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Summary

This thesis presents a numerical and experimental investigation on applications of ultralong
Raman fibre lasers in optical communications, supercontinuum generation and soliton
transmission. The research work is divided in four main sections.

The first involves the numerical investigation of URFL intra-cavity power and the
relative intensity noise transfer evolution along the transmission span. The performance of
the URFL is compared with amplification systems of similar complexity. In the case of intra-
cavity power evolution, URFL is compared with a first order Raman amplification system.
For the RIN transfer investigation, URFL is compared with a bi-directional dual wavelength
pumping system. The RIN transfer function is investigated for several cavity design
parameters such as span length, pump distribution and FBG reflectivity.

The following section deals with experimental results of URFL cavities. The
enhancement of the available spectral bandwidth in the C-band and its spectral flatness are
investigated for single and multi-FBGs cavity system. Further work regarding extended
URFL cavity in combination with Rayleigh scattering as random distributed feedback
produced a laser cavity with dual wavelength outputs independent to each other.

The last two sections relate to URFL application in supercontinuum (SC) generation
and soliton transmission. URFL becomes an enhancement structure for SC generation. This
thesis shows successful experimental results of SC generation using conventional single
mode optical fibre and pumped with a continuous wave source.

The last section is dedicated to soliton transmission and the study of soliton
propagation dynamics. The experimental results of exact soliton transmission over multiple
soliton periods using conventional single mode fibre are shown in this thesis. The effect of
the input signal, pump distribution, span length and FBGs reflectivity on the soliton
propagation dynamics is investigated experimentally and numerically.

Keywords: Nonlinear optics, Raman amplification, soliton transmission,
supercontinuum generation, relative intensity noise
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Figure 6.4.21: Amplitude information from the FROG spectrograms with
reflectivity 96%-96%, 73%-69% and 51%-48% and the sech” shape for a soliton
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Figure 6.4.22: Experimental FROG spectrograms of the input pulse (top row) and
the output pulses for 100km transmission span at different FBGs reflectivity

with the power excursion indicated in dB. ..........cccooeoiiiiiiiiiiiieeeeeeeee e
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Abbreviations

AOM acoustic optic modulator

ASE amplified spontaneous emission
CwW continuous wave

DDG digital delay generator

DRS double Rayleigh scattering
DSF dispersion shifted fibre

EDFA Erbium doped fibre amplifier
FBG fibre Bragg grating

FUT fibre under test

FWHM full width half maximum
FWM four wave mixing

GVD group velocity dispersion
HN-DSF highly nonlinear dispersion-shifted fibre
HNLF highly nonlinear fibre

LEAF large effective area fibre

MI modulation instability

MLFL mode locked fibre laser

MOD modulator

MPI multipath interference

NLSE nonlinear Schrédinger equation
ODE ordinary differential equation
OPA optical parametric amplifier
OPC optical phase conjugation

OSA optical spectrum analiser
OSNR optical signal to noise ratio
OTDR optical time domain reflectometer
PCF photonic crystal fibre

PD photodetector

PPG pulse pattern generator

RFL Raman fibre laser

RIN relative intensity to noise
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RS Rayleigh scattering
SC Supercontinuum
SHG-FROG second harmonic generation frequency resolved optical gating

SMF single mode fibre

SNR signal to noise ratio

SOA semiconductor optical amplifier
SPM self-phase modulation.

SRS stimulated Raman scattering
TOD third order dispersion

™W TrueWave

URFL ultra long Raman fibre lasers
WDM wavelength division multiplexing
XPM cross-phase modulation
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Chapter 1

Introduction

1.1 Motivation

In our daily life we make use of telecommunications in many areas; from credit card
payments to broadcasting news or as culture expression from any side of the world, just to
name a few examples. This reliance of our society on information technology for most
aspects of our daily life has made telecommunications, including all integrated service
network, the motorway to globalisation and an intrinsic part of the logistics to operate in our
current society.

The advance in technology has accelerated the changes in our society which poses itself
a stress on increasing data traffic; this is translated into the demand of ultra high speed
transmission links. Ultra high speed transmission links are achieved by increasing the
operating rate and the availability of spectral bandwidth. This type of systems requires long
links with very low losses. Increasing the number of repeaters spacing has the effect of
reducing cost and at the same time increasing the speed of the network and the affordability
to the general public. A lossless link will increase the operating rate as the signal to noise
ratio is kept, maintaining the quality of the signal, without the need of lumped amplifiers and
undesirable nonlinear effects produced by high intensity signals.

The era of optical communications can be set as starting in the 1960's with the invention
of lasers [1] and the work developed by Charles K. Kao, who has won the Nobel price [2] for
groundbreaking achievements concerning the transmission of light in fibres for optical
communication, and through his work in the 1960°s indicated that the fundamental limitation
for glass light attenuation was below 20 dB/km [3]. These discoveries sparked a revolution

in the telecommunication industry as a new industry of considerable commercial importance.
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In the early years of this technology, the signal propagating in an optical fibre suffered a
great deal of fibre loss, which exceeded 1000dB/km. The loss was due to a presence of
impurities in the fibre material. In 1966, it was proposed that the glass light attenuation could
be minimised, making possible its use for transmission medium [3]. The revolution of
optical fibre began in 1970 when Corning demonstrated a silica fibre exhibiting 20dB/km
loss [4]. Currently, most modern optical fibres have a typical loss of approximately
0.2dB/km around 1.55um.

At present, in modern optical transmission systems, Erbium doped fibre amplifiers
(EDFAs) [5][6] are widely deployed as lumped amplification systems 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 stop the signal from being buried by the ASE noise. Such a high power enhances the
significance of nonlinear effects that become a major problem in high speed long distance
systems [7][8][9][10].

The availability of high power sources at the beginning of this millennium has renewed
the interest in distributed Raman amplification and fuelled the research towards achieving
quasi-lossless transmission systems [11][12][13][14][15][16][17][18][19]. Typically, these
attempts have relied either on the loss management of the fibres involved in transmission
[12][13][14], or on the use of higher order amplification schemes [17][18], in which multiple
cascading pumps at different wavelengths are used to distribute uniformly the amplification
of the signal through the line. An alternative approach was proposed by Ania-Castafion in
2004 [15] that combined the simplicity of first order bi-directional pumping with a
performance previously achievable only with higher order pumping schemes. The suggested
approach was to transform the whole transmission span into an ultralong laser cavity, and to
generate secondary pumps inside the cavity directly from the amplified spontaneous
emission (ASE) noise present. This technique has been proven and applied successfully in
several research work publications [16][19][20][21][22].

The main advantages of the URFL system over the EDFA systems are a lower power
variation across the bandwidth range and an extended gain spectral bandwidth. Furthermore,
the applications of URFL are not limited to optical communications [19][23][24], but it has
found application in other areas such as medium which allow optical solitons investigation
[22][25][26] as a laser source in supercontinuum generation [27] or as long length sensing

media [28].
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1.2 Thesis overview

The work presented in this thesis reflects the renewed research interest in Raman
amplification, in particular in ultralong Raman fibre lasers (URFL). The objective of this
work was to explore the applications of ultralong Raman fibre lasers in photonics. As part of
this research the bi-directional second order pumping scheme used in conventional optical
fibres as part of URFL was investigated and optimised. A combination of experimental and
numerical results is presented targeting a reduction of optical power excursion and relative
intensity noise (RIN) for different cavity design parameters, and an enhancement of the
available bandwidth for optical communications. Two examples of URFL applications in
photonics are supercontinuum generation (SC) and soliton transmission. The main
achievements are an enhancement of the flatness of the SC optical spectra and the first
experimental demonstration of soliton transmission over several soliton periods, in both
cases, using conventional optical fibres. Although each topic merits its own research, here
our research is limited to a few aspects where URFL are used as a source or transmission
media. The application of URFL is been successful in areas other than SC generation and
soliton transmission, although for coherence further work will not be included here.

This first chapter draws a context for developing this work, including the motivation
behind that instigated the research work in ultralong Raman fibre lasers.

Chapter 2 provides the mathematical foundations of nonlinear fibre optics. Basic
concepts of optical fibre characterisation are described before heading into the optical fibre
nonlinearities and the development of optical wave propagation within the context of optical
fibre communications. The effects of group velocity dispersion (GVD), self-phase
modulation (SPM), four wave mixing (FWM) and Raman scattering are briefly introduced.
The objective is to provide a mathematical and conceptual insight into nonlinear fibre optics
which will allow a better understanding of the results presented in later chapters.

Most of the numerical results of this thesis are presented in Chapter 3, which is
dedicated to the relative intensity noise (RIN) of URFL. The development of the optical
power evolution and the RIN along the propagating fibre are described by the URFL model
presented in this chapter. Numerical results are presented targeting a reduction of the relative
intensity noise (RIN) for different cavity design parameters such as cavity length, pump
distribution and fibre Bragg reflectivity.

Chapter 4 follows the investigation and optimisation of URFL presenting experimental
results regarding the enhancement of the available spectrum bandwidth for optical
communications whilst keeping the spectrum flatness. Further experimental results, related

to pump depletion and its effect on the spectrum flatness are also presented. The effect of
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Rayleigh scattering providing feedback is reviewed for longer cavity systems. An interesting
result is a laser cavity with two different output wavelengths.

Chapter 5 deals with supercontinuum (SC) generation from a continuous wave pump.
An insight on the mechanism providing SC generation in conventional fibres used in optical
communications such as TrueWave (TW) and single mode fibre (SMF) is reviewed.
Experimental examples in anomalous and normal dispersion are provided. URFL is applied
successfully to SC improving the efficiency of broadband spectrum generated.

Chapter 6 involves the study of optical soliton transmission, and the investigation of its
stability and dynamics as it propagates in optical fibres. Successful experimental results are
provided of the first order true soliton transmission. Further results of higher order solitons
are also included. The soliton stability and propagation dynamics are investigated for
different URFL cavity parameters such as cavity length, pump distribution and fibre Bragg
reflectivity.

Finally, the summary and conclusions of this thesis are presented in Chapter 7.
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Chapter 2

Nonlinear fibre optics

2.1 Introduction

The objective of this chapter is to provide the foundations to investigate ultralong Raman
fibre lasers and their applications in photonics, in particular optical communication,
supercontinuum generation and soliton transmission. A brief description of important aspects
of nonlinear optics, involving mathematical foundation and basic concepts, all of them
applied to optical fibres as wave guiding material, are introduced in this chapter. The
mathematical description towards the nonlinear Schrédinger (NLS) equation as wave
propagation in optical fibre is provided for a more clear understanding of the physical origin
of the various nonlinear phenomena mentioned in this thesis. It’s not the objective of this
work to present an exhaustive and precise mathematical approach to the derivation of the
wave propagation in optical fibres for high intensity optical signals. A more thorough
mathematical description of the NLS equation can be found in the literature
[29][30][31][32][33][34].

Some of the nonlinear processes mentioned in this thesis, such as supercontinuum
generation or signal amplification, are the result of combined nonlinear effects. Group
velocity dispersion (GVD), self-phases modulation (SPM), cross-phase modulation (XPM),
four wave mixing (FWM), modulation instability (MI) and Raman scattering are the list,
although not exhaustive, of the main concepts introduced in this chapter as general
background. These and other concepts such optical solitons or soliton fission will be

explained in later chapters as required.
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An initial introduction to optical fibres and their characteristics such as number of
guided modes or the optical loss introduces this chapter, giving the context of the optical

guiding material used through this work.

2.2 Optical fibres

Optical fibre is one of the main media used to transmit information within the
telecommunication context, but also, it has become one of the most versatile and flexible
medium to propagate, generate, guide and deliver lightwaves signals in other fields, with
applications on the industrial, medical and scientific sectors.

One of the most basic types of optical fibres, as defined in the general literature,
[31][32][33][34][35][36], is called step index fibre. It consists of a cylindrical glass core
enclosed by a cladding layer. The cladding layer can be also externally protected by a

surrounding jacket layer.
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Figure 2.2.1: Step Index Fibre.

The core index n;, with radius a, has a slightly higher value than the cladding index n;,
with radius b. The difference between refractive indexes allows guiding of the light along

the length of the optical fibre core by the principle of internal reflection.

~ /
n
-~ ’ .
& -~ Cladding
/\ - e
f..c ‘; .".. ” ‘.0'
/' % ~ \A. ’, al N
7 A e — N
0 g( S A ~ Core
W/ AR N
”
-/
n:

Figure 2.2.2: Propagation angle.
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Only light rays with propagation angles equal or lower than the critical angle, 8., will

be guided and transmitted along the length of the fibre.

. [ n
6. =arcsin| —= |, 221
n,

There are also other types of optical fibres, where the core index decreases gradually,
with parabolic shape instead of a single step. Those are called graded index fibre [37]. More
recent types of fibres are those called holey fibres or photonic crystals, where the cross-
section of the fibre contains microstructures specially designed to produce structural changes
and affect particular parameters and properties of the fibre [38][39].

Although the optical fibres are built generally with silica glass, Si0,, doping from other
materials can be introduced in the core and/or the cladding to change its refractive index.
There are two main parameters to characterise an optical fibre, the relative core-cladding

index difference, given by [33]

Az(nl —112)/111 , 2.2.2

and the dimensionless V number that indicates the number of modes supported by a fibre

and it’s defined as [33]

V= 2ra NA | 223

A

where a is the core radius and A, is the wavelength of the light. The numerical aperture,

NA, is given by

1
N/lz(nf—nf)/2 =m~N2A . 2.24

The V number can express the number of modes, M, guided along a multimode fibre
when V is large [33]. Each mode corresponds to an individual electromagnetic field

distribution of the light ray across the fibre.

M=— 225

This means that an optical fibre is single mode for

V <2.405. 2.2.6

In practice, the core radius for single mode fibre in the 1.5um region discussed in this

thesis, is less than 10um. The core radius for multimode fibre is typically 25um. The
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cladding radius has a standard value of 62.5um for both single mode and multimode fibres
[31]. The refractive index lies between the values 1.45 and 1.55 [40].

The loss in an optical fibre is a relevant parameter since it limits the maximum
transmission length of an optical signal along the fibre without any type of amplification. It
can be quantified by measuring the optical power launched, Py, in a fibre of length L and the

transmitted optical power at the end of the fibre, P(L). The relation can be expressed as
P(L)=Pe" ", 227

where o is the attenuation constant. It is customary to express the attenuation constant in

L P(L) ' o

Therefore a drop in optical power of 20% and 50% correspond to 1dB and 3dB

respectively. And 0.2dB/km loss corresponds to a transmission of more than 95.5% per
kilometre of the launched optical power. The attenuation of the fibre is wavelength and
material dependent. The two main intrinsic factors contributing to the fibre loss are Rayleigh

scattering and material absorption.
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Figure 2.2.3: Absorption and scattering losses in fibre [33].
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Silica is an amorphous material and therefore suffers from structural disorder. The
outcome is random fluctuations of the refractive index through the material that will act as
scattering centres. These local fluctuations scatter light in all directions and hence result in

intrinsic fibre loss. This scattering is known as Rayleigh scattering and its contribution is

proportional to A~ [33][41], thus the Rayleigh scattering loss dominates at short
wavelengths.

Silica glass absorbs in the ultraviolet and far-infrared regions. The absorption in the
ultraviolet region is due to electronic and molecular transitions, while lattice transitions are
responsible for the absorption in the far-infrared beyond 2um. The absorption peaks on the
0.5 to 2um window are due to the OH™ impurities in the fibre. Special care is taken during
the fibre fabrication process to ensure very low levels of OH™ impurities [42].

The different types of absorptions and Rayleigh scattering are shown on Figure 2.2.3. A
typical loss value for single mode silica fibre at 1.55um is 0.2dB/km, with a major
contribution from the Rayleigh scattering. However research to develop specific fibres with
very low loss among other properties [43][44] is currently active. Other external factors
contributing to the loss of the fibre are bends, splices and, in general, any connection
between fibres. The loss contribution from material absorption, scattering loss and the
absorption of OH™ impurities leave three main working windows where the attenuation is
lower. These three windows, around 850nm, 1300nm and 1550nm respectively, are the
primary wavelengths for telecommunication transmission.

Optical signals outside the telecommunication windows are expected to experience a
severe drop in power when using optical fibre as transmission medium. However the losses
can be manageable when using relatively short lengths of fibre to deliver the optical signal
locally. Another fact is that the bandwidth or wavelength range of the telecommunication
windows is limited by the absorption peaks and the material absorption on the far-infrared

region.

2.3 Fibre nonlinearities

As the launch power into the fibre increases, the signal intensity increases and the nonlinear
effects in optical fibres become more significant. Nonlinear effects can arise from the
nonlinear electric polarisation of bound electrons in silica. The intense light interacts with
the dielectric medium, whose response results in the change of the refractive index with the

light intensity.
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The origin of the nonlinear response can be understood by considering the influence of
incident light over the medium properties. The induced polarisation P, in function of the

spatial coordinates r and time t, from the electric dipoles in the electric field E is
P(r.)=¢,[ " E+x” :EE+y” EEE+..], 23.1

where £, is the vacuum permittivity and ", (j=1,2,3,..) is the jth order susceptibility tensor.

The first order nonlinear susceptibility tensor, ¥, corresponds to the linear part of the

(2)

polarisation. The second order nonlinear effects, related to y'~', vanish in fused silica as

SiO, is a centrosymmetric molecule. The lowest order nonlinear effect in optical fibre
originates from the third order susceptibility, %, which is responsible for third harmonic
generation, four wave mixing and nonlinear refraction. As the two first effects require phase
matching condition, most of the nonlinear effects are originated from nonlinear refraction.

The refractive index in a fibre is intensity dependent as result of the third order

susceptibility contribution [31][32].
(@, E[)=n(@)+n, | E[", 232

where n(w) is the linear part, its value is well approximated by the Sellmeier equation [45],

which takes into account the resonance frequencies, @, of the fused silica,
2
m -
2 — J ]
() =14y 2 233
w;, —C
Jj=1 % J

with B and C, as the Sellmeier coefficients. And n, is the nonlinear refractive index

coefficient or optical Kerr coefficient. For simplification, the optical fibres are considered
isotropic, uniform in all directions. Therefore the relation between P and E is independent of
the direction of the vector E. The susceptibility tensors can be reduced to a scalar quantity
and the optical Kerr coefficient expressed as

3 3

n,=—x

2.3.4
&n

The optical Kerr effect is a self-induced effect in which the phase velocity of the wave
depends on the wave’s own intensity. The optical Kerr effect condition can be expressed by

the following relation,

An(@,|E[)=n, |E [, 235
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The optical Kerr effect causes self-modulation and self-focusing of the optical field. It
manifests itself as a self-induced phase and frequency-shift of a pulse of light as it travels
through a medium. Also, this self induced refractive index variation is responsible for the
nonlinear optical effect of modulation instability, an interaction between high intensity signal
and background noise that breaks up a continuous wave signal in a stream of pulses.

The optical Kerr effect together with anomalous dispersion can induce soliton

formation, as it will be illustrated in a later chapter. The value of the Kerr coefficient, n,, is

very small in most of the materials and for silica fibre is of the order of 2.3x10™ %cm®W™". It’s
wavelength dependent and sensitive to polarisation.

The intensity dependence of the refractive index leads to self-phase modulation (SPM)
and cross-phase modulation (XPS). Self-phase modulation refers to the self-induced phase
shift experienced by an optical field during its propagation in optical fibres. Among other
things, SPM is responsible for spectral broadening of ultrashort pulses. The change in phase
on the optical field is defined as

Ag = iik,L = (n+n, \E\z)zﬂ—”L, 236
0

where L is the fibre length. The intensity dependent nonlinear phase shift due to SPM is
2 2
Ag,, =n, ZL‘E‘ . 237

Cross-phase modulation refers to the nonlinear shift of an optical field induced by
another field having a different wavelength, direction or state of polarisation. Among other
things, XPM is responsible for asymmetric spectral broadening of co-propagating optical

pulses. If two optical fields at frequencies @, and @, , polarized along the x axis, propagate

simultaneously inside the fibre and the total electric field E given by
1 . :
E :Ex[E1 exp(—imyt) + E, exp (—iant) +c.c. |, 238

where c.c. stands for complex conjugate. Then, the nonlinear phase shift for the field at @, is

given by

2
Ad,, =n, fL(‘El‘z +2‘E2‘2 ) , 2.3.9
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where the terms |E1|2and 2|E2|zcorrespond to SPM and XPM respectively. These two

nonlinear effects are mentioned in a later chapter dedicated to supercontinuum generation. In
particular, the effect of self-phase modulation, crucial to soliton formation, will be expanded

later in this chapter.

2.4 Wave propagation in optical fibres

To analyse the impact of the nonlinear phenomena in optical fibres, one needs to understand
how a light wave propagates in an optical fibre. The objective of this section is to show that
is possible to derive the nonlinear Schrodinger equation that governs the dynamics of signal
propagation in the optical fibres. The details of the derivation of the nonlinear Schrodinger
equation can be found elsewhere [31][32][36][46][47]. Here, we provide the main relations
and concepts leading towards the derivation of the nonlinear Schrédinger equation for our
particular case, a signal propagation in conventional optical fibres.

Initially we will consider propagation in a linear dispersive media and then we will
include the nonlinear components. We shall start by applying the well known Maxwell’s

equations to a medium free of charges such as an optical fibre

VXE:—a—B, 2.4.1
ot

VXH=a—D, 242
ot

V-D=0, 2.4.3

V-B=0, 2.4.4

where D=¢ E+P and B=y H+M, and D, E, B and H represent the electric flux density,

electric field intensity, magnetic flux density and magnetic field intensity respectively. P and

M are the induced electric and magnetic polarization. The vacuum permittivity, &,, and the
free space permeability , 4, , are related to the speed of light in vacuum, c, by the relation

¢’ =1/g,u, . M=0 for nonmagnetic media such as optical fibres. To establish a wave

equation we apply the curl operator at both sides of Equation 2.4.1 with the corresponding

substitutions, obtaining

o°E o°P
VXV XE =-¢ —
OILlO atz lLl() atz ) 24.5
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where P(r,t)= P, (r,t)+ P, (r,t) . In a homogeneous medium with local medium response to
external excitation, the relation V-D =0 implies that V- E =0 as well and considering the

vector identity VXV xE =V(V-E)—V’E, the nonlinear wave equation can be expressed by

82E(r,t)+ asz(r,t)+ 9°P,, (r,1)

VzE(r,t)=80,uoT 0 PYE 0 92

2.4.6

It describes the nonlinear propagation of light in a dielectric and homogeneous medium.

2.4.1 Linear dispersive propagation

The complexity of Equation 2.4.6 requires several simplifying approximations. Initially we
will head towards a more simplified model of the wave propagation corresponding to the
linear propagation of an optical field in a dispersive and homogeneous medium. As the
nonlinear effects are relatively weak in silica optical fibres, a major simplification is the

treatment of the nonlinear polarization as a small perturbation to the induced polarization,

|PNL|<<|PL|. Therefore we can consider P,, =0 and the wave Equation 2.4.6 can be
expressed as

9’E(r,1) N 9°P, (r,1)

VzE(I‘, Z) = 801“0 atz :uo atz ’

24.7

where P,(r0)=€ | 2V (t1=1)-E(r.0)dl . 248

As Equation 2.4.7 is linear in E and the permittivity, £, is a function of frequency, @, it

is simpler to work in the Fourier domain, thus
V’E(r,0)+e(w)—E(r,0)=0, 2.49
c
where E(r, ) is the Fourier transform of E(r,?) defined by

E(r.0)=—— [ E(r.t)expliondt, "
27 *.

and the frequency dependent dielectric constant is defined as S(a))=1+;?(l)(a)), where

;}m(a)) is the Fourier transform of y'"(¢) . The frequency dependent dielectric constant can

29



be related to the refractive index, n(w), and the absorption coefficient, a(w) by the
definition & = (n+iac/2w)’.

Therefore,

n(w)=1+ %Re [}?1) (a))] , 2.4.11

a(w) = n_azlm[}m(w)] 2.4.12

where Re and Im stands for real and imaginary parts respectively. Hence the wave equation

for a linear and non-dispersive media such as optical fibres can be expressed as

2
V’E(r, ) +n2(a))(:—2E(r, w)=0, 2.4.13

It’s convenient to define the propagation constant £ for a dispersive medium as

k(@) =n(0)ojc=(afc)Je(@) =k1+ 7" (@), 24.14

where k, = @)/c is the wave number in vacuum and we can obtain the Helmholtz equation

for the electric field

V2E(r,w)+ k*(@)E(r,®) =0 2.4.15

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.

2.4.2 Nonlinear propagation

The starting point to study nonlinear effects in the optical field propagation in fibres is the

wave equation

O’E(r,t) ny 9°P, (r,1) ny 9°P,, (r,1)
o’ ©oor oo

where the linear and nonlinear part of the induced polarisation are related to the electric field

by

VZE(r,t) = 1, . 2416

P(r.)=g [ 2V (t=1)-E(r,0)dl 2417
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t
PNL (]/"t) =g, J. ;{(3) (t—t,,t—t”,t—t”’)EE(I",t,)E(l",t”)E(l",t,”)dt,dt”dt”’,

2.4.18

We need to make the following simplifying assumptions:
As the nonlinear effects are relatively weak in silica optical fibres, the nonlinear

polarization P,, can be treated as a small perturbation to the linear induced polarization P, .

Also the optical field is assumed to maintain its polarization along the fibre length so that a
scalar approach is valid. And finally, the optical field is assumed quasi-monochromatic, i.e.

the signal spectrum centred at @), is assumed to have a spectral width A@ such as Aw < @), .

This last assumption is valid for pulses as short as 0.1ps.
For the slow varying envelope approximation adopted here, the electric field can be

written in the form

E(r,?) =%x|:E(r,t) eXp(—ia)ot)+c.C.:| , 2.4.19

where x is the polarisation vector and E(r,?) is a slow varying function of time. The induced

polarisation components can be expressed in similar manner,

1
P (r,1) ZExI:PL (r,1) exp(—ia)ot)+c.c.} , 2.4.20

1
P, (r,t)= 2% [PNL (r,0)exp(—imyt)+ c.c.] , 2421

The intensity dependence nonlinear effects can be included by assuming the following

form for the third order susceptibility [48]
AV (t=t =" t=1")=yOR(t-1)S(t-1") S (t—1"), 2422

where R(t) is the nonlinear response function normalised. The interaction of the light with

the vibrational modes of silica, through the delay-function R(z—¢"), which are responsible

for Raman scattering, can be included in the description. The time domain third order

susceptibility, ' (¢—¢,t—t",t—t”), can be approximated by a product of three delta

functions if only the electronic response of the material is wanted, since it is almost

instantaneous, in which case one speaks of a Kerr nonlinearity. Using a slowly varying

31



optical field approximation and taking in account the above assumption we can obtain a

simple relation for the nonlinear polarisation density as function of the electric field

P, (r,t)=¢,&,, E(r,t)exp(—joyt), 2.4.23

where €,, is the nonelectric permittivity and is given by

3 3 2
Ey, =zl( "NE(r,0)|, 2.4.24
and the wave equation in the nonlinear regime takes the form:

0’E(r,¢ 0°P, (r,t 0’ .
ag )_,uo aLt(Zr )=,U050?[8NL (‘E(r,t)‘)E(r,t)exp(—]a)ot)],

VZE(r,t) - €U,
2.4.25

Under the assumption of the slow varying envelope approximation, &,,, can be

considered as a constant as the envelope of the electric field satisfy

J’E(r,1) 0
— =, =V, 2.4.26
or*
Therefore, the second-order time derivative of the nonlinear polarisation density is
reduced to
9°P, (r,t) 5 ,
thz ==y €€y, E(r,1)exp(—jat) . 2.4.27
Since &,, is treated as a constant, the Fourier transform of P,, becomes
Pu(r,o—w) =€,y E(r,0-,) , 2.4.28
where
E(r,0—@,) = f E(r,t)exp(—ia,t) exp(iot)d: 2429

We can obtain the Helmholtz equation in the form
~ ~2 ~
VE(r,0-w,)+k (0)E(r,0—,)=0, 2.4.30
where the wave number is defined as
l:f(a)):a)o\/uoeoé(a)) :ko\/é(a)) . 2.4.31

And the electric permittivity Z‘(a)) in the spectral domain for the nonlinear propagation

of a slow varying electric field is defined as

e(w)=¢(w)+e¢,,. 2.4.32
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With the linear and nonlinear components given by

g(w)= (1+;((a))), 2.4.33

3
ENL =Zx(3)‘E(rat)‘2. 2.4.34

2.4.3 The nonlinear Schrodinger equation

The starting point for the derivation of the nonlinear Schrodinger (NLS) equation is the
Helmbholtz form of the wave equation as shown in previous sections. The most common
method to solve the Helmholtz equation is the method of separation of variable whilst still
assuming a slowly varying envelope approximation [31]. As the transmission medium is a
fibre, the solution is usually represented as a combination of a function describing the mode
field distribution in the fibre cross section and a function that is the slow varying wave
envelope. Depending on the boundary conditions and the assumptions, we can obtain the
following extended NLS equation for the signal evolution inside a fibre, where higher order

nonlinear terms are included:

a_Q od ﬂzaz_Q_}_&y_Q

=i

olof
0z 2 29T* 6 9T° QaT

virof 0-L2(of 0)-inr, ,
@, 0T

2.4.35

where T =¢ —z/ v, 1s a frame of reference moving with the pulse at the group velocity v, at

the centre wavelength. And Q is the slowly varying envelope of the electric field. z is the

propagation distance. « is the fibre loss coefficient in km™. B, is the second order

propagation constant in ps> km™. B, is the third order propagation constant in ps’ km™. ¥ is

the nonlinear coefficient y=27zn,/4,A,, . n, is the nonlinear index coefficient. 4, is the

effective core area of fibre. A, is the centre wavelength. @, is the centre angular frequency
and 7, is the slope of Raman gain.

The term related to [, refers to the chromatic dispersion, with the group velocity

dispersion (GVD) proportional to f,. Further explanation of the GVD will be given in the

section. The term of S, relates to higher-order dispersion. It’s important for ultra short

pulses less than 100fs. The term 1‘7/|Q|2 QO relates to simultaneous fibre nonlinearities. The

other two terms left on the right hand side are delayed nonlinear response. The term
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(7//600)(8(|Q|2 Q)/BT) relates to self-steepening and the term iy/TRQ(8|Q|2/8T) relates to

self-frequency shift. The self-steepening has the effect of changing the shape of light pulses
as they propagates in the fibre. The velocity of the peak pulse, group velocity, is reduced
leading to an increasing slope of the trailing part of the pulse. And self-frequency shift result
in an overall spectral shift towards longer wavelengths of the optical pulse.

The Equation 2.4.35 can be simplified assuming optical pulses of width 7;> 1ps with
the carrier wavelength not too close to zero dispersion wavelength. Then, the parameters

1/(o,T;), T, /T, and the contribution of the third order dispersion become that small that

can be neglected.

—:———i—a +iylof 0. 2.4.36

The above equation, with dispersive terms only up to the second order, is called the NLS
equation in the special case of lossless medium (& =0), as it resembles the Schrodinger
equation with a nonlinear potential term. Optical solitons are well known stationary solution
of the Equation 2.4.36 for a lossless waveguide. Further work regarding optical solitons will
be discussed in a later chapter. The NLS equation is the simplest mathematical model to
describe nonlinear and dispersive propagation of optical pulses in optical fibres in the slow

varying envelope approximation.

2.5 Effects in optical communications

There are effects with origin in the optical fibre loss, dispersion and the nonlinearity that are
relevant in optical communications and they can affect the optical signal transmission by
either limiting, modifying or enhancing some properties of the optical signal. The most
important effects related to the understanding of this thesis are reviewed, introducing
concepts such as group velocity dispersion (GVD), self phase modulation (SPM) or
modulation instability (MI) as example. The idea is to gain enough background knowledge
to understand the work presented here. A more extensive and detailed explanation of these

effects can be found in the literature review [31][49][50][51][52]

2.5.1 Dispersion

Chromatic dispersion originates from finite spectral linewidth of optical sources. The
different spectral components will propagate at different velocities, causing the pulse to
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broaden. It results from the frequency dependence of the material refractive index and
waveguide structure of the optical fibre.

The refractive index of the material is approximated by the Sellmeier equation, which
can be expressed as
BA*  BA  BA

(A)=1+ + -
R Eive A e ay e

2.5.1

The values of the Sellmeier coefficients for fused silica, B, and C,, quoted for A in

micrometers are given in Table 2.5.1.

Table 2.5.1: Sellmeier coefficients for fused silica [S4].

B1 B2 B3 C1 c2 C3
0.696166 | 0.407943 | 0.897479 | 0.004679 | 0.013512 | 97.934

The refractive index, n, and the group index, ng, as function of the wavelength are
plotted in Figure 2.5.1. The refractive index takes value around 1.45 at 1um, varying less
than one percent at either side of the wavelength spectrum and with decreasing value at

longer wavelengths.
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Figure 2.5.1: Refractive index n and group index n, as function of wavelength for silica optical fibres [31]

The group index, n,, can be calculated as

d
n, =n—/1d—z. 252

The refractive index is related to the propagation constant 3 (@) through the relation

—=ﬂ(0))c—. 2.5.3

The dependence of the refractive index on the spectral components results in the

variation of the propagation constant S as function of frequency. To gain a better
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understanding, it is customary to account for the effect of dispersion by expanding the

propagation constant in Taylor series around the central frequency @), .

1 2 1 3
,6’((()) = :80 +181 (w_ a)o) +Eﬂ2 (a)_wo) +gﬂ3 (a)_wo) T, 2.5.4
dplo)| .
here . =| ———— =1,2,3,...). 2,55
w=0
Every coefficient f, relates to the refractive index n (w) satisfying the following
relations:
27
=, 2.5.6
ﬂo ﬂ,o
1 dn n 1
,31:—(”1+(0—)=—g=—, 2.5.7
c dw c v

2 2 3 2
ﬁzzl[zdn wdnj~a)dn A d’n -

+ ~ — =
c\ do do’ cda* 2xct dA*’

where n, is the group refractive index as defined by Equation 2.5.2, v, is the group velocity
and c is the speed of light. Each Taylor component is interpreted as follows. The first
component, [, is the propagation constant describing the phase velocity of the optical
pulse. The second term relates to the group velocity of the pulse envelope, with the first
order coefficient, S, representing the inverse of the group velocity, v, . The third term is
responsible for the pulse broadening with the second order coefficient, f3,, representing the
dispersion of the group velocity and therefore called Group Velocity Dispersion (GVD)
parameter. The third order dispersion (TOD) parameter, f,, relates to the dispersion slope.
In most practical cases, this last higher order dispersion term is negligible and most of the
contribution of the dispersion induced pulse broadening is due to the GVD term,
proportional to fB,. The TOD parameter becomes significant only when S, =0 or for
ultrashort pulses, i.e. pulse width lower than 1ps. The dispersion parameter, D with units in

ps/nm/km, is commonly used in optical fibre engineering and relates to f3,, expressed in

units ps*/Km, as

_d_ﬁl_ 27e

7 —7,32. 2.5.9
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Figure 2.5.2 shows the variation of the dispersion parameter, D, versus wavelength for
several commercial optical fibres available in our laboratory during the research period when
this work was carried out. The single mode fibre SMF-28 and LEAF, meaning large
effective area fibre, are commercially available from Corning. TrueWave (TW) is a fibre
available from Lucent. The dispersion shifted fibre (DSF) is a type of single mode fibre
tailored to shift the zero dispersion wavelength from 1300nm to 1550nm. The total
dispersion is a combination of the material dispersion, fused silica in our case, and the
waveguide dispersion which depends on fibre design characteristics such as refractive index,

cross-section profile.
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Figure 2.5.2: Dispersion parameter D versus wavelength for several commercial optical fibres [S5].

The wavelength at which D=0, denoted as the zero-dispersion wavelength A, , separates
the dispersion in two regions. The region where D is negative (3,>0) is designated as

normal dispersion region. In this region the lower frequencies (red components) of an optical
pulse travels faster than the higher frequencies (blue components). The region for D positive

(B,<0) is called anomalous dispersion regime. In the anomalous dispersion regime the

higher frequencies (blue components) travels faster than the lower frequencies (red
components).

The effect of GVD on optical pulses causes the different spectral components of the
optical pulse to propagate at different velocities. In absence of nonlinearities, the GVD
changes the phases of each spectral component of the pulse by an amount that depends on
both the frequency and the propagation distance. The result is a linear chirp across the pulse

that will affect the pulse spectrum, eventually inducing a temporal pulse broadening. It’s

37



convenient to introduce the dispersion length, L, , as defined in most of the literature
[31][32][33][34][35]. The dispersion length L, provides the length scale over which

dispersive effect become important for pulse evolution.

L, :z'g /‘ﬁz

, 2.5.10

where 7, is the pulse width, which relates to its full width at half maximum (FWHM). For

propagation lengths comparable or longer than the dispersion length, the dispersion
dominant regime is important and the GVD will have a severe impact on the pulse

propagation.

2.5.2 Self phase modulation

Self phase modulation (SPM) is a nonlinear process with origins in the optical Kerr effect
and which produces a time varying phase of the light pulse as it propagates along the fibre.
As already mentioned previously by Equation 2.3.2, the refractive index is dependent on the
optical intensity. That relation can be rewritten as a function of the optical power per
effective area.

P(t)

n(w,| P)=n(®)+n, , 2.5.11
off

where n(w) is the ordinary refractive index, n, is the nonlinear refractive index coefficient,

Ay

is the effective core area of the fibre, and P is the power of the optical signal. The
relation expressed in Equation 2.5.11 indicates the phenomenon that converts power
fluctuations into phase fluctuations in the same optical wave, which is commonly called self
phase modulation. The change in phase on the optical field after travelling a total length L is
defined as

P(t
A¢(t)=rik,L = (n+ n, —( )]

eff

2,

Ay

The intensity dependent nonlinear phase shift due to SPM, shown previously by in Equation

2.5.12

2.3.7, can be expressed as a function of the optical power as

27 L

ny,———P(t). 2.5.13
Ay Ay

Ady, (t):
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The previous relation indicates that the optical signal power modifies its own phase with
the optical phase being proportional to the fibre length, and the phase shift varies with time
for the optical pulse signal. If we want to take into account the absorption of the medium, we
can replace the fibre length L by an effective length Leg [56]

-al

L
Leff =Ile dl =[1—exp(1—0!L):'/0!, 2.5.14
0

In the absence of fibre losses &, the fibre loss coefficient, is equal to zero and L,=L.

Otherwise the value of the effective length, L ., is smaller than L. And the phase shift

off 2
induced by SPM takes the form
2r L

Ag,, (t)=n, Zzﬂp(f)=ﬂgffp(l), 2.5.15

where ¥ is the nonlinear coefficient defined as

27n,
V= .
/’iﬂ Ael’f

The instantaneous frequency of the wave, defined as the variation of the phase with

2.5.16

time, at the output of the fibre will be

00(¢) 27 dAn
= = — L
o A o 7

(1)

- a)(). 2.5.17

From Equation 2.5.15 and Equation 2.5.17, it can be deduced that the wave undergoes
an additional frequency shift and, subsequently, a frequency shift respect to the optical

frequency @, due to the Kerr effect. The frequency shift is proportional to the optical power

and it is responsible for spectral broadening.

5w(f):_a§—t¢:—ﬂeﬁrapa—£t). 2.5.18

When a pulse undergoes SPM, its leading edge (OP(t)/ot > 0) is downshifted in
frequency while its trailing edge (OP(t)/0t < 0) is up shifted. The frequency of the optical
signal undergoes a frequency shift from its initial value. This effect is known as frequency
chirping, in which different parts of the pulse undergo different phase change [33]. Since this
effect depends heavily on the signal intensity, SPM has more effect on high intensity signal
pulses. Initially, for unchirped pulses, SPM only introduces a distortion in the pulse
spectrum, whereas the pulse shape remains undistorted. However, this is not the case when
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GVD becomes important, because the SPM induces a nonlinear chirp across the pulse that
GVD will translate it into a pulse broadening or compression.

In the normal dispersion regime, the edges of frequencies which experienced higher
shifts tend to move away from the centre of the pulse. The edges of frequencies which red
spectrum components have a higher velocity than the blue spectrum components, and thus
the front of the pulse moves faster than the back, therefore the pulse undergoes a temporal
broadening (i.e. spectral compression). In the anomalous dispersion regime, the rising part
propagates more slowly than the falling part and the pulse undergoes temporal compression
(i.e. spectral broadening). This produces higher refractive index at the peak of the pulse
when compared to the edges of the pulse. There is a special case in the anomalous dispersion
regime where the interplay between SPM and GVD will support a stationary pulse, called a
soliton, which can propagate undistorted over long distance [57]. Experimental examples of

soliton propagation in optical fibre [21][26] will be presented in this thesis in a later chapter.

2.5.3 Cross phase modulation

The origin of cross phase modulation (XPM) is similar to SPM, the material refractive index
is dependent on the optical field intensity that travels along the medium. However in this
case, two or more optical waves are co-propagating inside the fibre and they interact with
each other through their nonlinearities, so the refractive index experienced by each optical
wave is not only dependent on its intensity but also dependent on the intensity of the other
co-propagating waves, as shown by Equation 2.3.9. The general expression for the total

nonlinear phase shift in the optical wave induced by SPM and XPM can be expressed as

A¢NL = yLeff [f)j +22ij ) 2.5.19

m#j

where P, and B, correspond to the optical power for the optical wave j, and the co-

propagating waves m, with m # j. The factor 2 indicates that XPM is twice as effective as
SPM for the same amount of optical power. Cross phase modulation can be a limiting effect
in optical communication when using wavelength division multiplexing (WDM) to combine
multiple channels into one single fibre. Among other things, XPM is responsible for

asymmetric spectral broadening of co-propagating optical pulses.
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2.5.4 Four wave mixing

Four wave mixing (FWM) is a nonlinear process with origin in the third order nonlinear
susceptibility ' through the optical Kerr effect. Generally speaking FWM in optical fibre

occurs when the interaction between three waves give rise to a forth wave in the signal with
different centre of frequency to the others. The relation among the frequencies is described

by the frequency-matching condition for FWM [36].
0+0,=0+0,. 2.5.20

Assuming that &, k, and k; are the wavevectors of the optical waves with centre of
frequency @, @, and @, respectively, the corresponding wavevector for the optical wave

w, is k, such as

ki +k, =k +k,. 2.5.21

The above equation describes the phase matching condition. Equations, 2.5.20 and
2.5.21 represent conservation of energy and momentum respectively. In the partially

degenerative case where two of the waves have the same frequency, @, =®, =®,, the

frequencies are related by
@+, =20, 2.5.22

The frequencies @ and @, are symmetrically located respect the central frequency @,

like the sidebands of an amplitude modulated sine wave in the case of modulation instability

effect, or the Stokes and anti-Stokes frequencies in Raman scattering [36].

In the practical side, the effect of FWM in optical fibre communications can be seriously
damaging, limiting in particular the capacity of wavelength-division multiplexing (WDM)
systems, where multiple optical wavelengths are spaced at equal intervals or channel
spacing. The interference FWM causes in WDM systems is known as interchannel crosstalk.
The effects of FWM are pronounced with decreased channel spacing of wavelengths and at
high signal power levels. High chromatic dispersion decreases FWM effects, as the signals
lose coherence. FWM can be mitigated by using uneven channel spacing or fibre that

increases dispersion.
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2.5.5 Modulation instability

Modulation instability (MI) is a nonlinear phenomenon that has been observed nearly
simultaneously and with independence in different areas of physics [58], such as convection,
water waves, plasma physics and nonlinear optics, just to name a few. The effect of
modulation instability can be explained as the interaction between a strong continuous wave
at frequency @ and small sidebands @ Q. It is a particular case of four wave interaction,
two waves at @ creates the sidebands at w+Q (Stokes and anti-Stokes). In the case of
optical fibre the steady state of the optical wave becomes unstable as the result of the
interplay between anomalous group velocity dispersion and self phase modulation. The Ml is
enhanced by the interaction of the optical signal with the optical noise background, which
provides seeding perturbations over a broad range of frequencies. The sidebands are
exponentially amplified with distance by four-wave mixing and they act as a pump to higher
order Stokes and anti-Stokes components. This process of exponential amplification of
subsequent sidebands leads to the generation of many equally spaced spectral components,
which interference originates a pulse train [59].

Modulation instability in optical fibres was first predicted by Hasegawa and Brinkman
in 1980 [60] and experimentally demonstrated by Tai and Hasegawa in 1986 [59]. MI
manifests itself as the break up of CW radiation into a train of ultrashort pulses. In fact, since
MI is described by the same conditions of existence as the stationary pulses called solitons
[59][61][62], it is at the origin of higher order soliton formation under high intensity CW
light pumping. MI is a fundamental process leading to supercontinuum generation from CW
pump source.

The instability is strongly dependent on the frequency of the perturbation. At certain
frequencies, a perturbation will have little effect, whilst at other frequencies, a perturbation
will grow exponentially. Random perturbations will generally contain a broad range of
frequency components, and so will cause the generation of spectral sidebands which reflect

the underlying gain spectrum.

2.5.6 Raman scattering

Spontaneous Raman scattering is a nonlinear inelastic scattering effect discovered by C.V.
Raman and K.S. Krishnan in 1928 [63], through which radiation propagating through a
given medium gets converted to a different frequency, with the corresponding energy
difference being provided or stored in the medium’s molecules in the form of vibrational

energy. The generated frequency shift is called the Stokes shift, if the radiation is converted
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to a lower frequency, or anti-Stokes shift, if the radiation is converted to a higher frequency.
The frequency shift and the shape of the gain curve are determined by the vibrational modes
of the medium, and are completely characteristic of the material. The most commonly
observed occurrence of the Raman effect in optical fibres, and the one we are interested in, is

the Stokes shift towards lower frequencies.

Energy

Signal

A\ 4

Vibrational state

Ground state

Figure 2.5.3: Energy diagram for Raman scattering

The scattering cross-section for the spontaneous Raman effect is very small. The
scattering cross section per unit volume for Raman Stokes is of the order of 10 'cm '
[18][53]. In amorphous materials, Raman scattering of light occurs over a large range of
frequencies because these materials present a broad vibrational spectrum. The Raman gain
spectrum of silica fibre is relatively broad, ~40THz, as it’s an amorphous material [64]. The
peak of its frequency shift is about 13.2THz. So if a pump wave is set at 1455nm, the signal

generated will be at 1550nm approximately.
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Figure 2.5.4: Experimental Raman gain spectrum for 41km SMF silica fibre
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Raman scattering can be efficiently stimulated by excitation of the optical photons. This
process is called stimulated Raman scattering (SRS) and it was first discovered by
Woodbury and Ng in 1962 [65]. A signal photon enters a nonlinear optical medium together
with a pump photon of high frequency. The signal photon stimulates the emission of a
second clone signal photon, which is obtained by Stokes shifting the pump photon so that its
frequency precisely matches that of the input signal photon. The energy excess of the pump
photon is transferred to the vibrational modes of the medium. Compared with spontaneous
Raman emission, 10% or more of the incident power can be converted into Stokes
components by SRS [32].

The frequency shift and the Raman gain provided by SRS will depend on the material
characteristics. Mathematically can be deduced taking in account that the third order

™ s in general a complex value, ' =zt + jy" . Therefore, the

nonlinear coefficient ¥
intensity dependent self-phase modulation described by Equation 2.5.13 is also complex, as

the nonlinear refractive index can be expressed as n, =(37]0 / €0n2) )((3). The propagation

phase factor, exp(—,¢), is a combination of phase shift, A@, given by [36]

2.5.23
2 ’
g n AA "

and gain exp(g,L/2), with the Raman gain coefficient proportional to the optical power

and given by

2y, x) 1
K &, n’ Z’()Ae_[f ’

with &, as the permittivity of the medium and 7, the efficiency of the Raman scattering

2.5.24

interaction. The Raman gain coefficient, g,(£2), is an important parameter when
characterizing Raman amplifiers [53] and it relates to the intensity of the signal generated

along the length of fibre, taken as axis z, with the following relation:

dl
= =g,(Q), 1, 2.5.25
Z

where Q represent the Raman shift. /, and 7 are the intensities of the primary pump and

the signal generated at the corresponding frequency shift, so called first Stokes. As the
primary pump power increases, the first Stokes wave increases. Once the first Stokes reach a

Raman gain threshold value it will behave as a secondary pump transferring energy at the
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same frequency shift as previously. This second signal generated, twice shifted to longer
wavelengths, is called the second Stokes when referring to the primary pump.

The importance of SRS is underlined as this mechanism can arise in any optical fibre
and Raman amplification can occur at any frequency, ranging from 0.3 to 2um [18]
depending on the pump wavelength. An important implication is the access to wavelengths
where previously was unachievable through other means. Raman scattering has many
applications not only in the optical communication area; such as optical amplification, but
also in other areas; as spectroscopic tool for identifying the molecular characteristics of a

material or as key process in the generation of supercontinuum light sources

2.6 Conclusion

The foundation of optical fibres and nonlinear optics within the context of optical
communications has been reviewed in this chapter. Basic concepts regarding the
characterisation of optical fibres, such as refractive index and optical attenuation, are
presented before heading into the review of optical fibre nonlinearities. The induced
polarisation by high optical intensities and the third order susceptibility are in the origin of
the fibre nonlinearities description.

The description of the wave propagation in optical fibres is limited initially for the linear
dispersive case and then expanded to include the nonlinear term, presenting finally the
nonlinear Schrodinger equation which governs the optical pulse propagation dynamics.
Understanding the general or expanded nonlinear Schrédinger equation and the implication
of its terms is fundamental. This relation can quantify and analyse the influence of the fibre
characteristics and the initial optical signal used over the resulting propagation dynamics.
Some important effects, with great impact in optical communications, are discussed briefly
in this chapter.

Fibre losses have the effect of decreasing exponentially the amplitude of the signal
along with propagation length. Chromatic dispersion, different spectral components
travelling at different velocities, results in the broadening of the optical pulse, which can be
quantify though the group velocity dispersion (GVD) term.

The refractive index dependence on the optical intensity leads towards the Kerr effect
and self-phase modulation, a phase shift dependent on the intensity of the optical signal. The
result is the pulse spectral broadening in both normal and anomalous dispersion regimes. In
normal dispersion regimes it produces a frequency modulation of the incident field and

subsequent spectral broadening. The major impact of self-phase modulation is the temporal
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compression of the optical pulse. In anomalous dispersion regimes it initiates modulational
instability amplification of quasi-CW fields which leads to the formation of a train of optical
pulses from the interplay between the high intensity CW optical field itself and the noise
background, generating optical solitons. Modulations instability is a particular case of four
wave mixing, where two waves at a central frequency creates two sidebands with a
frequency shifted from the central one. Four waves mixing can limit the optical
communication capacity through the crosstalk, by generating a fourth frequency from the
interaction of three channels with different frequencies. The main effect of Raman scattering
is the frequency shift of input signal to lower frequencies. This effect was briefly introduced

in this chapter and it will be expanded latter on as required in the thesis.
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Chapter 3

Ultralong Raman fibre lasers

3.1 Introduction

Ultralong Raman fibre lasers (URFLs) are based in the distributed nature of Raman
amplifiers, improving the optical signal-to-noise ratio along the transmission compared with
other lumped amplification systems. The degradation of the signal after amplification can be

quantified through the noise figure F) , defined as the ratio of the signal-to-noise ratio before

and after amplification.

F, =(SNR)_/(SNR)

in out °

3.1.1

where the signal-to-noise ratio (SNR) of a signal is defined as the ratio of its square-mean to

its variance. Hence, the SNR of a signal with mean value Pis SNR=P / o;.

Below it’s shown a typical bi-directional pumped diagram of an optical communication

system employing Raman amplification.

Forward pump Backward pump

” Fiber m
Tx Signal\\\ @ D /fSignaI Ry

Figure 3.1.1: Raman amplification diagram

The evolution of the pump, P,, and the signal power, P, along the axis of the fibre, z,

for Raman amplification can be described using the following equations [53]:

47
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d—ZS =g b P — o . 3.1.2

The initial sign (+) and (-) from Equation 3.1.1 represent the forward and backward

propagation from the laser pumps. Where v, and v, are the frequencies of the pump and the
signal, &, and «, are the attenuation coefficients and g, the Raman gain coefficient

normalized with respect to the effective area of the fibre.

Ultralong Raman fibre lasers (URFLs) make use of the simplified structure from the
basic first order Raman amplification system as shown in Figure 3.1.1 but with improved
performance as it will be shown later. URFLs display a series of advantages over other
amplification solutions, particularly when minimum power variation along the span
transmission is required, included reduced amplification of spontaneous emission noise
(ASE) and virtual transparency in a wide range of frequencies. These advantages can
nevertheless see themselves offset by the relative intensity noise (RIN) transfer from the
pumps to the amplified signal. A numerical investigation of URFL provides a descriptive
insight of the full potential of URFL for variations of their cavity design features. Solving
numerically the relations that define the power and relative intensity noise evolution allow us
a first approximation to the URFL optimum parameters depending on the required
application.

This chapter presents two main results. On the one hand, the equations describing the
intra-cavity power evolution of the URFL and some numerical simulation results that show
the advantages of the URFL scheme over other amplifier structures. On the other hand, the
theoretical and numerical description of the relative intensity noise transfer from the pump to
the signal for the URFL.

The equations describing the evolution of the RIN transfer from the pump to the signal
are presented in this chapter, together with the numerical simulation results showing the
effect of different cavity design parameters on the RIN transfer value.

The theoretical and mathematical components of this chapter are based on previous
work developed by J-D. Ania-Castaiion[15]. The numerical simulation and analysis of the

results are generated by the author of this thesis.
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3.2 Ultralong Raman fibre laser

The basic scheme for an ultralong Raman fibre laser involves a conventional optical fibre
span of several kilometres length confined between a high reflectivity pair of fibre Bragg
gratings (FBGs) with central wavelength around the Raman shift for the optical fibre, about
13.2THz. The system is bi-directionally pumped through wavelength division multiplexing
(WDM) integrated into the system after the FBGs. The transmitted signal is introduced as
the input and measured as the output as shown on Figure 3.2.1. The wavelength of the pump

is such that the transmitted signal is about the second Stokes of the pump.

Fibre Span

Input (xsigna, Output (xsig,,a,)
Fiber Grating Fiber Grating
N (}"Iaser) (}"Iaser) N
Forward pump Backward pump
(}"pump) (A'pump)

Figure 3.2.1: Basic ultralong Raman fibre laser scheme.

As the pump power introduced into the system is increased, the first Stokes shifted wave
is generated within the optical fibre. The wavelength range of the first Stokes generated is
around the centre wavelength of the pair of FBGs set at each end of the fibre span. Therefore
a laser cavity at the same wavelength the FBGs is built, using them as reflectors. If the pump
power keeps increasing, then the first Stokes is confined within the pair of FBGs, it increases
and at some point it will generate a second Stokes, behaving as a secondary pump. The range
of wavelengths of the second Stokes wave is around the transmitted signal. By using the
appropriate pump ratio it is possible to generate enough power at the second Stokes to
compensate for the optical fibre losses and measure the same signal level at the output as the
input.

As an example, the intra-cavity power profile corresponding to the case of quasi-lossless
transmission for 100km span length is shown on Figure 3.2.2. The input signal is 1mW
(0dBm) and the URFL is set with FBGs at 90% reflectivity. The pump ratio for the primary
pump sources is symmetric, 50% forward and 50% backward pump power. The initial power
required from each pump source is 0.8W. And their power profile decreases exponentially
along the length of the fibre. The intra-cavity power profile for the forward and backward
first Stokes is symmetric. The first Stokes initially increases as the power of the primary
pump drops and transfers energy to the first Stokes once in the fibre, reaching to a

maximum. Then the power profile of the first Stokes drops as it goes along the length of the
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fibre span towards a minimum value. At some point closer to the entrance of the other
primary pump, the power profile of the first Stokes increases up to the same initial level. The
power profile variation of the signal is minimum, with a value of 2.72dB, for the case of
100km and 90% FBGs reflectivity. Furthermore, the output power of the signal is the same
as the input signal.
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Figure 3.2.2: Simulated intra-cavity power distribution for URFL.

The case just described here is optimized for zero-lossless propagation or minimum
power variation along the length of the transmission span, where the whole system and
power provided by the primary pumps is symmetric to achieve the appropriate transmission
conditions. URFLs can be used also as amplifiers; in such case, the power provided by the

primary pumps should be higher than the power required to compensate the fibre losses.

3.2.1 Basic equations for power evolution

The ordinary differential equations that describe mathematically the average power evolution
of the different spectral components along the length of the fibre for the basic URFL system
are shown below. These relations take into account all the important effects, including pump
depletion, amplified spontaneous emission (ASE) and double Rayleigh scattering (DRS)
noise. The amplified spontaneous emission (ASE) noise is a result of spontaneous emission
photons getting amplified in the same direction as the signal. Double Rayleigh scattering
(DRS) can be understood by considering that some signal photons get scattered backwards
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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 multipath interference
(MPI). A more extensive description of the average power performance for the URFL

system can be found in the references [15][47].
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The (+) and (-) superscripts represent forward and backward propagation respectively,
the 1, 2, and S subscripts identify the primary pump, secondary pump and signal

respectively, P, are the pump powers, P are the signal powers and N, are the noise
powers at the frequency of the signal, the v, are the corresponding frequencies of the pumps
and signal, the Av, represent the effective bandwidths of the secondary pump and the signal

(limited, in the case of the secondary pump, by the bandwidth of the fibre Bragg gratings),

the g, are the corresponding Raman gain coefficients (divided by the effective area) for each
of the Raman transitions, the ¢, are the fibre attenuations at each respective frequency, /4 is
Plank’s constant, K , is Boltzmann’s constant, 7 is the absolute temperature of the fibre and
the & are the double Rayleigh scattering coefficients of the fibre at each particular

frequency. The boundary conditions associated to the above equations are the followings:

P3(0) = Bys Py (L) = Bs By (0) = R Pry(0): Pry(L) = RyP3 (L N3 (0) = Nys N (L) = 0: P, (0) = P
3.2.6
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where L is the length of the fibre span and R, and R, are the reflectivity of the fibre Bragg

gratings at the beginning (span length value 0) and the end (span length L) of the
transmission span. The fibre parameters used in the simulations correspond to those of

conventional SMF optical fibre. Their values are summarized in Table 3.2.1.

Table 3.2.1: Fibre parameters used in the simulation.

Wavelength (nm) g (W'km™) a (dB/km) £ (km™)
1365 0.51 0.33 1.0x10”
1455 0.36 0.26 6.0x107
1550 - 0.20 4.3x107

The evolution of the primary pump, secondary pump and signals along the fibre is
obtained by solving numerically Equations 3.2.1-3.2.5 with the corresponding boundary
conditions, Equation 3.2.6. The integration is done considering room temperature (25°C) and
typical values for the various SMF parameters (detailed in Table 3.2.1). The pumps are
assumed to be depolarized, so the gain coefficients that appear on the table correspond to this
case (i.e., have been multiplied by a factor 1/2). Otherwise, if the Raman pumps were not
depolarized, as the Raman gain is polarization dependent, the gain coefficients used in the
simulation work would be a fluctuating value between those ones indicated in the Table
3.2.1 and twice its value. The full-width half-maximum (FWHM) reflection bandwidth of
the fibre gratings is assumed to be 0.5nm.

The previous Equations, 3.2.1-3.2.5, describe in particular a second order bi-directional
Raman fibre amplifier. The relations describing higher order amplification systems could be
derived in a similar manner, although further boundary conditions will be required and the

solution will be more complex.

3.2.2 Numerical results for first and higher order amplifier

In this section we try to compare the power evolution of first order Raman amplifier Figure
3.2.3(b) and URFL scheme Figure 3.2.3(a) as a second order amplifier system. URFL has a
similarly simple structure to that of first order amplifiers but is capable of providing a
reduced power excursion performance equivalent to that of second order amplifiers as it will

be shown later on. This superior performance is provided by the embedded FBGs that create
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a laser cavity in the fibre span at the Stokes wavelength of the primary pumps, allowing the

generation of a robust and power-self-adjustable secondary pump.

Fiber span Fiber span

Tx

Rx Tx Rx

N Forward Backward N N Forward Backward N
Pump Pump Pump Pump

Figure 3.2.3: a) Second order (URFL) and b) first order Raman amplifiers systems

Forward pump is defined as the Raman pump travelling in the same direction as the
transmitted signal and backward pump as the Raman pump travelling in the opposite
direction to the signal. If we design the above two systems for a transmitted signal with
central wavelength at 1550nm, then the Raman pumps will be set at 1365nm for the URFL,
Figure 3.2.3(a), and at 1455nm for the first order Raman amplifier, Figure 3.2.3(b).

Below, Figure 3.2.4, is the power variation of the signal along the length of the
transmission span for the first and the second order Raman amplification systems described

on the above figures, using forward, backward and symmetric pumping schemes.
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Figure 3.2.4: Power distribution for 100km span length
As reference, the typical power loss for conventional optical fibre is 0.2dB/km, therefore
a signal transmitted in a fibre span of 100km without any type of amplification will have a
power drop of 20dB. When using first order symmetric Raman amplification (black dotted
line from Figure 3.2.4), the power variation along the length of the span can be reduced to

approximately 11dB. This power variation can be reduced to less than 3dB for the case of
53



second order symmetric bi-directional pumping with FBGs at 90% reflectivity (black line
Figure 3.2.4). The details of the maximum power variation for all the cases numerically

simulated and plotted in Figure 3.2.4 are given in Table 3.2.2.

Table 3.2.2: Maximum power variation corresponding to plots from Figure 3.2.1

Amplifier scheme Power variation (dB)
1st Order forward 17.19
Ist Order backward 15.95
1st Order bi-directional 10.95
2nd Order forward 8.95
2nd Order backward 8.71
2nd Order bi-directional 2.72

In general, the power variation for the forward pumping tends to be greater than the
backward pumping case, as the signal power initially increase, having a greater impact on
the pump depletion. Therefore the total intra-cavity power variation tends to be greater in the
case of forward pumping, except for those cases in which the signal power is much smaller
than that of the pumps, so its effect on pump depletion can be considered negligible.

The benefits of an URFL scheme over a first order Raman amplifier are obvious when
looking at the power variation for any span length. Figure 3.2.5(a) shows the power variation
up to 120km span length for first order Raman amplifier scheme and URFL with FBGs at

90% reflectivity. Both systems use symmetric bi-directional pumping.
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Figure 3.2.5: a) Power variation and b) pump power required with span length for 1* and 2" order
amplifier scheme.

A maximum intra-cavity power variation of 1dB is achieved for just over 30km in the
case of the first order Raman amplifier, while with the URFL we can achieve similar
performance for twice the length; just over 75km span length. Meanwhile, the power

required for a first order Raman amplifier of 75km span is 0.73W, while the power required
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for the scheme of 75km URFL with FBGs at 90% reflectivity is just over 0.5W more, with a
total of 1.24W, still easily achievable with commercial pump units. Basically the benefits on
power variation for an URFL system generally outweight the higher pump power

requirements for a similar system length.

3.3 Relative intensity noise transfer

Among the challenges of distributed Raman amplification, an important one is relative
intensity noise (RIN) [66][67][68][69] transfer. This is a pump-to-signal noise transfer with
origin in the intensity fluctuations of the pump laser source. Any fluctuation of the pump
power will produce a variation in signal gain, and thus be imprinted in the signal, creating an
additional source of noise that, in some situations and with a low-quality pump source, can
be as damaging a noise source as amplified spontaneous emission (ASE) itself.

To gain a better understanding of the RIN limiting effect on the Raman amplification
system, we need to improve our understanding of RIN in high-order Raman amplifying

systems and investigate its behaviour for different cavity design parameters. Consider a laser

pump source with an output power defined as P(¢), with a constant average power part, £,
and a power component fluctuating in time, AP(#), as described by Equation 3.3.1.

P(t)=F +AP(1). 3.3.1

The ratio between the fluctuating component of the power and the average power is

defined as JP(¢). Generally, the RIN can be understood as the ratio of the amplitude noise

to the average power (see Equation. 3.3.2). In most of the bibliography, the RIN is defined
mathematically as the square value of dP(¢), (see Equation 3.3.3). That is the way it will be

defined throughout this work, in agreement with the scientific community.

AP(t)

OP(t)= , 3.3.2

0

RIN = <5P2 (t)>. 333

The average power values can be calculated from the previous power evolution
Equations, 3.2.1-3.2.5, with the corresponding boundary conditions, Equation 3.2.6. The
amplitude noise will be calculated using the basic equations for the RIN transfer evolution

that will be presented on the next section. Most of the work published regarding RIN transfer
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so far relates to the RIN transfer for first order Raman fibre amplifiers [66][68][69][70][71].
The RIN transfer is from the pump to the first Stokes and is defined as Equation 3.3.4.

RIN' @
H, e (@) = “f“’k“( )| : 3.3.4
RIN},, () |
RIN (w
HanOrder (a)) = +—S() . 3.3.5
RIN pump (w)

In our case, we will present some numerical results for a second order Raman fibre
amplifier. Therefore, the RIN transfer is from the pump to the signal, as defined in Equation

3.3.5, with the signal wavelength within the range of the second Stokes of the pump.

3.3.1 Basic equations for RIN transfer evolution

In this section we introduce a numerical model for the RIN transfer in higher order
distributed Raman amplifiers, in particular but not exclusively for ultralong Raman fibre
lasers. This numerical model allows us to investigate the effect of features design, such as
span length, pump distribution and fibre Bragg gratings (FBGs) reflectivity, on the RIN
transfer performance of the system. The presented 2nd-order model for RIN transfer is a
generalization of previously developed descriptions [66][67][68], with the inclusion of some
neglected effects that can have an important impact in RIN transfer in the case of ultralong
lasers, such as Rayleigh backscattering. The model includes a set of five partial differential
equations describing the RIN propagation from the primary pump and first Stokes or
secondary pump in both directions forward and backward plus the RIN from the signal
described only in the forward direction.

The system is treated as a multipoint boundary value problem for ordinary differential
equations. The complete system of nonlinear ordinary differential equations (ODEs) can be
expanded into its real and imaginary parts and solved through a number of methods. The
method used as preference in obtaining most of the results of this chapter is a finite element
method with spline collocation at Gaussian points, but other approaches such as Runge-
Kutta methods with shooting and/or relaxation algorithms can be used.

The following set of ordinary differential Equations 3.3.6 - 3.3.8 describing
mathematically the evolution of the RIN along the span for a second order Raman
amplification system, require to be used in conjunction with the set of Equations 3.2.1-3.2.5,

in order to have the right values of average powers at each point in the fibre span.
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where the n, represent the spectral density of amplitude noise, the group velocity for each

spectral component is represented by v, the term d° =1/v, 1/v, accounts for the effect of

the relative propagation speeds of the different spectral components, z is the length measured

along the fibre span, P represent the pump and signal powers at the different frequencies

(obtained through the solution of the set of ODEs, Equations 3.2.1-3.2.5), with the subscript
“1”, referring to the primary pump at 1366nm, “2” being the first Stokes at 1455nm, and "s"

referring to the signal at 1550nm. The attenuation coefficient, ¢,, is in units of km™. The

optical frequency for each spectral component is represented by V. The strength of the
coupling between the pumps and the signal are determined by g;, the Raman gain
coefficients for the fibre, which have units of W' Km™. The pump modulation frequency is
represented by ®. The signs + correspond to components propagating in forward (+) or
backward (-) direction. Here and through this paper is assumed that the signal propagates in
the forward +z direction. & are the Rayleigh backscattering coefficients of the fibre at each
particular frequency.

The effect of the cavity design parameters are introduced in the boundary conditions. In
the case of an ultralong laser, the two FBGs centered at the Stokes wavelength for the

primary pump are located at z=0 and z=L and have reflectivity R, and R, respectively

n"(0) =n;n, (0) =nyp;n (0)=Rn, (0);n (L) = Ryny (L);ng(0)=0. 339

Although the two sets of Equations 3.2.1 - 3.2.5, and 3.3.6 - 3.3.8 describe a second
order Raman amplification system, in principle, there is no limit for applying similar
mathematical approach to higher order Raman amplification systems. Further boundary

conditions will be required, making the solution of the system substantially more complex.
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3.3.2 RIN transfer numerical results

In order to describe our numerical model, we focus on the study of two particular Raman-
amplified systems based on standard single-mode fibre (SMF). They are schematically
described in Figure 3.3.1. The first system corresponds to an SMF-based bi-directionally
pumped URFL. It involves a conventional standard optical fibre confined between a pair of
fibre Bragg grating (FBQ) reflectors with a central wavelength of 1455nm, corresponding to
the first Raman Stokes of the pump source. Reflectivity will be considered a variable in our
study, as well as the length of the fibre span, which ranges from 1 to 100km. The pump
power at 1366nm is coupled into the system through WDMs. The wavelength of the

transmitted signal is at 1550nm, corresponds to the second Stokes of the pump source.

Fiber span Fiber span
FBG

FBG

1455nm 1455nm

Tx
1550nm

Rx Tx Rx
1550nm 1550nm 1550nm

N 1366nm 1366nm N 1455nm N NISGGnm 1366nn’” N 1455nm
Pump Pump Pump Pump Pump Pump

(a) (b)

Figure 3.3.1: Schematic description of the studied bi-directional pumped Raman amplifier systems. (a)
Ultralong Raman fibre laser. (b) Equivalent power distribution system with dual pumping scheme.

As the pump power injected at 1366nm overcomes the threshold for the fibre cavity, a
first Stokes component around 1455nm is generated and trapped between the grating
reflectors. This component will behave as a second pump source, providing a wide Raman
gain bandwidth to the transmitted signal, located around the second Stokes wavelength of
1550nm. This structure provides quasi-lossless transmission around 1550nm for an optimally
adjusted pump power [15][16][21][72].

The second distributed Raman amplifier system involves a conventional standard optical
fibre, ranging from 1 to 100km similarly to the first system, but no reflectors at all, hence no
laser cavity. The optical fibre is bi-directionally pumped with pumps at 1366nm and
1455nm. The power from both pump sources are coupled into the system through WDMs.
The transmitted signal is again at 1550nm, corresponding to the second Stokes of the
1366nm pumps and the first Stokes of the 1455nm pumps.

In order to ensure a fair comparison between the performance of both systems, we
operate the second one as follows. We increase the pump power at 1366nm to the same level

as we would have done for the first system for an identical span length and signal power.
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Then, we calculate the initial power at 1455nm at each end of the fibre span for our first
system and use exactly the same 1455nm power value for the pumps of our second system.
This allows us to generate an equivalent amplifier system to the first one with exactly the
same power distribution for 1366nm, 1455nm and the signal 1550nm, but using an extra bi-
directional pump source at 1455nm instead of using FBGs. Hence, average power
distributions inside the two amplifiers are identical, which will make it possible to perform a
direct comparison of their respective RIN transfer performances. Any difference on the RIN
transfer values between these two systems is expected to come from the impact of generating
the secondary pump in the ultralong laser cavity instead of using a dual wavelength pumping
scheme. Therefore we can quantify how the pump-noise transfer, with origin in the intensity
fluctuation of the laser source due to spontaneous emission, evolves and it is magnified when
using a laser cavity as amplifier.

To describe fully both systems it’s required the ordinary differential equations that
describe mathematically our model. On the one side we have a set of ODEs describing the
average power evolution of pumps, signal and propagation noise along the length of the fibre
for a second order Raman amplifier (with their respective boundary conditions set in
accordance to the rules mentioned above to make the comparison fair), Equations 3.2.1-
3.2.5. On the other hand, the evolution of the spectral density of amplitude noise in a second-
order amplification scheme can be described through a second set of ODEs, given by
Equations 3.3.6 to 3.3.8.

The cavity design parameters are introduced in the boundary conditions. The FBGs are
located at z=0 and z=L and have reflectivities R; and R, respectively. Each of the two

schemes is described by a different set of boundary conditions:

For scheme 1 (URFL):
Py (0)=Rg; By (L) = By; B, (0) = R P, (0); B, (L) = R, By, (L); N5 (0) = Ny; Ny (L) = 0; P.(0) = B,
1*(0) = gy (0) = myy; 1 (0) = Rt; (0): (L) = Ryt (L); 1y (0) =0,
3.3.10
For scheme 2 (dual-wavelength pumping):
P2 (0) = Ry; Pry (L) = By; Py (0) = Py Py (L) = Py N (0) = N N (L) = 0; Py (0) = B,

n! (0) = mg;n, (0) = nyg;ny (0) = ny05m, (L) = ny;ng(0) =0.
3.3.11

The complete system of equations can be expanded into its real and imaginary parts and
solved through a number of methods. Here we have used a finite element method with spline

collocation at Gaussian points. Simulation parameters are summarized on Table 3.3.1.
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Table 3.3.1: Fibre parameters used in the simulation

Wavelength (nm) g W'km") o (dB/km) e(km™) d" (s/m) d (s/m)
1366 0.51 0.33 1.0x10™ 2.8x107 1.0x10°
1455 0.36 0.26 6.0x10° 1.35x107 1.0x10°
1550 - 0.20 4.3x107 - -

Unless otherwise stated, all the calculations for the numerical simulation work shown on
this chapter are subject to the zero-loss condition; that is, total pump powers are
automatically adjusted to obtain identical output signal power to the input one, regardless of

span length, pump power distribution or any other parameter of the amplifier system.

3.3.2.1 Span length

The numerical results for the RIN transfer value for different span lengths are graphically
represented below. Figure 3.3.2(a) the ultralong laser cavity with 90% reflectivity FBGs and
Figure 3.3.2(b) the dual pumping scheme with no FBGs. The value of transmitted signal is
ImW in both cases, ensuring low pump depletion. The final obtained transfer function is
independent of the initial RIN of the laser pumps, as long as this is set to be identical for the
different sources. The span length ranges from 1 to 100km. The only variable parameter is
the length of the fibre span; otherwise the forward-backward pump ratio distribution is

symmetric and the zero-loss condition is applied.
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Figure 3.3.2: RIN transfer value at several span lengths for a) laser cavity with 90% FBGs and b) fibre
span dual pumping scheme without reflectors

As a general trend, the maximum RIN transfer value increases with length regardless of
whether the Raman amplifier is a laser cavity, Figure 3.3.2(a), or a simple fibre span without
reflectors, Figure 3.3.2(b). The maximum RIN value at 75km, for the cases of laser cavity

with FBGs at 90% reflectivity and fibre span without reflectors, are 17dB and 12.25dB
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RIN transfer value (dB)

respectively (i.e. RIN transfer is 4.75dB higher in the ultralong cavity). A penalty in terms of
maximum value of the RIN transfer for the ultralong laser cavity in comparison with the dual
pumping scheme without reflectors is observed in all cases. The differences between the
performances of both schemes, though, are reduced with increasing span length.

A major distinction between both systems is the decline of the RIN transfer value at
higher modulation frequencies. Whilst in the case of the dual pumping scheme without
reflectors the RIN transfer drops gradually with increasing modulation frequency, in the case
of the laser cavity the RIN transfer value shows a fluctuating behaviour towards lower

values, especially for the longer span lengths.
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Figure 3.3.3: a) RIN transfer value versus span length and b) 2dB drop frequency versus span length c)
RIN transfer value versus frequency, for the two considered scheme.

A direct comparison of the RIN transfer value between both systems is graphically
presented in Figure 3.3.3(a) for two particular cases, the RIN transfer value at its maximum
(lowest modulation frequency) and at 4kHz. The RIN transfer value in both systems
converges for longer span lengths. Also the cut-off value of the RIN transfer at 4kHz is
lower in the case of dual pumping scheme than the ultralong cavity. Furthermore, as Figure
3.3.3(b) shows, the cut-off frequency (taken here as the frequency at which the RIN transfer

has dropped 2dB below its maximum value for the particular configuration) is lower for the
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laser cavity case than for the fibre span without reflectors, given the same fibre length and
power conditions. As in the case of a standard amplifier, the cut-off frequency is dependent
on dispersion (through pump walk-off) fibre loss, and shows a strong dependence on span
lengths mainly for short spans below 40km in the case of standard fibre [66]. The faster
oscillating behaviour and lower cut-off frequency in the case of the ultralong cavity are
illustrated on Figure 3.3.3(c).

The unusual behaviour of the oscillations in the cavity compared to the case of a
standard second-order amplification scheme can be attributed to a combination of the
presence of peaks corresponding to the cavity round-trip and the fact that oscillations in the
backward-propagating components are reinforced due to the boundary conditions set by the

FBG reflectors, which feed them back into the cavity.

3.3.2.2 Pump distribution

The effect of the pump distribution is shown on Figure 3.3.4 for the cases of (a) laser cavity
with 90% reflectivity FBGs and (b) dual pumping scheme without reflector. The value of
transmitted signal is the same as previously, ImW. The span length is fixed at 75km. The
pump ratio is calculated as the forward pump divided by the total amount of pump (forward

and backward).
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Figure 3.3.4: RIN transfer value for pumping distribution in the case of a) 75km laser cavity with 90%
reflectors and b) 75km fibre span without reflectors.

The pump power split has a clear impact on the RIN transfer value. For the case of a
laser cavity, shown in Figure 3.3.4(a) and Figure 3.3.5 the optimum pump split for the
lowest RIN transfer value at lower frequencies is 80% forward - 20% backward with a RIN

transfer function value of 16.83dB. Using any pump power split other than 80% forward and
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20% backward will increase the RIN transfer value. The RIN transfer value for the laser
cavity case may vary up to 0.9dBs over the 16.83dB value for any other configuration other
than 80% forward and 20% backward. Symmetric pumping is, on the other hand, the best
option for the case of the dual-wavelength pumping scheme without reflectors, as shown in
Figure 3.3.4(b) and Figure 3.3.5, with a RIN transfer value of 12.25dB. In this case, though,
the RIN transfer function is much more sensitive to deviations from the optimal case, and

can go up to 2.6dB higher if we move away from the symmetrical configuration.

—— URFL with 90%R at 0.1kHz
Multi-wavelength pumping at 0.1kHz
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— — Multi-wavelength pumping at 8.5kHz
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Figure 3.3.5: RIN transfer value versus pump ratio. Subset results from Figure 3.3.4(a) and (b).

The RIN transfer value drops continuously for higher modulation frequencies in all the
cases where the major pump contribution is from the backward pump (pump ratio close to
zero), whereas forward pumping leads to oscillations in the RIN transfer at higher
frequencies, especially in the case of a laser cavity, increasing as well the 2dB drop
frequency for the case of dual pumping without reflectors. As before, such drop appears at
lower frequencies in the case of a laser cavity than the dual pumping scheme without
reflectors. As well, the oscillations of the RIN transfer function are stronger for the case of
laser cavity. The behaviour of the URFL cavity case for a pump ratio closed to 1 in Figure
3.3.5 illustrates the effect of the RIN transfer value oscillation at two particular frequencies,
0.1kHz and 8.5kHz.

We have assumed for all this work the transmitted signal travelling in the forward
direction. Therefore the only reasonable explanation to this RIN transfer modulation effect at
longer frequencies, as observed in Figure 3.3.4(a), could be related to the interaction

between the forward pumping and the transmitted signal as they travel on the same direction.
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3.3.2.3 FBG reflectivity

Grating reflectivity also plays an important role on the transfer of RIN. Figure 3.3.6 shows
the RIN transfer values in a 75km ultralong laser cavity as grating reflectivity is varied from
0.1% to 100%. For all those cases the amplified system model used is the laser cavity
described in Figure 3.3.1(a) where the pump power at 1455nm is provided by lasing the
cavity with FBGs at that centre of wavelength. As previously, these results were calculated

using 1mW forward transmitted signal.

__RIN transfer (dB)
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Figure 3.3.6: RIN transfer value vs. reflectivity and frequency for a 7Skm laser cavity.

As observed in the previous results, the 2dB drop frequency is lower for higher
reflectivies. A subset of the results shown on Figure 3.3.6 is plotted on Figure 3.3.7(a). So
far, the RIN transfer value was higher for the case of a laser cavity with 90% reflectivity than
dual pumping scheme without reflectors. From the figure we can observe that at low
frequencies, the maximum value of the RIN transfer is set at 15% reflectivity. At higher
modulation frequencies, such as 6kHz, the worst case moves to lower FBGs reflectivity, 5%.
The fact that cavities with relatively low reflectivity show worse RIN transfer performance
than higher reflectivity may have interesting implications, for example, in areas such as that

of random feedback ultralong Raman fibre lasers [73].
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Figure 3.3.7: a)RIN transfer value versus FBG reflectivity and b) RIN transfer value versus frequency
for a laser cavity and dual pumping scheme, both with 75Skm span length.

The numerical calculations for the laser cavity are done down to 0.1% reflectivity and
the calculations for dual pumping scheme without reflectors are done with 0% reflectivity
(see Figure 3.3.7(b) for a graphic comparison of those results), in practice, those reflectivity
values are not realistic. For instance the typical reflectance of the glass at the air/glass
interface is 4%. Maximum care should be provided in order to minimize any unwanted

reflectivity in an experimental system.
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Figure 3.3.8: 2dB drop frequency versus FBG reflectivity for a 75km laser cavity

Furthermore, we observe in Figure 3.3.8 that the 2dB drop is displaced to higher
frequencies for the case of low FBGs reflectivity. As the FBG’s reflectivity increases the
2dB drop frequency decreases, showing a faster reduction of the RIN transfer value at low

frequencies.
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3.4 Conclusion

This chapter is focused in the numerical investigation of the intracavity power evolution
performance and the RIN transfer evolution in second-order distributed Raman amplifiers,
with special attention to ultralong Raman fibre lasers (URFLs).

URFLs are distributed amplifier systems with a similar simple structure to that of first
order Raman amplifiers but capable of providing a reduced power performance equivalent to
that of a second order Raman amplifier. This improved performance between the first order
amplifier scheme and the URFL requires extra pump power. Although the range of powers
are still easily achievable with commercial pumps and the benefits on power variation for a
URFL system generally outweigh the higher pump power requirements for a similar system
length.

Ultralong Raman fibre lasers (URFLs) display a series of advantages over other
amplification solutions, particularly when minimum power variation along the span
transmission is required, included reduced amplification of spontaneous emission noise
(ASE) and virtual transparency in a wide range of frequencies. These advantages can
nevertheless see themselves offset by the relative intensity noise (RIN) transfer from the
pumps to the amplified signal.

A numerical study of RIN transfer in second-order distributed Raman amplifiers, with
special attention to ultralong Raman fibre lasers was presented in this chapter. The new
numerical model developed allows us to achieve a better understanding of how the design
parameters of an ultralong laser cavity affect the RIN transfer performance of the system.

As expected, span length has a major impact on RIN transfer, increasing the RIN
transfer value for longer lengths regardless of the second-order configuration studied, but
interestingly, the maximum RIN transfer value reached at low modulation frequencies
asymptotically converges towards a common value for long lengths for the different
configurations studied. URFLs display a performance penalty in comparison to standard
multiwavelength-pumped second-order amplifiers, but also a rather different response to
system parameter variation, being in general more robust to pump asymmetries as observed
from Figure 3.3.5. The maximum RIN transfer value in URFLs is not linked to the highest
FBG reflectivity, but in fact, happens at relative low reflectivity of 15%. Pump split is also a
key parameter which affects the maximum value of the RIN transfer function in different
degrees depending on whether we are using a laser cavity or a dual-wavelength pumping
scheme without reflectors. In addition, it is also related to the oscillating behaviour of the
RIN transfer function at higher frequencies, which becomes more obvious as the relative

contribution of forward pumping increases.
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Finally, we have observed that the cut-off frequency for the RIN transfer function, taken
as the frequency at which the RIN transfer has dropped 2dB below its maximum value for
the particular configuration, is reduced not only with increasing span length, but also with
increasing FBG reflectivity. In addition, cavities with relative low reflectivity show worse
RIN transfer performance than higher reflectivity ones, which might have interesting
implications in the future design and implementation of low-reflectivity systems making use

of random distributed feedback.
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Chapter 4

Experimental investigation on URFL

4.1 Introduction

The relevance of Raman amplification within the scientific community in the last decade can
be confirmed by the number of publications reported in the subject. The average of
publications per year, related to Raman amplification, in last decade is over 10 times greater
that in the 1990’s. Furthermore, the number of publications related to Raman amplification
has become greater to those reported on Erbium doped fibre amplifiers (EDFAs) since 2002,
as shown in Figure 4.1.1. The source of the data regarding the number of scientific

publications is a well known engine search covering both topics [74].
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Figure 4.1.1: Number of scientific publications per year

As discussed in the previous chapter, distributed Raman amplification provides certain

advantages over other amplification techniques, such as semiconductor optical amplifiers
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(SOA) and Erbium doped fibre amplifier (EDFA). The reality is that EDFA systems are
deployed extensively in most of the networks environments. The investigation work
provided in the last few years by the scientific community support a future shift towards the
deployment of other optical amplification techniques or at least combination of EDFA with
Raman or SOA, as they can confer more advantages for the specific network environment
[75][76].

The main advantages of the URFL system over the EDFA systems are a lower power
variation across the bandwidth range and an extended gain spectral bandwidth. Figure 4.1.2
shows a clear comparison of the spectrum profiles around 1550nm for both amplifier
systems without using any flattening filter. In the practical side, most of the optical fibre
deployed in most of the networks is conventional single mode fibre. URFL can be
implemented readily as it uses conventional optical fibre as gain material and transmission

link.
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Figure 4.1.2: Experimental spectra for an EDFA and an URFL

The scope of the experimental investigation portrayed in this chapter is to study URFL
systems and improve even further its performance. Hence gaining a deep understanding of
the restrictions and advantages offered by URFL systems is essential. The work presented
here is mainly focused in areas such as the URFL bandwidth enhancement and spectral
flatness, the effect of the input signal level in the transmission performance and how URFL
systems of longer lengths lead to random laser sources with feedback supported by
Rayleigh-scattering. As mentioned in Chapter 2, Rayleigh scattering has its origin in the

random fluctuation of the refractive index through the optical fibre. These local fluctuations
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scatter light in all directions, acting as small random mirrors. The Rayleigh scattering is

proportional to the wavelength, 4™, in such a way that its contribution dominates at short

wavelengths.

4.2 Bandwidth enhancement

Most of the work reported regarding URFL [15][19][21][23][24][72][77][ 78] operates with a
bandwidth of almost 40nm, covering the frequency spectrum from 1528nm to 1568nm
within £0.5dB power variation. That is the case for URFL systems operating with optimised
1366nm Raman pump power, with FBGs centre wavelength set at 1455nm and transmitted
signal at 1550nm. A further increase of the covered frequency spectrum with a minimum of
power variation across all the range is highly desirable, especially for applications in optical
communications [18][23], as it would mean an increase of the transmission system capacity.
Therefore, an experimental investigation was carried out with the objective of URFL

bandwidth enhancement whilst still retaining the same pumping and cavity structure.

Fiber span

FBG FBG

OSA

" 1366nm 1366nm "
Pump Pump

Figure 4.2.1: Schematic diagram of URFL experimental set-up

The scheme of the experimental set-up is shown in Figure 4.2.1. It involves a
conventional SMF-28/G.652 optical fibre span, in this case 83km long, confined by one
single pair of FBGs with fixed central wavelength. At least ten pairs of FBGs, each pair at
different central wavelength, were used in the experiment. The pair of FBGs was swapped
by another pair with different central wavelength once the experimental measurements were
taken. The set of FBGs pairs used in this experiment had central wavelengths in the range of
1435nm to 1467nm and 3dB bandwidths of approximately 0.5nm. Details of the FBGs are
given in Table 4.2.1.
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Table 4.2.1: Table with the center wavelength, reflectivity and bandwidth of the FBGs used for this work

Center wavelength : Reflectivity | Bandwidth
(nm) (%) (nm)
1467.8 985 0.4
el ] o
1465.9 97.8 0.5
e e S
1462.9 984 1 0.5
1463.1 985 0.4
1460.3 9.8 i 0.5
1460.4 96.8 0.7
14455 97.3 0.5
1445.7 973 1 05
1442.7 97.3 0.5
1442.9 970 i 09
1440.3 965 i 07 ..
1439.9 9.8 0.8
1437.5 990 i 05
14375 98.9 05
1435.3 974 i 0.6
14353 97.2 0.7

The system was bi-directionally pumped by Raman fibre laser sources at 1366nm with
the pumps being coupled into the fibre through WDMSs located at each end of the system
outside the laser cavity. The system is therefore essentially a second order Raman pumping
scheme but with the gain in the 1550nm region being provided by lasing in the 1455nm
region rather than by a multi-wavelength cascading external pump configuration. The output
spectra from the system were measured using an optical spectrum analyzer (OSA).

The use of this configuration for transmission applications and the details of how quasi-
lossless propagation conditions are achieved can be found in references [24][78]. Here, we
will focus on the optimisation of the system to provide a wider spectral gain region around

1550nm without the need of modifying the simple pumping structure of a standard URFL.
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Figure 4.2.2: FBG spectral profile for a pair of FBGs with central wavelength at 1440nm.
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As far as possible practically, the FBGs at each end of the cavity had matched
reflectivities, bandwidths, and near Gaussian profiles. Figure 4.2.2 shows an example of the
pair of FBG spectral profiles with central wavelength at 1440nm.

The FBG grating pair is varied in the experiment for other pairs with central wavelength
over the range of 1435nm to 1467nm. The goal is to find the optimal FBG pair which central
wavelength value provides the best spectral response. This range of wavelengths was chosen
as it corresponds with the high Raman gain region of the first Stokes shift of the 1366nm
pump lasers which gives gain in the C-band region (1530nm-1565nm).

Experimental measurements showing the amplifier gain profiles around 1550nm for
different cavity grating central wavelengths are shown in Figure 4.2.3. From these results it
is clear that there are significant variations in both gain bandwidth and gain flatness as FBG

wavelength is changed.
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Figure 4.2.3: Output Spectra around 1550nm from URFL systems with a single pair of FBGs at different

central wavelengths.

The estimated gain bandwidth is measured taking the peak around 1532nm as power
level reference and measuring the bandwidth spectrum that lies within the same range of
power levels. For example at 1435nm is only considered the peak at 1532nm and the
estimated bandwidth range covers from 1526.5nm to 1535.1nm. For the case of 1467nm, the
two reference peaks are at 1532nm at short wavelengths and 1582nm at longer wavelengths.
The total estimated bandwidth range is measured at -0.5dB power variation from the
reference peaks, in the shorter and longer side of the wavelength range. So for the case of
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1467nm the estimated bandwidth range covers from 1526.8nm to 1583.5nm. The estimated
bandwidth range as a function of FBG wavelength is plotted in Figure 4.2.4(a). There is a
trend towards increased gain bandwidth as the FBG wavelength is increased. This effect can
be explained by the fact that the observed gain bandwidth is provided not just by the high-
gain region of the 1430-1467nm component, but also, as it was shown previously [19], by
the tail of the gain spectrum of the 1366nm pump, which is responsible for the amplification
at the lower wavelengths, around 1532nm. By displacing the position of the lasing
wavelength slightly off-center from the region of maximum gain and further away from the
1366nm induced peak, we can extend the gain bandwidth of the system in the C-band at the

cost of slightly reducing the overall gain flatness.
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Figure 4.2.4: (a) Estimated bandwidth range and (b) Power variation for URFL systems with FBGs at

different center of wavelengths.

Figures 4.2.4(b) show that the power variation or gain flatness across the spectral
bandwidth was optimal for 1455nm FBGs. These results gave a ~0.6dB power variation over
a ~40nm range covering the entire C band region. The increase in power variations was more
pronounced as FBG wavelength was increased from the optimal value, reaching ~1.8dB for
1565nm. So, whilst moving to longer FBGs wavelength would give enhanced spectral
coverage, some additional gain flattening would be required in practice to correct for the
relatively low gain around 1545nm. FBGs at wavelengths longer than 1468nm were not
available for this experiment. However, it is not anticipated that much further improvement
to spectral bandwidth would be possible as the FBG wavelength needs to remain within the
Raman gain bandwidth of the first Stokes shift of the 1366nm pump lasers.

At FBG wavelengths shorter than 1455nm there is a reduction in both gain bandwidth
with the long wavelength end of the C band being compromised. Gain flatness is more
difficult to define in this regime as the gain spectrum tends towards a single peak at
~1532nm.

In conclusion, using FBGs at longer centre wavelength can enhance the spectral
coverage, up to 57nm when using FBGs at 1467nm. In practice, though, additional gain
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flattening would be required to compensate the increase in power variation within the

spectral range resulting from such bandwidth extension.

4.3 Spectral flatness

The use of multi-wavelength pump sources in distributed Raman amplification to increase
the bandwidth coverage and spectrum flatness is well known [18][79]. It involves adjusting
each individual pump in such a manner that the total power provides a flat spectrum
covering the desirable bandwidth range. The main disadvantage of this technique relates to
the cost of each extra pump source (both the cost of the unit and the increased running cost).
Following a similar line of investigation to the previous section, here we try to focus the
experimental work in improving the spectrum flatness whilst still keeping the same simple
URFL pumping structure. The main changes relate to the FBGs. Instead of using a single
pair of FBGs, the URFL system is build with two pairs of FBGs, creating multi-cavities at
different centre of wavelengths. This principle is not limited to a maximum number of two
FBGs pairs within the cavity, as it could be used with two or more pairs of FBGs. Still, each
extra FBGs pair implies extra losses within the system, therefore an increase of the pump
power required with the number of FBGs pairs is expected.

The experimental set-up is schematically depicted in Figure 4.3.1. As in the previous
section, it uses 83km of conventional G652/SMF-28 optical fibre span, confined by two
pairs of FBGs. The specifications for the FBGs used in this experiment are shown in Table
4.2.1, with central wavelengths in the range of 1435nm to 1467nm and 3dB bandwidths of
approximately 0.5nm. The system is bi-directionally pumped by Raman fibre laser sources at
1366nm with the pumps being coupled into the fibre through WDMs located at each end of
the system outside the laser cavity. The system is a second order Raman pumping scheme
with the gain in the 1550nm region being provided by lasing in the 1460nm region rather
than by a multi-wavelength external pumping configuration. The output spectra were

measured using an optical spectrum analyzer (OSA).

Fiber span

FBGB FBGA FBGA FBGB

OSA

" 1366nm 1366nm "
Pump Pump
Figure 4.3.1: Schematic diagram of URFL multi-cavity experimental set-up
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The first pair of FBGs was chosen to operate with a central wavelength of 1463nm,
which gave a broader gain bandwidth range, approximately 51nm (defined as described in
the previous section), but higher power variation than the 1455nm FBGs, i.e. 1.4dB power
variation within the bandwidth range. A second pair of FBGs at lower wavelength was then
added with the intention of providing better gain flatness and specifically to improve the gain
in the 1545nm region. The two main parameters for this experiment were the FBGs central
wavelength and their reflectivity. Although all the FBGs used in the experiment were within
the Raman gain spectrum, their Raman gain coefficient were different, hence the need to
balance their contribution through their reflectivity.

The results in Figure 4.3.2 show that adding a pair of grating with central wavelength at
1440nm to the previous pair with central wavelength at 1463nm, improve the power
variation across the bandwidth spectrum range 1530nm-1577nm. The power variation along
the spectral range could be decreased from 1.4dB (single pair at 1463nm) to 0.7dB (both
pairs) without affecting the gain bandwidth. However this is only possible with a
considerable increase in the pump power, as the Raman gain at 1440nm is considerably

lower than at 1455nm.
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Figure 4.3.2: Spectral profile around 1550nm from URFL systems with combinations of FBG pairs at

several central of wavelengths.

The power variation plotted in Figure 4.3.3 is measured similarly to the previous
section. The peaks at 1532nm and 1576nm are used as reference of the spectral bandwidth

range. The power variation between these two wavelengths is measured from the spectral
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profiles and plotted versus the pair of FBGs used for each case. The details of the FBGs used

for these results are in Table 4.2.1.
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Figure 4.3.3: Power variation from URFL systems with combinations of FBG pairs at several central
wavelengths.

Figure 4.3.4 shows how the output spectrum changes with pump power for the optimal
(1455nm FBGs) single wavelength system and for the dual wavelength system
(1463nm+1440nm). The power variations are measured relative to normalised power for the
optimal pump value.

For the single wavelength system the total pump power for minimum power variation
was 1300mW. Decreasing pump power led to a reduction in the gain at longer wavelengths,
whereas at higher pump powers the spectral peaks at 1555nm and 1566nm became more
pronounced.

In the dual wavelength system the total pump power had to be increased to 2265mW for
minimum power variation. This is because simultaneous lasing at both 1463nm and 1440nm
has to be achieved in the dual wavelength case. The dual wavelength system shows similar
trends to the single wavelength system when pump power is increased or decreased in
relation to the optimal value.

The required increase in pump power for the dual-wavelength system renders this
method impractical for improving gain flatness, unless this improved gain flatness is
required during transmission, i.e. for extended spatio-spectral transparency [78]. If the
extended bandwidth provided by longer wavelength gratings is required only in terms of
overall gain, the use of an external gain flattening filter would be preferable to a 450mw
increase for each pump laser. Similarly, the increase on pump power requirement if we were
to use longer wavelength gratings makes it impractical to further displace the central
wavelength beyond 1463nm, as the Raman gain drops considerably out of the range of 11 to
15.5THz frequency shift from the pump source. Furthermore, it is important to point out that
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the right combination of reflectivity between the pairs of FBGs used is critical. If these are
not well matched there is a tendency for the resulting spectral profile to be dominated by

only one of the FBGs pairs.
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Figure 4.3.4: Spectrum profile variation for increasing pump power for the case of top) single pair of
FBGs at 1455nm and bottom) a combination of the FBGs at 1463nm+ 1440nm.

Therefore, the use of multi-cavity within the URFL system provides an extended
spectrum bandwidth, approximately 51nm, with a total power variation along the spectrum
range of 0.7dB, just 0.1dB greater than the optimum value for a single pair of FBGs at
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1455nm. Unfortunately the demand on increasing pump power doesn’t make it in most

circumstances a practical alternative to the multi-wavelength external pumping scheme.

4.4 Type of fibre

Most of the fibre used in the field with application in optical communications is standard
single mode fibre SMF-28/G652, although there are other types of conventional fibre used in
much smaller scale and as part of optical modules. Since one application area of URFL is
optical communications, the evaluation of these other existing standard fibres under the
URFL scheme seemed reasonable. Therefore as part of the experimental investigation on
URFLs, the behaviour of several conventional optical fibres were evaluated and compared
with the single mode fibre (SMF).

The scheme of the experimental set-up corresponds to this one depicted in Figure 4.2.1,
that is the basic URFL scheme. The main fibres used were single mode fibre G652/SMF-28,
large effective area fibre (LEAF), TrueWave-RS (TW), and dispersion compensation fibre
(DCF). The technical details of these fibres are in Table 4.4.1.

Figure 4.4.1 illustrated the experimental spectrum profile from 1350nm to 1600nm for
46km of TW, 45 km of LEAF and 42km of SMF at pump powers around 1W. The
broadening behaviour of TW fibre around the first Stokes peak, 1455nm, is much larger than
the one provided by any of the other fibres. The cause of this effect is its zero dispersion
being around the first Stokes shift. The first Stokes behaves as a secondary pump and
generating the broadening in that region. This effect will have consequences when
evaluating the spectral profile around 1550nm, see Figure 4.4.2, in the sense that TW can not
provide the desirable spectrum flatness within the same spectral bandwidth as SMF or
LEAF. Given a TW with zero dispersion further away from the first Stokes peak, 1455nm in
this case, the behaviour of the spectrum profile around 1550nm is likely to be different.
Further work regarding TW and its spectral behaviour depending on the relation between the

dispersion value and the first Stokes wavelength should be considered.

Table 4.4.1: Fibre details

SMF LEAF DCF TW
Dispersion at 1550nm (ps/nm-km) 16.3 4.2 -90.9 4.4
Dispersion at 1455nm (ps/nm-km) 10.8 -3.7 -64.5 0.1
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Figure 4.4.1: URFL Spectrum profile from 1350nm to 1600nm for different type of fibres
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Figure 4.4.2: URFL Spectrum profile around 1550nm for different type of fibres .

A closer look to the behaviour of the optical fibres around the 1550nm region, see
Figure 4.4.2, shows that SMF, LEAF and DCF behave in a similar manner covering the
bandwidth 1533nm to 1565nm with minimum power variation in that region. Hence DCF
seems feasible when its use is intended for virtually lossless transmission or as a distributed

amplifier [15][19][21][23][24][77][78][80].

4.5 Pump depletion

The amount of launch input signal can affect the amplifier performance by modifying the

transmission spectrum profile level. To explain this phenomenon we have to consider the
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Raman scattering effect as a nonlinear two photon process, where the pump power is not
only affected by attenuation in the fibre, but in fact the pump and Stokes waves interact with
each other following, for the case of second order distributed Raman amplification, the set of
coupled equations 3.2.1 to 3.2.5 described in Chapter 3. In the simplest case of a first order
system, and in the absence of all losses, it can be deduced that the total number of photons in
the pump and Stokes waves remain constant during the process of stimulated Raman

scattering as expressed by the following relation.

i &+£ =0, 4.5.1
dz\vs Vv,

where P, represents the pump and signal powers with the optical frequency for each spectral

component represented by v;.

In practice, as the pump power increases, it reaches a threshold value where the Stokes
waves start increasing linearly with pump power. As the Stokes wave reaches a comparable
value to the input pump power, this leads to the attenuation of the input pump power. This
pump depletion effect can be easily observed by using an external input signal at the same
frequency as the Stokes wave. Therefore the amount of Raman pump power required for
quasi-lossless transmission will have some dependence not only on the cavity design
features but also on the amount of input power transmitted. Only in the case of relative small
values of input signal this dependence can be considered negligible.

Here we show some experimental results related to pump depletion. The scheme of the
experimental set-up is depicted in Figure 4.5.1. It involves a conventional 83km of single
mode fibre confined between a pair of high reflectivity (approximately 95%) FBGs with a
central wavelength at 1455nm. The URFL system is pumped at 1366nm through WDM
coupled into the system. A set of 13 laser diodes with centre wavelengths ranging between
1534nm to 1557nm were launched as transmission signal into the URFL system and

measured by an OSA at the other end of the URFL.

Lp1 | >l '

. Lp2 | : 1455nm 1455nm

. | WDM H | OSA

| LD12 :Il i 83 km

jLos% | " 1366nm SMF 1366nm "
Launch signal Pump Pump

Figure 4.5.1: Experimental set-up for multi-wavelength signal transmission on URFL
Figure 4.5.2 show the experimental traces measured on the OSA for the following cases.

The “QL spectrum” plot shows the trace measured by the OSA when using only Raman
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pump at 1366nm. The launch signal from the laser diodes is switched off. The pump ratio
and the amount of pump power were optimised for quasi-lossless transmission, minimum
power variation along the length of the fibre and across the spectral bandwidth, 1528nm to
1568nm. The “Signal over QL plot shows the effect of the combination of the previous
Raman pump power at 1366nm and the launch signal from the laser diodes between 1534nm
to 1557nm. The final trace “Launch signal” is the corresponding trace measured by the OSA
with the external input signal from the laser diodes switched on and the Raman pump powers
switched off. The total signal from the laser diodes was measured in the power meter just
before launching it into the URFL, giving a total value of 14.5dBm.

As it can be observed in Figure 4.5.2, launching a considerable amount of signal,
14.5dBm in this case, at the same frequency as the Stokes wave produces pump depletion.
This pump depletion relates to the amount of launch signal, as it will be shown in later
results, and not to the intrinsic attenuation of the fibre. The pump depletion is not linear
along all the bandwidth range, affecting in a greater measure the longer wavelengths range
of the Raman gain profile. The effect is similar to a drop in the pump power. For instance, in
the experimental case described here, the drop of the spectrum profile at 1566nm is 0.95dB
whilst at 1530nm is 0.35dB when launching a signal power of 14.5dBm.

5
—— QL spectrum
—— Signal over QL
5 | T ll Launch signal
i iy

€ | i !
£ ' i
g -15 - ) |: : -47
a il | il 5|
= i
> e -
D | I : : | -485 t
g 20 | Il a9t
% i : TR
: B
a -35 - : i :: ! :: -50.5 |
[ i i u' 51 : : :
"g 1 1 Y 1510 1530 1550 1570
& 1l

-45 i | : I

-55

1510 1520 1530 1540 1550 1560 1570 1580 1590
Wavelength (nm)

Figure 4.5.2: Spectrum profile for launch signal, URFL profile and transmitted signal
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The variation of the spectral power density level with the launch signal at two particular
wavelengths, 1556nm and 1530nm, is represented in Figure 4.5.3 through the plotted
experimental points. The drop in power was measured by launching through the URFL an
increasing number of channels with the laser diodes centre wavelengths ranging between
1534nm to 1557nm and saving the spectrum in the OSA as shown in Figure 4.5.1. The
launch power as each channel was switched on was previously measured directly with a

power meter.
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Figure 4.5.3: Experimental and numerical results of power drop with increasing launch signal power.
The black line from Figure 4.5.3 represents the numerical results, from the set of
coupled Equations 3.2.1 to 3.2.5 described in Chapter 3, for an URFL system of 80Km SMF
and FBGs set at 90% reflectivity. The calculations are optimised for a system with zero-
lossless transmission using ImW input signal. As the launch input signal is increased the
pump power requirement for maintaining the same level of zero-lossless transmission is
increased. The difference between the required pump power for each increasing launch input
signal and the initial one is plotted in the same graph as the previous experimental points.
Although the experimental and numerical results represent slightly different power
drops, up to certain extend they are related as the drop of the spectral power density level
will relate directly to the drop in pump power. Therefore there is a proportional relation

between both values.

The length of fibre span can affect, to a minor degree, the spectral flatness performance
of the URFL. As part of the experimental investigation in URFL, spectrum profile traces
around the second Stokes 1550nm, were measured for different span lengths.

The experimental set-up is the basic URFL system already described previously, Figure

4.2.1, a fibre span confined between a pair of FBGs and pumped bi-directionally. Several
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lengths of conventional single mode fibre were set as fibre spans and their spectrum profile

measured using the OSA.
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Figure 4.5.4: Spectrum profile for bi-directional 2nd order Raman amplification system with a pair of
FBGs at 1460nm at several SMF span lengths

The experimental spectrum profiles for a system with the centre of FBGs set at 1460nm
are plotted in the Figure 4.5.4. The bandwidth range between 1528nm to 1575nm
approximately seems to be covered for all the span fibres regardless the span length. The
main difference among all the lengths has to do with the power variation along the
bandwidth spectrum, especially on the region around 1546nm. As the fibre span length
increases the power level around this region is reduced, giving an overall increase of the total
power variation along the spectral bandwidth.

The lower spectrum profile level around 1546nm can be understood as the effect of the
pump depletion in a slightly different way as shown in Figure 4.5.2. Longer fibre spans
requires greater Raman pump powers to achieve similar lossless condition, the output power
level is equal to the input power level. Also, as the span length increases the overall fibre
attenuation is greater. The overall spectrum profile is the result from both contributions, fibre

attenuation and Raman gain, which differs at different span lengths

4.6 SRS assisted by Rayleigh-backscattering

So far we have investigated the bandwidth and flatness of the URFL gain spectra. The
following investigation relates to extreme cases where Rayleigh scattering can be used as

feedback component. Stimulated Raman Scattering is assisted by Rayleigh-backscattering.
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Light scattering occurs as a consequence of fluctuations in the optical properties of the
medium. The Rayleigh scattering in optical fibres is a result of the inhomogeneous
distribution of the molecules during the fabrication process of the fibre. Regardless of the
fabrication technique of the optical fibre, this random density distribution will be present in
all the fibres. This inelastic scattering effect is one of the major sources of attenuation in
optical fibres, with a value of approximately 0.15dB/km for a wavelength of 1500nm [81].

Although most of the scattered light escapes through the cladding, a part of the scattered

light, proportional to the wavelength, 4™, will be coupled into the core mode supported by
the single mode fibre structure. The behaviour of this random scattering has the effect of a
distributed cavity reflector. The corresponding coefficient of this Rayleigh back scattering
effect is quite small. And usually it is considered an extra source of noise to take in
consideration in distributed amplifiers. In the case of URFLs it can become an important
effect if distributed Raman amplified over long lengths. For instance, the reflections
provided by the distributed feedback of Rayleigh backscattering can make possible lasing

from an open laser cavity if enough input power is supplied [73].

4.6.1 Rayleigh-scattering and fibre end reflections

The basic material of optical fibres is silica glass, therefore small optical reflections are
expected at the interface between glass/air. In the following experiment we wanted to
minimise all external reflections, in such a way that the only feedback was provided by
Rayleigh backscattering. With this purpose in mind, two experimental systems were build,
involving a conventional SMF fibre of 41km long and a pump source coupled to the fibre
through a WDM and operating at 1455nm. The pumping scheme is different to the previous
experiments. Here the pump is at 1455nm instead of 1366nm. The optical spectrum was
monitored using an OSA as indicated in Figure 4.6.1. The only difference between both

systems is the fibre termination ends, either flat (left diagram) or angle ends (right diagram).

99/1 coupler 99/1 coupler

41km SMF

OSA N1455nm OSA N1455nm

Pump Pump

41km SMF

Figure 4.6.1: Experimental set-up for 41km system without any FBGs and endings on (a) flat end and (b)
angle end
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The experimental optical spectra for both systems was measured at several pump
powers, Figure 4.6.2(al): 1270mW, (a2) (b1): 1450mW, and (a3) (b2) 1735mW. The general
behaviour in both cases is similar. The pump power is increased and at certain point a
threshold value is reached where noisy pulses in a random and chaotic behaviour are
generated. If the pump power is increased further more, then the generated pulse takes a
broadband shape of the Raman gain curve of the amplified spontaneous emission
superimposed with the random spikes of stochastic pulse generation, Figure 4.6.2(al) for flat
ends and Figure 4.6.2 (b2) for angle ends. Given more input power, a continuous wave
regime is reached with strongly suppressed amplitude fluctuations and a stable optical
spectrum. The stabilised optical spectrum shows two narrow lines near the Raman gain
maximum, see Figure 4.6.2 (a3).

The main difference between both systems is the pump power threshold level where the
spiky pulses are generated and the continuous wave regime is reached, 1270mW for the case
of flat ends and 1735mW for angle ends. The system with the optical fibre ending in flat
seems to carry extra reflections supported by the single mode fibre. Those extra reflections
will lower the pump threshold level to achieve the lasing behaviour already described.

Angled ends have the effect of minimising the end reflections.

-20 -20
P=1450mW P=1735mW
25 132) 25 a3)
-30 -30
-35 - -35 -
5-40 - _Eg-4o -
=45 | =45
g ©
550 ¢ 550 +
055 | 0n-55 L
-60 -60
-65 -65
-70 -70
1536 1546 1556 1566 1576 1536 1546 1556 1566 1576 1536 1546 1556 1566 1576
Wavelength (nm) Wavelength (nm) Wavelength (nm)
20 P=1450mW =
= m P=1735m
25 bl) 25 | p) P=17%
-30 -30
-35 -35
g -40 | 5-40 L
=45 =45 |
g g
_9-50 .9_50 L
0 .55 n.55 |
-60 -60 ¢
-65 -65
-70 -70
1536 1546 1556 1566 1576 1536 1546 1556 1566 1576
Wavelength (nm) Wavelength (nm)

Figure 4.6.2: Output spectrums for the 41km SMF systems at several pump powers.

Similar experimental results were checked with longer lengths, 82km, although bi-

directional pumping was used on the experimental set-up instead of only one pump. The
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laser behaviour already described was similar to the 41km span length. The main difference
was the increase of input pump power to achieve the stabilised lasing regime.

Therefore maximum care should be considered when building system based in Rayleigh
scattering effect as extra reflections from the fibre ends may mislead experimental

measurements.

4.6.2 Dual wavelength output with Rayleigh-scattering feedback

Lasing in a cavity as long as 270km has been reported [82] in which in addition to typical
spectra with mode structure new features have been discovered, namely spectral components
generated at wavelengths far from the FBG reflection spectrum with spiky dynamics of the
laser output, which appear to be more pronounced near the threshold and at non-symmetric
pumping. Moreover, the characteristics of such an asymmetric Raman laser appear almost
independent of fibre length in some range, which means that the distributed cavity reflector
formed due to the back reflection in the fibre itself, i.e. Rayleigh back scattering (RS) is very
significant and strongly influences the characteristics of such a laser. A more detailed study
of the RS effects in URFLs proved that the distributed feedback due to the Rayleigh back
scattering at propagation of light between FBG reflectors may be comparable with the
feedback provided by the FBG itself [83]. Consequently, Raman lasing in the fibre span
limited by a lumped FBG reflector at one side only appears possible due to significant
reflection from the RS-based “random” distributed mirror at the other side.

In the work presented here we experimentally demonstrate a 200km long dual
wavelength Raman laser where feedback is based on the combination of two independent
lumped FBG reflectors at slightly different wavelengths and distributed Rayleigh scattering
in the same fibre span. It will be shown that the two Raman lasers characteristics are
independent from each other and each of them exhibit quite specific temporal behaviour and

shapes of optical and RF spectra.
200km SMF

FBG at
1550nm  WDM Right
Oo/P

Left
o/P

1% 1%

Left . Right
N Pump Incident Reflected Pump N
1455nm 1455nm

Figure 4.6.3: Schematic description of the experimental set-up

The experimental setup for the studied ultralong Raman laser cavity is schematically

illustrated in Figure 4.6.3. We used a configuration with pumping at 1455nm and Raman
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lasing at ~1550nm, for which losses are minimal. This offers the possibility of lengthening
the URFL cavity, in analogy with the schemes in [82][83]. Two pump lasers were coupled
into the fibre span through wavelength division multiplexers (WDM). Two highly reflective
FBGs with reflection coefficient R~98% at different central wavelengths are spliced to the
fibre span. A FBG with a central Bragg wavelength of 1551nm is spliced to the left end of
the span and another FBG with a central Bragg wavelength of 1550nm is spliced to the right
end of the span. The width of the reflection profile of the FBGs is less than the 1 nm
separation between their Bragg wavelengths. Fibre ends were angle-cleaved to eliminate
reflection.

The optical fibre used for the experiment is a 200km long spliced sectioned SMF. To
measure the Raman laser characteristics of the waves propagating in opposite directions
inside the cavity, a splitter with two 1% ports was inserted near the left FBG. Optical spectra
were measured with a high resolution (0.01nm) optical spectrum analyzer (OSA). The radio
frequency (RF) spectra characterizing laser intensity fluctuations were also measured using
photodiode and electric spectrum analyzer (ESA) with a resolution of ~100Hz and the
corresponding time domain intensity behaviour was analyzed by means of an oscilloscope
with a 50ps temporal resolution.

In spite of the negligibly small overlapping of the FBGs reflection spectra, the
scheme pumped by ~1W power at 1455nm from each side exhibits clear laser properties at
both FBG wavelengths, but the output appears to be directional: at the left output end,
155Inm radiation (corresponding to reflection maximum of the left FBG) is dominant
whereas at the right end 1550nm radiation provides the main contribution. Besides, the left
output power at 155Inm depends only on the injected left pump power (right pump power
may be even zero), whereas the right output power at 1550nm depends on the right pump

power only, without any significant cross-correlation.
20
18 - A 1551nm output laser

16 |- m1550nm output laser

600 800 1000 1200 1400 1600 1800
Pump power (mW)

Figure 4.6.4: Laser output power for the dual wavelength output as a function of pump power.
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Power curves for each wavelength are shown in Figure 4.6.4 versus the
corresponding pump power. They are almost linear and close to each other. The slight
difference in thresholds and slopes may be reasoned by different losses of FBGs, WDM
couplers and splices at the left and the right parts of the scheme. Therefore, for such a long
cavity, most radiation coming from the left-side grating is reflected via Rayleigh
backscattering before ever reaching the right side grating, and vice-versa. Hence two
independent cavities are created within the same fibre span. Moreover, since most of the
Raman gain takes place close to each of the fibre ends, the two cavities can be considered to

be independently pumped too, as long as we are near the threshold.
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Figure 4.6.5: Experimental spectrum at several left (LP) and right (RP) pump power values measured
via the 1% incident output.

In Figure 4.6.5, optical spectra measured inside the cavity via the 1% incident port
are shown for different pump powers. The power provided from the right pump (RP) is zero
for Figures 4.6.5 (g), (h) and (i) with the left pump (LP) increasing value, corresponding to
735mW, 835mW and 965mW respectively. The power from the left pump is fixed at
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735mW for the Figures 4.6.5 (g), (d) and (a) and the power from the right pump increases
from 0 to 1175mW and 1725mW respectively. With a single pump (e.g. for the left pump)
the spectra behave similarly to those in a single FBG laser [83]: near the threshold (that
corresponds to the left pump power of ~735mW) the optical spectrum consists of a narrow
peak corresponding to the left FBG reflection spectrum centred at 1551nm and broadband
spiky continuum.

At the same time, the measured radio frequency (RF) spectrum shows no sign of
mode beating (modes corresponding to a cavity round trip frequency f=c/2Ln would be
expected for a closed grating cavity, as seen in [82]. Instead, a single RF peak at ~11GHz is
clearly seen (corresponding to the Brillouin scattering Stokes shift), see Figure 4.6.6(b),
similar to that on a self-Q-switched laser with RS-Brillouin mirror [80][84]. In the time

domain, see Figure 4.6.7(b), stochastic pulses are generated in this regime.

N
o
N
o
N
o

a) LP=735mW RP=0mW ' b)LP=850mW RP=0mW | ¢)LP=965mW RP=0mW

[

S
@
S
.
)
o

IS

o

S

o

s
N
o

T

I3
<3
;
o
<3

Amplitude (dB)
3
Amplitude (dB)
3
Amplltude (dB)
(2] ()]
o o

4
o
~
=]
.
4
o

UPRTPSINE lassie e dint o .

- L

e}
o

[o2]
o
'
o]
o

8 10 12 14 16 8 10 12 14 16
RF frequency (GHz) RF frequency (GHz) EtF fré?]uen1c2y (Gp-li) 1

Figure 4.6.6: RF spectra at several left (LP) and right (RP) pump power. a) LP=735mW, RP=0mW, b)
LP=850mW, RP=0mW; c¢) LP=965mW, RP=0mW.

w
w
w

LP=735mW RP=0mW LP=850mW RP=0mW LP=1060mW RP=0mW

©

[\]
(6]
T
o
R
o
n (6]
o
N
n
nN (6]

-
T

Intensity (a.u.)
&

Intensity (a.u.)
(6;]

Intensity (a.u.)
- &

<)
o
T
o
o
T
=)
o
T

o
o
-

o

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time(ms) Time(ms) Time(ms)
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Well above the threshold, only the peak corresponding to the FBG reflection

spectrum is present, while the Brillouin peak in RF spectrum disappears and the operation of
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the Raman laser remains quasi-stationary, see Figures 4.6.6(c) and 4.6.7(c). For the right
pump only, the corresponding traces are similar but the generation occurs at the right FBG
reflection wavelength. Well above threshold, a single wavelength peak at 1550nm is
observed. Around the threshold value, the output spectrum will be noisy around the FBG
peak (similar as shown previously in Figure 4.6.5(h), the temporal behaviour will be spiky as
Figure 4.6.7(b) with a single peak at 11GHz in the RF spectrum, similar to the case of the
single left pump. Operating the system with both pumps, although one of then around the
threshold level, will add an extra output peak at one of the FBGs whilst the other shows a
noisy and spiky behaviour at the threshold (Figure 4.6.5¢).

With the two pumps well above the threshold, two separated peaks are present in the
optical spectra corresponding to different FBGs reflection at 1550nm and 1551nm, see
Figure 4.6.5(c). No peak at 11GHz is observed in the RF spectrum, Figure 4.6.6(c). The
intensity is quasi-stationary in the time domain, similarly to the one shown in Figure
4.6.7(c). So, two laser cavities formed by each FBG and RS distributed feedback in the same
fibre span operate independently, each of which being similar to the single FBG RS-
supported Raman laser described in [83]. Thus, the obtained results clearly prove that a
distributed Rayleigh scattering “random” mirror can form a cavity together with each FBG at
pumping from this FBG side of the span.

When the distributed Raman gain exceeds the losses in such a distributed cavity,
stable laser operation appears possible at the wavelength of corresponding FBG. This laser is
“modeless” but its optical spectrum is limited by the FBG reflection curve. When two pumps
are applied simultaneously, lasing is possible at two simultaneous wavelengths
corresponding to those of both FBGs. These two lasers based on two FBG-RS cavities in a
single span are shown to operate independently and stably. Note that this regime does not
involve Brillouin scattering leading to self-Q-switched pulse operation [80][84]. Besides, the
combined Rayleigh-Brillouin feedback is also utilized for generation of Brillouin-shifted
multiple-wavelength combs [85].

We present an experimental demonstration of a 200km long dual wavelength Raman
laser based on the Rayleigh scattering utilizing two different fibre Bragg gratings at both side
of the same fibre span [86]. The obtained results clearly prove that the two Raman lasers are
independent on each other and that a Rayleigh scattering distributed “random” mirror can
form a cavity together with a single FBG independent on the other reflector. On the basis of
this result, multi-wavelength ultralong fibre lasers with random distributed feedback and
multiple gratings at both ends may be developed with the potential for multi-wavelength

secondary pump providing extended bandwidth of quasi-lossless transmission. The reported
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new laser scheme has a great potential for applications in long-distance communications, as
well as in distributed sensor systems based on lasing schemes involving the Rayleigh

scattering and reflection from FBGs with different wavelengths [87].

4.7 Conclusion

We have demonstrated that it is possible to provide DWDM-compatible broadband
amplification covering the full telecoms C Band using a single pump wavelength Raman
amplification technique based on ultralong Raman fibre lasers. Our results show that the gain
bandwidth and flatness is dependent of the cavity gratings used: 1455nm FBGs gave 40nm
bandwidth which was extended to 57nm using 1467nm FBGs. The increase in bandwidth
does however show greater gain variation across the band. Whilst this could be corrected
with conventional gain flattening techniques, we have investigated the possibility of using a
multi-cavity URFL to improve both gain bandwidth and gain flatness. Our results show that
this is possible but requires a large increase in required pump power. The power variation or
gain flatness across the spectral bandwidth was optimal for 1455nm FBGs. These results
gave a ~0.6dB power variation over a ~40nm range covering the entire C band region. The
URFL approach presented here offers a flexible Raman amplification technique requiring
only a single pump wavelength. By changing the pump and cavity gratings S or L band
amplification would also be possible.

In addition, the brief investigation of TW, DCF and LEAF within the URFL system
warns against the use of TW, as its spectra lack the desirable flatness within the same
spectral bandwidth as SMF or LEAF. DCF behaves in a similar manner to SMF covering the
bandwidth 1533nm to 1565nm with minimum power variation in that region. Hence DCF
seems feasible when its use is intended for virtually lossless transmission or in a distributed
amplifier.

Furthermore, launching a significant level of input signal power at the same frequency
as the Stokes wave produces a pump depletion effect. This pump depletion or pump
attenuation is not linear along all the bandwidth range, affecting in a greater measure to
longer wavelengths. Consideration of this effect should be taken in account when
implementing URFL transmission systems.

The increase of span length within the URFL system does not have any significant
impact in the covered transmission bandwidth range. The main difference among all the
lengths relates to the power variation along the bandwidth spectrum, especially on the region

around 1546nm, for the case of FBGs with centre of wavelength in the region 1455nm. As
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the fibre span length increases the power level around this region is reduced, giving an
overall increase of the total power variation along the spectral bandwidth.

Finally, we present an experimental demonstration of a 200km long dual wavelength
Raman laser based on the Rayleigh scattering utilizing two different fibre Bragg gratings at
both side of the same fibre span [86]. The obtained results clearly prove that the two Raman
lasers are independent of each other and that a Rayleigh scattering distributed “random”
mirror can form a cavity together with a single FBG independent on the other reflector. On
the basis of this result, multi-wavelength ultralong fibre lasers with random distributed
feedback and multiple gratings at both ends may be developed with the potential for multi-
wavelength secondary pump providing extended bandwidth of quasi-lossless transmission.
The reported new laser scheme has a great potential for applications in long-distance
communications, as well as in distributed sensor systems based on lasing schemes involving

the Rayleigh scattering as distributed feedback [83].
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Chapter 5

Supercontinuum generation

5.1 Introduction

Supercontinuum (SC) generation is a nonlinear optical process which occurs when a strong
single coherent wavelength light source undergoes extreme spectral broadening as it
propagates in a nonlinear material generating a strong spectrally continuous output. As the
intense light source travels through the medium, it can induce an intensity dependent
variation of the refractive index of the medium, which leads to a frequency modulation and
as result to an optical spectral broadening and temporal compression. The nonlinear
interaction of the pump source and the new spectral components with the medium leads to
further complex nonlinear interactions and spectral broadening. The nonlinear processes
underlining the SC generation and the resulting optical spectra may differ depending on the
initial pump source characteristics and the propagating media.

The origin of SC generation goes back over 40 years ago, with supercontinua generated
in bulk glass material and the first intent of understanding nonlinear effects by Alfano
[88][89]. The authors explained the SC formation though self phase modulation (SPM) and
four wave mixing (FWM). Later on, other researchers in the field contributed to SC
generation using other nonlinear materials such as crystal, gasses and optical fibres, with Lin
and Stolen in 1976 [90] being one of the first ones to present results in optical fibres. Also
explanations other than self phase modulation were offered as the mechanism behind SC
generation, as SPM could not explain all the observed optical broadening. Gouveia-Neto in
1988 published a paper describing the formation and propagation of soliton waves from

modulation instability [91]. More recently Dudley, Alfano, Gently, Smirnov, Abeeluck [92]-
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[98] among many others have contributed to a better understanding of SC formation and the
mechanisms underlying an optimum SC generation.

The research and interest in supercontinuum generation is been driving by the advance
in new technologies such as the invention of photonics crystal fibres (PCF) in 1996 by
Knight [99] and the commercial availability of high power sources at the end of 1990°s. Its
characteristics as a high power broadband source has found many interesting applications,
not only in the visible spectrum but also in other areas, from optical coherence tomography
[100][101] to spectroscopy [102], optical communications [93] or optical frequency
metrology [103], just to name a few.

Currently most of the SC generation work developed in the scientific community relates
to PCF or microstructured fibres, fibres with channels running along all the length of the
fibre. These types of fibres are designed to have high nonlinearity. Therefore the nonlinear
effective length is rather small compared with conventional fibre and SC generation can be
achieved in shorter lengths, metres or even centimetres when using high peak power pulsed
laser sources. The investigations in the field of PCF are quite broad, given the complex
structured cross-section of the fibres and the possibility of coupling signal at the same time
in several channels with different properties within the same fibre. The research work on SC
generation, presented in this thesis, took a different approach. We used conventional
telecommunication fibres, which are relatively inexpensive of fabricate compared with PCF
and the laser source was continuous wave instead of pulsed. The result is a robust and simple
configuration, relative easy to implement

The work presented in this chapter is focused in conventional optical fibre, mainly
TrueWave and SMF, operating in anomalous dispersion (D>0) and using a CW laser source.
Some cases are also discussed with normal dispersion (D<0). The dispersion coefficient D is

defined as

D=-(27c/2*) 3,, 5.1.1

where c is the speed of light, A is the wavelength and £, is the second order propagation

constant in ps” km™. It refers to the chromatic group velocity dispersion (GVD) or chromatic

dispersion, proportional to f, as described in Chapter 2.
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Figure 5.1.1: Experimental optical power spectra of the generated SC from 11km TW fibre using URFL
architecture. D 1455,,~0.47ps/nm/km.

Figure 5.1.1 shows an example of SC generation using URFL cavities where the pump
source corresponds to the 1455nm peak and the SC spectra covers the region 1450nm-
1620nm. The peak at 1455nm is the first Stokes of the primary pump at 1365nm and it is
generated by SRS. The zero dispersion wavelength is plotted by the discontinuous vertical
line at ~1443.5nm. The anomalous dispersion regime corresponds to wavelengths greater
than the zero dispersion wavelength. The normal dispersion regime is indicated at lower
wavelengths than the zero dispersion one.

The SC generation process can be explained as a combination of modulation instability
(MI), self phase modulation (SPM), soliton fission, dispersive waves, stimulated Raman
scattering (SRS), four-wave mixing (FWM) and cross phase modulation (XPM). As a CW
pump is used in the anomalous dispersion regime, the effect the SC generation is originated
by modulation instability (MI) which is the modulation of the steady state and it can rise
from the interaction of a strong pump signal with the background noise. MI will generate
frequency sidebands in the anomalous dispersion regime. The refractive index of the media
becomes dependent on the optical intensity and, as described by Chapter 2, the power
fluctuation created is converted into phase modulation. SPM induces the break up of the CW
Stokes shifted radiation into a train of ultra-short pulses. The combination of SPM
nonlinearity and the group velocity dispersion generates higher order soliton formation
within a range of spectral frequencies. There are several studies of the soliton propagation
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close to zero dispersion wavelength and the dynamics of their stability [104][105]. Although
the shape of fundamental solitons are only slightly affected by small perturbation, third order
dispersion was found to stimulated the resonant transfer of energy from the soliton to a low
amplitude narrow-band dispersive wave background with wavelengths in the normal
dispersion regime. Small perturbation of higher order solitons evolution causes solitons
breaking up and splitting into lower order or fundamental solitons, releasing excess energy
as linear dispersive waves [29][107][108] which are radiated in the normal dispersion region
of the fibre. This splitting process from higher order solitons is called generally soliton
fission. In absence of perturbation, stationary solitons will propagate without changing their
shape, with a balance between SPM and dispersion as it will be shown in a later chapter
[21][104][105]. Perturbations to soliton propagation can be induced by numerous causes
such as SRS, higher order dispersion or soliton collisions. The supercontinuum generated
with continuous wave in anomalous dispersion regime is the result of the nonlinear dynamics
of these pulses, generated by soliton fission, and their interplay with effects such as XPM,
FWM and SRS which shift their spectral centre to longer wavelength and broaden the overall
spectral profile.

The SC generation process in the normal dispersion regime has its origin in the
frequency modulation of the strong continuous pump signal by MI resulting in SPM and the
subsequent spectral broadening, but without soliton formation. SRS plays a major role with a
frequency shift of the generated spectral components to longer wavelengths, as the radiation
confinement in the different Stokes waves is greater. The resulting broadening and shifted
optical spectra is generated by the interplay of FWM, XPM and SRS. Generally the overall
SC spectral profile tends to have a less flatten optical profile as it will be shown in later
experimental results.

This chapter does not intend to provide a precise and detailed picture of SC generation
as the topic itself is greatly extensive and there is considerable literature review on this topic
[31][92][98][106]. The objective is to provide specific examples where URFL are applied
effectively. The results presented in this chapter are demonstrated applications of the
ultralong Raman fibre laser architecture in photonics, in particular, in providing effective

supercontinuum generation without the need of special high nonlinear or photonics crystal

fibres.
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5.2 Supercontinuum enhancement using URFL cavity

Continuous wave supercontinuum (CW SC) generation in optical fibres has been
demonstrated using specifically designed photonic crystal fibre (PCF), highly nonlinear
dispersion-shifted fibres (HN-DSFs) or the use of dispersion decreasing fibres [95][96][97].
One of the problems of generating SC is the degradation of the flatness of the output,
especially when high pump power is used. The existence of a new breed of Raman lasers
with ultralong cavities [72] opens the possibility for a different kind of CW-pumped SC
generation architecture, which offers the possibility of improved spectral flatness and SC
bandwidth using conventional optical telecommunication fibre.

The objective of the following experimental work is to demonstrate that indeed URFL
cavities provide optical spectra advantages in CW pumped SC generation. The experimental
setup of the CW pumped SC source is schematically illustrated in Figure 5.2.1. A Raman
laser source operating at 1365nm was used to forward pump a cavity delimited by two
1455nm highly reflective fibre Bragg gratings (FBGs). These gratings have a 3dB bandwidth
of 1nm, centred at 1455nm and ~98% reflectivity. Pumping above the cavity threshold, we
observe lasing of a stable Stokes component at the 1455nm feedback wavelength. The cavity
is comprised of 11.3km length of TrueWave fibre. A 1:99 optical coupler was placed before
the output FBG to monitor the intracavity SC power and spectrum. The output optical
spectrum of the generated SC was monitored using an optical spectrum analyzer (OSA) with

a resolution of ~0.07nm.

TW fibre

1366nm Pump

bl

FBG
circulator 1455nm

FBG

OSA meter

Figure 5.2.1: Schematic depiction of the CW pumped SC ultralong Raman fibre laser.

The zero-dispersion wavelength of the TW fibre is ~1443.5nm, with an average
dispersion coefficient at 1455nm of D ~+0.47ps/nm/km. The non-linear coefficient of the
TrueWave (TW) fibre is ~1.84W 'km™ at 1550nm. The centre wavelength of our pump laser
is 1365nm, and hence lies well within the normal dispersion regime of the fibre. However, if

the cavity is pumped above its threshold, lasing of a stable Stokes component centred at
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1455nm (the central wavelength of the grating reflectors) is observed. This Stokes
component acts effectively as a secondary pump in the spectral region of low anomalous
dispersion as shown in Figure 5.2.2, where the discontinuous black vertical line marks the

zero dispersion of the fibre.
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Figure 5.2.2: Experimental optical power spectra of the generated SC from 11km TW fibre using URFL

architecture at several input powers. D 1455,,~0.47 ps/nm/km.

the primary pump increases, SPM breaks the CW pump in a train of optical pulses. The
spectral broadening around 1455nm increases at the same time that soliton fission and the
interplay between the different nonlinear processes broaden the optical spectrum. In the
presence of small perturbation, the higher order solitons split in fundamental solitons for a
range of spectral frequencies. The excess of released energy from these solitons fission can
be observed as linear dispersive waves in the normal dispersion regime. This dispersive
waves correspond to the sideband around 1430-1435nm. The two peaks around 1540nm and
1560nm are the corresponding SRS from the peaks at 1430nm and 1455nm.

Although the nonlinear process of stimulated Raman scattering is working from the
beginning. Its importance varies as the SC is developed and depending on the location of the

zero dispersion of the fibre respect to the Stokes centre wavelength.
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Figure 5.2.3: Optical power spectra of the generated SC from 11km TW and 1.5W input power with and
without the Highly Reflecting Gratings

The effect that the use of the cavity has on the generated supercontinuum can be
examined by removing the FBG’s. Figure 5.2.3 shows two spectra with and without cavity,
both spectra corresponding to pump powers of 1.5W. These results show that broadening is
significantly enhanced inside the ultralong cavity due to the Stokes wave trapping and more
efficient generation of a 1455nm Raman Stokes component, which translates also into an

increased SC output power [109].

5.3 Fibre dispersion and Supercontinuum generation

As described by the corresponding literature [95][96][97][110] and observed in the
previous section, supercontinuum generation is the result of the combination and interplay of
several nonlinear effects. The order and strength of the nonlinear processes involved in SC
generation is relevant when trying to achieve a smooth and broaden supercontinua optical
spectra. Although it is not feasible to ignore the interplay among the different nonlinear
processes involved in SC when investigating each one, we could propitiate up to certain
extent a particular nonlinear process over others by choosing carefully the system where the
SC is generated and its architecture. Conventional dispersion decreasing fibre [96][110] is an
example of a particular arrangement leading towards smoother and broader supercontinuum

spectra.
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The work published by Abrardi et al. [96] targets the increasing and decreasing
dispersion order of the fibres within the anomalous dispersion regime. Here we investigate
the effect of using a combination of fibres with low dispersion coefficient on the normal and
anomalous dispersion regime and its effect on the supercontinuum spectra generated.

The experimental set-up is shown in Figure 5.3.1. It involves two TrueWave fibre spans
of similar lengths and characteristics. One of the TW fibre span is 10.3km long with zero
dispersion at 1456.88nm and a dispersion coefficient at 1455nm of D~ -0.19ps/nm/km. The
other fibre span is 10.5km long with zero dispersion at 1448.25nm and a dispersion
coefficient at 1455nm of D~ 0.23ps/nm/km. Both fibre spans are confined by a pair of high
reflectivity (~98%) FBGs with central wavelength at 1455nm and a 3dB bandwidth of 1nm.

The system is pumped by a 1366nm laser source and the output is measured by an OSA.

Span A Span B

FBG FBG

1366nm  1455nm 1455nm
Pump OSA

1%

Figure 5.3.1: Schematic depiction of the CW pumped SC ultralong Raman fibre laser.

On the first experiment, the fibres are arranged by increasing dispersion coefficient, i.e.
the first fibre (span A on the experimental set-up) is the 10.3km of TW with the dispersion
parameter D~ -0.19ps/nm/km and the second fibre (span B on the experimental set-up) is the
10.5km of TW with D~ 0.23ps/nm/km. As the centre of the high reflectivity FBGs is at
1455nm, we use first a fibre in the normal dispersion regime (D~ -0.19ps/nm/km ) and them
another in the anomalous dispersion regime (D~ 0.23ps/nm/km). The optical spectra at
several launch input powers are plotted in Figure 5.3.2. At the lower input power, 1.55W, we
can observe as most of the energy is accumulated in the region around a well defined peak at
1455nm. As the input power increases, stimulated Raman scattering (SRS) from the 1455nm
component plays a major role on the transfer of energy to longer wavelengths. Evidence of
the SRS strength is the dominant peak at 1550nm. A further increase of launch power at
3.1W shifts the optical spectrum towards longer wavelengths but still maintaining a good

optical spectra coverage below 1500nm.
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Figure 5.3.2: SC generation for system with normal +anomalous dispersion fibre. Span A: 10.3km TW

(D~ -0.19ps/nm/km) and span B: 10.5km TW (D~ 0.23ps/nm/km).

As a second part of the experiment, the order of the fibres was reversed, using first the
anomalous dispersion fibre, 10.5km of TW with D~ 0.23ps/nm/km, and then the normal
dispersion fibre, 10.3km of TW with D~ -0.19ps/nm/km. The dispersion of the fibres was on
decreasing order. The optical spectra at several launch input powers are plotted in Figure

5.3.3.
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Figure 5.3.3: SC generation for system with anomalous + normal dispersion fibre. Span A: 10.5km TW

(D~ 0.23ps/nm/km) and span B: 10.3km TW (D~ -0.19ps/nm/km) .
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Although the peak at 1455nm is still observable, its predominance in the overall spectra
is lower than the previous case, when using first the fibre with normal dispersion and then
anomalous dispersion. At the lowest input power, 1.55W, the energy transfer at longer
wavelength is greater than in the previous case. Also, it is worthy to mention the smoother
spectra, especially around the 1550nm peak. This means that although SRS is involved in the
SC generation, there are other nonlinear effects, such SPM and soliton fission, that
distributes the radiation energy in a more uniform profile. A further increase of the launch
input power shifts the spectrum to wavelengths longer than 1540nm causing a considerable
depletion in the region below 1550nm.

Comparing the optimum spectra of the SC generated by both systems in Figure 5.3.4,
we can conclude that the system with anomalous and then normal dispersion fibre provides a
SC spectra with smoother optical profile and covering a similar region, 1455nm to 1600nm,

at lower input power, 1.55W instead of 2.4W.
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Figure 5.3.4: SC generation comparison for both for system: anomalous + normal dispersion fibre and

normal +anomalous dispersion fibre.

The 2.4 W case, with first anomalous and then normal dispersion fibre, has a slightly
extended spectral coverage (~10nm) and could be considered the optimum case if the
difference on launch power is not considered and the 1550nm peak is filtered out for
flattening.

The difference between the spectral power profiles shown in Figures 5.3.3 and 5.3.4,
corresponds to the weight given to a particular nonlinear effect by either using first a fibre
span either in the normal or anomalous dispersion regime. As observed in Figure 5.3.3, the
SRS is prioritised or have a major impact when using first a fibre span in the normal
dispersion regime. Therefore, the peak at 1550nm is accentuated. Figure 5.3.4 shows a
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reduced peak at 1550nm and a considerable increase of shorter frequencies. This is the result
of using first a fibre span in the anomalous regime, therefore giving a major prominence to

soliton fission.

5.4 Anomalous and normal regimes

Continuous wave supercontinuum generation (CW SC) has been intensively studied in
recent years [92][93][97][111][112][113][114][115]. As the previous section corroborate,
these studies have shown that dispersion plays a key role in the spectral broadening process;
when pumping in the anomalous dispersion region, modulation instability (MI) seeds the
generation of the SC which leads to soliton formation followed by a large red-shift due to
intra-pulse Raman scattering. However, solitons cannot be formed in the normal dispersion
region and the mechanism of SC generation is completely different in this regime.

The application of ultralong Raman fibre laser to generate efficient broadband CW SC
generation has been demonstrated by El-Taher [109], using TrueWave (TW) fibre as gain
media. In this work, we use a similar cavity configuration to experimentally study the
dependence of SC growth on fibre dispersion for both anomalous and normal dispersion
values close to the dispersion zero. We show that with optimisation of the fibre dispersion a
high quality supercontinuum can be generated in the anomalous dispersion regime with just
a single pump wavelength whereas in the normal dispersion regime dual wavelength

pumping can be used to improve the SC spectral characteristics [20].

5.4.1 Dispersion tuning in the anomalous regime

The purpose of the next experiment is to investigate the SC generation spectra for several
fibres with low dispersion in the anomalous regime. The experimental set-up is
schematically illustrated in Figure 5.4.1. A CW pump laser source operating at 1365nm was
used to forward pump a cavity formed by two highly reflective (~98% reflectivity and ~ Inm
bandwidth) fibre Bragg gratings (FBGs) centred at ~1455nm. Pumping above the cavity
threshold, we observe lasing of a stable Stokes component centred at 1455nm. Different TW
fibres having similar nonlinear and attenuation coefficients but different average chromatic
dispersion values, were spliced between the FBGs. Therefore any difference in SC spectra
generated is predominantly attributed to the different dispersion values of the fibres used.
The TW fibres used had low anomalous dispersion at the 1455nm Stokes wavelength.

The generated SC spectra were measured via a 99:1 splitter using a high resolution OSA
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(0.01nm resolution). An isolator was placed between the pump laser and the WDM to

prevent any damage caused by backward propagating light.
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Figure 5.4.1: Schematic depiction of the CW pumped SC ultralong Raman fibre laser

FBG
circulator 1455nm

Figure 5.4.2 shows output SC spectra for four different TW fibres, each of which had a
different average dispersion value at 1455nm, D ~+0.47ps/nm/km, +0.23ps/nm/km,
+0.03ps/nm/km and -0.05ps/nm/km. In this experiment only 1365nm pumping was used and
results are shown for three different pump powers, 0.42W, 1.4W and 2W. The first fibre
(Figure 5.4.2a) which had the highest anomalous dispersion value of D ~+0.47ps/nm/km at
1455nm, showed significant spectral broadened even at a relatively low pump power of
0.42W. When the input power was increased, MI converts the CW light into a periodic pulse
train which leads to soliton fission and a subsequent increase in the SC bandwidth. In this
case the SC extends from ~1460nm to ~1650nm showing a power variation of <1dB in the
C-band 1550nm region. However, when pumping fibres with lower anomalous dispersion
values (see Figure 5.4.2b and c) the nonlinearity from SPM is less pronounced. The
generation of higher order solitons, which are split in fundamental solitons and their excess
of energy radiated as dispersive waves towards the normal dispersion regime, is reduced.
Hence the 1455nm component experiences less broadening.

On the other hand, the 1555nm second Stokes wave is more visible, indicating that at
low powers and very low anomalous dispersion, the dominant effect is frequency conversion
via double Raman shifting from 1365nm to 1455nm and then to 1555nm. Increasing the
pump power causes more broadening of the 1455nm spectral components, generating longer
wavelengths in the anomalous dispersion regime. The SPM nonlinearity of those
components with the dispersion leads towards the break up of the CW into short pulses as
discussed above. As anomalous dispersion is decreased, the confinement of energy around
the 1455nm peak is greater. The generated SC bandwidth becomes less smooth and the

transfer by SRS to the 1555nm peak becomes more efficient.
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Figure 5.4.2: Output SC spectra for four TW fibres with different dispersion values as 1365nm pump

power is varied.

When pumping normal dispersion fibre (see Figure 5.4.2d) soliton formation is not

possible and two high peaks appear at 1455 and 1555nm even at low pump powers as the

Raman effect dominates. When increasing the primary pump, the broadening around

1455nm, initially by SRS and them by combination of FWM and XFM, eventually may lead

to the generation of components in the low anomalous dispersion region which might

generate a train of pulses in a later stage. Raman induced frequency shift is the nonlinear

process which holds a greater role in the normal dispersion regime, as it takes place to

amplify the region between the 1455 and 1555nm peaks. In this case the generated SC has a

bandwidth less flat with a very high peak at 1555nm.
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Figure 5.4.3: Comparison of SC spectra for fibres with different dispersions for a 1365nm pump power
of 2W.

Figure 5.4.3 shows a direct comparison of the SC spectra between TW fibres with
different low dispersion values for a pump power of 2W. The results shown in the above
figure are for the fibres equivalent to those in Figure 5.4.2 a, b, ¢ and d. They clearly indicate
that the best SC output spectral characteristics, broader wavelength range and smoother
spectra, are obtained when using an anomalous dispersion fibre with ~0.47ps/nm/km. This is
the case where the nonlinear process of MI and further generation of higher order solitons

has initially a greater role than the transfer of energy by SRS from 1455nm to 1550nm.

5.4.2 Dual wavelength pumping in normal regime

In the previous section, the normal dispersion fibre produced a worse SC generation
performance than the anomalous dispersion fibres. However an experiment using dual
wavelength pumping shows that the SC generation can be significantly improved in the
normal regime. For this experiment we use a 17km TW fibre span with a normal dispersion
of -0.19ps/nm/km at 1455nm. The experimental set-up is schematically shown in Figure
5.4.4. For this experiment, a secondary seed pump laser operating at a wavelength of
1456nm was coupled into the cavity along with the primary 1365nm pump, using a
wavelength division multiplexer (WDM). An isolator was placed between each pump laser
and the WDM to prevent any damage caused by backward propagating light. The two highly
reflective (~98% reflectivity and ~ 1nm bandwidth) fibre Bragg gratings (FBGs) centred at

~1455nm were the same as previously.
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Figure 5.4.4: Schematic depiction of the CW pumped SC ultralong Raman fibre laser
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Figure 5.4.5: Comparison between single and dual pumping for a normal dispersion fibre

Figure 5.4.5 shows a comparison of the SC spectra generated using the above
configuration with a 17km length of TW fibre with a normal dispersion of -0.19ps/nm/km at
the 1455nm Stokes wavelength. With the addition of a secondary seed pump at 1456nm the
flatness and bandwidth of the SC spectrum are improved significantly. In this experiment the
1456nm pump power was 0.12W compared with 1.5W for the primary 1365nm pump. As
the second Stokes lays in the normal dispersion regime, the absence of broadening due to MI
and generation of soliton pulses at different frequencies limits the initial spectrum
broadening. The increase of the primary pump power produces a major effect of the SRS,
giving priority to the energy transfer to the second and third Stokes, corresponding to
1455nm and 1550nm respectively. Adding a secondary seed pump promotes an earlier
energy transfer and broadening around the centre wavelength of this seed by a combination
of nonlinear processes such as SRS, SPM, FWM and XPM. As the primary pump increases,

part of the broadened spectrum around the secondary seed will be extended to the anomalous
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regime. Once in the anomalous regime, the broadening of the spectrum and SC generation
will take place as described previously, giving a more uniform output.

Figure 5.4.6 shows a comparison of the dual wavelength pumped normal dispersion and
single wavelength pumped anomalous dispersion schemes. Using dual wavelength pumping
the normal dispersion fibre generates a similar bandwidth SC to the anomalous fibre.
Although the 1555nm peak remains more pronounced for normal dispersion, the efficiency
of the SC is improved. The total pump power for the normal dispersion scheme was 1.62W

compared to 2W for the anomalous dispersion scheme.
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Figure 5.4.6: Comparison of dual and single pump systems.

We have experimentally evaluated supercontinuum generation in ultralong Raman fibre
laser for fibre dispersion values in the range +0.47 to -0.19ps/nm/km. Our results show
improved performance for higher anomalous dispersion values. In the anomalous dispersion
regime high quality SC spectra are generated using only a 1365nm pumping wavelength. We
have also shown that when using a normal dispersion fibre significant improvements can be
made by using a secondary seed laser at 1456nm. This allows more efficient SC generation
with a comparable bandwidth to a single wavelength pumped anomalous dispersion

configuration.

5.5 Effect of fibre length in SC generation

Supercontinuun generation results from the combination of several nonlinear effects
such as self-phase modulation, stimulated Raman scattering, four-wave mixing and cross-
phase modulation. From a practical point of view, the most important parameters for

generating supercontinuum in optical fibres are the availability of a high power source, a
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fibre with high nonlinear coefficient and a span length such as yF L is greater than 30,

according to Agrawal [31]. On the following experimental work, we investigated the effect
of the span length on the overall supercontinua spectra generated. Three different lengths of
TrueWave fibre with similar fibre characteristics, average dispersion and attenuation
coefficient, were measured under the same launch power conditions. The non-linear
coefficient of TrueWave (given at 1550nm) is 1.84W™' km™. The length and fibre dispersion

details are shown on the table below.

Table 5.5.1: Details of the TW fibres

Fibre ID Length (km) A (nM)  Dyyss (PS/NM/Km) D455 (PS/NM/km)
TW - 005144490006 10.4 1451.86 0.03 4.39
TW - 005144490014 25.5 1450.65 0.11 4.44
TW - 990144380006 35.1 1451.26 0.11 4.47
TW fibre
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Figure 5.5.1: Schematic depiction of the CW pumped SC ultralong Raman fibre laser

The experimental set-up is as shown in Figure 5.5.1. The system involves a span of
TrueWave fibre confined between a pair of high reflectivity (~ 98%) FBGs centred at
1455nm with approximately 1nm bandwidth at 3dB. The system, the fibre span and pair of
FBGs, is pumped by a laser source at 1366nm. As we pump 1366nm pump power into the
fibre span through the WDM coupled into the system, the pump energy is transferred to the
region of 1455nm through stimulated Raman generation. As the FBGs are centred at
1455nm, the confined power behaves as a secondary pump transferring pump energy at
longer wavelengths.

The optical spectra for the three span lengths at several input powers are shown on
Figure 5.5.2. All the plots correspond to supercontinua generation produced in the
anomalous regime, with the value of D at 1455nm slightly positive. The peak at 1550nm is
clearly distinguishable, especially at higher input powers, from the rest of the supercontinua
spectra, as opposite to the optical spectra from the previous section with the average

dispersion coefficient D slightly greater value but still in the anomalous regime. It can be
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observed a broadening of the peak at 1455nm with dispersive waves going into the normal
dispersion regime for all the fibre length cases. As the peak at 1455nm broaden in the
anomalous regime and further energy is transferred at 1550nm through SRS, SPM and
soliton formation will eventually occur and the optical spectra at longer wavelengths will be

generated through the interplay of the nonlinear soliton dynamics and the other nonlinear

effects, XPM, FWM and SRS.
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Figure 5.5.2: SC spectra for the different TW span cavity length at different powers, a) 10.5km, b)
25.5km and c¢) 35km.

For the case of 10.5km span length, it’s can be observed the supercontinua spectra self
contain around 1550nm, within a range from 1430nm to 1620nm, as the launch input power
increases up to 2.4W. The overall optical spectrum picture for the case of 25.5km is a
different one. There is an initial peak broadening around 1455nm and further energy transfer
at 1550nm combined with spectral broadening between 1455nm to 1610nm. In fact the
optical spectrum flatness between 1465nm to 1540nm for an input power slightly lower than

1.35W is optimum. An increase of input power at 2.4W shifts the supercontinua spectra from
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the region 1455nm - 1610nm to the region 1550nm - 1685nm. The longest span length used
in this experiment, 35km, has similar behaviour as the previous one, 25km, in the sense that
a shift of the supercontinua spectra from the region previous to 1550nm to the region after
1550nm can be observed for the range of powers used in this experiment. The main
difference comparing the 35km case with the 25.5km one relates to the broadening range of
the supercontinua spectra. At 2.4W input power, the supercontinua spectra cover
approximately the region 1550nm - 1655nm, approximately 30nm shorter spectral coverage
than the case of 25km span. The most likely cause of this reduction on spectral coverage at

longer span length is the fibre attenuation.
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Figure 5.5.3: SC spectra for the three different TW span cavity length at 2.4W launch power

Figure 5.5.3 compares the SC optical spectra for the three span lengths at the same
launch input power 2.4W. Increasing cavity length increases the threshold power for the
Raman-induced generation of the 1455nm component, delaying its formation, but
simultaneously translates into a higher accumulation of nonlinear effects. Raman induced
frequency shift (RIFS) grows along the fibre length linearly [29]. On the other side, the SC
spectrum is expected to display reduced intensity for longer fibre lengths, due to the

additional attenuation.

5.6 SMF and TW hybrid configuration

Highly efficient SC generation has already been demonstrated in ultralong hybrid cavities
comprised of TrueWave fibre and highly nonlinear fibre, achieving a flatness of <IdB over
180nm with an output power of 1.15W [20]. Now, in this section, we demonstrate that it is
possible to achieve excellent results without the need to resort to specialist highly nonlinear

fibre, by carefully combining conventional fibres of different dispersions. Here we generate
111



CW SC inside a TrueWave and SMF (Standard Single-mode) fibre based ultralong cavity.
Different cavity configurations were examined to investigate the effect of adding SMF in the

cavity on the efficiency and the flatness of the generated SC.

10.5km TW 6.6km SMF

FBG FBG

1366nm  1455nm 1455nm
Pump OSA

1%

Figure 5.6.1: Experimental set-up of the SC Raman fibre laser

The experimental setup of the SC source is shown in Figure 5.6.1. A Raman pump laser
operating at 1365nm was used to forward pump a cavity consisting of two highly reflective
(~98% reflectivity) fibre Bragg gratings (FBGs). These gratings have a 3dB bandwidth of
Inm, centred at 1455nm. By using high reflectivity FBGs a very high-Q cavity was formed
to efficiently trap the Stokes shifted wavelength and increase the power conversion
efficiency. Pumping above the cavity threshold, we observe lasing of a stable Stokes
component at 1455nm.

Our fibre cavity consisted of 10.5.km of TrueWave (TW) fibre with a zero-dispersion
wavelength of 1451nm, a dispersion slope of 0.046ps/nm2/km and a non-linear coefficient of
~1.84Wkm™ at 1550nm. The TW fibre was combined with 6.6km of SMF with a zero
dispersion wavelength of ~1311nm. A 99:1 coupler was placed at the output FBG to monitor
the generated SC power and spectrum. The optical spectrum of the generated SC was
monitored using an optical spectrum analyzer with a resolution of ~0.07nm.

The evolution of the generated radiation inside the cavity as the pump power increased
is shown in Figure 5.6.2. The zero-dispersion wavelength of the TW fibre is at 1451nm. At
low power, our primary 1365nm pump generates a 1st order Stokes component through the
process of SRS around the wavelength 1455nm, the broadening is significantly enhanced
inside the ultralong cavity due to the Stokes wave trapping and more efficient generation of
the 1455nm which enhance the generation of SC. By increasing the pump power, clear signs
of higher order soliton formation and the radiation of the dispersive waves towards the
normal dispersion regime are observed. The peak around 1435nm corresponds to the
dispersive wave spectral components. We also observe the generation of a 2nd order Stokes

at 1555nm. By increasing the injected pump radiation inside the cavity, we are able to
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generate a supercontinuum spectrum ranging from 1450nm up to >1625nm for input powers
up to 2W but for powers higher than this threshold the 1st Stokes wave is depleted and the
efficiency of the SC generated spectrum is degraded.
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Figure 5.6.2: SC spectrum versus pump power for the configuration shown in Figure 5.6.1.
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Figure 5.6.3 a) SC spectra for the TW+SMF cavity at different powers, b) SC spectra for the SMF + TW
cavity at different powers.

Figure 5.6.3 shows a comparison of SC spectra with the SMF included either before or
after the TW fibre. These results show that the efficiency of the SC generation is maximized
for a cavity with SMF preceding the TW; by pumping SMF first the strong MI at 1455nm is
avoided and the initially dominating effect is a quite efficient frequency conversion via a
Raman shift from the 1365nm to 1455nm and then to 1550nm. When the three components
are moved to propagate in the TW fibre, the 1455nm component generated in the SMF has

broadened, providing a range of spectrums which support a flatter SC with and extended
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spectrum (see Figure 5.6.3b). In this case the bandwidth of the SC output covered the S,C &
L telecommunication bands. When TW is the first fibre in the cavity the SC spectrum shifts
to longer wavelengths generating a flatter region in the L band (1560-1625nm), see Figure
5.6.3a.
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Figure 5.6.4: SC spectra for three different fibre configurations at the same launch power, 2.4W

Figure 5.6.4 shows the spectrum profile comparison for the three system configurations,
SMF+TW, TW only and TW+SM, at the same lunch power 2.4W. As it can be observed the
configuration with SMF preceding the TW maximize the spectrum flatness profile.

As result, ultralong Raman fibre laser cavity based on only conventional single mode
silica fibre (TrueWave and SMF fibres) can be used to generate a flat supercontinuum that
spans the S,C & L telecommunication bands. Our results show that for a pump power of
3.1W, the total generated SC had a ~10dB bandwidth of >160 nm. We have demonstrated
that including SMF fibre before TW in the ultralong Raman fibre laser cavity dramatically
improves the efficiency and the flatness of spectrum, whilst reversing the order of the fibres

enhances the L band region.

5.7 Conclusion

Our investigation was focused mainly on CW pumped SC generation using either single
fibres or a combination of conventional fibres, TrueWave and SMF, in the normal and
anomalous dispersion regime. Within this context, the SC generation process can be
explained as a combination of modulation instability (MI), self-phase modulation, soliton
fission, stimulated Raman scattering (SRS), four-wave mixing (FWM) and cross phase

modulation (XPM).
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In the case of pumping in the normal dispersion regime, the dominant effect is
stimulated Raman scattering shifting at longer wavelength the pump energy until reaching
the anomalous regime. For the special case of zero dispersion, the pump will be broadened
by four wave mixing and modulation instability sidebands around the pump. The high pump
power will break in high order solitons with the corresponding soliton fission at different
frequencies. Pumping in the anomalous regime will add the effect of stimulated Raman
scattering to the combination of four wave mixing, modulation instability sidebands and
soliton fission, giving the smoothest and best distributed SC optical spectra. Those are the
general dynamics formation of the SC generated for the cases presented in this chapter.

As part of using the URFL architecture in SC generation system, we have demonstrated
that broadening is significantly enhanced inside the ultralong cavity due to the Stokes wave
trapping, which translates also into more efficient SC generation and an increased SC output
power.

Through the different experiments pumping in normal and anomalous dispersion, we
have concluded that systems with anomalous and then normal dispersion fibre provide SC
spectra with smoother optical profile. Therefore dispersion management of the fibre is a key
element for supercontinuum generation. SC generation can be also provided in normal
regime under special circumstances, allowing a comparable bandwidth to the one provided
by anomalous dispersion regime. We have shown that with optimisation of the fibre
dispersion a high quality supercontinuum can be generated in the anomalous dispersion
regime with just a single pump wavelength whereas in the normal dispersion regime dual
wavelength pumping can be used to improve the SC spectral characteristics. The best SC
output spectral characteristics, broaden wavelength range and smoother spectra, are obtained
when using an anomalous dispersion fibre with slightly higher dispersion values.

Increasing cavity length increases the threshold power for the Raman-induced
generation of the 1455nm component, delaying its formation, but simultaneously translates
into a higher accumulation of nonlinear effects. Raman induced frequency shift grows along
the fibre length linearly. On the other side, the SC spectrum is expected to display reduced
intensity for longer fibre lengths, due to the additional attenuation.

An important result is that ultralong Raman fibre laser cavities based on only
conventional single mode silica fibre, TrueWave and SMF fibres, can be used to generate a
flat supercontinuum that spans the S, C & L telecommunication bands. The result is a SC
generated with over 160nm at ~10dB bandwidth [20]. Including SMF fibre before TW in the
ultralong Raman fibre laser cavity dramatically improves the efficiency and the flatness of

the spectrum, whilst reversing the order of the fibres enhances the L band region.
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In overall, we have demonstrated high quality SC generation based in conventional
optical fibres, without the need of photonic crystal fibres or special dedicated fibres, by using
URFL architecture. The relation between pump wavelength and fibre dispersion predispose a
range of nonlinear mechanism to generate the SC and the optical broadband spectra profile
expected. This SC broadband source could be optimised and improved by flattening filters if
required. SC application where spectral slicing is required and the spectral range can be
achieved by combination of single laser diode channels may not be appropriated as it can be
cost and power inefficient. The main advantage of URFL architecture is the enhancement of
SC generation with a greater output power at optical spectral ranges that may not be easily

accessible otherwise.

116



Chapter 6

Stability and dynamics of soliton
transmission

6.1 Introduction

Optical solitons in silica fibre are understood as optical pulses which propagate with constant
shape of the temporal intensity profile, maintaining the intensity and phase information, as
they travel along the fibre. It is well known that optical solitons exist as theoretical solutions
of the classic Nonlinear Schrodinger Equation (NLSE) [30] traditionally used to describe

propagation through an optical fibre waveguide and expressed as follows.

90_p70.

=2 e o1

where z is the length of the fibre, Q is the slowly varying envelope of the electric field, S,
is the group velocity dispersion (GVD) parameter and ¥ is responsible for self-phase
modulation (SPM). Distortion free soliton transmission can be achieved, in theory, based on
an exact balance between the anomalous chromatic dispersion of the transmission fibre and
the Kerr-induced self phase modulation. In practice, the intrinsic loss of the fibre, &, breaks
this balance by attenuating the optical signal intensity. Equation 6.1.1 is modified to

included the fibre loss as follows
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Therefore the nonlinearity decrease along the fibre preventing soliton pulses from being

used in practical optical transmission systems without some kind of arrangement for optical
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amplification to compensate for fibre attenuation during propagation. The resulting optical
pulse tends to show a reduced amplitude signal and broadened temporal profile due to
chromatic dispersion.

Since the original optical soliton proposition by Hasagawa in 1973 [62] and the
experimentally demonstration by Mollenauer in 1980 [104], the study of optical solitons has
broaden extensively, involving a wide range of research areas, including basic nonlinear
optics [116], laser sources [117], all-optical signal processing, signal regeneration [118] and
optical communications [119][120][121][122]. The emphasis of this chapter relates to the
capability of URFL cavity to provide distributed Raman gain for soliton pulse propagation
along the transmission span, enabling the practical application of Raman technologies in
future high-speed optical communication systems [13][53][123][124]. The actual
investigation of optical solitons in this thesis is limited to this chapter and with focus on their
transmission stability and some aspects of their dynamics as solitons evolve along the fibre
span.

Long-distance optical soliton transmission has already been studied in various contexts,
both numerically and experimentally [125][126][127][128][129][130]. Erbium-doped fibre
amplifiers (EDFAs) have been used as lumped amplifiers to periodically recover
transmission losses. The average-soliton solution is achieved when average dispersion
balances average nonlinear effects, however, the average soliton principle states that discrete
amplifiers must be placed at intervals shorter than the soliton period which is of order 1km
for picosecond input pulses [126], which limits transmission bit rate in practice. Dispersion-
managed solitons and loss-compensating dispersion solitons are also other approaches to
transmit optical solitons [127][129][131]. Utilizing such techniques the dispersion of the
special transmission fibre is either periodically changed to generate periodically stable pulses
with partial dispersion compensation [127] or changed point by point to follow the fibre loss
using loss-compensating dispersion decreasing fibres to match between nonlinearity and
dispersion at all points in the fibre [129]. However, exact or true (understood as not loss
managed) soliton transmission requires fibre loss to be compensated exactly along the fibre
span by some sort of distributed amplification technique. Ideal distributed amplification
would be equivalent to inducing artificial lossless transmission conditions in the allowing
very short soliton pulses to be transmitted at an ultrahigh bit rate. Distributed Erbium
amplification over the whole length of the system span is one possible method, and this
approach has been used to propagate femtosecond solitons over 18km in a dispersion-shifted
distributed EDFA, where the erbium doped fibre was pumped by a forward and backward

pumping configuration to generate uniform gain distribution [128].
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A more practical option, however, is the use of Raman amplification. The application of
URFL as virtually lossless link is a key element to prove experimentally true soliton
transmission. Furthermore URFL cavities can be used to investigate the evolution and
dynamics of solitons as they are travelling along the fibre span. The difference of this work
in respect to other approaches to soliton investigation is the provision by distributed Raman
amplification of a quasi lossless link where the fibre attenuation can be compensate along the
length of the fibre without the use of lumped amplification. This approach is the closest so
far to the ideal one described by equation 6.1.1, where the two main components are the

chromatic dispersion related to S, the group velocity dispersion (GVD) parameter and the
nonlinearity related to ¥, responsible for self-phase modulation (SPM).

This chapter is structured in three main sections. The first one corresponds to the
description of two measuring techniques used through this work. Although they are well
known techniques and widely published [132][133], it is worthy to include an explanation of
their functionality and application to our particular set-up as it will clarify the experimental
results. The second part of this chapter shows the experimental results that prove true soliton
transmission using conventional optical fibre [21]. Experimental FROG spectrograms for
first order and higher order solitons at several distance intervals are presented. Finally, the
soliton dynamics are investigated using URFL cavity as transmission media. Especial
emphasis is set in the following parameters: span length, pumping ratio, FBGs reflectivity

and input pulse.

6.2 Measurement techniques

Obtaining experimental results of soliton transmission required different experimental
techniques for fibre and optical pulses characterisation. Here we are explaining two of the
most frequent experimental techniques used through this work. Although they are well
known techniques [132][133] their application to our particular system may differ slightly

from standard measurements.

6.2.1 Optical time domain reflectometer

An optical time domain reflectometer (OTDR) is an optoelectronic instrument used for
optical fibre characterisation. The usual technique is to connect the OTDR equipment to the
fibre to be tested, send an optical pulse envelope and measure the returned signal from back

Rayleigh backscattering and other reflections due to refractive index changes. It can be used
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for estimating the fibre length and overall attenuation. The typical plot for a length of
standard fibre is a straight line with a decreasing gradient of approximately 0.2dB/km as
shown in Figure 6.2.1. The figure shows a typical experimental OTDR trace for 22km of
LEAF fibre, where the value of the fibre drops from 28.6dB at Okm down to 24.2dB at
22.4km. The important value is the variation between these two points, as the power level

may drop or increase depending on the amount of light scattered back to the OTDR system.
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Figure 6.2.1: Typical experimental OTDR trace for 22km span

Using the same principle to measure the power profile of an ultralong Raman fibre laser

(URFL) operating as a second order distributed Raman amplification system requires a

different set-up, shown in Figure 6.2.2, to the standard one. Also the following set-up gives

the flexibility of allowing measurement of the power profile characteristics, attenuation and

losses of the fibre at wavelengths other than 1550nm.

a0/10
WDM coupler
OTDR < " PD DDG
1550nm / /
1363 nm T Input signal:
isalator AOM — 2-4ps FWHM
I optical pulses
Filter set at| "~ at 1552nm.
1552nm |7
3
circulator L 1
PD photodetector
2 DDG digital delay generator
l AOM acoustic optic modulator
FUT WDM wavelength division multiplexing

FUT fibre under test
Figure 6.2.2: OTDR experimental set-up

The OTDR instrument is still used to send an optical pulse envelope ranging from 500ns

to 4us. The optical signal is detected by a photodiode that converts the signal from optical to
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electrical. The photodiode triggers a digital delay generator (DDG), so that the DDG is
triggered synchronously with the OTDR. This digital delay generator amplifies the electrical
signal and is connected to an acoustic optic modulator (AOM). The AOM opens and closes,
replicating the initial optical envelope signal from the OTDR. From another set-up, we have
an optical signal source around 1550nm that will be used as the transmission signal in our
URFL cavity system. The pulse width of the signal is approximately 2 to 4 picoseconds. The
AOM is used to modulate this optical signal around 1550nm with the same pulse envelope as
the OTDR. This signal around 1550nm is sent to our system under test using a circulator.
The signal we get back from our system is a combination from the Rayleigh backscattering
of 1550nm plus remaining from the 1365nm Raman pumps and the first Stokes at 1455nm.
A filter is set-up at the exactly same wavelength as the initial optical signal to reduce as
much as possible all the other wavelengths. After the isolator, a 90/10 coupler and a Raman
coupler the scattered signal reach the OTDR. The OTDR then records the back scattered

signal as normal and display the power profile along the fibre length.

6.2.2 Second harmonic generation frequency resolved optical gating

Second harmonic generation frequency resolved optical gating (SHG FROG) is a
characterisation technique for ultrashort optical pulses [133]. It involves splitting the pulse in
two different optical paths, ¢+ and ¢—7, changing the time delay of one of the optical paths
by moving one of the mirrors, and recombining them in a nonlinear crystal, that will creates

its second harmonic as shown in Figure 6.2.3.
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Figure 6.2.3: Schematics for SHG FROG set-up

The main difference with other conventional characterisation techniques is that with the

SHG-FROG is possible to recover from the measured spectrogram not only the associated
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time dependent intensity but also the phase information. An example of two dimensional
time-frequency spectrogram of the laser pulse, known as a FROG trace, is shown in Figure
6.2.4, where is represented simultaneously time (horizontal) and wavelength (vertical)

information.

Wavelength

n
>

Time
Figure 6.2.4: Experimental FROG spectrogram
Although the time direction is ambiguous with the SHG-FROG, its importance in these
measurements is not relevant as the expected spectrograms are symmetric respect the vertical

axis passing by the centre.

6.3 Experimental results for true soliton transmission

As previously mentioned, exact optical soliton solutions have many potential applications in
optical communications [120][134], laser sources [117] or all-optical signal processing and
signal regeneration [118], although they exist only under non-dissipative conditions.
Unfortunately, in practical optical transmission systems, the intrinsic fibre loss makes
unperturbed soliton transmission over long distances impossible even for low-loss media, as
the integrity of the soliton pulse relies on the balance between the power-dependent self
phase modulation in the transmission fibre and the constant anomalous chromatic dispersion
of the fibre.

To overcome this problem, a number of techniques have been used to obtain
approximations to the exact fundamental soliton solution. Average solitons find a balance
between nonlinearity and dispersion on average over fibre spans where the loss is
periodically compensated by lumped amplifiers [120][126]. Dispersion managed soliton
experiments use periodically alternating dispersion values within the transmissions path to
obtain periodically stable pulses [135]. Solitons can also be supported in decreasing
dispersion fibre engineered to match the decrease in nonlinearity due to loss [129]. These

approaches do produce soliton-like pulses with interesting properties and potential
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applications but rely on either custom fibre or exact replication of a loss cycle/dispersion unit
cell between amplification stages to be successful.

An alternative option is to reduce signal power excursion along the fibre by using
distributed Raman amplification. This has been shown to support soliton transmission over
long distances in recirculating loop experiments [136]. However to date such demonstrations
have been restricted to the case where the fibre spans are shorter than the soliton period due

to considerable power variation along the span length.

6.3.1 URFL set-up for soliton stability transmission

The experimental results presented here are the first demonstration of transmission of
fundamental solitons over multiple soliton periods in conventional optical fibre with
negligible amplitude or phase distortion. To achieve this we use an ultralong Raman fibre
laser (URFL) transmission scheme, as shown in Figure 6.3.1, which allows signal
propagation over long distances in optical fibre with extremely low power level excursions

[15][78].
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Figure 6.3.1: Experimental set-up for soliton transmission.

When measuring power profiles along the span the OTDR set-up was positioned at
either the input or output of the sytem under test. In Figure 6.3.1 this is equivalent to the
OTDR set-up replacing either the SHG FROG or the transmitter. The OTDR set-up was as
shown in Figure 6.2.2. The optical output pulse from the OTDR is used to generate an
electrical trigger pulse used to gate the output of the source laser. The source laser output is

then used as the probe input to the system under test, which in this case comprised the fibre
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span, FBGs and WDMs. As described in Section 6.2.1 the light scattered backwards through
the system was returned to the OTDR for measurement.

Our initial transmission span consisted of 22km of conventional single-mode large
effective area Silica fibre with a second-order dispersion parameter, B,, of -5.8ps*/km and a
nonlinear coefficient, y, of 1.2W™'km™ at the 1552nm operating wavelength. LEAF fibre is a
conventional optical communications fibre with a dispersion coefficient approximately four
times lower than single mode fibre (SMF). Therefore the launch power required for soliton
transmission is lower than the power required if SMF were used in this experiment.
Otherwise LEAF fibre has similar characteristics to SMF. High-reflectivity (99%) fibre
Bragg gratings (FBGs) with a full width at half maximum bandwidth of 0.6nm were used to
form the cavity. The system was bi-directionally pumped using two 1365nm Raman laser
sources. The gratings were designed to give maximum reflectivity at 1455nm (the
wavelength of the first Raman Stokes shift of our pumps), hence creating a cavity for
radiation at that wavelength. The pump and the pulsed signal at 1552nm were coupled into
the transmission system through 1365/1550nm wavelength division multiplexers (WDMs).
Using optical time-domain reflectometry (OTDR) it is possible to monitor power excursion
at 1550nm, and manually adjust pump power to fully compensate for fibre attenuation [78].

The sech profile signal pulses, with FWHM of approximately 4ps and a soliton period of
~1.4km, were generated by a mode locked fibre laser (MLFL) operating at 1552nm. The
10GHz output pulse train of the fibre laser was modulated down to a repetition rate of
1.25GHz, so that relatively high peak power could be achieved at low average power levels
without introducing nonlinear distortion effects from the Erbium doped fibre amplifier
(EDFA). The modulation at 1.25GHz was achieved by synchronising the pulse pattern
generator (PPG) and the MLFL with some time delay in between. The PPG had a pattern of
10000000 bits and was connected to a lithium niobate Mach-Zehnder amplitude modulator.
The modulator (MOD) was set allowing only one every 8 bits to go through by applying a
voltage to one of the arms of the modulator. Therefore the operating rate was reduced from
10GHz to 1.25GHz

Note that the focus of this experiment was to prove the transmission of individual
fundamental soliton pulses and no form of data encoding was applied. The output signal
pulses were characterised using second harmonic generation frequency-resolved optical
gating (SHG-FROG) [133], which generate complete spectrograms with simultaneous time
(horizontal) and wavelength (vertical) information. The average launch power required for
fundamental solitons in the ideal case was calculated to be 6.8dBm. However, in practice the

required power was slightly higher, 7.8dBm (pulse energy 4.6pJ and 1120mW peak power),
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due to the additional losses within the experimental system (mainly fibre connections). The
output of the MLFL was carefully adjusted to obtain a launched pulse intensity profile as
close as possible to the typical sech” of the fundamental soliton.

Similarly, the URFL span was pumped to provide distributed gain as close as possible to
ideal transparency. By under pumping or over pumping with respect to this optimal value, it
is possible to move from a dispersion-dominated regime to a nonlinearity dominated regime.
In the case of under pumping Figure 6.3.2 (iii), the pulse displays temporal broadening due
to chromatic dispersion. The resulting output pulse, Figure 6.3.4 (iii) will be temporally
broadened with respect to the input pulse. Figure 6.3.3. On the other hand, if the Raman
pump power is higher than optimal Figure 6.3.2 (i), the pulse experiences a net gain across
the span, and self phase modulation (SPM) dominates, leading to temporal compression. The
resulting output pulse, Figure 6.3.4 (i) is clearly temporally shorter than the launch pulse
Figure 6.3.3. Optimal pumping, Figure 6.3.2 (ii), turns the cavity into a virtually non
dissipative link with minimum power excursion, in which the balance between the dispersion
and nonlinearity can be maintained. The output, Figure 6.3.4 (ii), and launched, Figure 6.3.3,

pulse spectrograms are similar, therefore its spectral and temporal characteristics are also the

same.
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Figure 6.3.2: Power variation profile along a 22km fibre span for the (i) nonlinear regime (SPM
dominates), 0.83W Raman power; (ii) soliton regime (virtually non dissipative), 0.56W Raman power;
and (iii) dispersive regime (dispersion dominates), 0.29W Raman power.
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Figure 6.3.4: Spectrogram and temporal
intensity profile of the output pulse (i) when
SPM dominates, (ii) for the soliton regime, and
(iii) when dispersion dominates.

The spectrograms, which display the characteristic sech® shape of a soliton, together
with the effectively null intensity variation across the fibre length observed via OTDR, give
a good indication of the dynamics of the fundamental optical soliton, but are not full proof of

unperturbed evolution within the fibre span.

6.3.2 First order soliton

In order to experimentally demonstrate that the soliton remains undistorted across the whole
length of the fibre, the initial fibre span of 22km (~16 soliton periods) was divided into four
different lengths (3km, 2km, 5km and 12km) as schematically depicted in Figure 6.3.5, and
spectrograms were taken after each interval and combination order of the different lengths.
The four fibre lengths were chosen in such way that was possible to take a measurement
every couple of kilometres by setting the span length order in different combinations. A
single 1% monitoring coupler, with an insertion loss of 0.4dBm, was moved across the range

of available positions in the span to measure at different points in the fibre.
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Figure 6.3.5: Experimental set-up for observing the soliton transmission at different positions along the
fibre.

Once the FROG spectrogram was taken at one point, the single 1% monitoring coupler
was moved to another interval and the rest of the fibre spans spliced to minimised fibre
losses. The optical power profile along the fibre span was verified to be as similar as
possible with the same value of power excursion for each interval measurement.

The set of spectrograms for first order soliton at a launch power of 7.8dBm is shown in
Figure 6.3.6 (top row). SHG-FROG spectrograms were measured on a 33.8ps x 2nm grid
with 128 x 128 points (264fs x 0.016nm resolution). As expected, the experimental traces
closely resemble each other regardless of their position along the fibre. Therefore it can be
said that pulse characteristics remain the same for the whole transmission span. Note that the
small variations in pulse duration on the experimental trace are caused by the equally small

loss variations due to the repositioning of the output coupler.

0 km 3 km 5 km 7Tkm 10km 12 km 1dkm 17 km  22km

SO OOOO
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Figure 6.3.6: Set of experimental (top row) and numerical simulation (bottom row) FROG spectrograms
at different locations along the fibre span [21].
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Otherwise the experimental results are consistent for the whole span, achieving
excellent agreement with the numerical simulation results for a fundamental soliton
evolution shown on the bottom row of Figure 6.3.6. The pulse duration, recovered from the
spectrograms, is represented versus distance in Figure 6.3.7. This is represented as the ratio

of the pulse duration period versus the number of soliton periods.
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Figure 6.3.7: Experimental results for pulse width versus propagation distance.
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Figure 6.3.8: Amplitude recovery from the experimental FROG spectrograms for the positions 0, 5, 14
and 22km and the theoretical 4ps sech” pulse shape.
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Figure 6.3.8 show the recovered time from the FROG spectrograms for a few of the
previous cases, 0, 5, 14 and 22km. The intensity profiles match among each other and also
with the expected sech” pulse profile for a 4ps FWHM soliton pulse.

Further experimental work was carried out with span lengths of 50 and 72km. The
experimental spectrograms for the launch and output pulses are represented in Figure 6.3.9.
Given that a pulse with adequate energy and duration can be expected to evolve naturally
into a fundamental soliton while propagating through our virtually non-dissipative fibre link,
we did not perform an initial optimization of the pulse shape in this case, using instead a 4ps
pseudo-Gaussian pulse. As expected, the optical pulse evolved towards the typical soliton

shape after some initial stabilisation.

Input Output Input Output

| r50 km span For 72 I< spn

Figure 6.3.9: Measured spectrograms from launch and output pulses at S0km (left) and 72km (right).

Note that the increasing power excursion of longer fibre spans [78] makes pulse
measurements more difficult within the fibre span due to the introduction of losses.
Therefore, pumping optimization in the transmission span becomes particularly important. In
spite of the added difficulties, the spectrograms for the output pulses for the case of 72km
are still consistent with a soliton profile, indicating that intensity variations within the span,
approximately 1dB, are still small enough not to have introduced a significant perturbation to
the pulse dynamics.

In conclusion, long distance transmission of fundamental optical solitons over multiple
soliton period without amplitude, temporal or phase variation has been demonstrated. An
ultralong Raman fibre laser amplification scheme was used to provide a virtually non
dissipative medium that allowed the signal to propagate at a constant power level as required
for soliton stability. Pulse dynamics were monitored and verified using SHG-FROG
measurements which produce spectrograms which are entirely consistent with those
predicted through numerical simulations of fundamental soliton transmission. Our initial
experiment shows stability of a 4ps soliton over a 22km span of LEAF fibre a distance
equivalent to over 15 soliton periods. This distance was then extended to over 50 soliton

periods for a 72km span. These results, obtained using conventional fibre, represent an
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important step towards the possible implementation of practical soliton transmission and

optical processing systems.

6.3.3 Second order soliton

Once fundamental soliton transmission in conventional optical fibre was experimentally
achieved, the following logical step was to investigate higher order soliton and their
dynamics within a soliton period. Higher order soliton required peak power energy, Py,
higher than the fundamental soliton, by a factor square to N, with N being the soliton order

as shown by the following relation:

B =N|B,|/ ;. 6.3.1
N=1 is for fundamental soliton. N=2 is for the second order soliton. With 5, and ¥ as

the group velocity dispersion and the self-phase modulation parameters. T° is the soliton
pulse width. The temporal shape of a higher order soliton is not constant, but rather evolves
periodically during propagation, returning to the initial optical pulse after the so called
soliton period, Zy. The relation between the soliton period and Lp, the dispersion length is

given by Equation 6.3.2, with Lp defined by Equation 6.3.3.

Z,=7x/2.L,. 6.3.2

L,=7,/|8,|. 6.3.3

Second order solitons require four times the power for the fundamental soliton given the
same soliton pulse width, as given by Equation 6.3.1. We could increase the pulse width of
the optical pulses to reduce the power required but this has the effect of increasing the
soliton period, reducing in practice the capacity of optical transmission at higher repetition
rates.

Whereas fundamental solitons have a constant shape through propagation, higher order
solitons evolve periodically, breathing in and out, as shown in Figure 6.3.10 for the case of a
second order soliton. They can break up into fundamental solitons under the influence of
various nonlinear effects, such as self-phase modulation, higher order dispersion and Raman
scattering. Such solitons break-up or so-called soliton fission are essential in the process of

supercontinuum generation in optical fibres as discussed in the previous chapter.
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Figure 6.3.10: Simulation for second order soliton evolution within one soliton period by J.D. Ania-
Castaiion [137].

The objective of our work in this section was to provide distributed Raman gain in the
transmission media to make possible practical higher order soliton transmission. Any further
investigation on higher order solitons performance was outside of our scope in this work.

The experimental set-up for higher order soliton transmission is depicted Figure 6.3.11.
In this case, the optical pulse width was increased to 9ps, so the required launch power for
the ideal case of second order soliton transmission was 10dBm instead of 13.4dBm as it
would be for 4ps pulse width. This meant that the soliton period was ~7km in this case.
Therefore the total length of the conventional LEAF fibre, with second-order dispersion
parameter, f,, of -5.4ps*/km, was increased to 48km. The fibre was divided in several reels
and we were using a four port 1%-99% coupler at different optical fibre positions so we

could obtain FROG spectrograms within the soliton period at regular intervals.
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Figure 6.3.11: Experimental set-up for second order soliton transmission.

As in the previous experiment, the power required in practice was expected to be
approximately 1dBm higher, to account for fibre losses and dispersive radiation energy as
the pulse evolve from the launch pseudo-Gaussian pulse to the soliton sech type. This level
of power was in the upper range limit available from our source after optical amplification.
Figure 6.3.12 shows experimental spectrograms taken between Okm and 37.6km at several
intervals, with some of them less than 1km apart. SHG-FROG spectrograms were measured

on a 129.5ps x 2nm grid with 128 x 128 points (1012fs x 0.016nm resolution).
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Figure 6.3.12: Set of experimental FROG spectrograms at different location along the fibre for second

order soliton transmission.
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The top spectrogram from Figure 6.3.12 at Okm corresponds to the launch input pulse of
9ps pulse width. The middle and bottom row trace the output FROG spectrograms obtained
for two intervals sets, just over 7km, one from 10km to 17.3km and another from 30.3km to
37.6km. Although the experimental results from Figure 6.3.12 are not all exactly at the same
interval difference, it can be observed that there is a sort of breathing of the optical pulse in a
periodic way, especially in the interval ranging from 10km to 17.3km. Unfortunately the
behaviour is not quite the same in the interval 30.3km to 37.6km. Although there is some
periodic pulse evolution, the optical pulse has broadened and the initial shape characteristic
cannot be fully recovered. The experimental results were not adequate to demonstrate in a
irrefutable manner second order soliton transmission. The equivalent simulation for a second

order soliton within the soliton period is shown in Figure 6.3.13.

Aston University

Nlustration removed for copyright restrictions

Figure 6.3.13: Set of simulated FROG spectrograms for second order soliton transmission within one
soliton period by J.D. Ania-Castafion [137].

The spectrogram from Figure 6.3.12 at 14.1km could be identified as the one expected
at half soliton period. The one at 12.3km could be the equivalent to one quarter or three
quarter soliton period, and the one at 11.3km or 15.5km could be identified with the
beginning or end of the period. Unfortunately and despite all the experimental effort, the
results are not conclusive enough to identify without any doubt each spectrogram with a
particular stage of the soliton period, showing the expected soliton dynamics over several
soliton periods. The two major drawbacks were the power limit available for the launch
input signal and the losses involved delivering the signal and within the transmission system.
Although the system involved an EDFA amplifier, delivering the signal at the entrance of the
transmission span could involve a drop in power of approximately 7-8dB in the best of the
cases. Therefore, we could not be sure of delivering in all the cases enough input signal for

second order soliton transmission.
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6.4 Effect of URFL cavity design on soliton dynamics

It the previous section ultralong Raman fibre laser (URFL) cavities were shown to be
virtually lossless transmission links using second order distributed Raman amplification to
provide near ideal distributed gain to a soliton signal. The first experimental demonstration
of long-distance exact soliton propagation through conventional optical fibre was presented
using such a virtually non-dissipative link, paving the way for multiple applications in
communications and signal processing. Although both the total signal power excursion and
the maximum effective local attenuation in ultralong cavities are extremely low compared
with those of conventional transmission schemes, they still show an exponential growth with
span length. Furthermore, the effective attenuation profile itself can be affected by high
power transmitted signals due to pump depletion. Hence, it is of particular importance to
determine the operational limits of these virtually lossless links in terms of both cavity
length and nonlinear tolerance to signal characteristics.

To that end, the dynamics and stability of soliton pulses across URFL transmission links
is investigated, as well as the dependence of these dynamics on cavity design (length, pump
symmetry, FBGs reflectivity) and input pulse characteristics [25]. In this chapter we present
a combination of simulation and experimental results regarding the performance of soliton
transmission in URFL links for a range of input pulse powers and variation of the following
cavity parameters; length, pump symmetry and FBG reflectivity.

The experimental set-up for our soliton transmission link is depicted in Figure 6.4.1. It
involves a URFL cavity operating as a second order pumping Raman distributed
amplification scheme. The URFL cavity acts as both amplifier and transmission link. Two
equal power depolarized primary pumps centred at 1365nm are launched from both extremes
of the transmission span and FBG reflectors are positioned at each end of the fibre span,
each of them with a full width at half maximum bandwidth of 0.6nm centered at 1455nm,
given the characteristic 13.2THz Raman shift of silica fibre of the primary pumps, to form a
cavity for the generated laser radiation. Above threshold, when the stimulated Raman
scattering (SRS) overcomes the fibre attenuation suffered by the first Stokes, a secondary bi-
directional pump at 1455nm is generated that can be used to provide a nearly constant
Raman gain around the signal wavelength of 1550nm. Before each FBG a 1365/1550nm
wavelength division multiplexer (WDM) was placed at each side to couple the pump and the

signal into the transmission span.
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Figure 6.4.1: Experimental set-up for soliton transmission link.

In our experiment the transmission span consisted of conventional single-mode large
effective area (LEAF) Silica fibre with a second-order dispersion parameter, B, of -
5.8psz/km and a nonlinear coefficient, y, of 1.2W'km™ at 1552nm. The transmitted sech
profile optical signal pulses were generated by a mode locked fibre laser (MLFL) operating
at 1552nm, with FWHM pulses of approximately 2.8ps. The 10GHz output pulse train of the
fibre laser was modulated down to a repetition rate of 1.25GHz, so that relatively high peak
power could be achieved at low average power levels without introducing nonlinear
distortion effects from the Erbium doped fibre amplifier (EDFA). The output of the MLFL
was adjusted practically as much as possible to obtain a launched pulse intensity profile
closed to the typical sech® of the fundamental soliton.

Power variation profiles along the fibre length were monitored via optical time domain
reflectometry OTDR and the launched and output signal pulses were characterised using
second harmonic generation frequency-resolved optical gating (SHG-FROG). Both pulse
intensity and phase profiles can be recovered from these SHG-FROG traces. The output
pulse spectrograms, together with the intensity variation profile observed across the fibre

length via OTDR, give a good indication of the dynamics of the fundamental optical soliton.

6.4.1 Input pulse

Higher power signals affect the transmission link performance due to pump depletion, as
confirmed by the experimental results from Chapter 4 (experimental investigation of URFL).
Our objective in this section is to investigate and quantify the effect of increasing input pulse
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powers in the transmission link performance. The results of this investigation will provide us
with some operational limits and indicate in the worst case scenario how to improve the
nonlinear transmission tolerance.

The average input signal power in most of our experimental work was 10dBm or lower,
with input pulses of approximately 2.8ps operating at 1.25GHz. This range of powers were
limited by practical reasons, the maximum amplified signal power without inducing
nonlinear effects by the EDFA saturation level, and the intrinsic attenuation produced by
connectors, splices and fibre when delivering the input signal. As we try to extend soliton
transmission to higher rates for high speed transmission, a wider range of input signal
powers will be considered when investigating input signal power effect in transmission. The
results provided in this section cover a range of input signal powers between ImW to

100mW (0dBm to 20dBm).
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Figure 6.4.2: Numerical results of the power excursion for a range of input powers 1 to 100mW and a
range of span lengths, 1 to 100km. The FBGs are 90% reflectivity and the pump ratio is symmetric.
Figure 6.4.2 shows the numerical results of the power variation along the length of the
transmission span for a range of span lengths, 1 to 100km, and a range of average input
signal powers, 1 to 100mW. The increase of average input signal relates to a higher
repetition rate and not an increase of peak powers, as we use similar pulse duration,
approximately 2.8ps, through all this work unless otherwise mentioned.
The results were obtained assuming symmetric bi-directional pumping and FBGs with
90% reflectivity. The increase of input signal powers has especially a greater effect in the

higher span length region; 75km to 100km. The power excursion along the transmission
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span is greater at longer span lengths. As example, Figure 6.4.3 shows the power excursion
versus the input signal power for three particular span lengths, 50, 90 and 100km. The power
excursion is linearly dependent on the input signal with a greater gradient for longer span
lengths. As we can observe from Figure 6.4.2 and 6.4.3, the impact of the increasing input
signal seems only significant for longer span lengths, well above 50km. The power
excursion for 50km and lower span lengths are below 0.5dB regardless of the input signal

level.
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Figure 6.4.3: Numerical results of the power excursion versus input signal power for 50km, 90km and

100km.

From the previous results we can deduce that the greater variation of power excursion
between the ImW to 100mW range of signal investigated is given for the longest span
length, 100km. The transmission link performance could be modified by changing the FBGs

reflectivity.
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Figure 6.4.4: Maximum power excursion vs. grating reflectivity in a 100km standard fibre URFL for
left) 10mW transmitted average power, right) 100mW transmitted average power [137].
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For the case of 10mW input signal, Figure 6.4.4 left, the optimum link performance
correspond to symmetric FBGs reflectivity with a lower power excursion at lower FBGs
reflectivity. The power excursion value drops from over 3dB at 90% reflectivity to less than
2.5dB with FBGs set at 20% reflectivity. For the case of 100mW, Figure 6.4.4 right, the
transmission link performance improves its power excursion value by using asymmetric
FBGs reflectivity, one FBGs reflectivity (R2) greater than the other (R1). As example, the
expected drop in power excursion for both FBGs at 90% corresponds to 5.7dB and it will
down to 4.5dB for R2 equal to 90% reflectivity and R1 equal to 15% reflectivity. The
previous results confirm the asymmetric behaviour of higher input signal powers as result of
pump depletion.
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Figure 6.4.5: Numerical simulation of power excursion versus pump ratio for SOkm span length at two
input signal powers, 10 and 20dBm (10 and 100mW) [137].

Figure 6.4.5 shows how the behaviour of power excursion versus pump ratio may differ
for different input signals. The case shown in Figure 6.4.5 corresponds to 50km span length.
The pump ratio is defined as the forward pump power divided by the total pump power. The
two input signal compared are 10dB and 20dB. Similarly as shown in the Figure 6.4.4, the
behaviour when varying a cavity parameter for different input signals is not the same. A
greater symmetric behaviour can be observed at low input signals. At higher input signal
power, the symmetric relation between the power excursion and the cavity parameters such
as FBGs reflectivity and pump ratio is broken. In the particular case of 50km span, the
optimum pump ratio for the lowest power excursion is still closed to 50% forward pump and
50% backward pump regardless the input signal. We could say that the impact of pump
depletion becomes more obvious, both in the increasing value of power excursion and the
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asymmetric behaviour of the system response at higher repetition rates. Still, for all cases
considered here, symmetrical pumping offers power excursions below 0.8dB, supporting

robust soliton transmission.

6.4.2 Cavity length

One of the key parameters of the URFL cavity as soliton transmission link is the cavity
length. As shown by Figure 6.4.2, the cavity length has a major influence in the power
excursion performance of the transmission link, drawing the operating limits of URFL as a
soliton transmission link. Figure 6.4.6 shows a set of those results. It displays the power
excursion versus distance for three input signal values, 0dBm, 10dBm and 20dBm. As we
can observe, the power excursion is negligible at lower span lengths, with a maximum value
below 0.5dB for a length of 50km span regardless the input signal value. Then the power
excursion increase exponentially with a maximum value below 3dB for 80km at 20dBm and

increasing to 5.7dB for the case of 100km and 20dBm.
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Figure 6.4.6: Numerical simulation of power excursion versus distance for three values of input signal;
0dBm, 10dBm and 20dBm.

From the previous graph we can say that depending on the power excursion tolerances
and the value of the input signal required to transmit, we could use longer or shorter span
lengths. Most of the experimental work carried out in this thesis was with input pulses in the
range of 2ps to 9ps and at repletion rates of 1.25GHz, the input signal power was around 10
dBm or lower. Figure 6.4.7 shows a set of experimental FROG spectrograms at 90km and
100km. Both rows of FROG spectrograms were measured using an URFL cavity with FBGs
set at 96% reflectivity and a launch power of approximately 7.3dBm. The pump distribution

was symmetric and the losses within the system where minimised by splicing the optical
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fibre. The total Raman power required for the case of 90km was 1.2W and the measured

power excursion along the fibre span was 2.1dB. The Raman power required for the 100km

span was 1.4W and the measured power excursion 3dB.
Input
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For 90 km span

Input 45km 70km

For 100 km span
Figure 6.4.7: Experimental FROG spectrograms for 90km span (top row) and 100km span (bottom row)
at several distance intervals. FBGs set at 96% reflectivity.

From the previous FROG spectrograms, Figure 6.4.7, we can observe that soliton
transmission within the range of input powers and experimental conditions seems within the
limits but still feasible for transmission lengths up to 90km. Longer span length with greater
power excursion value, degrade the optical pulse, broadening the optical spectrum without
being able to recover the initial characteristics of the pulse as shown for the case of 100km
span. A way to reduce the power excursion at longer span length is to optimise the system
using different FBGs reflectivity. As we saw previously, in Figure 6.4.4 left, for the case of
10mW, the power excursion value can be reduced by using FBGs with lower reflectivity
instead of high reflectivities. The power excursion could drop for that particular case by at
least 0.5dB. Figure 6.4.8 shows the experimental FROG spectrogram results of the same
100km span system with the main difference that both FBGs are set at 70% reflectivity
instead of 96%. The result is an improvement of the output pulse, keeping the same soliton

shape and maintaining all the initial characteristics.

Okm &5Kkm 100km

For 100 km span
Figure 6.4.8: Experimental FROG spectrograms for 100km span at several distance intervals. FBGs are

set at 70%.
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The following pair of graphs, Figure 6.4.9, shows how power excursion changes with
grating reflectivity and span length. Figure 6.4.9 left side is the case for 50km, and on the
right side is the case for 100km. The input signal in both cases is 20dBm. We can observe
that for this particular high input average signal, the symmetric behaviour for both FBGs is
not accomplished and the optimum value, lower power excursion, tends to be with the FBG
2 at higher value than the reflectivity of FBG 1, with FBG 1 and FBG 2 defined as described
in Figure 6.4.1. This can be explained as the higher input signal is transmitted from FBG 1 to
FBG 2, therefore higher pump depletion is expected on the side of FBG 1. The main
difference between both graphs, left one at S0km and right one at 100km, is the variation in
power excursion and how this asymmetric behaviour becomes more obvious not only with

increasing average input signal but also with higher span lengths.
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Figure 6.4.9: Maximum power excursion versus grating reflectivity in a left) 50km and right) 100km
standard URFL cavity for 20dBm average signal powers [137].

As part of the cavity length investigation, the results on Figure 6.4.10 show the signal
power excursion behaviour with pump ratio distribution at several cavity lengths for 10dBm
input signal power and FBGs set at 90% reflectivity. As we saw earlier in Figure 6.4.5 the
optimum value, lower power excursion, tends to be for symmetric pumping, 50% forward
pump power and 50% backward pump power. As the span length increase, the minimum
power excursion increases too as shown in Figure 6.4.6. The major effect of increasing the
span length relates to an increase of the power excursion. A minor effect of increasing the
span length is the non symmetric behaviour of the power excursion with respect to equally
bi-directional pumping. This non symmetric behaviour is slightly more obvious at longer
lengths, although the non symmetric effect is not that strong as the effect of increasing the

input signal as shown by Figure 6.4.5. Also, we can observe a slightly displacement of the
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minimum value of power excursion from 50% forward pumping to a slightly lower value
with the rest of the power being backward pumped. As already mention, those effects are

minimum compared with the effect of increasing the input signal or the cavity length.

6 —— 100 km
90 km
5 — 75 km
=50 km

Signal Power Excursion (dB)

0 L L L L L

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Forward pump power/ Total pump power

Figure 6.4.10: Numerical simulation of signal power excursion versus pump ratio for 10dBm input signal
and 50, 75, 90 and 100km span length.

From the above results we can conclude that cavity length has a major impact on the
transmission link performance, drawing operating limits depending on the power excursion
tolerances of the transmitted signal. The increase of power excursion given by longer cavity
lengths could be offset by changing the FBGs reflectivity, as demonstrated by the results

from Figure 6.4.8 at 100km, or using input signals at lower range of values.

6.4.3 Asymmetric pumping

All the work presented in this chapter, including the experimental transmission results, is
conditioned to generate an output signal with the same initial input power level unless
otherwise stated. This means that the net gain of the system is 0, although it could have local
areas of gain and areas of loss, depending on the power distribution along the length of the
fibre. Asymmetric pumping relates to the way the distributed Raman gain is generated.
Depending on the span length of the system, we could use a mix for forward and backward
pumping in different ratios or even use only one pump in the forward or backward direction.

The objective of this work is to confirm experimentally the numerical simulation results
and to investigate the effect that asymmetric pumping may have in the transmitted signal,
measured by the output signal FROG spectrograms.

The following graph, Figure 6.4.11, shows the numerical simulation (solid line) and

experimental results (single points) of the power excursion versus pump ratio for 50km,

142



75km and 100km. The FBGs reflectivity for the numerical results is 90%. The experimental
FBGs are 96% reflectivity. Given the difference of reflectivity and within the experimental
conditions, we could say that the experimental results are in good agreement with the
numerical results. As expected the power excursion increase with cavity length and for

values of pump distribution away from symmetric pumping.
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Figure 6.4.11: Experimental (points) and numerical results (line) of the power excursion versus pump

ratio for 10dBm input signal and 50km, 75km and 100km span length.
As an example of the experimental power profile distribution along the length of the
fibre, we are presenting in Figure 6.4.12, the power profile for the case of 75km and three
different pump power ratio, 0.62, 0.49 and 0.32 with a corresponding power excursion of

2.4dB, 1.35dB and 2.75dB respectively.
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Figure 6.4.12: Experimental power profile for a 7Skm span length at three different cases of forward

pump power/ Total pump power, 0.62, 0.49 and 0.32.
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The case of forward pump power/total pump ratio equal to 0.49 represents the
symmetric pumping case with a minimum power excursion along the fibre span, in this case
1.35dB. The upper solid line from Figure 6.4.12 shows the case where the forward pump is
greater than the backward pump (ratio: 0.62). The power profile along the fibre shows an
initial gain profile in the forward direction (from left to right) and then a drop in power
reaching the same power value as the initial one. The power excursion is 2.4dB. The lower
solid line represents the opposite case. The power profile drops below the initial power level
and then increases reaching at the fibre end with the same power value as the initial one.
Although the power level at the beginning and the end of the fibre span has the same value in
all the cases, the power profile of the fibre along the span is quite different, with most of the
fibre span power greater, similar or below the initial soliton power level, depending on the
pump ratio. The interesting result is to confirm if the power profile of the transmission span
has any effect on the resulting optical spectra of the pulse, even if it reachs the same soliton
power, after its propagation through the fibre.

Figure 6.4.13, top row, shows three output FROG spectrograms for 50km span for an
average launch power of 9.23dBm and 2.8ps FWHM. The power excursion for the pump
ratios of 0, 0.49 and 1 correspond to 1dB, 0.3dB and 1.5dB respectively. The power profile
distribution for these three cases will follow similar profile as those shown in Figure 6.4.12
but with lower power excursion. There is not obvious difference between the FROG
spectrograms regardless the pump distribution or the power profile along the fibre span in
the case of 50km. As we move to 75km span, Figure 6.4.13 middle row, the output FROG
spectrograms vary slightly one from each other. The power excursion for the pump ratios of
0.32, 0.49 and 0.62 correspond to 2.75dB, 1.35dB and 2.40dB. Although the power
excursion is greater, up to 2.75dB, than in the previous case for 50km, still the difference
between the FROG spectrograms are minimum and the typical sech® of the fundamental
soliton shape is recognizable. In these particular experimental results, the output FROG
spectrograms for 75km it can be observed a slight energy radiation on the horizontal axes
towards the middle of the spectrograms. This energy radiation is generally an indication of
the output pulse instability or degradation, shredding energy away as it travels along the
fibre. In this particular case, 75km, the optical pulse may be closed to the limits to the typical
sech” soliton shape. This comment is based on the recovery amplitude profiles and other
experimental results, where clear soliton pulse shapes were obtained using longer

transmission links, i.e 90Km, and similar power excursion values.
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Output pulses for 50km span

Pr/Pt:0 Pr/Pt : 0.49 Pr/Pt : 1
Output pulses for 75km span

T Pe/Pt:0.32  Pr/Pt:0.49  Pr/Pt: 0.62

Output pulses for 100km span

Pr/Pt:0.38  Pe/Pi:046  Pr/Pt:0.59
Figure 6.4.13: Experimental output FROG spectrograms for three span lengths: 50km, 75km and 100km
at three different pump ratios.

The last set of experimental FROG spectrograms is for the case of 100km. Figure 6.4.13
bottom row shows the FROG spectrograms for three output pulse from an average input
pulse at 9.23dBm and 2.75ps FWHM. The power excursion for the pump ratios of 0.38, 0.46
and 0.59 correspond to 4.5dB, 3.3dB and 4.5dB respectively. The experimental FROG
spectrograms show a heavy degradation of the output pulse, by temporal broadening the
pulse and shredding energy, without completely recovering the soliton shape. As the power
excursion on these cases is greater than the two previous one, it seems reasonable to link the
degradation effect of transmitted signal to the net amount of power excursion along the span

respect the initial values.

6.4.4 FBG reflectivity

The last cavity design parameter investigated in this chapter is the FBGs reflectivity. As
previously observed experimentally, by the case of 100km and both FBGs set at 70%, FBGs

could redefine the operational limits of soliton transmission links, making feasible the
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soliton transmission a longer length at the cost of optimising the FBGs reflectivity. In this
section, the transmission link performance is investigated for different FBGs reflectivity.

The two cavity lengths proposed for this research are 50km and 100km.
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Figure 6.4.14: Maximum power excursion vs. grating reflectivity in a SOkm standard fibre URFL for
10dBm transmitted average power [137]

Figure 6.4.14 depicts the power excursion for a 50km URFL cavity, 10dBm input power
and a range of FBGs reflectivity, with R1 in the vertical axis and R2 in the horizontal axis.
The minimum power excursion, ranging from 0.1 to 0.2dB is achieved for FBGs, R1 and R2,
with the same reflectivity value. The maximum power excursion with a value of 0.9dB is
obtained when using a single high reflective FBG on one extreme of the cavity and no
reflection on the other end. The above results indicates that regardless the reflectivity of the
FBGs, the total power excursion along the fibre is below 0.9dB, therefore the soliton
transmission is expected to be achieved regardless the conditions.

The experimental FROG spectrograms for 50km are shown in Figure 6.4.15 top row.
The average power of the launch input pulse is 9.23dBm with 2.8ps FWHM. The output
FROG spectrograms are for the cases with the FBGs, R1 and R2, set at 0%-96%, 96%-96%
and 96%-0%. The measured power excursions for these three cases are 0.65dB, 0.3dB and
0.8dB. The output FROG spectrograms are very similar to each other, despite moving
drastically away from a symmetric reflectors configuration. The system continues supporting
soliton transmission. The increase of power excursion for the cases of single FBG is in

agreement with the numerical simulation and below the 0.9dB expected.
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R1-R2: 0%-96% R1-R2: 96%-96% R1-R2: 96%-0%
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Figure 6.4.15: Experimental (top row) and numerical (bottom row) FROG spectrograms of the input
pulse and the output pulses for S0km transmission span at different FBGs reflectivities.

The numerical input and output spectrograms for the cases of and 0%-96% and 96%-0%
reflectivity are shown in Figure 6.4.15 bottom row, for which power excursion grows to
nearly 0.9dB. In both cases, output spectrograms are very similar to the input ones, although
pulse dynamics during propagation are notably different in the two cases. In the 96%-0%
case, pulse power remains below the ideal soliton power for the 2.8ps input pulse over the
whole span, whereas in the 0%-96% case the opposite occurs, which results in greater
distortion and instability during propagation.

The power profile and pulse evolution for 50km is represented in the following three

graphs.
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Figure 6.4.16: Experimental power profile along SOkm span for the cases R1-R2 as 0%-96%, 96%-96%,
96%-0%.
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Aston University

Hlustration removed for copyright restrictions

Figure 6.4.17: Numerical pulse evolution of 10dB input power for S0km span and the case of 0%-96%
reflectivity by J.D. Ania-Castafion [137].

Aston University
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Figure 6.4.18: Numerical pulse evolution of 10dB input power for S0km span and the case of 96%-0%
reflectivity by J.D. Ania-Castafion[137].
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Figure 6.4.16 represents the experimental power profile evolution along the fibre span
for the three reflectivity cases from Figure 6.4.15. The middle plot, for the case 96%-96%
has the lowest power excursion, 0.3dB, with very small variation along the fibre. The top
plot, case 0%-96%, has a power profile with an evolution above soliton power for 2.8ps
pulse width, showing local gain across the whole fibre. The small discontinuity around 20km
is related to a splice within the fibre. This pulse evolution is confirmed by Figure 6.4.17
where shows the frequency and time evolution of the pulse along the transmission span for
the same characteristics. The bottom plot from Figure 6.4.15 corresponds to 96%-0%
reflectivity. The power profile for this case tends to be below the soliton power for 2.8ps
pulse width. The expected pulse evolution for this case is the one shown in Figure 6.4.18. In
all the cases, soliton transmission seems quite robust for a 50km span regardless the FBGs
reflectivity or the pulse evolution along the transmission span.

Moving to longer span length, Figure 6.4.19 portray the numerical results of the power
excursion for 100km URFL cavity with the same input signal, 10dBm, and FBGs conditions
as Figure 6.4.14. The power excursion ranges from over 4dB for the case of FBGs with
reflectivity high and zero to below 2dB for both FBGs with low reflectivity. For a laser
cavity with both FBGs the same value, the expected power excursion range from over 3dB
with both FBGs at high reflectivity to below 2.5dB for both FBGs at low reflectivity. The
power excursion maintains similar value or even increases if one of the FBGs is set at high
reflectivity and the other varies.
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Figure 6.4.19: Experimental power excursion value for 100km span at several FBGs reflectivity over the
numerical results. Input signal 10dBm.
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The effect of changing the FBG reflectivity in a 100km cavity is similar to a 50km
cavity. The main difference relates to a set of power excursion values more extreme for

longer cavity lengths.
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Figure 6.4.20: Experimental FROG spectrograms of the output pulses for 100km transmission span at

different FBGs reflectivity with the power excursion indicated in dB.

Figure 6.4.20 illustrates with experimental output FROG spectrograms the change on
FBG reflectivity in the laser cavity for a 100km transmission span and an input signal of
8.4dBm with 2.9ps pulse width. The label below each spectrogram corresponds to the FBG
reflectivity (R1-R2) and the experimental power excursion measured in dB for each case.
The FBGs reflectivity ranges from 96% to approximately 48%. The soliton transmission link
performance can be deduced by the output FROG spectrogram and the recovery pulse
information from the spectrograms. As we move from 96%-96% reflectivity towards lower
reflectivity, the typical soliton shape of the spectrogram seems better defined, with a clear
advantage of the case 51%-48% against 96%-96%, as confirmed by Figure 6.4.21. The
measured experimental power excursion for the cases 96%-96%, 73%-69% and 51%-48%

correspond to 3.3dB, 2.8dB and 2.5dB as plotted over Figure 6.4.19.
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Figure 6.4.21: Amplitude information from the FROG spectrograms with reflectivity 96%-96%, 73%-
69% and 51%-48% and the sech” shape for a soliton pulse.

The pulse amplitude information from three FROG spectrograms are plotted together in
Figure 6.4.21 for comparison with the typical sech’ shape for a soliton pulse of 4ps FWHM.
These three amplitude profile correspond to the FROG spectrograms from Figure 6.4.20 with
the same reflectivity. As observed on the FROG spectrogram of Figure 6.4.20, the lowest
level of the amplitude profile for the case R1-R2: 96%-96% is maintained above the noise
floor without dropping to zero as the other two cases: 73%-69% and 51%-48%. Meanwhile
the amplitude profile for the case 51%-48% fits closely to the theoretical sech® shape of 4ps

soliton pulse width.

Input power: 8 4dBm
FyWWHM: 2 9ps

133dB  (96%-89%)3dE  (96%-26%) 2.9dB

(48%-62%) 2 6aB (B2%-48%) 2 8dE
Figure 6.4.22: Experimental FROG spectrograms of the input pulse (top row) and the output pulses for

100km transmission span at different FBGs reflectivity with the power excursion indicated in dB.
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Experimental FROG spectrograms for 100km span and 10dBm input signal at other
FBGs reflectivity are shown in Figure 6.4.22. The top row corresponds to the input signal
with a launch power of 8.4dBm and 2.9ps pulse width. The middle row corresponds to
output spectrograms with at least one FBG set at 96% reflectivity. The power excursions in
this range are between 2.9dB to 3.5dB. The bottom row corresponds to other output FROG
spectrograms, for FBGs with reflectivity below 96%. The power excursion is below 2.8dB.

Experimentally we have seen that for the range of inputs, the soliton stability was fairly
robust for transmission spans below 50km. At longer span length soliton transmission is
feasible at lower power excursion, giving as indicative upper limit approximately 2.8dB.
Changing the power profile along the fibre and taking FROG spectrograms demonstrated
that solitons follow similar approach to the power profile by either compressing or
broadening depending on a particular area of greater or lower than the soliton power,
although the soliton evolution seems tolerant enough to return at the initial characteristics for

a smooth power evolution within certain value of power excursion.

6.5 Conclusion

The objective of this work was to prove the feasibility of URFL cavities as soliton
transmission links and to experimentally demonstrate agreement with the numerical results.
To that end long distance transmission of fundamental optical solitons over multiple soliton
periods without amplitude, temporal or phase variation was demonstrated.

A second order ultralong Raman fibre laser amplification scheme was used to provide a
virtually non dissipative medium that allowed the signal to propagate at a constant power
level as required for soliton stability. The fundamental soliton robustness was confirmed by
the power profile measurements along the length of the fibre using the OTDR technique, and
the spectrograms obtained at regular intervals using SHG-FROG measurements. The
spectrograms are entirely consistent with those predicted through numerical simulations of
fundamental soliton transmission and our initial experiment showed stability of a 4ps soliton
over a 22km span of LEAF fibre a distance equivalent to over 15 soliton periods. This
distance was then extended to over 120 soliton periods for a 2.8ps pulse width over a 90km
span.

Furthermore, all this experimental work was obtained using conventional LEAF fibre.
LEAF fibre has similar characteristics as SMF with the main difference that its dispersion

parameter is four times smaller. Therefore the average input signals for LEAF fibre are
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lower than those required for SMF in similar research work. LEAF is typically used in
optical communications and it was used in these experiments without the need of using
expensive or specifically designed specialist optical fibre. These results represent an
important step towards practical implementation of soliton transmission and optical
processing in current systems.

Higher order soliton transmission was experimentally and numerically investigated. As
second order solitons require four times the power of a fundamental soliton given the same
soliton pulse width, we use a longer pulse width to reduce the input power requirements. The
main impact of using a longer pulse was an increase of the soliton period, from 1.4km for
4ps pulse to 7km for 9ps pulse. Therefore, the optical fibre span used on this experiment was
longer, up to 48km, in order to cover several soliton periods.

Whereas fundamental solitons have a constant shape through propagation, second order
solitons varies periodically, breathing in and out, but returning to the original temporal and
intensity shape after each soliton period. Some of the experimental FROG spectrograms
could be identified with the ones expected from the numerical simulations. Unfortunately
and despite all the experimental effort, the results were not sufficiently conclusive to clearly
identify each spectrogram with a particular stage of the soliton period, showing the expected
soliton dynamics over several soliton periods.

Although both the total signal power excursion and the maximum effective local
attenuation in ultralong cavities are extremely low compared with those of conventional
transmission schemes, they still show an exponential growth with span length. The effective
attenuation profile itself can be affected by high power transmitted signals due to pump
depletion. Hence, it is of particular importance to determine the operational limits of these
virtually lossless links in terms of both cavity length and nonlinear tolerance to signal
characteristics. To that end, we have studied the dynamics and stability of soliton pulses
across URFL transmission links for different input pulse powers, as well as the dependence
of these dynamics on cavity design, length, pump symmetry, FBGs reflectivity, but without
any kind of dispersion profiling or management, using conventional LEAF fibre.

Anticipating soliton transmission at higher rates, a wide range of input signal powers,
ImW to 100mW, was considered when investigating input signal power effect in
transmission. At higher input signal power, the symmetric relation between the power
excursion and the cavity parameters such as FBGs reflectivity and pump ratio is broken. We
could say that the impact of pump depletion becomes more obvious, both in the increasing
value of power excursion and the asymmetric behaviour of the system response at higher

repetition rates.
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From the results presented in this chapter, we can conclude that links of the order of
50km show excellent nonlinear transmission performance, providing a robust and stable
optical pulse transmission for a broad range of input signal powers and cavity design
parameters. Longer URFL transmission links are affected by a greater power excursion,
increasing the attenuation profile along the optical fibre link and reducing the stability for
soliton transmission. The approximated gradient of the power excursion with the input signal
increases considerably at longer cavity lengths. The nonlinear tolerance can be highly
improved at longer lengths by introducing asymmetries in the system design to partially
compensate for those caused by pump depletion or reducing the FBGs reflectivity.

In particular we have experimentally demonstrated soliton transmission for 100km by
reducing both FBGs from 96% down to 70% or 50%. Similarly, for a 100km link, we have
demonstrated numerically that the power excursion can be reduced by up to 2dB by means
of managing grating reflectivity. Agreement between theory and experiment is excellent,
which allows us to predict system performance in a variety of situations.

Based on the experimental and numerical results, the application of soliton transmission
links for submarine systems where the span length required is ~50km seems ideal. This type
of cavity length offers high tolerance, allowing practical optimum soliton transmission in a
wide range of input signal powers, FBGs reflectivities and pump distribution. Terrestrial
soliton transmission links of the order 70-100km are still practical but with reduced
tolerances regarding the cavity design and the input signal. The most likely effect could be
an upper limit of the transmission rate (the limit of the upper input signal). Practical
unrepeated links of over 100km are very unlikely within the current circumstances. If soliton
transmission were achieved for over 100km, then it would be done only under very specific
cavity parameters such as low FBGs reflectivities, high Raman pump powers and low input

signal power. The tolerances of the system would be very tight and unpractical.
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Chapter 7

Conclusions

The objective of this thesis is to contribute to the advances of optical communications and
nonlinear optics in our society. The research work presented deals mainly but not exclusively
with the nonlinear inelastic Raman scattering effect and its efficient application in the
ultralong Raman laser scheme. URFLs have become a well defined optical module or optical
component itself with multiple applications in photonics. As described through this work and
demonstrated by the experimental and numerical results, URFLs have the efficiency of a
second order Raman amplification scheme but the simplicity of a first order amplification
system. The enhancement of the URFL performance compared with other first order Raman
amplification systems is achieved by bi-directional pumping a conventional optical
communication single mode fibre confined by a pair of FBGs. Its successful application has
been demonstrated not only in optical communications, as amplifier and zero-lossless
transmission link, but also in other photonics areas such as laser source, for SC generation,
and as nonlinear media tool to investigate optical solitons dynamics. Other applications not
included in this thesis are within the area of long distance sensing.

The research motivation for this work comes from the combination of two different
areas. On one hand, the technical advances regarding high pump powers makes feasible the
use of Raman amplifiers. Their cost and accessibility makes Raman pump much more
available than a decade ago. This means that URFLs can become affordable and
commercially available. On the other hand, the advance in optical communications and
dependence of our society on information technology has created an increasing demand for
high speed long distance communications. The application of URFLs to our current optical

network can enhance the available spectral bandwidth and improve the signal to noise ratio
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performance, meeting the demand for a higher data traffic using conventional optical fibre
and without especially dedicated fibre.

The work presented in the two first chapters of this thesis is introductory material. The
first one includes the contextual motivation for this work and a general overview of the
thesis. Chapter 2 includes most of the mathematical and conceptual foundations related to
optical fibres and nonlinear optics. The wave propagation in optical fibres is derived from
the Maxwell equations taking in account the fibre nonlinearities. The terms of the general or
extended nonlinear Schrodinger equation are explained, indicating the effects of these terms
in the optical wave propagation. The different nonlinear processes are briefly reviewed,
including SPM, XPM, FWM, SRS and MI. Although URFL makes use of the Raman
scattering effect, a good understanding of the other nonlinear effects and their interplay is
fundamental for the optimisation and application of URFL in photonics. The interaction and
balance between self phase modulation and dispersion plays a major role in soliton
transmission. Understanding the broadening effect of self phase modulation in the normal
and anomalous dispersion regime is essential for supercontinuum generation.

Most of the numerical and experimental results related to this research work are
reproduced in the following four chapters. Chapter 3 and 4 involve a numerical and
experimental investigation of several aspects of URFL. Chapter 3 presents numerical
simulation results describing the intra-cavity power evolution of the URFL and the
investigation of the RIN transfer evolution from the pump to the signal for different cavity
design parameters. The main advantages of URFL over other amplification systems are the
reduced power excursion over a wider range of spectral frequencies. This implies an
improved performance of the signal to noise ratio as the amplified spontaneous emission
(ASE) is reduced and the increase of transmission capability due to the extra available
spectral range. These advantages can be offset by the relative intensity noise (RIN) from the
pump to the signal. The numerical investigation confirms the span length as parameter
having a major impact on RIN transfer. URFLs performance shows a RIN transfer value
penalty in comparison to standard multiwavelength pumped second order amplifiers. This is
translated as a greater requirement for the Raman pumps used in the URFL system, in order
to minimise the overall RIN value. Otherwise, URFL performance is generally more robust
and tolerant to pump asymmetries and its RIN transfer value drops at earlier modulation
frequencies than the case of a multiwavelength pump system.

Two interesting observed results are: the oscillating behaviour of the RIN transfer at
higher frequencies and the maximum value of the RIN transfer associated at relative low

reflectivities. The oscillating behaviour of the RIN transfer with modulation frequency
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becomes more obvious with greater contribution of the forward pumping, which happens to
be the same propagation direction of the transmitted signal. Hence it seems reasonable to
relate this oscillating behaviour of the RIN transfer to the interplay between the signal and
wave components related to the forward pump. The generated noise from this interplay is
likely to be enhanced within the cavity. The other interesting result relates to the maximum
RIN transfer value associated with relative low FBGs reflectivities, which is 15%. This
maximum RIN transfer value shifts towards even lower reflectivities for higher modulation
frequencies. This result may have interesting implication in the design of cavities with low
reflectivity systems making use of random distributed feedback.

The numerical results of the RIN transfer were obtained assuming single mode fibre,
further work could be developed for other types of fibre, with different characteristics to
those of SMF.

Also, experimental investigation of the RIN will be required to confirm the obtained
results in Chapter 3, specially the enhanced oscillating behaviour of the RIN transfer at
longer modulation frequencies and the RIN transfer maximum value for relative low
reflectivities. Research on those areas may bring further understanding to the physics behind
the RIN transfer value enhancement in URFL cavities and the opportunity to reduce its effect
in practical applications.

Chapter 4 deals with the experimental investigation of the results on URFLs. Power
variation and spectral bandwidth coverage was investigated for single and multicavity URFL
systems. For the case of signal transmission in the C band region and Raman pumps at
1366nm, the optimum pair of FBGs giving the lowest power variation was found at 1455nm.
The results gave a 0.6dB power variation over a 40nm range covering the entire C band
region. The use of a multicavity URFL extended further the bandwidth coverage, 51nm,
whilst keeping the power variation low, 0.7dB. Unfortunately the use of multicavity URFL
implies a considerable increase of the pump power, which may not be practical in all
applications unless extended spatio-spectral transparency is required.

Another approach, already published, for extending the spectral bandwidth range is the
use of several Raman pumps at different wavelengths [18][79]. Although there are
advantages in spectral power coverage and, perhaps, total Raman pump power, the increase
of complexity of using several pumps will require some feedback control for output power
optimisation.

The transferable application of URFLs to spectral ranges other than the C band region,

as shown in Chapter 4, is straightforward. It requires laser pumps and FBGs at different
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wavelengths but with similar frequency shift relation between them and the transmission

region, corresponding to the first and second Stokes of the Raman gain shift.

Another interesting result is the experimental demonstration of a 200km long dual
wavelength Raman laser based on the Rayleigh scattering. Each single FBG with different
central wavelength form a cavity with the distributed random feedback provided by Rayleigh
scattering. The two Raman laser outputs are independent of each other. This random
feedback distribution provided by Raman scattering was also demonstrated at shorter span
lengths, 41km, and with only one FBG. The scheme of multiwavelength Raman laser with
random distributed feedback may have great potential application in long distance
communications as well as in distributed sensors. Although some of those applications may
be limited by the RIN transfer due to the low reflectivity provided by the random distributed
feedback.

The following two chapters provide results demonstrating the application of URFLs in
SC generation and soliton propagation dynamics. The URFL is portrayed as an enhancement
tool for the SC generation when using a continuous wave pump. The generated spectral
broadband is provided using conventional fibre without the need of special or dedicated
fibre. Several URFL systems were investigated using conventional fibre in the normal and
anomalous dispersion regime, and using single and dual pumping. In principle, the case of
single pump in the anomalous dispersion regime is optimum for an enhanced SC with a
considerable flatness of the spectrum. Although the flatness of the spectrum may be
improved with dual pumping, when using fibre in the normal dispersion regime.

The work presented in this thesis regarding SC generation is limited to a few
configurations of URFL cavities with conventional telecommunication fibres and CW laser
source. Further research in this area could demonstrate the benefits of using URFLs for SC
generation compared to other methods. Other than cost reduction, as the components are
readily available, the simplicity of the URFL cavity should bring a greater stability to SC
generation. Further work could be developed using special types of fibres and pulsed laser
sources whilst keeping a simple structure.

SC generation has its own area of applications as a light source. The broadband spectra
may cover regions that otherwise can not be generated by other means. URFL as SC light
source may be also applied to optical communications to provide the basic spectrum for a
spectral comb. Although its cost efficiency may not be practical, especially when using a

very low number of single channels which may be already available by low cost laser diodes.
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Chapter 6 portrays URFL as an excellent media tool for investigating optical soliton
transmission and its propagation dynamics. Using a URFL as a zero-lossless transmission
link allowed the experimental demonstration of exact fundamental soliton transmission over
multiple soliton periods in conventional optical fibre. In principle, this work could be
extended to higher order solitons, although its experimental demonstration requires extra
launch signal to meet the required optical soliton powers. The investigation of soliton
propagation dynamics provided the impact performance that URFL cavity design parameters
may have in the soliton transmission. As expected, increasing the span length increased the
power excursion and therefore limited the length for soliton transmission. An important
result is that the limitation of increasing span length may be compensated by a reduction of
the FBGs reflectivity. In fact soliton transmission was demonstrated for a 100km link by
reducing both FBGs from 96% down to 70% or 50%. Unfortunately, the reduction of FBGs
reflectivity implies an increase of the Raman pump power to meet the same level of zero-
lossless transmission. In general the performance of URFL cavities of 50km long are very
robust and tolerant for soliton transmission regardless of the transmission signal, FBGs
reflectivity or the pump distribution. Cavity links up to 70-80km are still practical although
the tolerances for soliton transmission are slightly reduced. Longer cavities are more
demanding, requiring specific conditions that allow soliton transmission.

The main objective of the research work developed around the stability and dynamics of
soliton transmission was to prove that, in fact, undistorted true soliton transmission can be
achieved for several soliton periods using URFLs as transmission links. Considering solitons
as a practical format for data transmission involves other issues such the increase of the
transmission rate and reduction of the channel spacing. Those issues involve an investigation
on the effect of soliton interactions. The tolerances for soliton transmission as high speed
data rate are expected to be more demanding. Further work using URFLs in a transmission
and receiver system can indicate the limits to those tolerances.

In general URFL cavities can be used as tool for basic research in nonlinear optical
interactions. Simply speaking, the investigation in soliton transmission can be understood as
an investigation of the balance between SPM and GVD.

Other than higher order soliton dynamics and basic nonlinear interactions research, the
work described in this thesis could be extended to other research aspects related to URFL
and its applications in photonics. For instance the Raman gain is polarisation dependent and
URFL are based on the Raman scattering effect. Hence a cavity design with selective
polarisation may have potential applications as self-amplitude modulated cavity or other

applications where polarisation changes will be translated in other optical effects.
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In conclusion, the research work presented in this thesis provides an interesting insight
to distributed Raman amplification technology, with particular emphasis in ultralong Raman
fibre laser schemes. The numerical and experimental results related to URFL schemes,
portray URFLs as a flexible optical module with great potential commercially in a wide

range of photonics areas.
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