensating
fibre (DCF)? and the parameters of the P-doped fibre are identical to the previous
section. The slope efficiency at each wavelength is again evaluated under the optimal
condition of the key parameters. Unlike the Yb-doped fibre laser, we can see that
the slope efficiencies of both types of active gain media do no vary much over the
range of emitting wavelengths. Therefore, the spectrum of the total slope efficiency
is dominated by the property of Ybh-doped fibre laser.

In Figure 4.15 the total slope efficiency of the 5-stage Ge-doped, the 6-stage Ge-
doped and the 2-stage P-doped RFLs pumped by the Yb-doped double-clad fibre
laser are illustrated.

Emitting wavelength ranged from 1400 nm to 1600 nm can be covered by using
the 5-stage Ge-doped RFL for the shorter wavelength window, and either the 6-
stage Ge-doped or the 2-stage P-doped RFL for the longer wavelength window. The
6-stage Ge-doped RFL shows lower performance than the 5-stage one due to an
excess cavity loss in the extra stages required. Its performance is almost similar to
that of the 2-stage P-doped RFL with slightly lower slope efficiency. In practical
applications, however, the P-doped RFL may be more preferable for this longer
wavelength window due to its simpler structure that will lead to the more reliable

operation and possibly reduce the total cost of the systems.

>The detailed specification of the DCF and other fibres can be found in Appendix A.
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Figure 4.15: Total slope efficiency of the RFLs pumped by the Yb-doped double clad
fibre laser (solid line = 5-stage Ge-doped, dotted line = 6-stage Ge-doped, dashed
line = P-doped RFLs)

4.6 Composite Raman fibre laser for 1.6 ym spec-
tral window

A main advantage of exploiting the Raman wavelength conversion technique is the
freedom it allows to design a laser operating at any desired wavelength, since the
wavelength conversion by using stimulated Raman scattering (SRS) process depends
only on the pump wavelength and Raman frequency shift. A variety of Raman
fibre lasers (RFLs) emitting a laser beam in a range of 1.1 — 1.6 um have been
demonstrated [57, 59]. Theses devices can be used as pump sources for Raman
fibre amplifiers in various telecommunication windows. Moreover, the possibility to
operate at any wavelength within 1.1 — 1.6 pum potentially makes the RFLs possible
to be employed in other applications such as spectroscopy, medicine, etc.

However, it is possible to extend the emitting wavelength of the RFLs to L- and
L*-bands to provide a laser source operating in the wavelength within 1.6 — 1.75 pm

spectral region. The L- and L*-band laser source can potentially find a number of
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applications in the areas of eye-safe Lidars, gas spectroscopy, medicine and other
practical applications [60]. Note that the emission wavelength of the rare-earth
doped fibre lasers do not cover this spectral range. For example, the common Er-
and Er:Yb-doped fibre lasers only operate within a range of 1.53 — 1.6 um whereas
the Tm-doped lasers operate in the 1.8 — 2 pun spectral region. Therefore, the RFLs
has provided a reasonable solution to develop a light source for the 1.6 — 1.75 um
spectral region.

In this section, we present a practical realisation of a RFL source operating at
1.65 pm. The modelling technique described in Section 4.4 is extended to charac-
terise the laser characteristics. The validity and accuracy of the model is to confirm
with experimental results. Finally, we suggest the optimal design to maximise the

performance of the RFL.

4.6.1 Laser design

As discussed in the previous section, Yb-doped fibre laser pumped by a high power
laser diode array is the most suitable pump source for RFLs due to its long durability
and simplicity to connect to the RFLs.

In general, utilisation of a gain medium fibre with an appropriate choice of Yb-
lager emission wavelength allows one to design a RFL that operates within the
infrared (IR) region. The upper limit of the emission wavelengths is determined
by the growth of optical losses in the longer wavelengths. In practice, such a limit
is about 1.8 um. However, to design a RFL to operate at 1.65 pum requires 6-
7 stages of conversions if a Germanosilicate fibre (with a typical Raman shift of
440 cm™!) is used as a gain medium. This solution does not provide an efficient
wavelength conversion because there will be an extra loss in every new stage added.
Furthermore, more complicated optical scheme may lead to a less stable system.

A Phosphosilicate core fibre, on the other hand, possesses a larger Raman shift
(1330 cm™!) and may be used to reduce the number of stages required. For example,
the conversion of the Yb-laser radiation wavelength to the output within a range of

1.47 — 1.6 pm requires merely two stages (see Section 4.5 for more details). Unfor-
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tunately, the use of P-doped fibre Raman shift alone does not provide the output in
the range of 1.65 — 1.75 pm as another conversion corresponding to the Raman shift
of Si0y or Si05/GeO; glass is required. One of the possible solution is to employ the
silica Raman shift of the same Phosphosilicate core fibre. However, the considerably
high optical losses of the Phosphosilicate core fibre in the desired operating region
may limit the performance of the RFL. Therefore, a composite scheme combining
both Germanosilicate and Phosphosilicate cavities is proposed. The schematic dia-
gram of the composite RFL is illustrated in Figure 4.16. The scheme is comprised

with a two stage P-doped RFL and a single stage Ge-doped RFL.

R2,. R1,L Rp Ri,R Routl R3,L R2,R  Rout2
] 1530 1273 P-doped 1089 1273 1530 1650 DSF 1530 1650
j’ nm nm nm nm nm nm nm nm P_OU:
| R ||| | RV L2 se
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SPL1L SPL1gr SPL2, SPL2g

Figure 4.16: Schematic diagram of the composite Raman fibre laser.

4.6.2 Cavity modelling and laser characteristics

To characterise the composite RFL, the model described in Section 4.2, which ac-
counts for both forward and backward propagations of the pump and Stokes waves
within the cavity, can be used to model each stage of the composite RFL. In this
case, the RFL is comprised with a cascade of two cavities. The first cavity is a two
stage P-doped RIFL that converts the light from 1089 nm to 1530 nm. The output
light is then coupled into the second cavity made of a standard telecom dispersion
shifted fibre (DSF). The second cavity is responsible for providing the last 440 c¢m™!
shift yielding the output at 1650 nm wavelength. To accurately predict the char-
acteristics of the RFL, we should account for the residual light reflected backward
from the second into the first cavities, too. The problem is defined in Figure 4.17.

To include the effect of the residual light reflected back into the first cavity, we
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Figure 4.17: Problem definition of the composite Raman fibre laser.

must satisfy the following boundary conditions:

PE(0) = Py, Py (Ly 4 Ly) = Py (Ly + Ly) - Ry g,
PH(0) = P7(0)- Ry, Py (Ly + Ly) = PyY(Ly + Ly) - Rowa,

) = P(Ly) - Rig,

(L
(L

Py (L)) = Py (L)) Rouy + P, (L1)[1 = Rount],
(L1) = Py (L1) Rown + P (L1)[1 — Rown),
(L

) = Py(L) - R, (4.6)

where P is an average power of the optical wave at wavelength k-th. R; is the
reflectivity of the fibre Bragg grating used to form the cavities. In our simulation,
all FBGs except the output couplers (Roy; and R,y2) have the reflectivity of 99%.

To solve this model, we use the shooting to a fixed middle point (i.e. where

z = L) algorithm with the boundary conditions given in Eq. (4.6). The parameters
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of the Phosphosilicate core fibre and the DSF used as the gain media for the first

and second cavity are given in Table 4.4 and 4.5, respectively.

| Wavelength(nm) [ o (dB/km) | 9r/Acs; (Wm)~1 ]

A = 1089 1.41 1.21 x 1073
Ay = 1273 0.84 0.74 x 1073
A3 = 1530 0.81

Table 4.4: Simulation parameters of the first stage (P-doped fibre).

| Wavelength(nm) [ a (dB/km) [ gr/A.;; (Wm)™! {
Ay = 1530 0.20 0.51 x 107%
Ay = 1650 0.25

Table 4.5: Simulation parameters of the second stage (DSF).

By solving the boundary value problems (BVP), we obtained the power evolution
of each pump and Stokes waves in both cavities of a composite RFL as shown in
Figure 4.18. The first and second cavities of the composite RFL have the lengths of
540 m and 1560 m, respectively. The reflectivity of the output couplers in this case

are 6% and 15% for the first cavity and the second cavity.

4.6.3 Comparison with the experimental results

Next step is to verify the simulation with the experimental results. The proposed
composite RFL was fabricated at the Russian Academy of Science [61]. As for the
initial pump source, a laser diode array with a maximum power of 8 W at 978 nm
has been used to pump the Yb-doped double clad laser, which provides the input to
the composite RFL at 1089 nm. The achieved maximum power of the Yb-laser is
5.1 W. As mentioned in Section 4.3, the realistic splicing or connection losses have
to be included to ensure the accuracy of the model. The connection losses can be
incorporated into Eq. (4.6) in the same manner as in Eq. (4.2). The value of the
connection losses including the spot size mismatch losses was found to be close to

0.25 dB.



Chapter 4. Raman fibre lasers 100

3 T T T T Y
| first- [ | e pump @ 1089 nm
1| section
25p———— | 1st Stokes @ 1273 nm 1
A BRI T 2nd Stokes @ 1530 nm
N 21y 3rd Stokes @ 1650 nm
g | ..
— R 1 .,
21577 y | second section | ]
O 4~
o :

0 500 1000 1500 2000 2500
Fibre Length (m)

Figure 4.18: Power evolution of forward (right arrow) and backward (left arrow)
pump and Stokes waves with in the cavity of composite Raman fibre laser.

Figure 4.19 depicts the output power at 1650 nm as a function of the input power
at 1089 nm. A good agreement between the experiment and numerical simulation

has been obtained.

4.6.4 Optimisation of the composite Raman fibre laser

We follow the procedure described in Section 4.4 to optimise for performance of
the composite RFL. The power conversion efficiency defined in Eq. (4.4) is used as
the figure of merit. For the case of double cavity composite RFL, the degree of
freedom include the output coupler reflectivities (Rgyy; and Rgyue) and both cavity
lengths (L; and L,). Simple down hill simplex algorithm was applied to search for
the optimal setting for a number of given input powers. Table 4.6 summarises the
optimal configurations at some given input powers compared to the configuration
used in the experiment. As the conversion efficiency also depends on the input power,
the parameters shown in Table 4.6 is for the best conversion efficiency achieved when

the laser is operating at each input power.
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Figure 4.19: Output power of the composite RFL versus the output power of Yb-
laser. Square dots represent the experimental results and the solid line is numerical

prediction.

1 P (W) ( Roui1 (%) | Rouw(%) | Li(m) | Lo(m) | n(%) \

experiment 20 40 250 1000 | 24.00
5.0 3.9 6.5 509 1875 | 27.50
4.0 4.8 9.5 520 1993 | 24.50
3.0 5.6 15.0 538 2120 | 20.45
2.0 6.5 26.8 572 2260 | 14.27

Table 4.6: Optimal parameters of the composite RFL optimised for some input

powers

Figure 4.20 illustrates the plot of output power characteristics of the composite
RFLs optimised for a number of input powers. One may see that by optimising
the cavity parameters, the performance of the laser can be improved. For instance,
for the input power of 5 W, the output power of this laser is about 1.2 W that
corresponds to the conversion efficiency of 24%, with the cavity parameters used in
the experiment. However, the efficiency can be increased up to 27.5% by using an

appropriate choice of the fibre lengths and coupler reflectivities.
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Figure 4.20: Output power characteristics of the composite RFL optimised at various
Input powers.

4.7 Multiple output wavelength Raman fibre laser

Multi-wavelength-pumped silica-fibre discrete Raman amplifier has become a key
technology to widen the overall gain-bandwidth while simultaneously reducing its
spectral non-uniformity in telecom applications. One of the major advantages comes
from the fact that it can accommodate signals over a large bandwidth providing
simultaneous amplification to a large number of channels in wavelength division
multiplexing (WDM) systems.

Broadband Raman amplifiers exploiting 12 pump sources have been reported
to achieve a gain flatness as good as 0.1 dB over the C+L bands [33]. In order
to design a broadband Raman amplifier, however, one must consider a tradeoff
between its advanced characteristics and its overall costs. In many applications, it is
reasonable to choose moderate gain flatness over a wide spectral range using, instead,
a minimal number of pump sources. Such device, obviously, would be easier to
maintain and be a cost-effective solution compared to the many-pump configuration.

In Ref. [62], a simple direct approach to design a flat gain Raman amplifier with
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a bandwidth ranged from 1520 — 1595 nm and suppressed gain ripples has been
reported. Figure 4.21 illustrates the realisation of the flat-gain Raman discrete
Raman amplifier backward-pumped by three wavelengths. The optimal amplifier
configuration requires only three pumps at 1420 nm, 1437.2 nm and 1480 nm with
the powers of 339 mW, 333 mW, and 328 mW, respectively. The gain spectrum of

the discrete Raman amplifier is shown in Figure 4.22.
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Figure 4.21: Gain-flattened three pump Raman amplifier schematic diagram.
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Figure 4.22: Gain spectrum of the three pump Raman amplifier.

As well as the simplicity and fexibility in operation of the broadband Raman
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amplifiers, a compact and efficient pump source is required. Due to its simple
structure and potentially low cost, multiple output wavelength RFL pumped by the
semiconductor laser is an interesting choice [63, 64].

In this section, a novel design and performance analysis of a multiple output
wavelength composite RFL [65, 66] aimed to use as a pump source for the above
amplifier is presented. The composite RFL is comprised with two sections. The
first section employs a Phosphosilicate core fibre as its gain medium to minimise the
number of stages required to reach the output wavelength that may result in a lower
cost and less expensive optical scheme [57]. The second section is a RFL based on
Ge-doped fibre with multiple output wavelengths. The laser performance is to be

analysed by using numerical modelling techniques.

4.7.1 Laser design

Figure 4.23 illustrates the schematic diagram of the laser setup. A double cladded
Yb-doped fibre laser pumped by a laser diode array at 978 nm is used as a pump
source for the composite RI'L. The Yb-laser provides the emission wavelength of
1080 nm. The composite RFL is comprised with two main sections. The first
section converts the wavelength from 1080 nm (Ap) to 1263 nm (A\;). Note that the
choice of the pump wavelength at 1080 nm is because it delivers the highest slope
efficiency of the double-clad Yb-doped fibre laser [58]. A Phosphosilicate core fibre
has been chosen to be used as a gain medium in this section because of its larger
Raman shift (1330 cm™! compared to 440 cm™! of the Ge Raman shift) that makes a
simple single stage wavelength conversion possible. The second section is a multiple
output RFL based on Ge-doped fibre to provide efficient wavelength conversions
from 1263 nm to 1420 nm (X3), 1437.2 nm ()A4), and 1480 nm (As). The nested
cavities are formed by pairs of FBGs with high reflectivities except for each output
coupler (Rou1 and Rpwo), each of which has a moderate reflectivity to couple the
light out of the cavity. For the sake of simplicity, in numerical modelling works, we

analyse and perform parameters optimisations for each section separately.
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Figure 4.23: Schematic diagram of the multiple output wavelength composite Raman
fibre laser.

4.7.2 Analysis and optimisation of Phosphosilicate section

[n our analysis of the first section of the composite multiple output wavelength RFL,
the model described in Section 4.2 has been adopted. The model must be modified
to account for all interactions among the forward and backward travelling waves.

The problem definition to aid the model development is shown in Figure 4.24.

@ .

P-Stage

® .

Gp1

G12

Ge-Stage

Figure 4.24: Problem definition of the multiple output wavelength composite Raman
fibre laser.

The performance of a RFL depends on several parameters: reflectivity of the
output coupler, cavity length and input power. The optimal output reflectivity and

cavity length can be estimated by using full-scale optimisation in the parameter space
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for a given input power. We followed the procedure described in Section 4.3 to obtain
the optimal parameters for this section. The parameters used in the simulations are

summarised in Table 4.7, where G'py is the abbreviated form of gi! /ALY,

| Wavelength(nm) [ o (dB/km) [ Gpy (Wm)™T |
Ap = 1080 1.44 1.242 x 1073
A = 1263 0.87

Table 4.7: Simulation parameters for the first section (P-doped fibre) of the multiple
output wavelength composite Raman fibre laser.

Figure 4.25 depicts the contour plot of the conversion efficiency varying with the
output reflectivity R, and the cavity length L, for some given input powers. One
may see that the optimal regime exhibits a high tolerance as such the freedom in
choosing the appropriate cavity parameters well away from the exact optimal values
1s allowed without sacrificing too much performance.

The exact optimisation results for some chosen input powers as well as the pre-
dicted conversion efficiency are given the Table 4.8. We have achieved a fairly high
conversion efficiency ranged from 57.8 — 69.9% for P, = 2 — 5 W. The important
reason for such a high conversion efficiency is the smaller cavity loss as only one stage
is required to achieve a desire converted wavelength when using the Phophosilicate

gain medium.

[ Pon (W) [ Rownr (%) [ Ly (m) [ 1 (%) |
2 31.8 490 57.8
3 22.5 437 63.9
4 16.8 399 67.5
5 13.0 373 69.9

Table 4.8: Simulation parameters for the first section (P-doped fibre) of the multiple
output wavelength composite Raman fibre laser.
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Figure 4.25: Conversion efficiency contour of the P-doped stage for a number of
input powers. (a) P, =2 W, (b) P, =3 W, (¢) P, =4 Wand (d) P,, =5 W.

4.7.3 Multiple output wavelength section: cavity modelling

In the analysis of the multiple output wavelength section, we need to account for
all possible power transfers among the Stokes waves in the cavity as illustrated in
Figure 4.24. The model used in the previous section is modified to suit the problem.
We assume that the total power of non-zero linewidth Stokes waves is concentrated
at only one wavelength. This thus leads to a simple discrete model. Under steady

state conditions, the power exchange in the laser cavity can be described by the
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following set of ordinary differential equations (ODEs).

dP +_ N + - +
p = ZFo;1P1 I V—GIQ (P2 + P2 +2?112) Pl s
z 2
4Py
dj = q:Q’QPQi + Glg (P1+ + Pl_) (PQ:*: + ’.’112) F “’I;})‘Gz3 (P3+ -+ PS_ + 27’2,23) P;:
g 3
??Gm (PCL + Py + 271-24) Pgi + %ZG% (P; + P+ 277/25) Pgiy
4 3
APy
dj e q:CY:;PS: + GQS (PQ+ + Pgﬁ) (Paj: + TL-23) F ?GSZI (P4+ + P4— + 27’1,34) st:
.2 4
$§§G35 (Pf + Py + 2ngs) P,
APy
P FauPE £ Gu (P + Py) (PE+ma) £ G (B + P}) (P + )
q:'Z—qus (P5+ + PS_ + 2TL45> P;t
AP
dZS = $a5P5i + G25 (Pr;_ + P2_> (st: + n25) + G35 (P;_ + PS_) (PSZE + 'rL35)
j:GzlS (P4+ + qu) (st: + 'I’L45) , (47)
where
1
ey = 2hvAv (1 + T,y 1] . (4.8)

Pf and P;” are the powers of forward and backward propagating waves at wavelength
j-th, respectively. o; and v; are the attenuation and frequency at wavelength j-th.
Gy is the gain coefficient for stimulated Raman scattering from the j-th to k-th
lines. ng, is a spontancous Raman scattering noise term, where i and k are Plank’s
and Boltzmann’s constants, respectively. 7' is the ambient temperature.

The main purpose of incorporating the spontaneous noise term is to ensure the
stability of the numerical scheme and avoid the trivial solution in which the pump
is depleted only by the linear absorption without generating any Stokes power. The
parameters used in the simulation are summarised in Table 4.9 and 4.10.

To solve the above system of ODEs, a set of boundary conditions is required.

As usual, the boundary conditions are given by the reflection at each FBG and the
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| Wavelength (nm) | o (dB/km) |

A = 1263 1.44
Ay = 1337 1.52
Az = 1420 2.09
Ag = 1437 1.60
s = 1480 0.76

Table 4.9: Attenuation parameters used in the simulation of the second section
(Ge-doped fibre) of the multiple output wavelength composite Raman fibre laser.

| Parameters | Gain coefficient (x107* (Wm)™!) |

Gha 4.190
Gl 3.789
Gy 2.144
Gos 0.354
Gy 0.813
Gss 1.763
Gas 2.144

Table 4.10: Raman gain coefficients used in the simulation of the second section
(Ge-doped fibre) of the multiple output wavelength composite Raman fibre laser.

injected pump power, thus

P;V(L” = ]Dm’z:Poui,h
Pj-i_<_/:/1) = P,j—<L1> ‘RJ 7=2,,5

P (Ly) = ]D;_(LQ) - Iy, j=172
PA(LI) = PJ+(L2) . RO’ILL,j) J Pt 3)4)5 (49)

where 1; and R,y ; denote the reflectivities of the FBGs forming the cavity and the
output couplers, respectively. The output power at wavelength j-th can be obtained
by
Pouty = P (La) = Py (L) = P (L2)(1 — Rousj). (4.10)
In our simulations, Bragg reflectors with 99% reflectivities except for the output
couplers are considered.
The characteristics of the multiple output RFL can be studied by solving the

above model. We used a simple and straight forward shooting algorithm to solve
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the BVPs. However, to achieve a desired power partitioning of all outputs, one
may need to adjust the output coupler reflectivities (Routs, Rowa and Rgys) and
the power launched into the section (Pousr). The adjustment, nonetheless, is not
straightforward due to the nonlinear nature of the process. A simple down hill sim-
plex algorithm can be used to find an appropriate combination of output reflectivities

and input power yielding a desired power partition.

4.7.4 Cavity optimisation

To achieve the highest performance of the laser, one may wish to optimise the
cavity parameters. As mentioned in the previous section, however, that the output
reflectivities and the power launched into the cavity must be fixed to a correct
combination to yield a desired power partition. Only degree of freedom, in which
we are able to optimise, is the cavity length. We performed a search for an optimal
cavity length, which gives the highest conversion efficiency. In this case, the cavity
is optimised for the power partition of 339 mW, 333 mW and 328 mW at 1420 nm,
1437.2 nm and 1480 nm, respectively. This is the optimal power partition required
for the flat gain 3-wavelength pumped Raman amplifier with 70 nm bandwidth
demoustrated in Ref. [62] explained earlier. Figure 4.26 shows a variation of the
conversion efficiency with the cavity length. The degradation of the conversion
efficiency when the cavity is too short is due to the fact that there is not enough
cavity length to allow an efficient power transfer among the Stokes wave. For a
too long cavity, the cavity loss will play a critical role to degrade the conversion
performance. The highest conversion efficiency of 41.9% is achieved at L, = 380 m
with the appropriate combination of Ruus, Rowa and Ryys are 51%, 35% and 28%,
respectively. This leads to the multiple wavelength composite RFL total conversion
efficiency of approximately 28%. One may also find in Figure 4.26 that the laser
exhibits a rather high tolerance against the deviation of the cavity length. The
conversion efficiency is degraded by less than 1.5% when the cavity length deviates
from the optimal value for £100 m. This evidently shows a high tolerance of the

optimal regime. Again, overestimate of the cavity length does less harm to the laser
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performance and the conversion efficiency, which in this case degrades only a little

beyond the optimal value.

n (%)
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Figure 4.26: Conversion efficiency of the multiple output wavelength stage as a
function of its cavity length.

4.7.5 Characteristics of the optimal regime

In a practical use of the laser, the partition setting may be required to change. One
may be interested to know how the conversion efficiency varies with the partition
setting. We thus investigated the variation of the conversion efficiency at various
power partition settings.

Figure 4.27(a) illustrates the variation of the conversion efficiency when fixing
Pous to its optimal value and varying P,,3 and F,,4. Note that the total output
power ( P34+ Poyia+ FPows) is maintained to 1 W constant in all cases. The conversion
efficiency varies almost monotonically with the adjustment of P,,3; and is in the
range of 38 — 48%. Similarly, Figure 4.27(b) depicts the variation of the conversion
efficiency when fixing P4 and varying the rest but still maintaining the total output
power of 1 W. The conversion efficiency still varies in the range of 35—47%. Last, we

fixed FPpu3 and varied the rest. The result is shown in Figure 4.27(c). In this case,
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Figure 4.27: Variation of conversion efficiency against the deviation of output powers
from their optimal settings. (a) Fixed P,,s5 (b) Fixed P4 (¢) Fixed P,3.

the conversion efficiency is nearly constant and takes the value of approximately
42%. This observation can be described easily by considering the fact that the
longer wavelength outputs rely partly on the power transfer from P4, and thus
1s sensitive to the variation of F,,3. Nonetheless, Figure 4.27(c) still confirms the
high tolerance of the optimal regime if P,,.3 is fixed. This fact is beneficial from the
engineering point of view, where a freedom and convenience in designing the laser
is of importance.

To emphasise on the tolerance of the optimal regime, we performed a number

of cavity optimisations for various power partition settings. By fixing P,..;; and the
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total output power, we define AP as a power adjustment variable such that

/

/ /
outd — Poui,B,opt Poum = Poum,opt + AP P

outd

= PoutS,opt - AP) (411)

where Pous opts Pouta,opt 814 Poyws ope are the power partition setting used in the opti-
misation described earlier. Figure 4.28 shows that the optimal cavity length varies
in the range of 25 m. Considering this fact, an optimal design for a typical power
partition setting should warrant a good performance at other partition setting as

well.

450 T .
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Figure 4.28: Optimal cavity length for various power partition settings.

4.8 Conclusions

Raman fibre lasers (RFLs) have drawn a considerable attention not only in the areas
of optical communication, but also in other areas such as medicine, biomedical en-
gineering, environmental science, etc. The main advantage of exploiting stimulated
Raman scattering (SRS) process in the fibre laser technology is the freedom it offers
in operating at an extremely wide range of wavelengths. A cascade of wavelength

conversion in combination with the employment of both Ge- and P-Raman shifts
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allows one to design a RFL to operate at any wavelength in the range of 1.1—1.7 pm,
in which some part of the spectral region may not be accessible by other types of
fibre lasers.

This chapter has provided a discussion on the principle, design, analysis and
optimisation of various types of RFLs, specifically focussing on the type that the
resonated cavities are built from fibre Bragg gratings (FBGs). A numerical model
developed in Chapter 3 has been applied to analyse the characteristics of the RFLs
using realistic parameters. The model has been verified by comparing the numerical
prediction with the experimental results. Good agreements have been observed.

In Section 4.4, a two stage RFL was presented. The laser cavity is based on
a Phosphosilicate core fibre, which makes possible a wavelength conversion from
1061 nm to 1480 nm by using only two stages of conversion. The key technology is
the use of PyOs-Raman shift of ~ 1330 cm™! that is nearly three times larger than
that of the SiOy/GeQy Raman shift. The cavity of the RFL has been optimised
to ensure the highest performance. Using the conversion efficiency as a figure of
merit, the cavity parameters namely the output coupler reflectivity Ry, and the
cavity length (L) were optimised for a number of input powers. Apart from a full
scale optimisation in the key parameter space, the optimal parameters can also be
deduced from a graphical methods presented in the section, which offers a convenient
and reliable way to design a cavity. The high tolerance of the optimal regime has
been presented. This also allows more freedom and easy way in designing the laser.

We also investigated the slope efficiency spectra of various RELs pumped by
a double-cladded Yb-doped fibre laser. The result shows that the total efliciency
spectrum depends mainly on the efficiency spectrum of the Yb-laser. Thus taking
into account the Yb-laser efficiency spectrum, we showed that the emitting wave-
length ranged from 1.4 — 1.6 pm can be covered by using both Germanosilicate and
Phophosilicate core fibre as the gain media.

The radiation wavelength at or beyond 1.6 pum is, however, possible by exploiting
a composite RFL that includes a concatenation of P- and Ge-doped based RFL
sections. The composite RFL may be configured to provide the radiation spectrum

inn the range of 1.6 —1.75 um, which is not possible for typical rare-earth doped fibre
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lasers. The detailed analysis and design have been given in Section 4.6.

Finally, we extended our study towards a design and analysis of multiple output
wavelength composite RFL. The novel design may be used to pump a flat gain Ra-
man amplifiers in telecom applications. The multiple output wavelength composite
RFL is comprised with two sections i.e. a single stage P-doped RFL and a multiple
output wavelength RFL based on Ge-doped fibre. The use of Phosphosilicate core
fibre offers a reduction in the number of stages needed, and hence results in a more
stable and potentially lower cost. The cavity optimisation has been presented to
ensure the high performance of the laser. The overall conversion efficiency of 28%
was predicted for this device. We also investigated the characteristics of the optimal
regime. We found that the laser conversion efficiency is more sensitive to the power
adjustment of the shortest output wavelength due to cascading effect. However, the
optimal regime is rather tolerant to the deviation of parameters from their optimal

values.




Chapter 5

Modelling of Raman amplification

in optical transmission systems

5.1 Introduction

Dramatic growth of demands in higher quality and endless capacity in communi-
cations has stimulated research and development of optical communication systems
with continuously increasing data rate every year. Many new technologies have been
adopted to keep pace with the exponentially growing demand. Raman amplification
1s one of the most interesting solutions that provides a break through in the devel-
opment of optical communication systems. There are three main schemes of Raman
amplifiers widely used nowadays. The first one is a discrete or lumped Raman am-
plifier pumped by a multiple wavelength laser sources. This solution offers a large
gain bandwidth with minimal gain ripples [32] as well as the low noise characteristic
of Raman amplifiers. The use of Raman effect also provides an extension of the gain
spectrum into a new band inaccessible by other means of amplification such as the
low loss S and ST bands [34].

The second potential solution is the distributed Raman amplifier (DRA). In this
scheme, the pump power is extended into the transmission line fibre providing a gain
to compensate for the fibre loss. As discussed in Chapter 3, the distributed nature

of the amplifier helps to improve the optical signal to noise ratio (OSNR). Using this
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scheme, the nonlinearity is also reduced as a result of the fact that a lower signal
power is required to maintain a desired OSNR. However, the long effective length
of the DRA imposes itself to a higher double Rayleigh back scattering (DRS) noise.
This trade-off thus inspires the third scheme in which the DRA is used as a low
noise preamplifier. Part of the loss is compensated for by a high gain EDFA. Using
a combination of both DRA and EDFA, the scheme is thus referred to as hybrid
amplification scheme.

In the research and development of the above schemes Involving an optimisation
of a large number of parameters, the old-fashioned experimental-based approach
may end up with a huge amount of time consumption and more importantly an
extremely expensive cost. However, the systems are too complex and can no longer
be analysed or evaluated adequately by an analytical approach. Therefore, the
numerical modelling approach seems to be an appropriate choice to aid the design
and analysis of the systems.

In the development of high cost optical communication systems, a highly accurate
model is essential to provide a reliable and trustable results before the expensive
experiments or implementations are to be carried out. Nevertheless, the trade-off
between the accuracy and computation time has to be taken into account. In this
chapter, we describe an effective approach to model the Raman amplified optical
transmission systems. The approach consists of a combination of deterministic signal
power analysis in the frequency domain to determine the signal evolution under
the effect of Raman amplification and the transient model simulation including the
random signal to account for other linear and nonlinear dynamics. This approach
provides a realistic and practical solution in terms of CPU times and resources to

simulate the Raman amplified transmission systems.

5.2 Generalised Raman amplified gain model

In this section, the power balance model described in Chapter 3 will be extended to
analyse the deterministic power signals in a considered frequency window, which in

practice, must be wide enough to cover all pumps and signal channels. The window
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is to be divided into a series of small signal and noise bins whose width is carefully
chosen. In our approach, we assume that each signal channel should be confined
within a signal bin making each deterministic power signal represent an average
power of the signal in each channel. As a rule of thumb, the width of the bin Av
may be set to the same value as the channel spacing of the signals in wavelength
division multiplexing (WDM) systems. For example, the bin width Av may be
set to 100 GHz when considering a typical 40 Gb/s WDM system with 100 GHz
channel spacing. As a result, the analysis of pump and signal interactions by using
a full frequency power balance model will give a hint on noise and signal evolution
within the Raman amplified transmission fibre. Figure 5.1 depicts a deterministic

representation of pumps, signals and noises component within a considered frequency

window.
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Figure 5.1: Deterministic power signals and pumps in a considered frequency win-

dow.

To ensure the accuracy of the model, all important physical effects must be

included. In Raman amplification, the following known effects are of importance:

e amplified spontaneous noise due to the spontaneous Raman scattering and its

temperature dependence;

e double Rayleigh back scattering (DRS);



Chapter 5. Modelling of Raman amplification in optical transmission
systems 119

e the energy transfer via stimulated Raman scattering (SRS);

e arbitrary interaction between pump-signal, pump—pump, signal-signal includ-

ing noises;
e higher order Stokes generation;

e cffect of other discontinuity such as splicing and spot size mismatch losses

within the span.

5.2.1 Full frequency power balance model

Having taken into account all of the effects in the previous section, the power transfer
between different spectral components can be described through a modified power

balance model as

AP} + Juv [ p+ -\ pt
oL = FaPf ke PTE) 2 (PI+ B F
v v
YV Gup (ot -\ pt
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iy ST (1 4 ! ApP*
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where P¥ represents the forward propagating (+) and backward propagating (—)
average power signals within the frequency interval Av centred at frequency v. «,
and €, are corresponding fibre attenuation and Rayleigh scattering coefficients. The
Raman gain coefficient governing the power transfer from the signal at frequency u
to v is denoted by g, in connection with its corresponding effective area A, .

In this representation of signals in the form of the average powers, there is no
distinction between the signals and noises. It is, however, possible to artificially
isolate the contribution of the noises by following the procedure similar to the one
described in Section 3.5 for the purpose of analysing the OSNR.

In order to solve Eq. (5.1), one needs to know the initial value of all signals and

noises at the launch position. Each noise component in the forward direction may
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be assumed to have a zero initial value. However, this is not always the case for the
backward propagating noise, especially in the case of backward pumping, in which
the backward propagating noise is continuously amplified by the pump.

To alleviate this problem, an iterative approach may be used to find the right
initial value of each backward propagating noise. The procedure begins by propa-
gating the signals and noises with known initial conditions from the begin (2 = 0)
to the end (2 = L) of the fibre, and neglecting all counter-propagating noises and
DRS contributions. The initial values at z = 0 of the co-propagating noises should
be set to zero. Once the propagation is done, we should have the amplified signals
and values for the co-propagating noises in the absence of its counter-propagating
counterparts at the end (z = L) of the fibre. The values can now be used as the
guessed initials for the reversed pass. The counter-propagating noises should be
enabled when propagating this pass (from z = L to z = 0). Another forward prop-
agation from z = 0 to z = L with all noise contributions enabled is subsequently
needed to complete the procedure. This procedure may be repeated several times to
improve the accuracy. Figure 5.2 illustrates the forward propagating power signal
evolution of the backward pumped DRA system with 100 km pumping span. The
signals consist of 4 channels with 100 GHz spacing. The correct backward pump
power has been found by using the shooting algorithm aiming to fully recover the
power of the middle channel (channel 3). The details of the signals in each direction

at both ends of the fibre are shown in Figure 5.3.

5.2.2 Effective attenuation

From Eq. (5.1), it is possible to separate the factor governing power evolution and
noise contributions such that [67]

dr; .
— = —aJP 4 1 11 (5.2)
4



Chapter 5. Modelling of Raman amplification in

systems

optical transmission
121

Average Power (dBm)

7

2
Vi
///I’l

diy

%//”'”'”0/
i i Wi
i
""/w”’,’,’j;la/#,’,’,/wf,’,’;,’;//m/,,
b
A

%

i

i

e

s
117 ”/;/( e

s

s

7 7%
AR 4iaf
G s

s e

175 s %

i, i 24
il /,,7,0.

2

/

5%

7

7 iy 411y 200 Z

i i 7

///”W/l/ e s
7 T

MWWWW

i

i
iy Z’%/”

XX

sy

i i

/////////l/ﬂ/////////////////,";.'

100

Figure 5.2: Forward propagating power signal evolution of a Raman amplified 4-ch
WDM system with a backward pump.
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For later incorporation of the results into a full propagation simulation, we are inter-
ested only in the forward propagating components. The effective attenuation a// is
the factor governing the power evolution of the spectral component at frequency v
under the Raman amplification process. T2 and I15 are the contributions from the
DRS and amplified spontaneous emission (ASE) noises, respectively. P represents
the average power at frequency v over the bandwidth Av. The forward and back-
ward directions are indicated by the + and — signs, respectively. €, and «, are the
Rayleigh scattering coefficient and fibre attenuation at frequency v, where h and k
are Planck’s and Boltzmann’s constants.

By numerically solving Eq. (5.1), the effective attenuation «®//, DRS contribu-
tion I1* and ASE noise [1%, can be obtained. The parameters provide a description
of the signal power evolution as well as the noise characteristics of the Raman am-
plified systems. They can then be incorporated into the full propagation model to
simulate the transmission systems taking into account other linear and nonlinear
effects. Figure 5.4 shows an example plot of the effective attenuation obtained by
solving Eq. (5.1) for a backward pumped DRA with a span of 100 km. We can see
from the figure that the effective attenuation includes both gain (negative attenua-
tion) and loss (positive attenuation) of the Raman amplified transmission line in a

range of considered frequency window.
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Direct numerical simulation model of the Ra-

man amplified transmission system

The deterministic signal analysis described in the previous section provides the in-

formation about signal and noise evolutions considering only the contributions from

solely Raman effect. In the high speed optical transmission systems, other effects

such as group velocity dispersion (GVD), higher order dispersion and nonlinearity

must be considered to enhance the accuracy and validity of the simulation approach.

This section describes a direct numerical approach to predict the signal dynamic

by incorporating the signal and noise power evolution information preliminarily ob-

tained from the generalised Raman amplified gain model and other important effects.

The full direct numerical model is based on the nonlinear Schrodinger equation

described in Section 2.3 and Appendix B. The incorporation of the information from

the generalised Raman amplified gain model will be described.
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5.3.1 Incorporation of the generalised Raman gain into the

nonlinear Schrodinger equation

In the representation of Raman effect in the generalised Raman amplified gain model,
the interchannel Raman amplified gain is described through the effective attenua-
tion aes/(v, 2) at each frequency bin v and position z obtained by solving the full
frequency power balance model described in Section 5.2.1. The effective attenuation
contains the information of signal evolutions at each frequency on the account of Ra-
man amplification among the pumps and signals. Therefore, the Raman amplified
gain can be included into the nonlinear Schrodinger (NLS) equation by replacing the
regular attenuation coefficient « in Eq. (2.40) with the effective attenuation a.j;.
The NLS equation with effective attenuation thus takes the form

09 KPQ k' O°Q 27r g ey
— LA nia QI Q = ! .6
aZ 2 072 6 ors ejfl | 2 Q’ (5 )

where Q(z,7) is the slowly varying envelope of the signal. kf and k" are the GVD
and higher order dispersion at the signal wavelength Ay, respectively. mn, is the

nonlinear refractive index presented in connection with the effective core area A.;;.

5.3.2 Normalisation of the nonlinear Schrodinger equation

In order to maintain a high computational accuracy, the NLS equation should be
presented in a normalised form. We hence introduce the normalised quantities
Q T
7 ls el
§ = —me, Z = , T = - , (5.7)
V P norm Z'HOT‘TII ["II.OT"}‘!'L

where Porm: Znorm ald t,., are normalising parameters for the power, distance

N

and time, respectively. Thus Eq. (5.6) takes the normalised form as
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For the sake of simplicity, we define a normalised local dispersion parameter

k/l

0
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and the local normalised higher order dispersion parameter

k/i/

d3(Z) = "W-
0

(5.11)

[t is common in the context of optical fibre engineering to use the dispersion
parameter D in place of k”. Using Eq. (2.10), d(Z) is related to the dispersion

parameter by
DIs/m*IN*[m?) 2norm|m]

27/ Coor57]

d(7) = (5.12)

Similarly, by using Eq. (2.55), the relation between the normalised higher order

dispersion and the dispersion slope in the real world unit is as follow:

(Dy[s/m*IA[m] + 2D[s/m3]) N [m3] znerm|[m)] |

dy(Z) = — (2re)2[m2/s?)83 . [s%] (5.13)
Therefore Eq. (5.8) will take a compact form as
788—;' * d(QZ) aa;qQ "dS(GZ) g;i +5(2)lgl"a = —'éF;”q, (5.14)
where
s(Z) = 2/\—:% PoormZnorm  and  Topp = QeppZnorm. (5.15)

=

Eq. (5.14) is now in a ready form to be solved by using the split-step Fourier

method, the details of which is described in Appendix B.

5.3.3 Noises in Raman amplified transmission line

For the correct analysis of the Raman amplified transmission systems, the noises in
the amplification process must be taken into account. As previously discussed in
Section 3.5, the noises in Raman amplification process are originated from two impor-
tant sources: amplified spontancous emission (ASE) and double Rayleigh scattering
(DRS). It is a common practice to assume that the ASE noise can be represented
by a random variable with Gaussian deviate. In other words, the ASE noise can be
modelled by using the additive Gaussian white noise (AGWN). Unfortunately, less
is known about the statistical property of the noise originated from the DRS. Taking
into account the random Rayleigh scattering of photons, we assume that the DRS

noise also follows the Gaussian statistics and can be represented by the AGWN.
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Refer to Eq. (5.2), the additive noise power of each type of noise for each distance
increment in the distributed Raman amplified transmission systems can be described
as

S0P, =11, 6z, (5.16)

where 0P, is the additive noise power with in the frequency bin v for a distance
increment of ¢z. II, is the noise contribution described in Eq. (5.2). Thus the
spectral density increment is

oFP, 11,

05(v) = Av - Av

oz

, (5.17)

where Av is the frequency bin spectral width.

An attempt has to be made to relate the additive noise power to the random
noise property to be implemented in direct numerical simulation. We now define a
complex random variable U(§2) to represent random noise in frequency domain. Note
that a random noise is characterised by its probability distribution function (PDF)
and its autocorrelation property. As mentioned earlier, our noise is assumed to have
the Gaussian PDF with zero mean. In accordance with our statistical assumption,

the noise spectrum satisfies the following relations [68):

<U() > = 0, (5.18)
<UQ)UEY)> = 0, (5.19)
<UQ) U Q) > = §56(Q-9Q), (5.20)

where < - > denotes an ensemble average and §(Q — ') is Dirac’s delta function.
Eq. (5.20) indicates that the autocorrelation of a random noise should be equal to
a delta function, which suggests the infinitesimal size of signal samples, or in other
words, a continuous signal. However, this is not possible in the practical represen-
tation of signals by their samples in the numerical simulations that we generally
regard U(2) for the noise field as a piecewise function of €2 as depicted in Figure 5.5.

Note that the values of different pieces must be uncorrelated to satisfy Eq. (5.20).
Suppose that the variance of each piece is o2, the autocorrelation of the piecewise

noise field thus becomes a triangular shaped function as shown in Figure 5.6, with
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Figure 5.5: Representation of noise field in the numerical simulations.

the peak value of o2, and with the area under the triangular function of o?Af.

Considering this fact, this function becomes 02 AQ§(Q — V') as A) approaches zero.

7\

Figure 5.6: Autocorrelation of the piecewise noise field < U(§2) U*(§Y') >.

One can equate the triangular function under the condition that A2 — 0 to
Eq. (5.20). We thus obtain the relation between the noise variance and the power

spectral density as
2 _ 65
AQ

Hence, we can now derive the relationship between the noise variance and the

o (5.21)

noise contribution in Eq. (5.17) as

o I, 0z
v Av AQ

o (5.22)

Alternatively, the relation in Eq. (5.22) can also be derived by considering a

periodogram representation of signal shown in Figure 5.7.
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Figure 5.7: Signal representation in time and frequency domain.

We begin by considering the average power of the samples which represent the

random signal. The average power of the random signal in the periodogram is

1 [ 1 [™ ~
P, = qli_l}go T /—11, 1Q|2dt = 111_1}30? /_oo |Q|*dv, (5.23)
where T' = 2 t,. Here the power spectral density is defined as
QP
S(v) = Ilglgo B (5.24)

which may be approximated by

Q?
S(v) ~ —— 5.25
)~ % (5.25)
for a sufficiently large 7. Now one may work out the additive power in terms of
the power spectral density increment. By substituting Eq. (5.17) into the additive

power equation, we arrive at

I1, 6T
SlQI2 =T 6S(v) = —L 22 (5.26)
Av
The term §|Q|* may be interpreted as the variance of the AGWN. Thus
o I,62T
= 5.2
Iy Av (5.27)

Because AQ = 1/T = (2 t,)7}, Eq. (5.27) is identical to the noise variance in
Eq. (5.22) that we have derived earlier.
In the simulations, we need to use a normalised noise variance. By using the

definition given in Eq. (5.7), the normalised noise variance yields

2 618’ 2T
al. = —F 21,
v,norm
]Dnorm Laorm
Znorm I
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Prcrm tnorm Av b (5.28)
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In the implementation of a random noise in the simulations, we will generate two
Gaussian deviate random numbers with zero mean and a variance of ¢2/2 for each
frequency v. A complex random noise is constructed from the two random numbers
cach for the real and imaginary parts. The reduction of the variance by a factor of
two is required so that the complex noise field has the correct variance of ¢2. The
additive noise will be added at every step of the split-step Fourier method for the

distributed Raman amplified transmission line.

5.4 Conclusions

In the design and development of high cost Raman amplified transmission systems,
a highly accurate numerical simulation model is essential to provide reliable and
trustable results before expensive experiments or implementations are to be carried
out. The nonlinear Schrédinger (NLS) equation with Raman response described
in Section 3.4.4 may be used. However, the model is rather complicated and may
require a considerable amount of CPU time, which is crucial especially for the system
optimisation tasks.

This chapter has described an effective approach, called generalised Raman am-
plified gain model approach, to simulate Raman amplified optical transmission sys-
tems. The approach consists of a combination of deterministic signal analysis in
frequency domain and the transient full direct numerical NLS simulation. The sim-
ulation of a Raman amplified transmission line will be divided into two steps. First,
the full frequency power balance model is solved to obtain the effective attenuation
and noise information. In this step the signals are represented in their deterministic
form. The effective attenuation governs the signal power evolution due to Raman
amplified gain. In the second step, the information obtained from the deterministic
approach is fed into the direct numerical simulation model to solve for other linear
and nonlinear effect.

Last, the modelling of noises in the Raman amplified transmission line has been
described. The noises in Raman amplification process are from two origins namely

the amplified spontaneous Raman scattering and double Rayleigh scattering. The
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incorporation of noise information obtained from the deterministic approach into

the full direct numerical model has been described.



Chapter 6

Upgrade of a standard fibre
network to 40 Gb/s per channel
using a hybrid amplification

scheme

6.1 Introduction

New trends in modern telecommunication such as Internet and mass media broad-
casting services have pressed a challenge against the development of data trans-
mission capabilities. Within a few years, this high demanding capacity of data
transmission will be supported only by optical systems. However, many of recently
developed optical technologies, for instance optical amplifiers, have been brought
to their limit leaving a challenge to the technologists to keep up with the dramatic
growth in the demand of bandwidth.

Moreover, the worldwide economic downturn forces network engineers to focus
on an attempt to minimise the cost of strategies for increasing the network capacity.
Upgrade of the existing networks is therefore the most interesting and challenging
task for the technologists and engineers in this decade.

Bandwidth increasing can be either done by providing more channels in a wave-
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length division multiplexing (WDM) system or by enhancing the bit rate of already
existing channels using time division multiplexing (TDM) or by a combination of
both. From the view of economy, the capacity upgrade by using the TDM technique
is more preferable because there are less affords needed to replace the already exist-
ing network components such as Erbium doped fibre amplifiers (EDFAs) as required
by the latest WDM systems. In recent years, the development of high bit rate long
haul transmission systems has been focussed on 40 Gb/s technology in both single
channel and WDM systems [69, 70, 71, 72].

However, to operate 40 Gb/s systems requires us to find the solution to a number
of technological challenges. One of the most detrimental problems is an increase in
nonlinear effect due to the fact that a higher launch power is required to maintain
the level of optical signal-to-noise (OSNR) ratio. For example, in order to achieve
the same OSNR relative to 10 Gb/s channels, the 40 Gb/s channel launch power has
to be increased by 6 dB to make up for the four times larger signal bandwidth. Other
technological challenges include the increased sensitivity to accumulated chromatic
dispersion due to a larger signal bandwidth, dispersion slope, noise accumulation
and polarisation-mode dispersion (PMD).

The primary approach to 40 Gb/s long-haul transmission is to reduce and tolerate
system nonlinear effects. The approach is referred to as “quasi-linear transmission”
in which the signal power is maintained to be high enough to achieve an acceptable
OSNR, but sufficiently low to avoid the detrimental nonlinear effects. As discussed
in Chapter 3, Raman amplification helps to minimise the signal power variation and
thus becomes a key approach to achieve the 40 Gb/s long-haul transmission with
Th/s capacity [73].

This chapter aims to focus on the study and development of techniques to en-
hance and optimise the 40 Gb/s based quasi-linear transmission systems. The re-
search is mainly focused on the terrestrial standard fibre systems with no active
signal regeneration. A technique, so called “nonlinearity management” to find a
compromise between the OSNR and nonlinear effects via the use of hybrid ampli-
fication, will be numerically investigated. The transmission performance will be

further studied by comparing the impact of dispersion maps and fibre types. Last,
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the enhancement of the performance is attempted by optimising the average disper-

sion of the dispersion maps.

6.2 Nonlinearity management

In 40 Gb/s systems, the transmission is limited by a number of detrimental effects.
Despite the pulse broadening due to group velocity dispersion (GVD) can be com-
pensated for by a dispersion management scheme, the short pulse width required
in the 40 Gb/s system makes the pulse spread so quickly that the transmissible
distance is limited to less than 4 km without dispersion compensation in a standard
single mode fibre (SMF). Moreover, the wide bandwidth, as a result of shorter pulse,
amplifies the effect of higher order dispersion, which is to be compensated for care-
fully at this bit rate. One more detrimental effect comes from fibre nonlinearity as a
result of the high launch power required to maintain the optical signal-to-noise ratio
(OSNR). The transmission distance with a too high launch power is limited by the
nonlinear effects such as self phase modulation (SPM) whereas the system becomes
noise limited when a too low launch power is used.

Modern transmission fibre offers a solution to this dilemma, in which the pulse
suffers from the nonlinearity when its power is too high and has its OSNR degraded
when the power is too low, by presenting a very low dispersion slope and large
effective core area to reduce nonlinearity [73]. However, the investment in a new
transmission cable with modern fibre raises a number of issues concerning economy.
In terrestrial systems, in which the maximum distance is always in the order of
1000 km, an upgrade of the existing SMF-based system is more preferable.

In a quasi-linear transmission scheme, the signal level must be well maintained in
the region, in which the signal suffers least nonlinearity and noise. In conventional
lumped amplification based on Erbium doped fibre amplifiers (EDFAs), the loss is
exactly compensated for by the gain of the EDFAs. As such, the amplifier spacing
must be short enough to maintain signal power level within such a safety region that
the OSNR does not degrade too much. This amplifier spacing can be extended by

using the distributed amplification scheme such as distributed Raman amplification
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(DRA). As shown in Chapter 2, the distributed nature of DRA effectively helps to
maintain the signal level, and hence allows a longer amplifier spacing. Moreover,
the DRA presents a better noise performance. However, most commonly used back-
ward pumped DRA suffer from additional double Rayleigh scattering (DRS) noise,
especially near the output end of the Raman amplified fibre where the high signal
and high amplification gain boost the amount of DRS noise. The DRS is much
more effective in a smaller core fibre such as dispersion compensating fibre (DCF)
as the light intensity is higher. Therefore, the use of hybrid amplification scheme
may help to alleviate this problem by keeping the output signal power of the Raman
amplified transmission line low enough to avoid the DRS. The rest of the loss is
compensated for by means of EDFAs. Figure 6.1 shows the schematic diagram of

the hybrid amplification scheme with standard fibre transmission system.

SMF DCF
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Figure 6.1: Hybrid amplification system schematic.

6.2.1 Optimisation of the system configuration using the av-

erage power approach

Considering the upper limit on the signal level imposed by nonlinearity and the lower
limit by the required OSNR, the best performance of a fibre transmission system
corresponds to the optimal compromise between the requirements of high OSNR
and minimal nonlinear impairments [74]. The use of hybrid amplification scheme
allows for a further control over the signal power level and thus the nonlinearity.

Under the assumption that nonlinearity always leads to a degradation of the
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system performance, the nonlinear phase shift (NPS) given by

27 L o
NPS:——/ — P(z)dz, 6.1
Ny A (2) (6.1)

can be considered as a measure of nonlinear impairments. In such case, it is possible
to find the optimal system configuration by performing a conditional minimisation of
the NPS under a fixed OSNR, or vice versa, maximising the OSNR for a fixed NPS.
The power balance model described in Chapter 3 can be used to obtain the necessary
information to calculate the NPS and OSNR. In Refs. [74] and [75], the optimisation
of the system configuration has been presented. We define the parameter n to
reflect the system configuration. 7 is a ratio between the gain provided by DRA
(in dB) and the overall gain required to fully compensate for the transmission loss.
Figure 6.2 shows the superposition of the contour plots of OSNR and NPS in the
(input signal, n) plane, and can be seen as a geometrical representation of the

conditional minimisation of NPS under a fixed OSNR.
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Figure 6.2: Superimposed contour plots for the OSNR and the NPS versus input
signal and n. The think line follows the optimal input signal for each 7.

The system under consideration is a 4 channel WDM system with 100 GHz

channel spacing centred at 1.55 pm. The SMF is 100 km long. The length of DCF
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is chosen such that the average span dispersion is zero. The hybrid amplification
system consists of a backward pumped DRA and EDFA with a noise figure of 4.5 dB
(see Figure 6.1). The fibre parameters may be found in Appendix A.

In Figure 6.2, the points of tangency between the curves of fixed NPS and the
curves of fixed OSNR represent the points that minimise the NPS under a fixed
OSNR, and thus the ones that optimise the system. The curve that follows these
points gives the dependency of the optimal signal power for each 7 ratio or vice versa.
Note that the variation of the gain ratio is small and falls in the range between 0.5

and 0.6.

6.2.2 Direct numerical analysis

To confirm this analysis, we have performed a direct numerical simulation using
the generalised Raman amplified gain model approach described in Chapter 5. The
direct numerical simulation procedure is comprised with two important steps. First,
the effective attenuation and noise contributions (both amplified spontaneous emis-
sion (ASE) and DRA noises) are obtained by means of solving full frequency power
balance model. The information is then fed into the nonlinear Schrédinger (NLS)
equation solver to solve for signal dynamic including the interplay between various
nonlinear effects and dispersions in the fibre.

The signal are represented by a pseudo-random bit sequence (PRBS) of 29 — 1
bit length per channel. The pulse format is return-to-zero (RZ) Gaussian with
12.5 ps full-width at half-maximum (FWHM) pulse width (corresponding to 50%
duty cycle).

Figure 6.3 shows the energy evolution of the signal in the transmission line.
Note that the last stage of amplification is carried out by EDFA to avoid the DRS
problem.

The full optimisation of the system configuration is done by calculating the max-
imum error-free propagation distance varying the launch peak power and amplifica-
tion ratio n. The error-free propagation distance is defined as the distance at which

the BER is less than 107%. In our case, we assume that all noises follow Gaussian
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Figure 6.3: Signal energy evolution in the transmission path with hybrid amplifica-
tion. n = 0.55.

statistics; therefore, the criterion of a Q-factor greater than 6 is used to define the
error-free propagation.

Figure 6.4 depicts the contour plot showing the maximum propagation distance
against the amplification ratio 1 and input peak power. The optimal configuration
of this particular case corresponds to n = 0.55 and the launch peak power of 3 dBm,
which is in a good agreement with the results obtained from the average power study
described earlier.

Figure 6.5 illustrates the Q-factor evolution of each transmission channel. The
optical WDM signal is demultiplxed by a super Gaussian optical filter with a band-
width of 80 GHz, and detected by a square law detector. The detected electrical
signal is then filtered by a low pass 5" order Bessel filter with the bandwidth of
42 GHz. The maximum distance of this configuration is about 1400 km, which is
sufficient for most terrestrial networks.

By examining the eye diagram of the signal at the maximum error-free distance,

one may find that the transmission is limited by both nonlinearity (resulting in
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timing jitter) and noise (amplitude jitter).

In this section, we have proposed a hybrid amplification scheme to enhance the
transmission performance of a 40 Gb/s system. The use of DRA allows a control
of nonlinearity through the signal power level whereas the EDFA helps to avoid the
DRS problem. The optimal amplification gain ratio (n) found by using the average

power is necessary to ensure the maximum performance.

6.3 Impact of the dispersion maps on the trans-
mission performance

In a high bit rate optical transmission such as the 40 Gb/s system, the transmission
performance is highly sensitive to the nonlinear effects, which the signal experiences
during transmission. Due to a high local dispersion of the SMF, the pulse is ex-
tremely broaden during its propagation. The pulse spreading may help to reduce
the nonlinear effects as the pulse peak power is considerably decreased at the broad-
est point. In general, the pulse is broadest at the end of the SMI in a conventional
SMF+DCF map, and begins to be re-compressed in the DCF section. A careful de-
sign of dispersion map by using a prechirping strategy allows one to manage the pulse
broadening characteristic within a propagation map. Taking into account the loss
and amplification characteristics, this strategy may help to minimise the nonlinear
effects, and hence enhance the transmission performance.

In this section, we investigate an impact of dispersion maps on performance of
some 40 Gb/s transmission systems. Three types of maps are to be considered: (1)
a symmetric map, (2) a typical asymmetric map and (3) an asymmetric map with
large span average dispersion. Figure 6.6 illustrates those three dispersion maps.

In Map 1, the pulse is launched with a very large pulse width as a result of
prechirping. The pulse is re-compressed within the SMIE reaching the chirp free
point at around the middle of the SMF section and then begins to broaden again.
In the DCF section, the pulse is re-compressed and reaches its broadest point at the

end of the DCF section. The main feature of this map is the fact that the pulse
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Figure 6.6: Dispersion map.

is broadest at the end of the DCF where the EDFA restores the pulse power. As
the pulse is broadest where its energy is highest, the relatively low peak power thus
helps to suppress the nonlinear effects.

On the other hand, Map 2 and Map 3 present a very large accumulated dispersion
to minimise the nonlinear effects. The idea is to tackle the inter-channel nonlinear
effects such as cross phase modulation (XPM) and four-wave mixing (FWM) by
maintaining a high local dispersion to average out the nonlinearity and avoid the

phase matching condition.

6.3.1 Comparison of the dispersion map performance

To compare the performance of each map, direct numerical simulations of the trans-
mission systems for all maps have been performed. We consider 16 channels 40 Gb/s
systems with those three dispersion maps. The pulse format used in the simulation
is Gaussian RZ with 12.5 ps FWHM pulse width. The bit pattern is 2° — 1 PRBS
per channel with 100 GHz channel spacing. Each span of SMF fibre used in all
dispersion maps is 105 km long. In Map 1 and Map 2, the length of the DCF has

been chosen to provide the span average dispersion of 0.7 ps/nm/km whereas the



Chapter 6. Upgrade of a standard fibre network to 40 Gb/s per channel
using a hybrid amplification scheme 141

span average dispersion is 2.5 ps/nm/km for Map 3. A DCF is used as a prechirp
fibre in Map 1 and Map 3 to achieve the desired prechirp. The parameters of the
fibres used in the simulations can be found in Appendix A.

We evaluate the transmission performance of each map by monitoring the BER
(as calculated from the Q-factor assuming that the system follows the Gaussian
statistics) after three map periods. The reason for choosing this way of investigating
the map performance is due to the requirement for comparing the simulation results
with experiments conducted by France Telecom under a collaboration between them
and the University. Note, however, that the experimental results obtained by the
company are not to be presented in this thesis. The schematic diagram of the

simulation setup is illustrated in Figure 6.7.
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Figure 6.7: Schematic diagram of the 3-map transmission.

In the simulation, 16 channels of modulated signals with the peak power of 0 dBm
are multiplexed by a WDM multiplexer (MUX) and launched into a prechirp fibre
if necessary. The EDFA booster is used to adjust the power launched into the first
section of the SMF. We consider the peak power of the signal at this point the
launch power. The loss in the transmission span is compensated for by a hybrid

amplification scheme comprised with a backward pumped DRA and an EDFA. Note
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that each EDFA in this simulation exhibits a noise figure (NF) of 6 dB. In all cases,
the on/off DRA gain is a total of 18.5 dB, which corresponds to an amplification
gain ratio n of around 0.6.

The simulation results are shown in Figure 6.8. The BER of the transmission

for each map has been plotted against the launch peak power.
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Figure 6.8: Plot of log(BER) against launch peak power for different dispersion
map after three map periods.

As expected, the symmetric map (Map 1) delivers the best performance for the
whole range of peak power following by asymmetric Map 2 and Map 3, respectively.
The peak power around 3 dBm for all maps delivers the best performance. After that,
the BER increases because the nonlinearity becomes dominant as a performance
limiting factor. The results suggest that a well designed dispersion map importantly
helps to enhance the performance of the transmission systems at this bit rate. We
confirm this conclusion by calculating the maximum error-free propagation distance
of each map. Map 1 exhibits the longest error-free distance of 915 km following
by Map 2 and Map 3 of around 755 km and 737 km, respectively. Note that the

error-free distance is determined from the middle channel (channel 8).
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6.3.2 Transmission performance under the optimal configu-

ration

The amplification gain ratio n of 0.6 of the hybrid amplification scheme used in the
simulations in the previous section has been chosen for the comparison purposes with
the experiments. In this section, we confirm the findings of the above by performing
an optimisation of the gain ratio to guarantee a fair comparison. Here, we compare
only the symmetric map (Map 1) and the asymmetric map (Map 2). The simulation
parameters are identical to the previous section for both Map 1 and Map 2 cases.

Figures 6.9 and 6.10 show the contour plot of the error-free transmission distance
against the launch peak power and the amplification gain ratio of the symmetric
and asymmetric map, respectively. For the symmetric map (Map 1), the optimal
configuration corresponds to the gain ratio n = 0.65 and the launch peak power of
3 dBm. The maximum error-free transmission distance is about 800 km and 1230 km
for the worst and the 8" channels, respectively. One may see that, by optimising
the gain ratio, the transmission distance can be improved. The simulation results
also suggest that the deviation of n by £0.1 from its optimal value may lead to a
degradation of error-free transmission distance by one map period, which may be
acceptable from the engineering point of view.

For the asymmetric map (Map 2), the optimal gain ratio is 0.5 and the optimal
peak power is 3 dB. The maximum error-free transmission distance is about 737 km
and 1106 km for the worst and the 8" channels, respectively. Again, the optimisation
of n helps to improve the transmission distance, too.

Comparing the maximum error-free transmission distances achieved by these two
maps, Map 1 still shows a superior performance, which confirms the finding in the

previous section.

6.4 Optimisation of the span average dispersion

In our 40 Gb/s transmission systems considered in this thesis, the pulse propagation

is considered to fall into a quasi-linear regime. The launch power has to be main-
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Figure 6.9: Contour plot showing the optimal error-free transmission distance for
the symmetric map (Map 1) against the launch peak power and 7. (a) Error-free
distance determined from the worst channel. (b) Error-free distance determined
from the middle channel (channel 8).
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Figure 6.10: Contour plot showing the optimal error-free transmission distance for
the asymmetric map (Map 2) against the launch peak power and 7. (a) Error-free
distance determined from the worst channel. (b) Error-free distance determined
from the middle channel (channel 8).

tained sufficiently high to achieve a desired OSNR. Due to this reason, the pulse
propagation is highly affected by the fibre nonlinearity, which becomes a limiting
factor through its effects such as SPM, XPM and FWM. To avoid the problems due

to nonlinearity, the signal power is not to exceed a certain limit above which the
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nonlinear effects become detrimental. The discussion in the previous section shows
a strategy to find an optimal regime to tackle the nonlinearity while maintaining a
desired OSNR to insure the maximum error-free transmission distance.

As the signal transmission is partly considered a nonlinear propagation, the signal
spectrum is affected by the nonlinear effects through the nonlinear phase shift across
the signal spectrum leading to a nonlinear chirp in the signal pulse. The effect
eventually translates into a pulse broadening by the group velocity dispersion, and
hence the degradation of signal quality. In a nonlinear transmission regime, a zero
average span dispersion map does not guarantee the best transmission performance
as it happened in the linear regime. Therefore, the span average dispersion may
play an important role in the transmission performance at this bit rate.

In this section, we perform an optimisation of the span average dispersion and
investigate its influence on the transmission performance. The transmission system
to be considered is depicted in Figure 6.11. The system is a dense WDM 8 x40 Gb/s
transmission with a reference centre wavelength located at 1.55 pum. The WDM

channel spacing is 100 GHz.
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Figure 6.11: Schematic diagram of the 8 x 40 Gb/s system.

For comparison, we consider two dispersion maps: (1) a symmetric map (Map 1)
and (2) an asymmetric map (Map 2) with most features similar to those in the
previous section (see Figure 6.6) except the fact that the SMF segment here is
100 km long. Again, a segment of DCF is used as a prechirp fibre for Map 1. To

vary the span average dispersion < D >, the length of DCF in each dispersion map
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1s prescribed to achieve a desired < D >. We use a hybrid amplification scheme
comprised with a backward pumped DRA and an EDFA to compensate for the fibre
losses. The noise figure of each EDFA is 6 dB. The amplification gain ratio n for
both cases of dispersion maps is fixed to 0.55.

The optical signal used in the simulations is Gaussian RZ format modulated with
a PRBS data pattern. The PRBS length is 2° — 1 per channel. The output peak
power of the signal after the multiplexer is fixed to 0 dBm for all cases, and will be
boosted to a desired level by an EDFA booster right before the first segment of SMF.
The transmission performance is evaluated by means of the Q-factor calculation
at each propagation distance. The received optical signal is demultiplxed by a
WDM demultiplexer with an optical bandwidth of 80 GHz. The optical filter is
a super-Gaussian filter of order 20. The signal in each channel is then detected by a
square law detector converting the signal into the electrical domain and electronically

filtered by a 5" order electrical Bessel filter.
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Figure 6.12: Contour plot showing the optimal error-free transmission distance for
the symmetric map (Map 1) against the launch peak power and span average dis-
persion. (a) Error-free distance determined from the worst channel. (b) Error-free
distance determined from the middle channel (channel 4).

The optimisation result for the symmetric map (Map 1) is shown in Figure 6.12
where the contour plot of the maximum error-free transmission distance against the
launch peak power and span average dispersion is depicted for the worst and the

middle channel (channel 4) in sub-figures (a) and (b), respectively. The results show
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that there are two maxima for the maximume-error free transmission distance which
correspond to < D >= 0.1 ps/nm/km and < D >= —0.5 ps/nm/km with the
optimal peak power of 0 dBm for both maxima. The maximum distance is around
1100 km for the worst channel and is 1287 km for channel 4.

Figure 6.13 illustrates the optimisation results for the asymmetric map (Map 2).
Similar to the previous case, the optimal peak power is found to take the value of
0 dBm. There are, again, two maxima for the error-free transmission distance at
<D >=-0.3ps/nm/km and < D >= —0.5 ps/nm/km with the maximum distance

of 1210 km and 1404 km for the worst and the middle channel, respectively.
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Figure 6.13: Contour plot showing the optimal error-free transmission distance for
the asymmetric map (Map 2) against the launch peak power and span average
dispersion. (a) Error-free distance determined from the worst channel. (b) Error-
free distance determined from the middle channel (channel 4).
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Surprisingly, the results show that the asymmetric map exhibits a slightly better
performance than the symmetric map as in the previous cases. However, the differ-
ence is only one map period. Therefore, it is still fair to conclude that both maps
show a similar performance.

From the analysis in this section, one may find that the optimisation of the span
average dispersion may help to improve the transmission performance; although,
the improvement is not much as only one map period improvement on average is

achieved.
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6.5 Conclusions

In this chapter, a study and development of techniques to enhance and optimise the
40 Gb/s based quasi-linear transmission systems have been described. The 40 Gb/s
optical transmission technology has become the most promising technique to keep up
with the rapid growth of a high demand in massive data communication. However,
the economic recession experienced worldwide in these recent years and probably a
few years in the future turns the interest of research in the field to an upgrade of
the existing systems.

Distributed Raman amplification (DRA), enjoying it resurgence due to an avail-
ability of high power semiconductor pump lasers, may be used to enhance the trans-
mission performance of 40 Gb/s systems. The higher noise performance due to
its distributed amplification nature makes DRA more attractive compared to its
competitor, Erbium doped fibre amplifier (EDFA) and helps to improve the opti-
cal signal-to-noise (OSNR) ratio of the transmission. It also allows a possibility to
extend the amplification spacing which may result in a reduced overall cost of the
systems.

In a high bit rate system such as the 40 Gb/s, the best transmission performance
corresponds to a compromise between the requirement of a high OSNR and minimal
nonlinear impairments. The use of DRA effectively helps to maintain the minimum
signal level well above the noise floor, but has an important problem of the double
Rayleigh scattering (DRS) noise at the end of the transmission fibre close to the
backward Raman pump (BRP) where the gain is highest, and in the dispersion
compensating fibre (DCF) where the DRS coefficient is relatively high. Therefore,
a hybrid amplifier that consists of a DRA and EDFA may help to alleviate this
problem by avoiding a too high signal power close to the BRP and in the DCF. The
rest of the fibre loss is compensated for by the EDFA. The ratio between the DRA
and EDFA gains (in dB), or so-called 7 parameter, must be optimised to achieve
the most effective hybrid amplification scheme. Section 6.2 presents a nonlinearity
management approach to determine an appropriate 7 for a transmission system.

To ensure the best transmission performance, an influence of the dispersion maps
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has been investigated. We studied the impact of three types of dispersion maps
including a symmetric and two asymmetric maps on the transmission performance.
The results suggest that a well designed dispersion map effectively helps to improve
the performance of transmission systems at this high bit rate.

Last, the optimisation of the span average dispersion has been carried out. Its
influence on the transmission performance has also been investigated. The optimisa-
tion delivers only a map period improvement of the error-free transmission distance.
This finding may also suggest that the transmission schemes we considered in this
chapter are more limited by the noise than by the nonlinear effects as the nonlinear

support for the quasi-linear propagating pulses is rather weak in this system.




Chapter 7

Conclusions

A rapid growth in the demand of massive data communication as a result of the
globalisation has stimulated the research and development of several techniques in
all areas of optical communication. However, the economic recession, experienced
worldwide during the past few years and possibly some years in the future, has
pressed a challenge against the developers in attempting to provide a more efficient
solution with an economy cost. With these criteria in mind, the trend of optical com-
munication system developments in the end of the last decade and in this decade
puts its emphasis on the performance upgrade of already installed systems rather
than on the introduction of new systems. Some new techniques, nonetheless, are in-
troduced to enhance the system performance, or to offer a solution to some problems
unsolvable by conventional approaches. The technique of exploiting Raman effect in
various optical devices, such as wavelength converters and optical amplifiers, is one
of the novel techniques proposed to economically enhance the system performance.

This thesis has presented the analyses and designs of some devices and advanced
transmission schemes embracing Raman effect. The research was carried out mainly
by using numerical modelling techniques.

Firstly, some background on the development of optical fibre communication
systems was reviewed in Chapter 1, in which the problems of optical transmission
systems and their solutions were addressed in a chronological order as the demand
of a higher bit rate has been continuously growing. Some problems remained to be

solved, such as the problem of fibre nonlinearity and noise at a high bit rate, have
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also been stated and thus led to a motivation of this research.

In Chapter 2, a review of theories and properties of optical fibres was presented
to aid the understanding of the mechanism behind optical signal transmission within
optical fibre. Important fibre characteristics, such as optical losses, chromatic dis-
persion and fibre nonlinearities were briefly discussed.

Chapter 3 provides a theoretical background on the Raman effect viewed from
1ts historical perspective, beginning when C.V. Raman first observed a phenomenon
referred to as spontaneous Raman scattering in 1928, and a discussion on the stimu-
lated version of the scattering, which is the underlying principle of most Raman re-
lated applications in optical communication. The most interesting use of stimulated
Raman scattering (SRS) is its potential to turn a passive optical fibre into an active
gain medium, by which the wavelength conversion and optical amplification may be
developed. Raman amplifiers have been proven to help improve the optical signal-
to-noise ratio (OSNR) because of its better noise performance and distributed gain
structure. Lumped Raman amplifiers, however, have drawn a considerable attention
as a breakthrough in the ultra-wide band optical amplifier technology operating in
various wavelengths not accessible by other types of optical amplifiers.

Additionally, in this chapter, an overview of the SRS theory to gain an under-
standing of the process was presented. By means of the simple single damped oscil-
lator model, the approximate Raman gain spectrum can be predicted. The analysis
also led to the development of the power balance model used in many parts of this
thesis to describe the signal power interaction within Raman based devices. Lastly,
the noises in the Raman amplification process were described. Two of the most
important sources of noise are amplified spontancous emission (ASE) and double
Rayleigh scattering (DRS). The origin of the ASE noise is the spontaneous Raman
scattering process, whereas the DRS noise comes from the amplification of signal
or ASE noise scattered back and forth into the signal direction causing multipath
interference. The incorporation of the ASE and DRS noises into the power balance
model to accurately characterise the Raman based devices has also been described.

The main contributions of this research work have been presented in Chapter 4,

Chapter 5 and Chapter 6 starting from the analysis of various types Raman fibre
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lasers (RFLs) by using a simple discrete power balance model to a further develop-
ment of the model to govern the signal interaction within a full range of wavelength
to characterise Raman amplification in optical transmission systems.

Chapter 4 presents the principle, design, analysis and optimisation of various
types of RFLs that have recently drawn a considerable attention not only in the
areas of optical communication, but also in other areas such as medicine, biomedical
engineering and environmental science. The main advantage of exploiting the SRS
process in fibre laser technology is the freedom it gives to operate in an extremely
wide range of wavelengths. A cascade of wavelength conversion in combination with
the employment of both Germanium (Ge) and Phosphorus (P) doped fibres allows
one to design an RFL operating at any wavelength in the range of 1.1 — 1.7 pm,
where some parts of the spectral region may be inaccessible by other types of fibre
lasers.

In that chapter, the design and optimisation of a two stage RFL based on Phos-
phosilicate fibre has been presented. The use of P-doped fibre makes it possible to
achieve wavelength conversion from 1061 nm to 1480 nm by using only two stages
of conversions, as compared to the required 5-stage scheme if the Ge-doped fibre is
used. The key technology is the use of PoOs-Raman shift of ~ 1330 cm™! that is
nearly three times larger than that of the 5i0,/GeO, Raman shift. The cavity of the
RIFL was optimised to ensure the highest performance. The optimal parameters of
the cavity can be deduced from the graphical methods developed in this thesis or by
using the full scale optimisation in the parameter space. The results show that the
cavity efficiency exhibits a high tolerance to the deviation of its key parameters from
their optimal values. Next, the investigation of the slope efficiency spectrum of some
RFLs pumped by a double-cladded Yb-doped fibre laser was presented. The results
show that the total efficiency spectrum depends mainly on the efficiency spectrum
of the Yb-laser.

A technique to achieve radiation at/beyond the wavelength of 1.6 um was also
presented in Chapter 4. A novel design of composite RFL comprised with the
concatenation of P- and Ge-doped fibre sections has been proposed. The composite

RFL may be configured to provide a radiation spectrum in the range of 1.6—1.75 um,
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which is not achievable with typical rare-earth doped fibre lasers.

Finally, the study was extended to the design and analysis of a multiple output
wavelength RFL. The novel design, comprised with a combination of a single stage
P-doped RFL and a multiple output wavelength RFL based on Ge-doped fibre, may
be used to pump flat gain Raman amplifiers in telecom applications. The use of
Phosphosilicate core fibre offers a great reduction in the number of stages required
and hence results in more stable system and potentially lower cost. Cavity optimi-
sation has been carried out to ensure the high performance. An overall conversion
efficiency of 28% has been achieved.

The discrete power balance model used in Chapter 4 was elaborated to cover a
full range of wavelengths to provide information of power interaction within a Ra-
man based devices. The results obtained from solving the full frequency model may
be used to describe the signal dynamic in direct numerical simulation (by numeri-
cally solving the nonlinear Schrédinger equation). The details of the technique, so
called generalised Raman amplified gain model, were described in Chapter 5. The
approach consists of a combination of the deterministic signal analysis in frequency
domain via the full frequency power balance equation and a transient direct nu-
merical NLS simulation. First, the full frequency power balance model is solved
to obtain an effective attenuation parameter and noise information. In the second
step, the information obtained from the deterministic approach is fed into the direct
numerical simulation to solve for other linear and nonlinear effects.

The approach developed in Chapter 5 was used to analyse some 40 Gb/s WDM
transmission systems using hybrid amplification described in Chapter 6, where the
study and development of various techniques to enhance and optimise the high
bit rate quasi-linear transmission systems were presented. The main focus of the
study in this research is aimed to develop the techniques to upgrade the existing
terrestrial networks to 40 Gb/s per channel systems. In 40 Gb/s systems, the best
transmission performance corresponds to a compromise between the requirement of
a high OSNR and minimal nonlinear impairments. The use of a distributed Raman
amplification (DRA) scheme effectively helps to maintain the minimum signal level

well above the noise floor, but bears the important problem of the DRS noise at the
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end of the transmission fibre close to the backward Raman pump (BRP), where the
gain is highest, and in the dispersion compensating fibre (DCF) where the Rayleigh
scattering coefficient is relatively high. Therefore, a hybrid amplifier that consists of
both DRA and EDFA may help to alleviate this problem by avoiding a too high signal
power close to the BRP and in the DCF. The rest of the loss is to be compensated for
by the EDFA. The ratio between the DRA and EDFA gains (in dB), or a so-called
7 parameter, must be optimised to achieve the most effective hybrid amplification
scheme. The nonlinearity management approach was presented in this chapter to
determine the appropriate n for a transmission system.

To ensure the best transmission performance, the influence of the dispersion
maps on the transmission performance have also been investigated by a study of the
impact of three types of dispersion maps including a symmetric and two asymmetric
maps. The results showed how a well designed dispersion map effectively improves
the performance of the transmission system at this high bit rate.

Lastly, an optimisation of the span average dispersion has been carried out. Its
influence on the transmission performance has been investigated. The optimisation
delivers only an improvement of a map period of the error-free transmission distance.
The results suggested that the transmission schemes considered in this chapter are
more limited by the noise than by the nonlinear effects.

As for the future work, one area concerning the topics addressed in this thesis is
that of multiple output wavelength RFLs with some weak outputs, as required by
some second order Raman amplifiers. As experienced in the analysis in Chapter 4,
the multiple output RFL showed a sign on instability when one or more output
powers are much lower than the others. One way to avoid this problem is to use a seed
signal provided by a parametric process for the required weak power output [76, 77,
78]. The use of both Raman and four-wave mixing (FWM) frequency conversion may
help to stabilise the weak output [79]. FWM requires a phase matching condition,
which is related to the dispersion of the fibre medium. It is, therefore, interesting to
investigate the characteristic and performance of this FWM-assisted multiple output
wavelength RFL for various types of fibres.

Another area of future work relates to the further development of the Generalised
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Raman amplified gain model approach to simulate the Raman amplification in op-
tical transmission systems. In this thesis, the assumption that the Raman related
signal dynamic is similar in all amplification spans has been made for simplicity and
optimal simulation speed. Future work may concern the verification of this assump-
tion by performing the calculation of the effective attenuation and noise parameters
in each span and comparing the results to those obtained by the approach used in

Chapter 5.




Appendix A

Fibre specification and data

summary

G. 652 Single Mode Fibre (SMF)

Parameters

Value

Attenuation @1455 nm

Attenuation @1550 nm

Dispersion (D)

Dispersion slope (D))

Nonlinear refractive index (ny)

Rayleigh scattering coefficient (¢) @1455 nm
Rayleigh scattering coefficient (¢) @1550 nm
Core diameter (2a)

Numerical aperture (NA)

Effective area @1550 nm(A.;y)

0.257 dB/km
0.200 dB/km

17 ps/nm/km
0.07 ps/nm?/km
2.7 x 107 m?*/W
7.92 x 107 km™!
6.41 x 107° km™!
8.2 pm

0.124

80 pm

Table A.1: Single mode fibre G. 652 specification.
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Figure A.1: Attenuation vs. wavelength of the G. 652 SMF.
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Figure A.2: Raman gain coefficient of the G. 6562 SMF measured at the pump
wavelength of 1 pm.
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Dispersion Compensating Fibre (DCF')

Parameters

Value

Attenuation @1550 nm

Dispersion (D)

Dispersion slope (D))

Nonlinear refractive index (ns)

Rayleigh scattering coefficient (¢) @1455 nm
Rayleigh scattering coefficient (¢) @1550 nm
Effective area @1550 nm(A.;y)

0.58 dB/km

—100 ps/nm/km
—0.41 ps/nm?/km
2.7 x 10720 m?/W
94.40 x 107° km™!
60.60 x 107° km™!
19 pm

Table A.2: Dispersion compensating fibre specification.
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Figure A.3: Attenuation vs. wavelength of the DCE.
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Appendix B

Split-step Fourier method

The split-step Fourier method has been proven to be the most popular numerical
method to solve the nonlinear Schrédinger (NLS) equation. The method is highly
efficient in terms of memory requirement and speed. The key factor to the relatively
high speed of the method is the high efficiency computation of Fourier transform by
using the fast Fourier transform algorithm. As for the simulator used throughout
this thesis, the well maintained high performance FFTW package [80] has been
exploited. Another significant advantage of the split-step Fourier method is its
flexibility to extend to more complicated system simulations comprising with not
only the transmission line but other lumped or distributed devices.

The method works by solving the linear and nonlinear parts of the NLS equation
separately over a step Az. Consider the normalised NLS equation (see the detailed
derivation in Chapter 2)

dg d(Z) 9Pq | ds(Z) &g - I
i1 - s(2)|gl%g = —i— B.
9z T o o T g ape T eBlala=—iga (B-1)

the equation may be solved in two separate steps as follows:

Nonlinear step In this step, only the nonlinear part is considered. However, it is

convenient to include the attenuation coefficient into this step. Thus

g ~
— — Ng =0, )
57 q=0, (B.2)
where
o , T
N =1is(2)|q|* — 5 (B.3)
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Eq. (B.2) can be easily solved such that
g(Z,T) = Aexp(N2), (B.4)

where A is a constant. For an advanced step Z + AZ, the above equation

yields
@ Z+A0Z) = Aexp(NZ)exp(NAZ)
= q(Z,T)exp(NAZ). (B.5)

Therefore, we see that the advanced step is determined by the multiplication

of the previous step with exp(NZ).

Linear step Similarly, only the linear part is considered in this step. However, it
is more convenient to work in the frequency domain to get rid off the higher
order partial derivative. The Fourier transform of the linear part of the NLS

equation yields

q
e Dg =0 B.6
5, ~ Di=0, (1B.6)
where
N w2 W3
D= —i7d(Z) — z—é—dJ(Z) (B.7)

Again, the advanced step can be determined by solving the above equation
and hence

i(Z + AZ,w) = §(Z,w)exp(DAZ). (B.8)

In the integration procedure, the signal must experience both linear and nonlinear
step for each AZ. However, the nonlinear response is very fast and does not play
a critical role at the heginning but rather at the middle of the step. Therefore, the
accuracy of the split-step Fourier method can be improved by carrying out each step
AZ in the following manner. First, the first half of the linear step (AZ/2) is carried
out, followed by a full nonlinear step. Finally, the signal propagates the second half
of the linear step. This increases the accuracy of the calculation to O(AZ*). When
several steps are calculated one after the other, the consecutive half steps can be
combined to make full steps; therefore, only the first and last half linear steps are

necessary.
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Appropriate number of temporal mesh points and
distance step size

In order to achieve a high accuracy and maintain the validity of the simulation, one
may be concerned with the appropriate choice of the number of temporal mesh and
the distance step size settings. The sampling frequency (fs) is related to the mesh
size (d7) and the number of mesh points as

1 N
)S = —_— —, B-9
j dr 2 t(, ( )

where NN is number of temporal mesh points. For a system with pseudo-random bit
sequence (PRBS), the time boundary ¢, yields

Noit

ty = —=
b QB)

(B.10)

where Ny; and B are the number of bit in the PRBS and the bitrate, respectively.

In practice, the number of mesh points N must be chosen in such a way that
the whole spectrum of the signal has been properly covered. As a rule of thumb
the temporal mesh points N > 32 points per bit. However, it is necessary to make
sure that the chosen number of mesh points allow enough spectral space to cover all
signal spectra especially in WDM cases. Figures B.1 and B.2 illustrate an example
of the temporal and spectral signal fields. The signal in time domain is a 64-bit
PRBS with the bitrate of 40 Gb/s. The require ¢, is thus 800 ps. We chose the
use 32 mesh points per bit resulting in the sampling frequency of 1.28 THz which is
sufficient to cover the whole spectrum of the signal as seen in Figure B.2.

The next question is what the appropriate distance step size (A z) should be.

Considering a NLS equation with only GVD effect in the spectral domain

00 kK~
5, = ?wQQ, (B.11)
its solution is approximately
Q x ¢ (B.12)
where
l/.:’/
C o




Appendix B. Split-step Fourier method 163

0.045 25"
0.04
S 0035 ~2
g S
> 003 s
2 215
£ 0025 2
£ 3
3 002 T4l
i B
© 0015} ]
B w
2 001 05
UL LU I | N
800 -600 —400 -200 O _ 200 400 600 800 -600 -400 -200 0 200 400 600
-t Time {ps) t 051 Frequency (GHz) 05f
b b s s
Figure B.1: Temporal signal field. Figure B.2: Spectral signal field.

For an advanced step of the field, we thus obtain

~ ~ k"
Qz + Az,w) = Q(2,w) exp(i—é-szz)‘ (B.14)
To ensure that the sampling is efficient to guarantee an accuracy of the simulation,

the phase rotation step must be small enough, for instance

7

k .
gAwZAz < 1, (B.15)

thus,

Az < (B.16)

k" Aw?’

where Aw is a spectral bandwidth which is wide enough to cover the signal spectrum.
For the WDM case, the bandwidth should be N, Aw, where N, is number of
channels in the WDM system. Therefore, the rule of thumb for an appropriate choice

of Az 1s
2

Az I
? S PNTA

(B.17)

or
1

Az K w0 ‘
7 K NN (B.18)

where Af is the spectral bandwidth large enough to cover a signal in one channel,

or in other words, the channel spacing.




Appendix C

Modelling of some important
devices in the optical transmission

system

In Appendix B, the modelling of a optical fibre transmission line by using the nu-
merical split-step Fourier method has been discussed. In this appendix, we provide
a brief overview of how to implement important devices and signal monitoring in-

struments needed for a construction of a full transmission system simulation.

Optical transmitter

In this thesis, we are mainly concerned with the study of transmissions using return-
to-zero (RZ) pulses. There are two common types of pulse shapes used in the modern
optical transmission systems namely the hyperbolic secant (sech) and the Gaussian

pulses. The equation used to model such pulses take the form
¢(Z,T) = f(T) exp(—iCoT?) exp(—i 2w Fy,T), (C.1)

where the first exponential term governs the linear chirp of the pulse where as the
second exponential term is indicates the (normalised) frequency shift Fy, of the pulse

relative to the reference frequency. f(77) is the pulse shape and may take the form
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of either
T
f(T) = /P, sech <?> for a sech pulse, (C.2)
0
or
, 177 :
f(T) = +/P,exp ~57a for a Gaussian pulse, (C.3)
219

where P, is the normalised peak power. The relations between Ty and Tpw s for
both type of pulses can be found in Eq. (2.44).

In the optical transmission simulation, one may wish to study the effect of pulse-
pulse interaction as well as the statistical evaluation of the system performance
such as the Q-factor or its corresponding bit error rate (BER). An infinite random
sequence may be ideal to evaluate the system BER in this case; however, it is
impossible due to the limit of the simulation time and computing resources. An
alternative approach is to use a random-like sequence of data so called a pseudo-
random bit sequence (PRBS). The theory and discussion of the PRBS property can
be found in Ref. [81]. The readers may find it useful to consult Ref. [54] for an

efficient implementation of the PRBS.

Optical filter

An optical filter may be applied in the simulation of the optical transmission system
by carrying out a member wise multiplication between the signal field in the spectral
domain and the filter transfer function. The most common type of the optical filter
used in the optical transmission system may be modelled by a (super) Gaussian
function. The transfer function of the filter may take the form of
1 2m

H(F) = exp <—~—2—~F—02~T—T7> ) (C.4)
where H(F') is the filter transfer function of the Gaussian filter with a FWHM
spectral width Fry vy = 2v/1In2F, = 1.665 Fy. m is an integer number indicating

the filter order.
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Lumped amplifier or EDFA

In practice, a lumped amplifier can be incorporate into a simulated transmission
line by multiplying the signal field in the spectral domain with a constant gain.
Care must be taken, however, for a realisation of noise in the EDFA. The following
derivation attempts to describe the implementation of additive noise in the EDFA.

Let us begin by considering an unnormalised power
2
P = R?.or'ml(JI ) (C5)

where P, 1S @ normalising parameter. The normalised field ¢ may be written in

the Fourier transform form by

oT) = /'OO 0 G (C.6)

T or oo

where Q = wTyorm. Therefore Eq. (C.5) can be written in the form

Prorr * ~ = . N
p = Lo / / 4040 O(Q) O ()@ (c.7)
7T J—oo
The additive noise after each amplifier is
1 [ o
])N = dWN”,;W(G — 1)
21 J_ oo
'l geo)
= ——-—/ AN, (G = 1), (C.8)
27”7‘:07*771 —00

where Ny, and G is the spontaneous emission coefficient related to the amplifier
noise figure via the relation F' = 2Ny, (G — 1)/G ~ 2Ny, and the amplifier gain,
respectively. For the noise field, its autocorrelation is given by

< Q(Q)Q*(Q/) >= Snorm(s(‘Q - QI)> (C,Q)
where S,orm i$ the normalised power spectral density of the noise. Substitute

Eq. (C.9) into Eq. (C.7), the average power yields

<pP> = ¢ AQSY Syoryn (2 — Q) =7
472 oo
oC

- o
= Loorm3 / a0, (C.10)

472
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Equate Eq. (C.10) and Eq. (C.8), we thus have

21 Ny huwo(G — 1)

1377/07‘77?. tn.m‘m

Sn,orm = (Cll)

From the discussion in Section 5.3.3, we now arrive at the noise variance as follows:

2 Snorm . 27(Nsphu)(G — 1)

Tnorm = AQ Prormtnorm AL )
Qﬂ)nghw(G — 1)

PI'I- orm t'l'l-O'I m

(C.12)

For the numerical implementation of the random noise in simulations, the reader

should refer to Section 5.3.3 for more details.

Receiver

At the receiver side, the received optical signal is to be converted into an electrical
signal in the form of electric current at the photo-diode. If a PIN is used, the relation

between the incoming light power and the converted electric current is
I =%P, (C.13)

where P is the incident optical power converted into an electric current /. % is the
responsivity of the PIN [1].

In the simulation, it is a common practice to convert the incident optical power
into its corresponding current by simply taking a member wise square of the optical
field.

The resulting signal in the electrical domain may be noisy due to the additive
noise from optical amplifiers along the transmission line. One thus need to apply
an electrical filter to suppress the noise before passing the signal to the analysis
part. A Bessel filter is commonly used as the electrical filter. In this thesis, we have

employed a 5th order Bessel filter with the following transfer function:

HFR) =] —Z& |, (C.14)
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where F is the cut-off frequency. The poles of the filter are at

z; = (1.3851 410.7201),
(0.9606 + i1.4756),
1.5069. (C.15)
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Figure C.1: Example of the 5th order Bessel electrical filter. (a) The magnitude of
the transfer function. (b) Phase of the transfer function.

Chirp

For single pulse simulation, we sometimes need to investigate the evolution of the
average pulse chirp along the propagation. The following equation may be used to
measure the chirp parameter (as defined in Eq. (C.1):
i 1 T gT
1R (=i /5, Tq % ar)
- 00 g 12
2 [, T?ql*dT

(C.16)

Note that the chirp parameter C' defined in Eq. (C.1) is slightly different to what
has been defined in Ref. [6] in which the chirp is define through the C\, parameter
such that

C, T?

02.7) = f(T) (-1

The relation between these two definition of chirp is as follow:

)exp(—i 2mF,T). (C.17)

C, = 2T2C. (C.18)
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[t is important to emphasise here that the pulsewidth 7y is the instantaneous pulse

width at a considered propagation distance.

Root mean square pulse width

In general, the FWHM pulse width is commonly used to describe the width of a pulse.
However, under some circumstances in which the pulse shape becomes asymmetrical
due to some effect such as the higher order nonlinearity. It is more convenient to
measure the pulse width in the form of the root mean square (RMS) pulse width.
The following formula may be used to numerically determine the RMS pulse width
of an arbitrary pulse:

o=[<T?> - <T>%, (C.19)
where © -
B meOT lg(Z,T)|*dT
- % le(Z )T

Note that for a symmetrical pulse <7 >= 0.

<T" > (C.20)

Timing jitter

In the single pulse simulations, one may need to estimate the timing jitter of the
pulse. The evaluation of the timing jitter may be carried out by performing a
sufficiently large number of runs with a different set of random additive noises. The
whole process must be carried out in the electrical domain which means that the
detection and filtering steps are necessary. For each run, calculate the temporal pulse
shift from its centre at each considered distance by using the following equation
[, TlgPar
J2o la?dT

AT = (C.21)

The last step is to perform an ensemble average of the temporal pulse shift to

determine the timing jitter as a function of distance.
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Q-factor

In optical communications, the performance criterion for digital receiver is governed
by the bit-error rate (BER), which is defined as the probability of incorrect iden-
tification of a bit by the decision circuit of the receiver. For example, a BER of
1 x 107° corresponds to on average one error per a billion bits. In numerical simula-
tions, BER does not seem to be a practical measure for the system performance as
an extremely large number of bits are required. However, an estimate of the BER
via another statistical value, so called, a Q-factor, is possible. To understand the
relation between the BER and Q-factor, we shall follow the derivation of BER from
the random signal with noises.

For received signals at a decision instant, the sampled value I fluctuates from bit
to bit around and average value I, and I for the corresponding “mark” and “space”
bit, respectively. The decision circuit compares the sampled value with a decision

level Ip and calls it “mark” bit if I > [p or “space” bit if I < Ip.

Voltage (a.u.)

Decision Timne

Figure C.2: Evaluation of the Q-factor from an eye diagram.

Figure C.2 shows the eye diagram of the received signal in the electrical domain
after detection process. The dots represent the detected mark bits whereas the

crosses are the detected space bits. An error occurs if I < Ip for a mark bit or
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I > Ip for a space bit due to receiver noise. Thus the error probability is
BER = p(1)P(0/1) + p(0)P(1/0), (C.22)

where p(1) and p(0) are the probabilities of receiving mark and space bits, respec-
tively. P(0/1) is the probability of deciding space when a mark is received and
P(0/1) is the opposite. If the mark and space bits are equally likely to occur,

p(1) = p(0) = 1/2, thus
BER:%U%WD+J%umy (C.23)

In general, the noise source are assumed to follow Gaussian statistics. The error

probabilities thus take the form:

Ip —J.)? o
P(0/1) = ! / exp <—%> dl = %erfc (h ]D> , (C.24)

o1V 2 1 o1V2

1 e (I - Ip)° 1 Iy — 1,
P(1/0) = ) g = Ced . (C25
o) = — 2W/]D exp< - jete (2=, (c29)

where ¢} and o] are corresponding variances of the mark and space detected values.
The erfe(+) is the complement error function defined as

erfe(z) = %/ exp(—y*)dy. (C.26)
m S

By substituting Eqs. (C.24) and (C.25) in Eq. (C.23), the BER yields

I - Ip—1
BER =1 [er'fc< 1 ]”> + erfc< D O)] . (C.27)
4 (71\/§ U()\/§

Eq. (C.27) suggests that the BER depends on the decision level Ip. In practice, Ip

is optimised for the best BER. By minimising the BER, the optimal I is chosen

(Ip—To)* _ (h—1Ip)? tin (@) _ (C.28)

202 20?2 oo

such that

In most cases of practical interest, the last term of the above equation can be ne-
glected resulting in a simple form of egation from which the optimal Ip can be

obtained as such
(Ip—1y) (5L —1Ip)

0o 0

i

0. (C.29)
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Thus the expression for Ip is
Ip=—""——. (C.30)

The Q-factor can then be obtained from

Q= hoh (C.31)

o1 + 0

Hence the BER with the optimal setting of the decision level is obtained as

1 < Q > exp(—Q?/2)
BER = —erfc | —= | o~ ————Z—, (C.32)
2 V2 QV2r
Note that the above equation is valid only when the Gaussian statistics is assumed
for the noises. It is generally more convenient in the numerical simulation works to
use the Q-factor as a measure of system performance because there is no need to
run the simulations with a too long random signal sequence.

In numerical realisation of the Q-factor measurement in the computer simula-
tions, the process involves signal detection and optimal decision of level and time
searching. An algorithm developed by M. Eberhard and V. Mezentsev to calculate
the Q-factor from a random signal sequence is to be described here.

The algorithm involves a search for the best ) value from all samples in a bit slot.
This process is equivalent to a search for an optimal decision time. For each time
instant in the bit slot of all bits, the following procedure is to perform to calculate

the Q-factor:-

1. Record the signal amplitude and its associated bit number. For example, the
first bit has the detected amplitude for this time instant of 1.2 V|, thus the
record should contain (1.2,1), where the first and the second members are

signal amplitude and bit number, respectively.

2. Perform a sort of the obtained records by amplitude in the ascending order.
The result is shown in Figure C.3. It is convenient to use the C++ “map”
standard container or equivalent in other computer languages to store each

record as it also has a built-in efficient sorting algorithm.
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Figure C.3: Algorithm to determine the value Q-factor from a sequence of data
signal.

3.

ot

As we know the number of “mark” and “space” bits, the position of optimal
decision level is known instantly. The optimal decision level is represented by
the dashed line in Figure C.3. Therefore all records on the left hand side of
the decision level are regarded and treated as the “space” bits and vice versa

R

for the “mark” bits.

Reconstruct a string of bit sequence from the recorded signals. For instance,
a 8-bit sequence from the example in Figure C.3 can be reconstructed as

“10110100”.

Compare the string to the original sequence, rotate the sequence as necessary.
If the match is found, calculate the Q-factor from the amplitude information
obtained. If no match is found, the situation should be regarded that the

Q-factor is uncomputable and return @ = 0.
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