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Summary

This thesis presents an experimental investigation into several applications of the
Raman scattering effect in communication optical fibres as well as how some of these
applications can be modified to enhance the resulting performance. The majority of the
work contained within is based on laboratory results using many commercially
available components. The results can be divided into and presented in three main
parts:

Firstly, a novel application of a known effect is used to broaden Raman pump
light in order to achieve a more continuous distribution of gain with respect to
wavelength. Multiple experimental results are presented, all based around the prior
spreading of the pump spectrum before being used in the desired transmission fibre.
Gathered results show that a notable improvement can be obtained from applying such
a technique along with the scope for further optimisation work.

Secondly, an investigation into the interaction between the well known effect
of Four Wave Mixing (FWM) and Raman scattering is provided. The work provides an
introduction to the effect as well commenting on previous literature regarding the
effect and its mitigation. In response to existing research experimental results are
provided detailing some limitations of proposed schemes along with concepts of how
further alleviation from the deleterious effects maybe obtained.

Lastly, the distributed nature of the Raman gain process is explored. A novel
technique on how a near constant distribution of gain can be employed is implemented
practically. The application of distributed gain is then applied to the generation of
optical pulses with special mathematical properties within a laboratory setting and
finally the effect of pump noise upon distributed gain techniques is acknowledged.

Keywords: Nonlinear optics, Optical amplification, Four wave mixing, Modulation
instability, Quasi lossless
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Chapter 1

Introduction

1.1  Historical Perspective

The ability to communicate has always been an obvious essential requirement for
people but the challenge has always been the ability to communicate over long
distances, quickly and efficiently. The use of light as a signal has been used for many
hundreds of years, one example being the signalling fires in the UK to warn of foreign
attack, such basic techniques allowed information to travel faster than say a horseback
messenger but were extremely limited in the amount of detail that could be sent. It was
not until the discovery of electricity that communications started to really move
forward and ‘telecommunication” was born. The following list gives the dates of some
important steps in telecommunication development:

= 1809 S. Von Sommering: Electric telegraph 3.5km

= 1840 S. Morse: Morse code

= 1876 A. Graham Bell: Telephone patent

= 1896 G. Marconi: Wireless telegraph system

= 1923 John Logie Baird: Television

= 1962 TELSTAR Commercial television satellite

= 1966 Optical fibre for telephone demonstrated

= 1972 Demonstration of ARPANET early INTERNET

1977 Cellular phone system by Bell Labs
Turning our attention to back to optics it is interesting to note that four years after
patenting the telephone Bell published his work on a light communication system

known as a photophone [1]. It used sunlight reflected from a thin voice modulated



mirror to carry conversation. At the receiver the modulated sunlight fell on a photo
conducting selenium cell, which converted the message to electrical current; the
system could operate over a distance of 200m. . It was not until 1960’s that interest
was seriously renewed in optical communications with the invention of the laser. The
device could provide powerful coherent light capable of being modulated at high
frequency and with low beam divergence. The last point helped enhance free space
communication but this was limited by the need to be line of sight and by interference
from foreign bodies. What was required was a waveguide to channel the light securely
over distance. In 1966 the first optical fibres debuted, however these had extremely
high attenuation figures around the 1000dB/km mark. Over the next ten years losses
had been reduced to around 5dB/km and in 1979 the attenuation at the lowest loss
wavelengths was down to just over 0.2dB/km. Since then fibre loss has only decreased
slightly due to the limitation imposed by Rayleigh scattering. Optical fibres generated
much interest due to the advantages that could be obtained over co-axial electrical
systems; put simply these included [2]:

= Enormous potential bandwidth

= Small size and weight

= Electrically isolated

= Secure, meaning that it is hard to access the data without being

intrusive/detected

= Low transmission loss
At the same time as development of the fibre, other components were evolving. Lasers
sources were experimented with and semiconductor lasers were formed, photodiodes
for signal detection were improved upon and all were developed to be compatible in

size to the fibres. For many years commercial systems used short fibre spans followed




by regenerators which were optical-electrical-optical devices where the signal was
received, converted back to an electrical signal, reshaped, retimed and then
retransmitted optically again. This method was adopted from the 1970s into the early
1990s when optical amplifiers became popular. The advantages of an optical system
included: less complexity, lower cost and greater reliability due to a single optical amp
replacing many delicate electrical components.

Optical amplification in fibres had been looked at many years before it was deployed
in commercial systems, for example Roger Stolen and his team published work [3]
regarding optical amplification using the Raman effect in 1973. However when optical
amplification was deployed it was Erbium Doped Fibre Amplifiers (EDFA) that found
favour despite having just been a research area in late 1980s. The main reason for this
was concerned with the high power lasers required for Raman amplifiers in
comparison to EDFAs. Towards the end of the twentieth century high power
semiconductor lasers were emerging that could enable practical Raman amplifiers
within commercial systems.

As the need for faster data rates grew systems with multiple channels were developed
where each channel was assigned a different wavelength which, when multiplexed
together, could be sent simultaneously down the same fibre, this technique is
commonly referred to as Wavelength Division Multiplexing or WDM. Along with
advances in optical amplification and many other components by the beginning of the
twenty-first century optical systems were commercially available which offered multi
Tera-Bit per second performance over thousands of kilometres, e.g. the Marconi
MultiHaul platform which offers 6.4 TBit/s over 4000km {4]. Not only has the
distance and speed of optical systems increased dramatically but also so has the

flexibility whereby the use of add/drop multiplexers channels can be taken out or
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added into a transmission line. This technology has allowed metropolitan ring systems

to be deployed, increasing cross-city communications.

1.2 Thesis Outline

As stated in the previous section, optical amplification is essential for modern optical
fibre systems, whether it be EDFA, Raman or Semiconductor Optical Amplifiers
(SOA). With the current availability of high power laser sources much attention has
been turned to Raman amplification in the last ~10 years [5] and it is this form of
amplification that is explored in this thesis. The work presented tackles existing ideas
and explores new ones from an experimental, physically realisable point of view, and
alms to provide the reader with inspiration for further research. An abstract overview
of the chapter contents is as follows:

= Chapter 1. A brief history of telecommunications and optical fibre
development.

= Chapter 2. An introduction to modern optical fibres, illustrating the physical
make up and the main effects and phenomena that can be encountered during
optical data transmission.

»  Chapter 3. Introduces the Raman effect and its application to amplification in
optical fibres. Commonly observed effects that serve to benefit and detriment
the effectiveness of the process are discussed.

= Chapter 4. Explores what happens when Raman pump light is subject to
conditions that cause spectral domain broadening and how the resulting light
can provide an advantage to the amplification process.

= Chapter 5. Investigates the distributed nature of Raman gain and how it can be

improved further still.

15




Chapter 6. Looks at the effect of the four wave mixing phenomena on the
Raman amplification process and how it maybe possible to reduce the
impairments produced by it.

Chapter 7. Finally conclusions for the thesis are presented along with

suggestions for future work.



Chapter 2

Introduction to Communication Optical Fibres

2.1 Introduction

Fibre optic cables are now the most common technology for sending large volumes of
information around the world quickly. By using the basic principle of total internal
reflection, today’s ultra low loss fibres can allow light signals to propagate for
hundreds of kilometres before requiring some from of amplification. When
amplification is applied periodically any planetary distance can be achieved, including
the largest ocean crossings.

This chapter aims to provide an initial insight into the primary principles, main

characteristics and effects that can be found in telecommunication optical fibres.

2.1.1 Fibre construction

The most common style of fibre used in optical communications for any substantial
distance is known as the step-index fibre, which refers to the step change in refractive
index between the core and the cladding. The fibre is usually constructed from silicon
dioxide and consists of a central core with refractive index n, that is surrounded by a

cladding with refractive index ny, see figure 2.1 [6]






different transit times for each mode, causing the temporal broadening of a transmitted
pulse. To obtain single mode operation the core diameter is reduced from about 50pm
for multimode fibres to about 2-10pm for single mode fibre. The number of modes
supported by a fibre can be determined by knowing the normalised frequency or V

number which is given by:

Where a is the core radius and 4 is the free space wavelength. By using V a single chart
can be drawn that applies to any combination of values of a, 4, n; and n,. The number

of modes can then be calculated from:

N =

V2
EY (2.4)

For a step index fibre only one mode is supported if V < 2.405 [2]. As mentioned, the
glass is made from silica (silicon dioxide, SiO,) but has dopants added to change the
refractive indices. One of these dopants is germanium, which raises the refractive

index of the core, allowing guiding to occur.

2.1.2 Fibre losses

There are three main processes that combine to generate the fibre loss:

1. Absorption

Even though modern optical fibres are extremely pure, intrinsic absorption will still be
heavy at certain wavelengths. This absorption is strongest in the ultraviolet region, due
to electronic and molecular transitions, and between 7-12um in the infra red region,
due to vibrations of chemical bonds [6]. Absorption is also caused from impurities.

The two most problematic impurities are:



e Transition metal ions

e Hydroxyl ion (OH)
The metal impurities absorb strongly at telecom wavelengths [1300-1600nm] and
should not exceed a few parts per billion. The OH ion is the most important impurity
to reduce as one of the most harmonic loss peaks (commonly known as the water peak)
occurs around the 1390nm region, with the largest peak occurring at 2.73um. The OH
impurity must be kept to a few parts per million, and in the case of some modern fibres
the water peak is reduced to an extremely low level, for example in Sumitomo Pure-

band fibre [7].

2. Scattering

Scattering occurs from local variations in refractive index throughout the glass. A
beam passing through such a structure will have some of its energy scattered by these
variations as if they were small object embedded in the glass. This type of Scattering is
called Rayleigh scattering and is inversely proportional to the wavelength raised to the

power four; therefore it dominates at short wavelengths.

3. Geometric effects

Bending in a fibre causes attenuation. Bends are categorised into two types; macro and
micro. Macro bends are greater than 25mm in radii of curvature and give rise to small
losses. Micro bends, less than 25mm radii, can give rise to significant losses as the
incident angle between the propagating light and the cladding does not satisfy the
conditions for total internal reflection.

There are other sources of losses that are primarily to do with the cabling process

which include splice loss, connector loss and mode field diameter mismatch. Figure
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2.3 gives the loss profile of a single mode step index fibre which clearly shows the OH
absorption peak (first overtone of the main OH peak) around 1380nm and a minimum
loss of 0.2dB/km which is a typical figure, but values as low as 0.168dB/km are

available as in Sumitomo Z-plus fibre [8].
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Attenuation (dB/km)
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Figure 2.3 Sample of loss spectrum form a single mode step index fibre

2.1.3 Dispersion

When a signal pulse propagates along a single mode fibre it will broaden temporally
due to chromatic dispersion or intra-modal dispersion, meaning that different
wavelengths that go together to form a pulse spectrally, propagate at differing speeds.
The variation of propagation time t with wavelength X is known as dispersion D.

D_dr

= 2.5
) (2.5)

A multi mode fibre will experience inter-modal dispersion from the propagation time
difference of each mode that was created when the pulse was launched as well as any

extra spreading due to intra-modal dispersion. Chromatic dispersion in a single mode
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fibre can be attributed to the dispersive properties of the material and effects from the
waveguide structure, known as material and waveguide dispersion. The material

dispersion can be given by [2]

A

[

2
d'n,

2.
di? 20

m

Where n) is the core refractive index and ¢ is the speed of light in a vacuum. The

waveguide dispersion can be given by

(2.7)

D = | m=n |Vd (VD)
" Ac dav’

Where n; is the cladding refractive index, V is the normalised frequency for the fibre
and b is the normalised propagation constant for the fibre.
The total dispersion is a combination of the material and the waveguide dispersions. At
wavelengths longer than the zero material dispersion (ZMD) point in most common
fibre designs, the Dy, and D,, components are of opposite sign and can therefore be
made to cancel each other at some longer wavelength. This means that the wavelength
of the zero first order chromatic dispersion can be shifted to various wavelengths in the
low loss 1300 and 1500nm regions. This can be achieved by changing the core
diameter and relative or fractional index difference. Resulting fibres generally fit into
one of three categories depending on their zero dispersion wavelengths (ZDW):

1. Standard Single Mode Fibre (SSMF or more commonly referred to as SMF),

ZDW = 1300nm

2. Dispersion Shifted Fibre (DSF), ZDW = 1550nm

3. Non-Zero Dispersion Shifted Fibre (NZ-DSF), ZDW = 1400-1500nm
There is another type of fibre called Dispersion Flattened Fibre (DFF) which maintains
a similar dispersion value over a large wavelength range, say less than 2ps/nm/km over

1300 to 1600nm [1]. In such fibres, the dispersion shape is actually a shallow curve,

22









be resolved into two individual pulses, one in the horizontal plane and the other in the
vertical. Due to the birefringence these two linearly polarized modes will encounter
different refractive indices and will therefore propagate at different velocities. This
results in the H and V components of the original pulse arriving at the fibre end at
slightly different times. The DGD between the pulses can then be denoted by At. The
two pulses will be seen as a broadened single pulse by a polarisation insensitive
receiver, leading to errors in the received data if the DGD is large enough. The value
of AT/L is known as the intrinsic or short length PMD and has the units ps/km, and for
a transmission fibre a value of 1 ps/km is typical [9]. However, when quantifying the
PMD of transmission link the units of ps/vkm are used as a result of the PMD not

accumulating in a simple additive fashion [9].

2.1.5 Fibre nonlinearities

At low powers, a single mode fibre can be regarded as a linear medium, as the output
power spectrum follows a linear relationship with the input power. However at higher
powers and/or in the presence of multiple light channels a fibre exhibits a non-linear
relationship between the input power and the output power, whereby the output power,
at the same wavelength, as the input fails to grow linearly with increasing input power.
In today’s modern WDM long distance systems the presence of nonlinear effects is a
major problem, as to achieve the required distances and data rates, signal powers are
high and multiple signals are present simultaneously in the fibre. The generated
nonlinear effects add to the previously mentioned impairments, contributing to limit
the achievable bit error rates. The main nonlinear effects can be classified into one of
two groups:

¢ Stimulated inelastic scattering effects
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e Intensity dependant refractive index effects
The first results in the part transfer of optical field energy to the nonlinear medium, the
fibre, in the form of vibrational excitation modes of silica. The second is a result of the
nonlinear electric polarisation of bound electrons in silica. The intense light interacts
with the dielectric medium, whose response results in a change of the refractive index
with the light intensity. These two categories can then be extended further still to detail
the main related phenomena.
° Spontaneous inelastic scattering effects
o Spontaneous Raman Scattering (SRS)
o Spontaneous Brillouin Scattering (SBS)
° Intensity dependant refractive index effects (optical Kerr effect):
o Light induced birefringence
o Self-induced polarization changes
o Self-Phase Modulation (SPM)
o Cross-Phase Modulation (XPM)
o Soliton propagation
o Parametric processes
Quantum mechanically, spontaneous Raman scattering occurs from the scattering, by
the fibre lattice, of an incident optical photon such that the scattered photon possesses
less energy and therefore a lower frequency then the incident photon. The energy given
up by the incident photon causes the fibre lattice to vibrate to a higher energy state;
this is known as generation of an optical phonon [11], in this case where the emitted
photon is at a lower wavelength, the wave is known as the Stokes wave. It is possible
for an incident wave to receive energy from the vibrations and actually emit a photon

of higher energy and frequency known as the anti-Stokes wave, but the efficiency in
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this much less than for the Stokes generation due to the phase matching requirement
between the incident photon and the present optical phonon. SRS is explored more in-
depth in chapter 3. Similarly, SBS can be viewed as the annihilation of a pump photon
that creates a scattered Stokes photon and an acoustic phonon simultaneously. The
pump field generates an acoustic wave through the process of electrostriction (an
electric field induced strain). The acoustic wave in turn modulates the refractive index
of the medium. This pump-induced grating scatters the pump light through Bragg
diffraction and the scattered light is down shifted in frequency because of the Doppler
shift associated with a grating moving at the acoustic velocity in silica. The frequency
shift of the Stokes wave depends on the scattering angle, being maximum in the
backwards direction and virtually vanishing in the forward direction. By contrast, the
frequency shift due to SRS can occur in both the forward and reverse directions. It
should be noted that the frequency involved with SBS phonons is much lower than for
SRS phonons. Also an abstract distinction between the two is that; an SBS phonon is a
longitudinal acoustic wave and the SRS phonon is a transverse wave.

The optical Kerr effect or light induced birefringence is an interpretation of the original
effect seen by John Kerr where a DC electric field could induce birefringence in an
initially isotropic dielectric medium. In the presence of an intense, linearly polarized
light beam, an isotropic medium will become birefringent. A weaker probe beam will
then see a refractive index change that differs whether the probe is polarized parallel or
normal to the strong pump [12].

Self-induced polarization changes occur as a result of the Kerr effect. If the intense
light beam is not linearly polarized but is elliptically polarized, then the interaction
with the nonlinear medium results in changes in the polarization state by the beam

itself. If the medium is isotropic, the polarization ellipse only rotates with propagation
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distance (and intensity) without changing shape. If the nonlinear medium is
anisotropic, as in a birefringent optical fibre, both the shape and orientation of the
polarization ellipse will change with propagation distance and intensity.

The nonlinear refractive index, generally referred to as n, is added to the linear
refractive index, n, to create a total refractive index for a given optical intensity. From

[11],

(@, |E[") = n(w)+n, | E[ 2.8)

Where [E]z is the optical intensity inside the fibre and n(®) is the linear part that can

be approximated from the Sellmeier equation,

, m Ba)z
n’(w)=1+% —2- (2.9)
j:] Cl)j —Cl)

where w; is the resonance frequency and B; is the strength of the jth resonance. The
intensity dependence of the refractive index leads to a large number of interesting
nonlinear effects including self-phase modulation and cross-phase modulation.
Self-phase modulation is the self-induced phase shift experienced by an optical field
during propagation in a fibre due to its own intensity when the intensity is at a high
enough level. SPM has many consequences including the spectral broadening of ultra
short pulses and the formation of optical solitons in the anomalous dispersion regime
of fibres.

A similar effect to SPM that occurs when two or more wave/signals propagate along
the same fibre is cross-phase modulation (XPM). If each signal experiences SPM then
the refractive index change induced by each channel will be experienced by the other
signal resulting in phase modulation of the signal by the other. The XPM induced
coupling between waves gives rise to a multitude of nonlinear effects in fibre,

including [11]:
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e XPM induced nonlinear birefringence

¢ Polarization instability

e XPM induced pulse compression

e XPM induced optical switching
As previously mentioned SPM can be utilised in a positive manner in the formation of
optical solitons. Optical solitons can be considered as a special case of nonlinear
dispersion compensation, where the nonlinear chirp, from SPM, postpones the
temporal broadening, from anomalous dispersion, of a pulse. This is a very basic view
of solitons and there are many texts which look into this phenomenon including the
renowned Nonlinear Fibre Optics, by G.P. Agrawal [11]. Solitons can be used to
improve the performance of dispersion limited communication systems by balancing
the fibre dispersion as mentioned. In order to achieve this, the peak power should be
kept fairly constant to avoid dropping out of the nonlinear regime and therefore losing
the balancing effect of SPM. To maintain the soliton in presence of fibre losses the
launch power maybe increased further still, and/or periodic amplification maybe
invoked. The use of periodic amplification is already utilised in optical communication
systems with the use of EDFAs and Raman amplification. The amplifier boosts the
soliton energy back to its original input level, the soliton then readjusts its width to the
input level. Systems which employ periodic amplification often utilise periodic
dispersion compensation for linear systems. If a true soliton was sent through such a
system it is likely to become unstable due to the normal dispersion element it will
encounter. Research using periodic dispersion compensation systems led to discovery
of another class of soliton known as the Dispersion Managed (DM) Soliton.
A DM soliton is a nonlinear pulse which varies in its shape during propagation in a

“breathing™ fashion and which can propagate through a dispersion managed span
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which was originally intended to suppress nonlinear effects. The DM soliton can
recover its shape through the system elements periodically and can be regarded as a
quasi-stationary pulse [13].

Final nonlinear effects to outline in this chapter are parametric processes, namely four
wave mixing (a subject which is covered in more detail in chapter 5). In stimulated
processes, like Raman and Brillouin scattering, the fibre plays an active role through
the participation of lattice vibrations (Raman) or acoustic phonons (Brillouin). In
parametric processes the fibre plays a passive role apart from facilitating the
interaction among optical waves through the nonlinear response of bound electrons.
Parametric processes arise from modulation of a fibre parameter, such as the refractive
index. These processes include harmonic generation, four wave mixing and parametric
amplification. Parametric effects can be grouped into either second-order or third order
depending whether their existence originates from the second order x(z) susceptibility

or the third-order y*

. The second-order susceptibility should not exist for an isotropic
medium such as silica and therefore second-harmonic generation should not be
possible in fibres, however, second harmonic generation has been reported due to
imperfections in the fibre geometry/construction, see reference [11]. Third-order
processes in general involve the interaction between four optical waves and include
phenomena such as third-order harmonic generation, FWM and parametric
amplification. Four wave mixing can be a problematic effect where several different
wavelength signals essentially exchange power to create a new wavelength, this
wavelength may impinge upon an existing data signal therefore reducing its optical

signal to noise ratio. However, FWM can be used positively in the efficient generation

of new wavelengths.
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With so many effects bought into play during light propagation it would be important
to obtain a single equation which could account for all of them. Fortunately such and
equation has already been devised and is known as the Non-linear Schrodinger
Equation or NLSE. The equation in its general form is given below (for derivation

please refer to reference [11]):

0A i | 0 0°A_ i 5 3'A 27
—+—0A-—=f — -
dz 2 27Tt 6" ot ZOA

|4’ A=0 (2.10)

Where A is the pulse amplitude (with respect to z1), T=t-fz, a is the linear

. .. 2. . . P
attenuation coefficient, iA] is the pulse power, f is the propagation constant, 4o 18 the

carrier wavelength, ny is the fibre nonlinear refractive index and Ay is the fibre

effective area.

2.2 Conclusions

This chapter has looked at the main characteristics of optical fibres. It has abstractly
looked at the physical construction of a fibre and illustrated the way in which a beam
of light travels through it. Fundamental parameters such as fibre loss and dispersion
are introduced, two parameters that affect all light waves whether they be data signals
or quasi-CW (non-monochromatic with noise component). Nonlinear effects such as

Raman scattering and four wave mixing have been presented, displaying that optical

waves can, through these processes, generate radiation at new wavelengths not

originally present in the fibre. These terms will be seen extensively within later

chapters.
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Chapter 3

Introduction to Raman Scattering in Optical Fibres

3.1 Introduction

For modern telecommunications to exist, vast distances must be covered in order to
connect cities, countries and continents. In addition to the vast distance, enormous
amounts of data must be moved reliably and there is only one cost effective way to do
this, which is the use of optical fibres. To operate over these distances, optical systems
must employ periodic amplification, which can be facilitated by the use of Erbium
Doped Fibre Amplifiers (EDFAs) or Raman amplifiers. Even though Raman
amplifiers were existent in the 1970s and 1980s, it was EDFAs that became the
amplifier of choice in the 1990s due to the high power lasers that were required for
Raman. More recently interest in Raman has been greatly revived by the advent of
high power semiconductor pump lasers by companies such as Fitel Inc. This allows
fibre pump modules to be created that are of no greater footprint than EDFAs and have
acceptable power and heat dissipation requirements. However this is not the only
driving force behind the increasing popularity of the Raman amplifier; the ever-
increasing demand for data capacity, which in turn requires an optical system with
more useable bandwidth, can also be attributed. To obtain multi tera-bit transmission
rates it iS necessary to use many channels at different wavelengths and EDFAs can
only provide gain at certain wavelengths, determined by the dopants used, so therefore
the number of channels that can fit within a given band is limited. To counteract this,
Dense Wavelength Division Multiplexing (DWDM) is used, whereby channels are
closely spaced together, typically 100 and 50GHz spacing for 10GBit/s systems,

though as close as 25 and 12.5GHz has been demonstrated. Even 1f DWDM 1s used,
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So, now present in the material are the rangé of indigenous fr.c‘qugn_c-ies -’and‘ the _
frequency/frequencies induced by the incident optical wave, this leads to 1he -
aforementioned dipole moment having sum and difference fl‘equenéies between the;
optical and vibrational frequencies. It is these products that give ri»sé to Raman
scattered light in the re-radiated field.

Looking towards the quantum mechanical description, the process can be interpreted
as optical photons that are inelastically scattered by quantized molecular vibrations
called optical phonons. Here the energy of the incident photon is either lost in heating
the molecular lattice of gained by cooling of the lattice. Where energy is lost, the re-
radiated wave is shifted to a longer wavelength and is referred to as the Stokes wave or
line. Where energy is gained, the wave re-radiated is now at a higher frequency and is
labelled the anti-Stokes wave or line. The frequency shift that occurs is equal to the
oscillation frequency of the lattice optical phonon that is created or destroyed. Figure

3.2 displays this is a simplistic form.

VA

Vo Vo

Y

Vg Q
Figure 3.2 Scattering diagrams for Stokes and anti-Stokes Raman scattering

Here vg 1 the frequency of an incident photon, € is a quantum of vibrational energy, v
1s a resulting photon at the Stokes frequency and va is a resulting photon at the anti-

Stokes frequency. Therefore, vg=vg- Q andva= vy + Q [21].
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Referring back to Fig. 3.5, the combined gain is subject to the effect of inter-pump
gain, whereby the gain from the shortest wavelength not only provides gain to the
shorter signal wavelengths but also to longer wavelength pumps. This gives rise to
pump depletion of the shorter wavelengths and its effect on power can be seen in table
3.1 where the highest pump power is at the shortest wavelength. The gain in the
absence of other pump wavelengths can be seen in the lower traces of Fig. 3.5 for the
pump powers stated above. Performing a linear addition of the individual traces gives
rise to the red trace which is noticeably sloped in favour of the shorter signal
wavelengths. As already seen, the true combined effect is flat as the gain from the
shorter pump eventually increases the gain from the longer wavelength pumps. This
interplay of gain makes the choice of pump diode wavelength and power less trivial
then maybe anticipated. The transfer of power from pump to pump and the overlap of
respective gain spectra must be evaluated to ensure optimum variation with respect to
wavelength of the desired operating gain level. A further issue that affects the use of
WDM Raman pumping in modern transmission fibre is the generation of four-wave
mixing components. The subject is dealt with more thoroughly in chapter 5, but in
essence concerns the formation of noise products that can appear within the signal
region lowering optical signal to noise ratio (OSNR) performance. This is more
noticeable when fibres with a zero dispersion wavelength in between the pump and
signal bands are used due to efficient phase matching of involved photons. Fibres such
as Corning LEAF employed in the experiment for figures 3.6 and 3.7 can be used to

illustrate the phenomena.
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could drastically reduce the OSNR of one or several signal channels within the locality

leading to errors in received data.

Better signal gain distribution with respect to wavelength can also be achieved by

spectral broadening of a lower number of wavelengths as discussed in chapter four and

by using time dependent pumping where a single pump is rapidly and repeatedly swept

over the necessary range to provide broad-band gain, see [28, 29]. The predicted result

of the latter technique is impressive, but as yet no cost effective pump technology for

this technique has been developed.

Co-
Raman
Pump

Figure 3.8 Schematic of simple Raman amplifier scheme employing co and counter pumping

Returning to a single wavelength pump amplifier, the variation of the pump and signal

in the above scheme can be modelled by solving the following two coupled equations

[30] where only fibre attenuation and interaction between one pump and one signal are

considered.

CZPi 1% o
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(2.11)

(2.12) |



Where PPI and P are the powers for a forwards/co (+) or backwards/counter (-)

propagating pump and the signal respectively. The fibre attenuation at the pump and
signal wavelengths is given by a, and a, respectively, g is the Raman gain coefficient
and A.y 1s the effective core area of the fibre at the pump frequency. If only small
signal amplification with no pump depletion is considered then the pump power term
in (2.12) can be substituted for (in the case of a forward propagating pump):

P,(2)= P, (0)expl-a,z] (2.13)
and (in the case of a backwards propagating pump):

P,(z)=P,(L)exp[~a,(L—2)] (2.14)

This provides an analytical solution for the power at the end of the fibre span used as
the amplifying medium in the form of:
P(L)= R(@exp{f L, —a\.L] (2.15)
off
With Py being either P,(0) or P,(L) depending on the launching point of the pump, and
L.y being the effective length within which most of the Raman gain occurs, given by:

. [1-exp(-¢,L)] 2.16)

eff
o N

It must be noted that these equations make no allowance for the existence of amplified
spontaneous noise and Rayleigh backscattering. In the presence of high signal powers,
multiple signals, and multiple pumps much more involved equations are required to

take into account the depletion suffered by the pump laser.
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3.5 Noise processes in Raman amplified systems

It has been seen that the Raman process can provide gain to a signal but they also
provide a source of noise in addition. The main sources of noise are:

= Spontaneous Raman Scattering/Emission generating Amplified Spontaneous

Emission (ASE)

= Double Rayleigh Back Scattering (DRBS)

= Pump-noise transfer, also known as RIN transfer

=  FWM between pumps/signals as previously mentioned, also see chapter 5
The most problematic is ASE, which is an unavoidable by-product of gain in all
amplifiers and appears as a noise because of the random phases associated with all
spontaneously generated photons. The mechanism is similar to the spontaneous

emission that affects EDFAs, but in the Raman case it depends on the phonon

population in the vibrational state, which itself is dependant on the temperature of the

Raman amplifier. The generation and amplification obeys, from [5]

iﬂz~auPAi+Ai(/1A./1P)PPPAi+Z“’~’~(/1A./1,))[1+77(T)]17,VAB P @217

ref T p
< of of

Where P;is the ASE power in one polarisation component in a bandwidth B, ,
propagating in the *z direction, P equals the total depolarized pump power at position

z, travelling in both directions. 7(7T") is a phonon occupancy factor given by

]

nlrh=—  —— (2.18)
hAvV
exp| — |—1

Where A is Planck’s constant, kz is Boltzmann’s constant, T is the temperature of the

fibre in Kelvins, and Av is the frequency separation between the pump and the signal.
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quantity of photons are scattered into the reverse direction. These initially scattered
photons create a reverse propagating signal (Prgs), which also receives gain from the
Raman pump, a proportion of Pggs is then once again reflected back into the original
signal direction. This doubly reflected signal, Pprgs, receives Raman gain yet again as
it travels towards the span end and the pump laser. The distributed Raman amplifier
also adds spontaneous emission to the signal; thus, in addition to the Rayleigh reflected
signal the Rayleigh reflection process also causes an extra contribution to the
spontaneous emission. The most severe contribution occurs from the backward
propagating noise and needs only to be reflected once, in the simplest interpretation, to
mix with the forward propagating noise. It has been shown that for on-off gains of less
than 20dB the contribution is less than the normal forward propagating ASE [31].

As previously stated the Raman process is an inherently fast process and therefore,
pump power fluctuations can be transferred to signals as noise. This said, in the case of
fibre amplifiers, the pumps and signals interact over relative time scales that are
considerably longer because they propagate over many kilometres of fibre. This
produces an averaging effect that limits the bandwidth over which pump noise is
transferred. This phenomena is described in the frequency domain as a transfer of
Relative Intensity Noise (RIN) from a pump to a signal [5]. Equation (2.19) is the
fundamental RIN definition from [26], given as the fluctuation power in 1Hz of

bandwidth relative to the average power squared

SA/)(f) ) Af()(E ]HZ)
E)Z

RIN(f)= (2.19)

where S,, is the power spectral density of the fluctuation [W*/Hz], fis the frequency,

Py 1is the average power and Af,=1Hz is the bandwidth. If the fluctuation is
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bandwidth limited to a small bandwidth Af, over which the spectral density is constant,

the RIN definition can be expressed as [26]

<AP2(Z)> o,

RIN =1
Fy A

(2.20)

Where <AP2(I)>is the time averaged mean square fluctuation of the laser. The pump-

noise transfer function represents the enhancement in the signal noise at a specific

frequency f and is defined as

RIN (f)

HD= 2

(2.21)

For a given amplifier, the value of H(f) depends on the pumping direction, the pump
and signal wavelengths, and the amount of on-off gain. In the fibre the Raman gain
builds up as the signal propagates inside the fibre, for a small dispersion value in the
co-pumping regime the pump and signal travel at similar speeds. Therefore, any pump
fluctuation stays in the same temporal window as that of the signal. When the
dispersion value is large the pump and signal travel at different velocities and the
signal moves out of the temporal window associated with that fluctuation. Because of
this walk-off the signal sees a more averaged gain; the same applies to the counter
pumping configuration. The effect is far more pronounced in the counter pumping
direction because the relative speed is extremely large (twice that of the signal group
velocity). In this configuration, the fluctuations are smoothed out to a degree that
almost no RIN enhancement occurs this is also true to a certain extent in the forward
pumping direction with large values of fibre dispersion [32]. As well as dispersion the
following gain fibre characteristics are relevant to the transfer efficiency: fibre length,
pump loss coefficient and dispersion slope. It’s due to these reasons that

counter/backwards pumping is used and forward pumping is only utilised when very
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both noise and signal receive similar amounts of gain. With distributed amplification,
by introducing gain earlier, the signal is kept away from the noise floor. Understanding

can be aided by considering the following figure.

Configuration A

A R alz s
NF
NFiq = o..NF
Configuration B
- [V R PRET—
NF

NF o1 = NF+ (aL-1)/G

Figure 3.14 Two abstract configurations A and B where a loss element aL is placed either before
or after a discrete amplifier. Noise figure expressions are for linear units

Here a loss element (al), typically a fibre, is inserted before (configuration A) or after
(configuration B) an amplifier (G, NF). The total noise figures shown are in linear
units. Entering some numbers for illustration, NF = 3dB and G = oL = 20dB,
configuration A has a total NF of 23dB and configuration B has 4.8dB. In
configuration B the signal and ASE are attenuated equally together but in
configuration A only the signal is attenuated therefore resulting in a reduced OSNR.
Distributed gain acts as the amplifier G in configuration B, but rather than being a
single lumped amplifier it can be interpreted as a chain of multiple amplifiers in
immediate succession. Chapter six provides further discussion and illustration of this

process.
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3.7 Conclusions

With the advent of high power semiconductor lasers Raman has become a viable
commercial alternative to Erbium doped fibre amplifiers, allowing a similar physical
footprint and power consumption. This chapter aimed to present the important
characteristics of implementing the Raman effect as an optical amplification technique.
Advantages over EDFAs include the possibility of gain at any wavelength, essential in
today’s broadband DWDM systems, without the need for speciality fibres and dopants,
achieved by selection of the pump wavelength. The range of useable gain bandwidth
can also be extended and flattened by the addition and combination of other
wavelength pumps. These are important features but possibly the most interesting and
unique feature is the distributed nature of the gain process and how this can be
obtained throughout the transmission span. By distributing gain the optical signal to
noise achieved can be lower than for even the best EDFA placed at the end of the span.
Despite the numerous advantages provided by Raman there are some challenging
negative effects. These include the enhancements of double reflected Rayleigh
backscattering -which serves to create multipath interference-, as well as amplitude
noise transfer from the pump to the signals due to the fast response of Raman,
especially in the co pump configuration. In addition, the mixing between pumps,
signals and noise can produce signal degrading noise components that can be
considerable if certain fibre types are employed. However, even with these
complications, Raman amplification offers many positive possibilities for optical

communication systems in industry and in research.
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Chapter 4

Pump Spectral Broadening for Enhancing Raman
Amplification

4.1 Introduction

The use of distributed Raman amplification has the ability to extend the span lengths
and/or the number of WDM channels in an optical transmission system requiring high
data capacity and long distances to be covered [34]. Raman amplification can provide
a wide gain bandwidth of ~100nm by utilising multiple wavelength pump lasers offset
from the respective channels by around 100nm, to provide gain to the shorter
wavelength, as demonstrated in Chapter 3. As shown in Chapter 3 the Raman gain
profile is not flat with respect to wavelength and to achieve a flat gain profile over the
desired signal region many pumps have to be employed [35]. To further complicate
matters, pumps interact with each other through the Raman effect, so to obtain a gain
profile with the required level of flatness for WDM transmission is not a trivial issue.
Hence, it is of interest to improve the gain flatness and possibly reduce the number of
pumps. One method to try and achieve this is by using a wavelength swept Raman
pump [36] whereby a high power laser has its frequency changed at a rate so that a
large bandwidth can be amplified with minimal disruption to data being carried. The
downside to this is the complexity of the system; another gain profile improvement
method is based around spectral broadening of the pump wavelength therefore
broadening the gain profile. This can be achieved by generating a broad pump source
as in [37] or by broadening existing pump lasers as first demonstrated in [38]. This

chapter explores this latter technique as applied to single and dual pump Raman

amplifiers.
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4.2  Spectral broadening mechanisms

In this chapter we are very much concerned with the spectral broadening of CW or
quasi-CW that can be considered partially coherent. If we consider the beam to be
coherent then the early stages of spectral broadening in a fibre can be attributed to
Modulation Instability (MI). MI is the result of an interaction between nonlinear and
dispersive effects [9], which creates an instability that leads to a modulation of the
steady state. For this to occur in optical fibres MI requires that the CW or quasi-CW
beam is propagating in the anomalous dispersion region and manifests itself as the
break-up of the beam into a train of ultra-short pulses whose duration is dependant on
several parameters including initial CW power, fibre nonlinear coefficient and B,.

During these initial stages where MI is the dominating effect, the frequency-dependent
gain coefficient, under the assumption of a coherent pump (which is enough for the

purpose of this explanation), is given by the well-known expression
g(Q)=|4,Q[Q} Q1" 4.1)

Gain exists only if

Q=0 (4.2)

A

Where y is fibre nonlinear coefficient, f; is dispersion, « is the fibre loss, and P, is the
pump input power. The MI causes power transfer from the CW pump and generates
two bands symmetrically positioned at both sides of the initial pump, with a maximum
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In the time domain, the CW beam is converted into a sinusoid with the period

T'=27/Q,,, . The separation of the side peaks depends on the characteristics of the

fibre and the distance Z. A low (but anomalous) dispersion leads to a more substantial
broadening. Therefore, a simple design rule for initiating MI is to choose pump/fibre
parameters using the expression for Quax in order to shift the side peaks to the
required positions in the spectral domain, however it is important to note that the MI
broadening process is just the start of a series of processes that cause the overall
broadening seen experimentally. The dependence of MI characteristics on input power,
dispersion and nonlinear coefficient can be used to select the best combination of
pump/fibres parameters in order to achieve optimal pump broadening at any given
frequency. Please note that although the simple analytical approximation used in
equations (4.1) to (4.3) is perfectly sufficient for our purpose of illustrating the initial
break-up mechanism of the continuous wave beam, a precise analysis of the MI
process 1n realistic conditions would have to account both for the fibre loss in a non-
phenomenological way [39] and for the partial coherence of the pump sources, as
illustrated in [40, 41]. MI can also be viewed in terms of Four Wave Mixing that is
phase matched by the nonlinear refractive index ny [11]. If a probe signal at = wy+Q
co-propagates with the CW beam at o, it would experience a power gain given by
(4.1). Physically, the energy of two photons from the intense CW pump beam is used
to create two different photons at the probe signal frequency w, and at the idler
frequency 2mp-m;. When the probe signal is launched together with the intense CW
wave the case is called ‘induced” MI. As previously mentioned when the pump
propagates by itself MI initiates a sin wave which coupled with the full Nonlinear
Schrodinger Equation can lead to a spontaneous break-up into a periodic pulse train.

Noise photons/spontaneously emitted photons act as a probe in this case and are
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amplified by the gain provided by the MI. The largest gain occurs at frequencies given
by (4.3). Evidence of ‘spontaneous’ MI at the fibre output is provided by two spectral

sidebands located symmetrically at +Q,, . on each side of the central line wg. With

generation of a pulse train that generally consists of short pulses e.g. 2ps for a 100mW
Raman Fibre Laser [42], non-linear phenomena associated with such pulses can come
into play. MI, and the subsequent interplay between nonlinear effects in the fibre
(primarily FWM, SPM and SRS) can give rise to a Raman pulse that experiences intra-
pulse Stimulated Raman Scattering (SRS), where shorter wavelengths of the
propagating pulse continuously undergo SRS to generate longer wavelengths. As the
spectrum of the Raman pulse broadens further with high launch powers, the fibre can
support a Raman soliton. These pulses are not stable under the presence of higher order
dispersion, particularly third-order dispersion [38]. These Raman solitons undergo
fission into stable red-shifted fundamental solitons and blue-shifted dispersive waves.
These ‘non-solitonic radiations (NSR) are produced at certain frequencies, for which a
precise phase matching condition is satisfied with fundamental solitons. The radiation
frequency and detuning depends on both the dispersion coefficients and on the CW

power and can be written as [41]

S = _3%+% (4.4)
3 ~ 2

These components can be observed experimentally and are illustrated later in this

chapter.



















of some form of modulation and it has been proposed that the resultant temporal pulse
train can be viewed with the aid of an autocorrelator as seen in [41]. This was
attempted and resulted in a trace that resembled the one given in the aforementioned
reference but was found to be present even without the fibre and further attempts to
obtain a temporal domain picture were unsuccessful. The wavelength sweep
experiment, Fig 4.8, was successful but required a combination of components to
generate the desired result.

Studying Fig. 4.8 the inclusion of a 1365nm Raman fibre laser can be seen which is
not immediately intuitive as to why. The reason for this pump laser is to add gain to

the 1400 to 1500nm

tuneable laser because, on
25 5km TW-RS

its own, the tuneable laser 13650m Fibre

Laser

OS4 g AltenuatOr

did not have enough

output power to give rise

to the MI effect. The gain

14xx nm

T bl
spectrum of the 1365nm Laser

Figure 4.8 Effect of pump wavelength on MI spectra experiment

pump laser «can be

evaluated in Fig. 4.9, where it can be seen it falls around the zero dispersion
wavelength value of the fibre under consideration, allowing the tuneable laser to now
produce spectra with MI signature components. The gain trace was created by
sweeping the tuneable laser with a very low output power to avoid generation of MI
artefacts but with enough power to act as signal for the 1365nm pump, approximately -
11dBm. The pump power was set to ~574mW.

This gain allowed the other laser to sweep from 1445 to around 1465nm with roughly

constant power. For the actual sweep through the ZDW region (the term region is used

63







disappear in the furthest right trace, though it must be remembered that the gain/signal

power has fallen off at this wavelength. The MI effect can also be seen in modelled

results, which allow us to see the effect of changing the non-linear coefficient of the

fibre, average dispersion value and fibre length that is not easy to do experimentally.

Figure 4.11 shows the effect of fibre dispersion and length on the MI process

numerically and figure 4.12 illustrates the dependence of the generated pulse train

period on fibre dispersion, nonlinear coefficient and power [43].

Power (au.}

Power (.u)

Power (a.u.)

La25km SRR Lx2Shm
; - ’(’“._» {1y »\\
Jo ot L
shsg ™t ¥
R L=20km ; Le200m
il e e
s . H .
E L | z.... n’w‘nq \"xﬁ"
' ) -
* ,':‘1'}.%',1} ‘n‘).‘jg‘."\e-,-wm)j};-.',ka.‘.‘\w).«m..;.-/m. i ! N
s § Letske ] j‘ LetSkm
s i \f STy \
£ N
| " - |
o s LW e
wl |
e L Bkm | i L=5km
s Y VA
Em hl e,
\
o %‘mﬂ‘r N
2 B Tknlll'(pl) L L3 s o e B‘\Tm) R '

&

Power (a.u.)
g

L D = 0.5 ps/nm/km

" .
§ D =-0.5 ps/nm/km
b
i"f‘ :
A
o /1 S -~
3 e T
T 1456 266 TaTG T390
Wavelength (nm)

Figure 4.11 Spectral evolutions (left — time domain, middle — spectral domain) of the pump wave
power along a modelled TW fibre. Pump power is 800mW at 1455nm. Right — pump spectrum
after 25km propagation in anomalous and normal dispersion regimes. Pump power 500mW at
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Figure 4.12 Left - Period of temporal modulation [ps] due to MI for varying dispersions
[ps/nm/km] and nonlinear coefficient [I/W/km]. Pump power is 1W at 1455nm. Right -
Dependence of the oscillation period on pump power (at 1455nm) after Skm TW fibre, Solid line —
Numerical simulation, Dashed line — Theory
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Once again the generation of components that are characteristic of those mentioned in
reference [44] can be seen. It is important to note for later on the migration of the peak
wavelength, and certainly the mean pump centre wavelength, to longer wavelengths
caused, in part, by soliton formation and the Raman effect towards longer wavelengths.
From the result in Fig. 4.10 it is clear that the MI contribution is clearly wavelength
dependent, as is expected from theory, it is therefore presumed that the broadening
with inclusion of other nonlinear effects is also wavelength dependant. This would be
simple to verify if access to a tuneable Raman laser was possible, alas in the context of
this work no such device was available. As an alternative method of researching this
concept other TW-RS reels were obtained with very similar lengths but with varying
dispersion zero wavelengths, in addition it was found that by changing the temperature
of the fibre the ZDW moved. Temperature tuning, and hence dispersion tuning, was
achieved on the TW reel used in Fig. 4.12 by placing the entire reel inside an
environmental chamber at a set temperature for 24 hours and then measuring the
dispersion. This allowed a finer variation in dispersion, about 1.3nm from temperature
range 21 to 70°C, which was not possible by selection of fibre reels. The lengths of the

reels were ~25.5km and Fig. 4.15 shows the resultant effect of sending the 1455.14nm

pump laser through each reel with an output power of 800mW.










that, since dispersion varies locally, by changing the pump direction we are also
varying the interplay between local dispersion and pump power, which explains the
different nonlinear broadenings. Thus so far we have looked at the pump spectrum, it
is then logical to proceed to investigate the associated gain spectrum and this is now

undertaken in the next section.

4.4  Gain Flattening and Spectral Broadening

The objective of pump spectral broadening is to generate a gain spectrum, which is
flatter and more uniform with respect to wavelength. This can be understood by
considering a broad pump as a collection of narrow pumps closely spaced, see Fig.
4.17, creating multiple ‘conventional’ gain spectra that can be summed together to

generate a more uniform/broad gain spectrum.

Purnp sources Gain spectra

Abk

¥

Wavelength

Figure 4.19 Illustration of a broad pump as a collection of narrow pumps and the associated gain
spectra

The change in gain shape was noticed at the time the change in pump shape in Fig. 4.2
was observed. What was seen was a variation in gain shape in the same fibre that was
brought about by using different pump wavelengths; this original result is shown in

Fig. 4.20 where the same 100km fibre spans were used with two differing pump lasers













wavelength offset, to enable a clearer comparison.

Considering a 1% reduction from peak gain value the continuous bandwidth has
increased from 4.25nm with out any pre-fibre to 12.57nm with the pre-fibre and as it
can be seen that at all other reduction levels the gain bandwidth is increased. This was
a successful result but which was limited by the available gain level that could be
created, which for Figure 4.24 was actually about 2.8dB. It may be asked that with
such a powerful pump laser being used, why not just increase the pump power to
increase the gain? Increasing the pump power, as we have seen previously, increases
the broadening and initially the gain level will increase but after a certain point the
gain then begins to decrease, this can be attributed to:

1. Reduction of the spectral density: the pump broadens too much reducing the
effective peak power and creating a supercontinuum that is below the power
level for SRS

2. Reaching the Raman threshold: after a certain power the Stokes wave within
the pre-fibre is so great that it serves to deplete the pump laser [11] (this
happens even before nonlinear broadening via M1 can lower the effective peak
power) and hence when entered into the transmission fibre, the pump is not of
great enough power to produce meaningful gain

It is worth clarifying in relation to the points above that without the use of dedicated
WDM between the pre-fibre and the transmission fibre then pump and/or Stokes
components will occupy the same wavelength range as data signals — thus degrading
them; this topic is looked at with data transmission later. Also, not only can increasing
the power too much reduce the gain level, but also it can affect its shape. As with
increasing gain with a conventional Raman amplifier, the peaks grow at a non-constant

rate so when a broad pump is used the optimum gain flatness maybe obtained before
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proposal of a separate pre-fibre for each pump wavelength will be investigated. As
proposed in (38, 45] a dual broadened pump configuration would provide superior gain
ripple variation over a conventional WDM pump configuration. Such a configuration
is shown in Fig. 4.27, which is also the experimental set-up for investigation of this
concept [45, 46, 47].

25km LEAF

Tx @

Transmission fiber

C+L Band ASE 1455 nm
Broadband light
source. Total
gdBm
1480 nm

Broadening fibre 1= 10km TrueWave RS
Broadening fibre 2 = S5km TrueWave RS

Figure 4.27 Dual pump WDM Raman experimental set-up

The system is a traditional transmission line backward pumped with two conventional
Raman laser pumps, centred at 1455 and 1480 nm. Each of the pumps propagates
through a different broadening pre-fibre before being combined together by a 3dB
coupler and then injected into the transmission/amplification medium, in our case
comprised of 25.26km E-LEAF fibre, via a Wavelength Division Multiplexer (WDM).
The WDM does not only couple the pump light into the transmission line but also
removes any spontaneous component that may otherwise occupy the signal band. Two
TW-RS fibres were used for the broadening of the pumping waves. For the 1455 nm
pump, a 10.390 km reel with a zero-dispersion wavelength of approximately 1454 nm
and a dispersion slope of O.O46ps/nm2/km was used, this fibre is different to the one
used for Fig. 4.25 and was used due to its shorter length and therefore its ability to

enable a higher gain level in the transmission fibre. The 1480 nm pump was broadened
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effective central wavelength of the pump. Both the broadening and the offset are less
evident for the 1480 nm pump, which is more than 5 nm apart from the zero-dispersion
wavelength of its broadening fibre and has a shorter length for the MI process to

operate over.
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Figure 4.29 Fig. 4 Gain spectra of the amplifier on its different configurations:

Top - With unbroadened pumps. The solid line corresponds to the experimental result, while the
dashed line shows the numerical prediction.

Centre - With nonlinearly-broadened pumps. The solid line corresponds to the experimental
result, while the dashed line shows the numerical prediction.

Bottom - Comparison between the gain ripples with and without pump broadening.
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Figure 4.29 (top) compares the numerically obtained low-power signal (-10
dBm/channel, 170 GHz channel spacing) on-off amplifier gain for the case of non-
broadened pumps (considered monochromatic for the simulation), and the measured
experimental gain curve, for pump powers of 80mW (1455 nm) and 206mW (1480
nm) after the coupler. The transmission/amplification fibre is composed of 25.26 km of
E-LEAF with a Raman gain co-efficient of 0.5(W/km)'. The numerical model
considered, based on the integration of the well-know Raman amplifier average power
equations [48], and superior to that used in [38] where gain profiles were overlaid. The
model used here estimates the gain spectrum for the discretised frequency space using
experimental broadened pump profiles as the initial pump light and takes into account
all important effects, including pump-to-pump interaction, Rayleigh backscattering and
pump depletion. The agreement between numerics and experiment is excellent.

The equivalent gain curve obtained with the broadened pumps shown on Fig. 3 is
depicted on Fig. 4.29 (centre), which compares again the numerical prediction and
experimental result. In this case, a dense series of experimental broadened pump
spectra were sampled for their use in the numerical simulations, so that the spectral
profile of a broadened pump in our simulations could be approximated by the
measured broadened spectra of a pump of similar power. Please note that the optimal
pump powers that lead to a flattened gain response of the amplifier differ from the case
of monochromatic pumps. The main reason can be found in the wavelength offset of
the broadened pumps, which are not centred at 1455 and 1480 nm anymore.

Even though the limitations imposed by the available pre-broadening fibres, especially
by that of the 1480 pump, led to a drop in the gain at about 1590 nm for the broadened
pump amplifier, the improvements in gain ripple performance are evident, as shown in

Fig. 4.29 (bottom). In particular, the continuous bandwidth corresponding to a gain
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ripple of 0.1 dB is increased from 5 nm to 19 nm, and the total gain variation over a 20
nm window is halved from 0.26 dB to 0.13 dB. A more appropriate ‘pre-fibre’ (more
effective broadening for less pump attenuation) would allow for encapsulation and
extension of the gain bandwidth over that of the case without broadening. One
contender for such a fibre is Highly Non-Linear Fibre (HNLF), which will be
investigated next. It is also worth pointing out that the performance of the system
could be improved greatly if the 3dB coupler was replaced with a more suitable and
lower loss, WDM device.

So as mentioned and shown up to now using TW as a pre-fibre can work but has
limitations due to the long lengths required to create satisfactory broadening namely
power loss at the pump wavelength. This length can be reduced if a the nonlinear
coefficient is increased, application of a Highly Non-Linear Fibre (HNLF) is of interest
to reduce the required fibre length and pump losses. Fortunately a suitable fibre was
made available allowing various experiments to be carried out to see if this fibre type
could do the same job as the TW fibre, see [49]. The fibre made available was a

prototype Sumitomo HNLF with the following specifications:

Length 1.1km

Loss at 1550nm 0.57dB/km
Dispersion slope(1450-1550nm) ~0.04ps/nm/km”
Zero Dispersion Wavelength 1466nm
Effective area Ilum”

Table 4.1 HNLF parameters

As previously mentioned, a low anomalous dispersion value and a high non-linear

coefficient are desirable for efficient broadening of a pump wavelength. The HNLF

81







Transmission Fibre

Signal
Broadband GD M ,% ig §

Source ~
1Q  HNLF
Pre-fibre
1480nm
Raman
Fibre
Pump Laser

Figure 4.31 HNLF experimental layout

The HNLF presents an average dispersion value of ~0.69ps/nm/km and a non-linear
coefficient of 18 W-1km-1 at the pump wavelength of 1480 nm. With a length of 1.1
km in length, coupled with loss at 1480 nm of ~0.5 dB/km, allows us to avoid the
problems derived from using a long fibre. The signal source is a L-band ASE light
source with total output power of 9.6 mW, equivalent to 32 channels transmitting a -5
dBm average power per channel. 25km of LEAF fibre is used as the amplification
medium. The initial step was to investigate the pump evolution for varying power after
propagation through the HNLF. The spectrum was monitored before the WDM, at
point 1 in Fig. 4.31, in order to explore the degree of broadening available in the
HNLF. Figure 4.32 illustrates the pump spectra after propagation for pump powers

varying between 58 and 1152mW.
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for gain flattening is not obtained for the highest pump power, since this leads to an

excessive broadening of the pump spectrum.
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Figure 4.33 Comparison of gain spectra for the cases with and without HNLF pre-fibre

The gain spectra for the “without HNLF” and “with HNLF” cases, both obtained for
the same peak gain value, are compared in Fig. 4.33. Please note that although the
figure superimposes both gain spectra for a clearer comparison, there is an offset of
approximately 1.5 nm for the “with” case due to the migration of the centre pump
wavelength with increasing pump power in the HNLF, which can attributed to the
Raman gain and other non-linear effects. The top x-axis in the figure corresponds to
the “with” case, whereas the bottom one corresponds to the case without broadening.
From previous work, it was expected that the resulting gain spectra with HNLF would
encompass that of the case without broadening fibre. This effect is even more
pronounced here, the peak gain for the case with HNLF being nearly continuous for
over 10nm. If we compare the continuous bandwidths (the continuous wavelength
range for which then gain varies by only a specified amount) for a 0.1 dB, 0.5 dB and

3 dB reduction from the peak gain value we obtain 3.38, 11.31 and 41.795 nm for the
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concept has then been extended to the case of a dual pump WDM Raman unit to
provide a gain with a noticeable reduction in ripple over a specified bandwidth.
Related issues were discussed in relation to pump loss in the fibre and the sensitivity to
pre-fibre dispersion, the need for a more efficient pre-fibre was expressed and novel
work was carried out on a highly nonlinear fibre in an attempt to address this desire.
Finally work to explore any degradation to a data signal from using a pre-fibre Raman
amplifier was carried out.

From the work shown in this chapter it is possible to state that use of a pre-fibre for
pump spectral broadening can indeed provide a smoother and broader Raman gain
spectrum from a standard Raman pump laser. The result of this is that the power
variation between channels in a WDM system, utilising repeated similar spans, can be
reduced. This can lead to all channels remaining away form the noise floor as well as
narrowing the dynamic power range an optical receiver is required to work over, thus
reducing cost and complexity. Also the wider gain region could also allow more
channels to be used, therefore increasing the total data capacity of a transmission
system.

It is also possible to note that if such a broadening technique was to be used then very
careful consideration must be applied to selection of the pre-fibre with regards to its
length, nonlinear coefficient, and dispersion characteristic and to the required gain
level in the transmission span to be amplified. This work provides a basis for much
future work including the continuing need for an accurate numerical model of the
broadening process, which truly resembles the measured broadened pump profiles, in
order to determine these characteristics for an ideal pre-fibre for any amplification

requirement.
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Chapter 5

Four Wave Mixing and Raman

5.1 Introduction

As shown in chapter 3, to obtain a flatter and broader Raman gain spectrum multiple
pump lasers of different wavelengths can be multiplexed together before being
launched into a fibre. It has also been possible to extend the gain bandwidth by
interleaving the pump laser within the signals [54]. Although there are the benefits, as
mentioned, by the utilisation of WDM Raman pumps, there are also problems that
arise, for example; pump-to-pump interactions — causing depletion of shorter
wavelength pumps, and Four-Wave Mixing (FWM) - between pumps and
pumps/signals.

This chapter aims to explore some of the effects resulting from FWM, the
factors affecting them, and their impact on a communications system, along with

investigations on previously proposed mitigation techniques.

5.2 Four-Wave-Mixing processes

Four-Wave-Mixing is a nonlinear process that arises from a third-order susceptibility
parametric process, with second-order susceptibility very small in an isotropic silica
fibre. In FWM two photons at frequencies f; and f, are destroyed while two new
photons are created at frequencies f3 and fs. Significant FWM occurs only if there is
conservation of the photon momentum and energy between the four guided waves
involved. With energy conserved fi+ f,= f3+ f4 and phase matching of the wave
vectors kj+ko=ks+ks FWM can develop efficiently [21]. Looking now in terms of

Pump and Signal [54], consider the mixing between two pump photons kf,, hf, and a
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P, (L) =4 d*F BB, P exp(-a, L)L) (5.2)

Where the pump effective length is given by

1—exp(~a L
Lfﬁ :M (5.3)
a,
The FWM efficiency can be given by

o’ 4exp(—arL)sin® (2=

n=—r 1y exp(—aL)sin™( B ) (5.4)
o, +(Af) [1-exp(-e,L)]"

1 <
= — (5.5)

Where P, P,, and P, in (5.2) are the input powers at their respective frequencies of f,
fprand fi. If ¢, L>>1 then the approximation (5.5) is valid. The variable d in (5.2) is

known as the degeneracy factor and is equal to three for degenerate and six for non-

degenerate four wave mixing [55]. v is the non-linear coefficient of the fibre given by

y:ﬂAk (5.6)

s hdf

Where A, 1s the effective mode field area, A, 1s the vacuum signal wavelength and n,
is the nonlinear-index coefficient [11]. The efficiency #, is dependent on the amount

of propagation constant mismatch Af [54]

AB=(B,-B)—(B.=B)=0B+AB8,+Ap, (5.7)
Where
0B =2ZAF(N, - N,) (5.8)
"
AB, =Z(Af (2D, - 22D, (5.9)
-




AB, = ”7 (Af){(Z/%;DP—MjDS)J{ - dD, N db, H (5.10)
2
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The notations Af;, Af; and Afs are the first, second and third order terms from the
Taylor expansion of Af in terms of Af. Nj, and N are the group indexes for pump and

signal respectively. D is the fibre chromatic dispersion and is given by
D:(l)(ﬂ) 5.11)
c)\dA

b _1d’N
dl ¢ dA’

And the dispersion slope is given by

(5.12)

When the first order mismatch (5.8) has been minimised the second order term from
(5.9) dominates. In this chapter we are interested in dealing with pump and signal
interactions, which means we are dealing with broad bandwidths in the region of
100nm. The presence of third order dispersion in the fibre implies that £, is a

wavelength dependent quantity [56]. It is therefore important to note that, for efficient
FWM, it is required to have [Aﬁ] ~0, which holds true when f> at f=(f,+f)/2 is
approximately equal to zero, i.e. when (f,.+f)/2= f, = zero dispersion frequency.
Hence, efficient, phase-matched FWM takes place at f,- = f,- - f, + f; when X, the
zero dispersion wavelength, falls symmetrically between the pump and signals. In
other words, from [57] third order phase matching is achieved when two pumps are
symmetrical with regard to the zero dispersion frequency. In the degenerate case this

means the pump 1s exactly at the zero dispersion wavelength k.

5.3 Four-Wave Mixing between pumps




The previous section sought to look at FWM from a Pump-Signal interaction angle,
but mixing products can be formed between different pumps in a system employing
WDM Raman pumping if the dispersion characteristics of the fibre used satisfy the
required phase matching condition, in this case noise and/or another pump acts as the
signal in the previous section. There are multiple combinations of products that can be
formed depending on where the zero dispersion wavelength sits in the pump band and
whether it falls at a pump wavelength; giving rise to a degenerate FWM case. The
products that are created can lead to multiple problems, for example:
e Products may fall within the signal band diminishing OSNR
e Products may fall at longer wavelengths within the pump band serving to
deplete the pump sources
e The formation of products may interfere with techniques aimed at achieving
optimum gain shape
Construction of an experiment to investigate the location and magnitude of such

products is relatively simple and is depicted in figure 5.3.
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Figure 5.3 Pump-Pump FWM Experiment

The Raman pump modules consisted of two primary units:
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Figure 5.18 Experimental set-up for co-propagating FWM investigations

In this experiment ~350mW Raman pump light at 1452nm was coupled via a dedicated
WDM with the output of an External Cavity Tuneable Laser (ECL), the wavelength of
the ECL was set to the wavelength that provided the most efficient FWM - this case
~1552nm. It is worth restating that the maximum efficiency for FWM in this type of
experiment, i.e. in the presence of Raman amplification, occurs when the signal and
the pump reside at equal spacing on either side of the ZDW and the spacing between
the pump and signal is equivalent to the Raman shift as mixed components in the
signal region also receive maximum gain. The output power of the ECL into the fibre
was ~1dBm, the resulting spectra were observed on the OSA with a Resolution Band

Width (RBW) of 0.07nm. The measured result is shown in Figure 5.19.
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spectral density within the spectral width maybe reduced. If the following FWM

process is considered f,2+ f,2— f,1 — f,1 the generated FWM power P(f,1), due to
this process, at f,1 will be proportional to P(f,D.P(f,2).P(f,2) where P(f,D),
P(f,2) and P(f,2) are the input pump-power spectral densities at frequencies f,1,
f,2and the noise-power spectral density at frequency f,2, respectively. A wide pump
spectral width (the total pump power remains constant) can reduce the value of both
P(f,1)and P(f,2), therefore reducing the FWM effect. Reference [60] seeks to reduce

the FWM by de-correlating the longitudinal pump modes i.e. reducing the coherence, it
1s the view of this author that the authors of reference [60] have overlooked the fact
that they have broadened the pump spectral width, coherence is still reduced, but no

reference was made to the increase in spectral width. Spectral width Af 1s related to the
coherence time 7, by Af = (71,'zL,)‘1 [41]. Taking on board these mitigation concepts an
experiment was devised to explore them and in the case of reference [60] whether the
proposed scheme works for the reason stated by the authors, or if it is due to some

other factor, such as the spectral bandwidth of the pump laser.
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Figure 5.25 Experiment for investigation of FWM mitigation techniques










RBW and -70dBm sensitivity; the OSNR (in a Inm BW) for this was 46.6dB. The
other traces display the span output with Raman on, under the different schemes;
Raman only, with Attenuator and with 10km SMF pre fibre giving OSNRs of 22.1,
26.8 and 31dB respectively. From these values it is possible to relate the improvement
with OSNR to the increase in pump line width. The SMF after the pump does improve
the OSNR as set-up in reference [60] but possibly not quite in the way described.
Reference [60] attributes the performance improvement to pump longitudinal mode de-
correlation (reducing the FWM efficiency) due to the pre-fibre dispersion
characteristics only. If this was the sole reason then the attenuator would not provide
any improvement, but as Fig. 5.27 shows, it does. The results here show that by
operating the pump at higher power a natural line width increase is obtained and when
attenuated can provide better performance than un-attenuated pump light direct into the
fibre for the same gain value. The added broadening in the SMF, due to other effects,
serves to increase the line width and further reduce the FWM efficiency by lowering
the pump spectral density and therefore also reducing the Rayleigh backscattering of
the mixed products, which travelled in the co direction with the pump, which would
also impede the signal.

Attention is now turned to further investigating this FWM reduction technique. Staying
with the counter propagating pump set-up in Fig. 5.25 experiments were carried out to
explore the effect of gain level on the effectiveness of the SMF ‘pre’ fibre as a FWM
reduction technique. Four gain levels were aimed for: 10, 12.5, 15 and 20dB which
were referenced by the gain at a wavelength outside of the most affected FWM region,
in this case to be 1553nm. The wavelength of tuneable laser was varied in steps of Inm
from 1530 nm to 1553 nm, across the FWM region with an output power into the

LEAF fibre of 1dBm for each of the previous gain levels, with and without the 10km








































worth noting that the TW works well in the counter configuration, producing a similar

result to the SMF.

5.6  Effect of FWM mitigation techniques with data transmission

This section aims to explore the effect of FWM on data transmission as well as the
effect of having a Raman pump on the zero dispersion wavelength, thus creating a
more degenerate FWM case. Referring to the previous statement, results presented in
this chapter are often categorised as Degenerate and Non-degenerate. Seeing that the
lasers used have a non zero bandwidth, no case is purely degenerate and it is felt that
these terms should be considered with the term ‘partial’ and with reference to each
other. The motivation behind this section is to explore experimentally the results given
in [57]. This reference states several findings, including:

e FWM can be reduced by the use of steep (higher extinction ratio) narrow

pumps

e Broad pumps will produce a FWM Region that spans a larger range

s Broad pumps will produce a higher amplitude FWM peak
To investigate these statements a simple experiment was devised with the use of a
semiconductor Raman pump module consisting of 10 pumps at 5 wavelengths, as used
in Fig 5.3. Out of these 5 wavelengths, 2 were chosen for the investigation: 1452nm
and 1496nm. 1452nm was chosen as this could be broadened using the technique
discussed in the previous section, and 1496nm as it sits near the ZDW of the LEAF
transmission medium, providing the partially degenerate case when propagating

through the LEAF. The basic experimental setup is given in Fig 5.47.
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Figure 5.47 Experiment for investigation of degenerate and non-degenerate FWM and pump
shape

Four variations of the experiment were undertaken:
1. Non-degenerate Raman only - 1452nm pump only

2. Degenerate Raman only - 1452+1496nm pumps

|O8]

Non-degenerate Raman with TW - 1452nm pump only
4. Degenerate Raman with TW — 1452+1496nm pumps

The use of two pumps gave a gain spectrum that consisted of two peaks, one at
~1562nm and the other at ~1592nm. The gain at both of these peaks was equalised to
the value ~5.3dB — limited by the power of the pump diodes and the loss through the
TW (2.5 dB at 1455nm). For the 1452nm pump the only change in the operating
conditions was the deactivation of the 1496nm pump — the 1452nm pump was run at
the same drive current as when both pumps were operating. This leads, of course, to a
small drop in the peak gain value and a drop of <1dB in the FWM region. The drop is
small because even though the 1496nm pump adds gain at longer wavelengths, it also
serves to deplete the 1452nm pump. Looking first at the pump characteristics in Fig.
5.48 it can be seen, on the left, that the addition of the TW fibre has broadened the
1452nm pump while the 1496nm pump is unaffected. The right hand side shows the

spectrum from the pump unit for the pump values used for the Raman only case.















channels, but in disagreement with the statement that the wider pump would also more
severely degrade the worst affected channel [57]. For the two pump degenerate case
the addition of the TW produces an OSNR that is equal and, generally, better than the
Raman only case over the FWM region. It now appears that the addition of a TW reel
can really improve performance in the FWM region in the co-pump direction where
SMF failed; this may be due to the TW disrupting the pump coherence more than the
SMF. Up to now, the signal has been a CW source. It is considered important to
explore the FWM effect and TW mitigation when the signal is a true signal of
modulated data.

The transmission set-up to investigate this is shown in Fig 5.52.
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Figure 5.52 Transmission experiment for FWM degradation investigation

Four Distributed Feed Back lasers (DFB) were used as the signal sources and were set
to the following wavelengths: 1539.9, 1545.4, 1546.7 and 1549.9nm. The first and the

fourth wavelengths are there as reference channels just outside the FWM region, whilst
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the other two were chosen to be around the worst affected wavelengths, whether the
TW fibre was employed or not. The wavelengths were then coupled together using a
4:1 star coupler, then sent through a RZ transmitter which was fed data at 10Gbit/s
from the bit pattern generator, creating pseudo random data with word length of 2%
bits. The encoded light was then sent through a launch EDFA, giving a total launch
power of ~2.8dB. The data was then coupled with the co-propagating Raman pump
into the 75km LEAF span. The span dispersion was compensated by a combination of
DCF and 20km SMF trimming fibre. The SMF was placed after the receive EDFA. A
tuneable narrow bandpass filter was used to demultiplex the channels, which were then
analysed using a sampling scope, OSA and bit pattern detector. The EDFAs were set
up so that the system would work without the Raman amplifier, meaning that any
degradation in the BER would be due to FWM degrading the OSNR and not due to the
signal falling into the noise floor due to loss.

The Raman amp was run in the same combinations as for the experiment in Fig. 5.47,
in addition to another combination in which it was completely off. Measurements
taken include Gain (measured before the receive EDFA), OSNR and BER for each

channel and each system variation. These results are given in Fig. 5.53 and 5.54 below.
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the degenerate case or the non-degenerate, the addition.of the: TW:--makes a marked
improvement on the two worst affected channels (1545.4 and 1546.7nm). In instance
of the degenerate pump set-up, the addition of the TW brings channels up from
considerably poor error rate to essentially error free (if the typical error free rate limit
of 1.0E-9 is utilised). To give further insight, Figs. 5.55 and 5.56 show the measured
spectra (before the receive EDFA) and the received eye diagrams from the sampling
scope for the no pre/TW experiment and with pre/TW respectively. The noise on the
‘ones’ can be seen from the increase in thickness of the line at the top of the pulse for
the two central channels. Particularly when no TW pre-fibre is applied, the eye for the
1554.4nm is much closed due to this. The 1554.4nm eye opens greatly when the TW is
applied for the degenerate and non-degenerate case. These results, along with those in
the preceding few pages, reinforce the viability of using TW as a FWM reduction
device when using co-pumping Raman in a fibre span where the zero dispersion
wavelength falls such that FWM components are seen in the signal band.

As a final note, comparing Figs. 5.55 and 5.56, the pump modes that can be seen in the
noise in-between the channels have been reduced/smoothed in the scenario where the
TW is utilised, demonstrating the ability of the TW to reduce the correlation between

the pump and the signal.







The major downside to this additional system component is the inherent loss added at
the pump wavelength. Further work would be required to look at the effect of different
TW fibre lengths upon the FWM, and it might become necessary to have only a short
length of fibre, therefore reducing this loss. It is felt that coherence is a key factor in
producing the results and effects seen within this section. Therefore, it would be highly
advantageous to understand the mitigation process better and quantify the effect of
dispersion, and relative and absolute pump/signal coherence and coherence length

upon it.

5.7 Conclusions

Four Wave Mixing in Raman amplified systems is an effect which generates many
implications, from pumps mixing with each other generating unwanted components in
the signal region and in the pump region, to pumps mixing with signals. The resultant
effects are generally a reduction in OSNR and disruption to the gain profile. Much
work has been published on this subject and attempts have been made to mitigate it
and recover the channel region lost to it, but issues and questions still remain.

This chapter has aimed to give an insight into the form and severity of the problems
produced by the various mixing combinations that can occur, as well as to look at
some of the possible ways to reduce them. It has also aimed to verify the results of
several publications, in particular {57, 60], and highlight some of their possible
shortfalls and discrepancies. The results presented here are indicative of the short
comings of [60] as the work in question fails to mention, explicitly, the effect of pump
broadening which may well be the responsible process and the limitations of the

mitigation process portrayed. As a result, a new method of FWM mitigation was




employed in the form of a TW fibre, which can improve the signal performance in the

co-pump direction where previous ideas of using SMF were unable to do so.




Chapter 6

Distributed Gain

6.1 Introduction

One of the largest advantages of Raman amplification is the way in which the gain
provided can be distributed throughout a certain portion, the effective length of the
transmission fibre, as touched upon in chapter 3. This distribution allows an
improvement in amplifier noise figure over discrete amplifiers by allowing the signal
to recover before its OSNR is depleted by approaching the noise floor and by allowing
lower launch powers to be used and thus avoiding various non-linear effects as
mentioned in chapter 2.

The area that the gain is given over can be at the end of the span, traditionally referred
to as counter-pumping, or at the start of the span as in co-pumping and at both ends by
combining co and counter pumping schemes. To enable gain further towards the centre
of the span further techniques must by employed such as higher order pumping where
a pump laser provides gain to another pump laser and then onto the signal.

This chapter aims to provide an experimental illustration of how a signal evolves along
a Raman amplified transmission line when various pumping schemes are employed
such as co, counter and bi-directional pumping. It then moves onto how gain can be
provided along the entire length of a transmission fibre, effectively producing a quasi-
lossless fibre. Application of such a fibre as a data transmission medium is investigated
along with the use of co, counter and bi-directional pumping to help generate self-

similar parabolic pulses. Finally a brief note is made in reference to RIN noise transfer

from pump to signal especially in the co-pumping direction.
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6.2  Advantage of distributed gain

The main advantage of distributed gain is the improvement in noise figure over a
discrete lumped amplifier. The noise figure of an amplifier is the ratio of the output
signal SNR to that of the input signal SNR and can be considered as a measure by how
much an amplifier degrades the signal. The improvement in noise figure can be
interpreted by using an ‘effective’ or ‘equivalent’ noise figure. From [5], this is the
noise figure that a fictitious discrete amplifier would need when following an
unpumped span to give the same noise performance as a distributed Raman amplifier.
Also, the gain of the effective amplifier must be equal to that of the on-off Raman gain
case so that it performs as an equivalent pre-amplifier to any following amplifiers. A
visual representation, adapted from [5], is given in Fig. 6.1.
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Figure 6.1 Actual and ‘Effective’ system for Raman counter pumping. Shows the fictitious pre-
amplifier with gain G,,..;r and noise figure NF s that follows the unpumped span with length L

For a cascaded chain of amplifiers the total noise figure is given by [5].
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Where NF; and G; are the noise figure and net gain (in linear units) for the i amplifier
in the chain. Equation 6.1 shows that the total noise figure is dominated by the noise
figure of the first amplifier if its noise figure and gain are sufficiently high. Referring
to Fig. 6.1 the effective noise figure can be found by equating the noise figure of the
two configurations. From (6.1) the noise figure of the Raman pumped fibre span

(NFrspan) €quals

NF,, ~1
NFR.\'[mn = aL R —
- (6.2)
= aLxNF,,

Where ol is the passive span loss and all quantities are linear units. In dB the noise
figure required by the effective amplifier is

NF,, (dB) = NF,

ropan (AB) — Ly (6.3)
From (6.3) it is seen that NFrgpan(dB) can be less than zero [26], such an amplifier is
not physically possible but is indicative of the superior performance achievable from
distributed Raman amplification which cannot be attained from placing a discrete
amplifier at the end of the span. A basic explanation is that amplification always adds
noise to the signal, which degrades the OSNR. In the ideal case the signal travels via a
lossless fibre and therefore requires no amplification, in this case the input OSNR 1s
equal to that of the output resulting in a noise figure of one. In the opposing worse case
the signal experiences the full loss of the span before receiving amplification. In this
case the gain required from the amplifier at the end of the span has increased, to
achieve this more pump power is required and therefore more ASE is generated from
within the amplifier, at the same time the input power to the amplifier has decreased.

This lower input signal power results in the ASE being more successful when

competing with the signal for gain. These two mechanisms combine to considerably
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reduce the OSNR at the output resulting in a larger NF. If distributed gain 1s
considered as a chain of discrete amplifiers along the fibre, then less gain is required
by each amplifier, reducing the ASE generation, and the input signal into the next amp
will be greater, reducing the ASE competition. This explains why distributed gain
improves performance and why improving a distributed gain technique like Raman by
higher order pumping improves the performance further. To further understand how
the distributed gain can reduce the signal-spontaneous beat noise it is useful to study

the two abstract system configurations in figure 6.2, adapted from [5].

Configuration A

NFiota = oL.NF

Configuration B

NF

NF!Dlal = NF+ (GI-’"I)/G

Figure 6.2 Two abstract configurations A and B where a loss element oL is placed ecither before or
after a discrete amplifier. Noise figure expressions are for linear units

Here a loss element (aL), typically a fibre, is inserted before (configuration A) or after
(configuration B) an amplifier (G, NF). The total noise figures shown are in linear
units. Entering some numbers for illustration, NF = 3dB and G = oL = 20dB,
configuration A has a total NF of 23dB and configuration B has 4.8dB. in
configuration B the signal and ASE are attenuated equally together but In

configuration A only the signal is attenuated therefore resulting in a reduced OSNR.




The effective noise figure is fairly easy to interpret when conventional counter-
pumping is employed but is more difficult to comprehend when co-pumping is used, as
the gain now occurs at the other end of the span to where the effective amplifier is
placed [5]. Considering figure 6.2 it can be seen how moving all the gain to the front
of the span would improve the noise figure further especially when the span is pumped
to ransparency (G = al). However, this noise improvement is not so clear cut, the
problem with moving all the gain to the front of the span is that the signal power
becomes very large which can quite possibly give rise to other nonlinear effects from

chapter 2.

6.3 Experimental Measurements

If the aim from the previous section is to obtain continuous gain distribution then
techniques to provide this must be devised as well as methods to verify,
experimentally, the result. There have been several studies on the measurement of gain
distribution [62, 63, 64, and 65] all feature the same essential component, an OTDR
device. Utilising the technique detailed in [62] a system was set-up to measure the gain
distribution of a Raman pump/amp for a selection of pump powers for co, counter and

co+counter pumping. The system used is illustrated in Fig. 6.3.








































Here the same power at the receive end as that of the launch end was aimed for, and
for each length the total signal variation was (approximately) 1.4, 0.2 and 0.1dB for the
75, 52 and 20km lengths respectively, the noise present is a limitation of the OTDR
when the real time mode without averaging was used, this allowed real time
adjustment of the pump lasers. The 1365nm pump powers for each length were 526+
596mW, 356+ 482mW and 212+ 277mW for the 75, 52 and 20km length again. These
variations may in fact actually be smaller but the measurement is limited by noise, also
a ~6.7km reel has been placed before the span in the above figure to remove the
measurement dead zone. By comparing Fig. 6.17 with Fig. 6.10 we can see that the
discrete 1365 and 1455nm pump lasers together produces less signal variation over the
same span length. It was considered that the high reflectivity gratings were actually
returning too much 1455nm light back into the span and therefore creating a too
sudden of gain, whilst when the discrete 1455nm pump is used the power can be
reduced to act as seed as discussed previously. It was then decided that lower
reflectivity gratings might actually produce a better result. Simulation results do indeed
show that different reflectivities may improve the signal variation at some lengths but
actually increase it at others, namely shorter lengths. Fig. 6.18 provides some of these
simulation results, which enable the reader to see how the signal variation varies with

respect to the degree of FBG reflectivity.
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Figure 6.18 Simulation result of signal variation versus span length and grating reflectivity

Experimentally it proved difficult to obtain an acceptable selection of gratings to
physically test this concept but a further two were produced with a reflectivity of
~33%. As previously stated and shown by the simulation results, the low reflectivity
will benefit at longer lengths and detriment at short lengths. Work revealed that there
was insufficient pump power to obtain a quasi-lossless result using the low reflectivity
gratings with the 75km span; however they did work to produce a result using the 20

and 52km spans, the result of which is given in Fig. 6.19.






















e The EDFA+QL system provides the best OSNR performance

e The EDFA+QL system also has the highest number of errors

e If an EDFA is to be removed it is best to remove the post EDFA

e The EDFA only system provides the best error rate
Now, some of these statements appear initially counter-intuitive namely the first two
points. This can be explained by referring to figure 6.25 where the temporal optical eye
diagram for each scenario can be seen, it can be seen in all cases that when the QL
system is employed the eye has suffered closure from amplitude jitter which can be
attributed to RIN transfer from the pump lasers to the signal. This is a well-known
problem when using Raman, especially when RFLs are used as the pump sources; see
[32]. This would also explain why, despite the lower OSNR, the EDFA only system
provides the best error rate — it is temporally more stable. It can be briefly concluded
that the QL does work but is limited by power fluctuation noise, this degree of noise
can be reduced by using a suitable feedback circuit to closely control the drive current

of the 1365nm RFLs.

6.6  Relative Intensity Noise RIN

As a final note to this chapter it is worth acknowledging the detrimental effects of RIN
transfer from the pump to the signal. All lasers, fibre or solid state, exhibit some
intensity fluctuations. Power fluctuations in laser are quantified through a frequency
dependant quantity called relative intensity noise [26]. Equation (6.4) is the
fundamental RIN definition from [26], given as the fluctuation power in 1Hz of

bandwidth relative to the average power squared

S (f)-Af,(=1Hz)

n2
£

RIN(f)= (6.4)



where S, is the power spectral density of the fluctuation [W*/Hz], Fis the frequency,
Py is the average power and Af,=1Hz is the bandwidth. If the fluctuation is

bandwidth limited to a small bandwidth Af, over which the spectral density is constant,

the RIN definition can be expressed as [26]

RIN = < — 6.5)

APz(r)> Af,
N

Where <AP2(1)>is the time averaged mean square fluctuation of the laser. The pump-

noise transfer function represents the enhancement in the signal noise at a specific
frequency fand is defined as

RIN, (/)

H(f)= RIN,(f)

(6.6)

When calculating the above transfer function (equation 6.6) it must be acknowledged
that the pump and signal do not travel along the fibre at the same speed due to their
differing wavelengths. The difference in speed is dependant on the fibre dispersion and
in co-pump propagation there is a walk-off between the signal and pump. Sufficient
walk-off or velocity differences between the signal photons and the pump photons
subject the signal photons to average pump powers as they propagate along the span
length reducing the noise transfer [71]. In the co-direction this walk-off reduces the
RIN transfer of relatively high frequency (>20MHz) pump power fluctuations. In the
counter pump configuration, the walk-off is mainly due to the opposing velocities of
the signal and pump photons, which results in an effective averaging of pump power
fluctuations at relatively low frequencies (>2kHz).

Even though all lasers display intensity fluctuations some are worse then others, and in
the context of Raman pump sources, it is Raman fibre lasers that are most problematic.

A typical RFL may exhibit a RIN value approaching -100dB/Hz whilst




semiconductors achieve a much lower value of ~-115dB/Hz for Fabry Perot and ~-
140dB/Hz for high power DFB, FBG stabilised FP lasers do not provide a significant
improvement in low frequency noise [72]. For co pumping, where the transfer of noise
is far more effective than counter pumping, reference [32] stipulates a RIN value of
less than -110dB/Hz is required for a 0.1dB signal Q penalty when the fibre exhibits a
dispersion of -15 ps/nm/km at 1500nm, or -118dB/Hz with D = -2 ps/nm/km. If the
zero dispersion wavelength lays at the midpoint of the signal and pump wavelengths,
the Q penalty would be much greater. From reference [73], the counter pump would
require a RIN value of -60dB/Hz to suffer a 0.1dB Q penalty for a fibre with dispersion
of -15 ps/mmv/km at 1500nm.

The transfer of pump fluctuations onto the signal can be quickly demonstrated using
the experimental configuration in Fig. 6.26, where the pump and signal are monitored
using a 10GHz photo-diode and an electrical spectrum analyser to see electrically what
degree of fluctuations there are and at what frequency they occur.
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Figure 6.26 Investigation of noise transfer from pump to signal

Before looking at the transfer to the signal it is worth while looking at the measured
noise directly from the laser (via 30dB attenuator into the photo-diode) and Fig. 6.27
does just this for increasing power for a 1452nm semiconductor pump module (two

cross polarised 1452nm grating stabilised FP lasers) and a 1455nm Raman fibre laser.
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earth amplifiers and by the use of Raman gain [26] and it is this Raman generation
method that is used here.

An experiment was derived to investigate the ability to generate parabolic pulses in a
7.3km reel of TrueWave classic fibre using co, counter and co+counter Raman
pumping. The basic experimental set-up is given below.

14550m Co-pump 1455nm Counter-

F Pritel
10GHz pulse
source

7.3km TW

ANDO

EDFA VOA+MONITOR AQ7750

Figure 6.29 Parabolic pulse generation experiment

The experiment comprises of a 10GHz pulse generator by Pritel inc. capable of
producing ~2-13ps sech pulses over a wavelength range of ~1530-1570nm, for the first
results here a wavelength of 1553nm was chosen. The pulses then passed through an
EDFA to increase the launch power and then a VOA with power monitor to allow for
setting of powers to the same level for each pumping scenario. The pulses then entered
the TW fibre via dedicated WDMs which also coupled in two 1455nm RFL pumps
each with a pump power of ~2W max. The fibre possessed a dispersion value of

—2ps/nm/km at 1553nm, as given in figure 6.30.
















generation and the profile of the generated parabolic pulse would also be of interest to

those working in research in optical switching.

6.8 Conclusions

This chapter reviews the fact that Raman gain is distributed with respect to fibre length
and confirms this with experimental results. These results also show how the gain can
be distributed in the co and counter pump directions and how the distribution along the
fibre can be more constant with the aid of bi-directional and second order pumping.
Next a novel second order pumping system which only requires discrete first order
pumps and two FBGs is presented. It was seen that the gain provided by this
configuration created a line that was quasi-lossless for a signal around 1550nm.
However it was pointed out that this system was not quite as effective as using discrete
first and second order pumps and the concept of adjusting the degree of reflectivity
from the FBGs was introduced to improve the gain variation along the span.

The new systems’ gain distribution with respect to wavelength was then investigated
and it was seen that the gain covered a much greater wavelength range than was
originally expected due to elements of the first order pump featuring at the signal
wavelength. This wavelength range was explored to see if the longitudinal gain varied
with respect to the signal wavelength and results suggest that a measurable difference
occurred. Lastly for the new QL system, its ability to transport data was quickly looked
at indicating that a more stable drive circuit would be required for multiple spans. This
new system design breeds many questions that only further work can answer and in
particularly what is the effect from multipath interference/ double Rayleigh scattering
and can such a system allow massive transmission distances to be achieved when using

nonlinear concepts such as soliton transmission?
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The problematic issue of intensity noise transfer from pump to signal is touched upon
and it is displayed that this can be a very noticeable phenomenon in the co propagating
pump regime. Finally, transmission is not the only application of distributed gain as

the brief work on parabolic pulse generation over a normal dispersion fibre shows.



Chapter 7 Conclusions

The end of the twentieth century saw massive increases in the demand for data
transport and research and development in fibre optics, driven by the popularity of the
Internet and associated services. This growth lead to the over expansion of many
companies, who then suffered when the market collapsed at the beginning of the
twenty-first century. After the collapse, many communication providers were
interested in improving and optimising existing infrastructure, say by sending faster
data rates down existing fibres. Raman amplification can be utilised to increase
performance by improving optical signal to noise ratios and by being able to provide
gain at other wavelengths for the addition of more channels. Despite the decline of the
fibre optics industry, research in Raman amplification has continued to grow as there
are many new applications and effects to be studied, of which a handful are explored in
this thesis. To recapitulate, the first three chapters aimed to introduce telecoms, fibres
and the Raman effect as an amplification technique, whilst chapters 4-6 elaborate
further on known processes and bring in multiple original ideas and concepts from
research by the author.

Chapter 4 explored the effect of spectral broadening on Raman pump light. Multiple
results to illustrate the broadening process were presented. It was seen early on in the
work that a range of factors played an important role on the degree of wavelength
spread seen, these included: fibre dispersion, length and nonlinearity. A consistent
requirement was the need to be near the zero dispersion wavelength but still within the
anomalous dispersion region. During investigation of the pump width the resulting
gain spectra were observed and as the pump width increased so did that of the gain
spectrum along with the spectral distribution. This resulting gain profile was compared

to that of when the unbroadened pump was used; the result indicated that a more
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uniform distribution of gain had been achieved when a fibre to broaden:a pump.was

used. The chapter then goes on to look at the application to multiple pumps-and the use
of a much shorter length of fibre with a high nonlinear coefficient as the pump
broadening fibre, with the results of both experiments being successful. As stated
within the chapter there is still much scope for optimisation of the broadening fibre, to
aid this, a firmer understanding of the broadening process is required along with
accurate modelling. It would also be of interest for verification of theory and numerical
simulations if the observations of the temporal break up of CW light due to modulation
instability could be obtained experimentally. Although such an experiment was
attempted using an autocorrelator, no meaningful result was obtained. This may be due
to the generated pulse train not being a repeating fixed pattern but one with various
asymmetric pulses occurring at a varying repetition rate; possibly due to pump power
fluctuations. Regardless of the generated pulse shapes and frequency it would be
insightful to be able to experimentally visualize such a train.

Chapter 5 investigates a well known process which proves detrimental to Raman
amplifiers, the process being four-wave mixing (FWM). Attention is paid to providing
a comprehensive graphical illustration of the effect as applied to a multi-pump Raman
configuration in order to clearly demonstrate the multitude of new frequencies that can
be generated. The remainder of the chapter is dedicated to how FWM affects the
channels within the signal band and how these may be mitigated. Several reduction
techniques are demonstrated with some interesting and curious properties being
recorded, some of which are hard to explain, considered to be a function of coherence,
and therefore naturally lend themselves to further investigation. The main point for
consideration being how does a fibre placed before a span reduce FWM within that

span and what makes that fibre more effective than other types, suggestions are given
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but future work is required to obtain a definitive solution. The existing mitigation

technique involves a fibre after the pump laser but before the transmission span in a
similar way to the configurations used for a different purpose in chapter 4, it is
speculated that it maybe possible to obtain a fibre that can perform both the broadening
process for the improvement of gain distribution, and for the reduction of FWM
equally well. Selection of such a fibre would involve a highly detailed model and
possibly large quantities of experimental data.

Chapter 6 turned attention to the distributed nature of Raman gain, it starts out by
describing why gain distribution is important in the context of signal to noise
performance, followed by experimental illustration of gain variations (with respect to
distance) for various pumping configurations, including bi-directional and higher
order. This covered the more conventional set-ups, the next step was to present an
original configuration utilising a second order style of pumping but by only using one
discrete pumping wavelength at 1365nm to eventually provide gain for a 1550nm
signal. The ‘missing’ first order ~1455nm pump wavelength was created within the
transmission line by harnessing the Raman effect and using two fibre Bragg gratings at
either end of the transmission line. The overall result of this configuration was to
create essentially a quasi-lossless or near constant gain fibre span. The outcomes of
several initial performance verifying experiments are then given, the result of which
points to the need to utilise pump lasers that exhibit much lower amplitude fluctuations
or relative intensity noise (RIN). The advantages of distributed gain are not only
limited to improving data transmission but such a link could provide the medium for
nonlinear pulse generation or propagation, such as solitons or, as in Chapter 6,
parabolic pulse generation. This section gives an insight into another large field of

study, but here it is meant as a means to demonstrate the usefulness of distributed gain.
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Results for the brief experiments performed were certainly encouraging and provides

scope for further study including: the effect of pump power, initial pulse power, fibre

length and a measurement of generated pulse chirp.
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