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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Optoelectronics Research Centre

Doctor of Philosophy

ALL-OPTICAL SIGNAL PROCESSING IN NOVEL HIGHLY NONLINEAR FIBRES
AND WAVEGUIDES

by Mohamed A. Ettabib

All-optical signal processing has recently become an attractive research field, a result of
nonlinear optical systems making major advances in terms of cost, compactness, energy
consumption, integrability and reliability. This technology has impacted several areas
ranging from telecommunications and biomolecular sensing to military and quantum
communications, and spanning a vast range of frequencies from the near to mid-infrared.
This PhD research project was aimed at investigating the features and feasibility of two
state-of-the-art all-optical signal processing technologies: highly nonlinear soft glass

fibres and silicon-based waveguides.

Of the various soft glasses available, lead silicate and tellurite are considered within
this thesis. The optical properties of a highly nonlinear lead silicate W-type fibre
are studied and the design process of such fibres is explained in detail. A number
of telecommunications-based all-optical processing applications are also demonstrated
in this fibre technology. Phase sensitive amplification is demonstrated in the W-type
fibre and the process is used to regenerate the phase of 40 Gbit/s differential phase shift
keying (DPSK) signals.

The optical characteristics of a highly nonlinear tellurite fibre are also studied both
at 1.55 and 2 pm. Efficient four wave mixing (FMW)-based wavelength conversion of
1.55 pm signals is demonstrated in the fibre and a detailed numerical study into the
potential of the fibre in realizing phase-matched mid-infrared (MIR) to near-infrared

(NIR) spectral translation is conducted.

The second all-optical signal processing platform investigated in this project is silicon
germanium (SiGe) waveguides. A detailed account of the linear and nonlinear optical
properties of this newly emerging silicon-based technology is reported for the first time
and the potential of this platform is highlighted by demonstrating wavelength conver-
sion of 40 Gbaud DPSK and QPSK signals. Broadband spectral translation is also
demonstrated in the SiGe waveguides with record FWM bandwidths.
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Chapter 1

Introduction

1.1 Research Area and Motivation

The field of nonlinear optics has seen a tremendous growth since the first observation
of a nonlinear optical phenomenon in 1961, when a crystalline quartz was used to gen-
erate the second harmonic of a ruby laser [1]. Nonlinear optics concerns the intensity-
dependent interaction of light with matter occurring inside a dielectric medium. All
dielectric media exhibit a nonlinear response when subject to an intense electromag-
netic field. The interaction between electromagnetic waves in this instance results in
exchanging energy and momentum, and the superposition principle no longer holds [2].
This interaction, depending on the type of the dielectric medium, can result in a range
of interesting optical phenomena. For instance, non-centrosymmetric inorganic crystals
such as potassium dihydrogen phosphate (KDP) and lithium niobate (LNB) exhibit
strong second order nonlinearities. The interaction of light waves in such materials can
result in the generation of optical fields at new frequencies, including sum- or difference-
frequency generation or optical harmonics of the incident beam [3]. On the other hand,
non-crystalline optically isotropic media such as most glasses exhibit strong third order
nonlinearities. The intensity dependence of the refractive index of those materials gives
rise to such effects as self-phase modulation (SPM), cross-phase modulation (XPM)) and
the mixing of several waves and the generation of new frequencies through four-wave
mixing (FWM) [4].

All of these second and third order nonlinear effects can be exploited to implement a
range of useful all-optical processing functions such as wavelength conversion, paramet-
ric amplification, phase conjugation and nonlinear spectral broadening, with potential

applications covering a vast spectral span extending from the near to mid infrared.

For instance, the presence of mature laser and amplification technology in the 1-1.5 ym
wavelength region has resulted in numerous demonstrations of all-optical processing ap-

plications in this wavelength band. The development of high power ytterbium (Yb) fibre
1
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lasers operating around 1 um, has enabled the realisation of broadband supercontinuum
sources [5] suitable for a range of useful applications such as such optical coherence to-
mography (OCT), microsurgery, frequency metrology, and fluorescence lifetime imaging
microscopy (FLIM)[6, 7, 8, 9].

Similarly, the invention of erbium doped fibre amplifiers (EDFAs) which have an ampli-
fication window that coincides with the minimum transmission loss window of silica has
led to an unprecedented growth in the field of optical fibre communications. In fact, the
increasing demand in traffic capacity driven by ever expanding broadband applications
such as ultra-high definition television, high quality real-time video conferencing and
remote diagnosis and surgery is now threatening to create what is known in the com-
munity as the capacity crunch [10]. This has sparked efforts to enhance transmission
efficiency and to reduce networking operating costs. For instance, modulation formats
deploying the phase of the signal have begun to replace the previous industry standard
of intensity-modulated on-off keyed (OOK) signals, in order to either achieve a better re-
ceiver sensitivity as in the case of differential phase shift keying (DPSK), or increase the
spectral efficiency as in the case of quaternary-phase shift keying (QPSK). This recent
deployment of more complex modulation formats and higher transmission data rates has
highlighted the need for alternative data handling technologies to electronic processing
systems where even specialist electronic components and radio frequency techniques are
becoming either impractically sophisticated or prohibitively expensive [11]. All-optical
processing devices and systems have thus been proposed as alternatives due to the ad-
vantages of the optical approaches in terms of speed, power and cost over their electronic
counterparts. For instance, FWM-based wavelength conversion is becoming increasingly
attractive for applications in dense high speed wavelength division multiplexed (WDM)
networks, where transparency to the bit rate and the modulation format are critical
requirements [12]. Furthermore, the removal of the overhead incurred from optical to

electronic to optical conversions promises to cut network costs and reduce its complexity.

A recent alternative research line has emerged investigating the extension of the usable
fibre bandwidth by implementing communication systems at wavelengths which have
not been previously considered. In this respect, the progress on the realisation of both
thulium-doped fibre amplifiers (TDFA) which possess a broad gain region around 2 pm,
and hollow-core photonic band-gap fibres which offer the potential for low transmission
losses at the same wavelength window, are promising indications that the realisation
of 2 pum fibre communication systems is viable [13]. This has thus driven research
efforts towards developing materials and devices suitable for optical signal processing
applications not only at the conventional telecommunication window of 1.55 pm but

also the emerging transmission window of 2 pm.

Furthermore, all-optical signal processing functions have also found use in applications

beyond 2 pm. The mid-IR 2-5 um region is one of the two atmospheric transmission
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regions where the Earth’s atmosphere is relatively transparent. Light sources operat-
ing at this wavelength region have a multitude of important security and industrial
applications, such as infrared counter-measures, covert communication systems and ex-
plosives detection [14]. Extensive research has thus been ongoing to develop moderate to
high brightness wide-bandwidth laser sources operating at this wavelength region. Laser
sources based on nonlinear effects in fibres such as supercontinuum sources [15] and fibre
optical parametric oscillators [16] have been demonstrated and proven to be a reliable
and economical way to achieve light emission in the mid-IR. The mid-IR spectral region
is also important because the molecular fingerprints of most organic and inorganic com-
pounds occupy this band. This opens the prospect of several important applications in
spectroscopy or in chemical and biomolecular sensing. However, mid-IR photo-detection
technology is the least developed area in Mid-IR photonics, as photo-detectors at these
wavelengths suffer from a slow response and poor sensitivity. To overcome this problem,
all-optical wavelength conversion into near-infrared (NIR) through either sum frequency

generation (SFG) [17] or FWM [18] has been suggested as a promising alternative.

This vast array of all-optical signal processing applications has driven the research com-
munity to design and develop the necessary nonlinear devices capable of realising efficient
nonlinear effects over a broad operating range. The bulk of this research effort has been
dedicated towards the development of state-of-the-art highly nonlinear fibres as well as

nonlinear photonic waveguides.

In general, highly nonlinear optical fibres represent an attractive platform for realising
efficient all-optical signal processing functions. Their long interaction lengths and high
power handling capability enable high effective nonlinearities and facilitate the realisa-
tion of a wide range of all-optical processing devices. Of the various fibre technologies
currently available, silica-based fibres represent the most mature and well-developed
technology. They offer very low losses at the near-IR window and can be engineered
routinely to exhibit near-zero dispersion at telecoms wavelengths. However, silica is
not a particularly strong nonlinear medium, since it possesses a relatively low nonlinear
refractive index ny (~2.6x1072° m?2/W) [19]. Consequently, high launch pump powers
and/or long fibre lengths of a few hundred metres are often required to achieve suffi-
ciently high effective nonlinearity for efficient nonlinear effects. These requirements often
impose performance limitations in terms of the parametric gain bandwidth, device la-
tency and stability. Moreover, silica shows poor transparency beyond 2 yum wavelengths,
due to the strong vibrational absorption of the OH molecule at 2.7 pum and the presence

of multi-phonon absorption of Si-O network beyond 3 pm [20].

Recently, soft glass fibres have emerged as an alternative technological competitor to
silica-based fibres. Most soft glasses possess superior nonlinear characteristics compared
to silica glasses. For instance, the increase by in excess of twentyfold in nonlinear
index in the case of a soft glass such as lead silicate in comparison to silica, leads to

realising the same effective nonlinearity in a much shorter length of the soft glass fibre
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and/or with less required pump power [21, 22]. Furthermore, the use of microstructured
optical fibre (MOF) technology provides a further enhancement to the nonlinearity and
allows control over the dispersion profile [23]. This leads to the realisation of highly-
nonlinear low-latency dispersion-engineered optical devices. Furthermore, soft glasses
such as tellurite, fluoride and chalcogenide, possess good optical transparency in the
wavelength range of 0.5-5 pm, 0.4-6 pm and 1-16 pum respectively and thus represent an

attractive fibre platform for both near and mid-IR signal processing applications [20, 24].

These advantages of novel highly nonlinear soft glass fibres are considered of great po-
tential in realising efficient nonlinear applications, and thus significant research efforts
are being devoted to further improve the fabrication techniques, enhance some param-
eters such as fibre losses and overcome current technological challenges such as those

associated with fibre splicing.

Meanwhile, the attraction of realising ultra-fast low power highly nonlinear integrated
devices has recently made highly nonlinear photonic chips a hot research topic and
an alternative technological competitor to highly nonlinear fibres [25, 26]. For instance,
chalcogenide glass photonic chips made from heavy elements such as sulfur (S), selenium
(Se) and tellurium (Te) possess a large third order nonlinearity of over two orders of
magnitude greater than silica [27]. Furthermore, chalcogenide’s relatively low nonlinear
losses and weak free carrier effects which can inhibit the speed of the nonlinear response,

makes it an excellent platform for ultra-fast all-optical signal processing [28, 29].

Silicon (Si) photonics has also been a hot research topic in recent years. The high in-
dex of silicon can be exploited through silicon-on-insulator (SOI) technology to realise
devices that benefit both from the high nonlinear refractive index of the material (ng =
4.5x10718 m?2 /W) and the tight confinement of optical beams in the small-dimension,
high-refractive-index-contrast waveguides. Silicon is also an excellent candidate for mid-
IR applications thanks to its transparency up to 8 ym and to the reduced two photon
and free-carrier absorptions beyond 2 um. Although such promising attributes are pos-
sible thanks to the good optical properties of silicon waveguides, a mix of silicon with
other elements, and in particular germanium (Ge), can strongly enhance the nonlin-
ear response. Silicon germanium (SiGe) alloys have thus been identified as promising
candidates for all-optical processing applications in the nearwave and midwave infrared
[30].

1.2 Main Objectives and Results

The aim of this project has been to investigate the features and feasibility of two all-
optical signal processing technologies: highly nonlinear soft glass fibres and silicon-based

waveguides.
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The study into soft glass fibres has focused on two soft glass families: lead-silicate
and tellurite. The study on lead-silicate fibres was a continuation from previous work
conducted within the Optical Communications group of the Optoelectronics Research
Centre (ORC) and was part of the last stage of a European project entitled “PHase sen-
sitive Amplifier Systems and Optical Regenerator and their applicationS” (PHASORS).
This work resulted in the design and fabrication of the fibres and the characterisation of
some of their properties at 1.55 ym as well as demonstrations of some nonlinear effects
reported by A. Camerlingo in [22, 31, 32]. The work reported in this thesis follows on by
continuing the characterisation work of optical properties of lead-silicate fibres at 1.55
pm and demonstrating a number of novel all-optical signal processing applications in

the fibre, such as phase sensitive amplification and phase regeneration.

The rest of work reported in this thesis closely follows the objectives of a European
project entitled “Compact uLtrAefficient midinfRared photonlc sysTems based on low
noise quantum cascade laser sources, wide band frequencY converters and nearinfrared
photodetectors” (CLARITY). Among the aims of the project (with relevance to this the-
sis) is to design and implement wide band, highly efficient mid-infrared to near-infrared
converters relying on third order nonlinear effects in waveguides based on group IV ma-
terials and soft glass fibres (Figure 1.1). SiGe Waveguides and tellurite glass fibres have
been identified as suitable candidates to fulfill this aim. Therefore, this thesis reports
the characterisation work conducted in these technologies along with demonstrations of

some nonlinear effects and all-optical signal processing applications.

Amplification
of Mid-IR

Generation of
pump Near-IRidler

Tunable Pump i ignal
4J;Slgnal ICIIE| ' SIg|na

G -9

coupler

signal

Figure 1.1: Conceptual scheme of a FWM-based wideband converter on which
the CLARITY project is based. Using a tunable pump around 2.2 pum, the
entire 3-5 ym Mid-IR band can be translated to 1.4-1.7 pm (courtesy of Dr.
Adonis Bogris).

The optical characteristics of highly nonlinear tellurite fibres are studied at both 1.55 and
2 pm along with wavelength conversion demonstrations at both of these wavelengths.
The potential of using tellurite-based fibre technology in Mid- to Near-IR conversion is
also highlighted.
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The study into SiGe waveguides highlights the novelty of this material as a nonlinear
platform and the potential for its use in a wide range of nonlinear applications. The
optical characteristics of the waveguides at telecoms wavelength are discussed in detail.
Furthermore, wavelength conversion experiments of telecoms signals in SiGe waveguides
are demonstrated. Finally, a comprehensive numerical and experimental study into

broadband FWM-based wavelength conversion at 2 pym is conducted.

The main results achieved by the end of those studies are outlined below:

e A demonstration of phase-sensitive amplification in a highly nonlinear and low-
dispersion lead-silicate W-type fibre. A phase-sensitive gain variation of 6 dB was
observed in a 1.56-m sample of the fibre for a total input pump power of 27.7 dBm.
Those results were orally presented in ECOC 2011 [33] and published in Optics
Express [34].

e A demonstration of phase regeneration of a 40-Gb/s DPSK signal in a 1.7-m long
highly nonlinear lead silicate W-type fibre using a degenerate two-pump phase-
sensitive amplifier. Results showed an improvement in the error vector magnitude
(EVM) and a reduction by almost a factor of 2 in the phase noise of the signal
after regeneration for various noise levels at the input. This work was presented
in NP 2012 [35] and published in Optics Express [36].

e A characterisation study of a highly nonlinear tellurite glass fibre at both 1.55 and
2 um wavelengths. The loss and nonlinearity of the tellurite fibre at 1.55 and 2
pum wavelength regions were measured and found to be 0.58 dB/m and 75 /W /km
at 1.55 pm and 2.8 dB/m and 45 /W/km at 2 pum respectively. Wavelength
conversion is also demonstrated at both wavelength regions. Those results were
orally presented in OFC 2014 [37].

e A systematic experimental study of the linear and nonlinear optical properties of
SiGe waveguides, conducted on samples of varying cross-sectional dimensions and
Ge concentrations. The evolution of the various optical properties for waveguide
widths in the range 0.3 to 2 pm and Ge concentrations varying between 10 and
30 % is considered. The comparative performance of the waveguides, when they
are considered for nonlinear applications at telecommunications wavelengths is also
discussed. The results of this study were presented in OFC 2013 [38] and published
in Optics Express [39].

e A demonstration of four wave mixing (FWM) based wavelength conversion of 40
Gbaud DPSK and QPSK signals in a 2.5 cm long silicon germanium waveguide.
For a 290 mW pump power, bit error ratio (BER) measurements showed approx-
imately a 2-dB power penalty in both cases of DPSK (measured at a BER of
107%) and QPSK (at a BER of 1073) signals that were examined. This work was
presented in OFC 2013 [40] and published in Optics Express [41].
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e A demonstration of broadband FWM-based wavelength conversion in a SiGe waveg-
uide. A Mid-IR signal at 2.65 pym was converted to 1.77 pym using a 2.12 gm pump.

This work is currently being prepared for submission to Optics Express.

1.3 Contribution to Research

The work carried out during this PhD project has had a number of contributions to the
field of nonlinear optics research. Below is a brief account of the novelty of this work

and its significance to science.

e The lead silicate work represents the first demonstration of a dispersion-engineered
meter-scale high SBS threshold highly nonlinear fibre to be used in a PSA con-
figuration. It is also the first record of using such a fibre in a PSA-based phase
regenerator. The work highlighted the importance of the W-type design in achiev-
ing both a low and flattened dispersion profile across the C-band and a large
nonlinear coefficient. It also represents the first experimental study contrasting
the performance of two competing highly nonlinear soft glass fibre technologies
in the context of PSAs. Furthermore, the work has also highlighted the major
technical challenges associated with this fibre technology, such as fibre splicing,

and suggested ways to overcome them.

e The tellurite work represents the first characterisation study of a new generation
of highly nonlinear tellurite glass fibres with reduced transmission losses across the
1-5 pm wavelength region, suitable for all-optical signal processing applications at
the MIR. The work also represents the first study on the prospect of using tellurite

fibres in achieving broadband MIR, to NIR nonlinear frequency translation.

e The work on silicon germanium waveguides represents the first detailed study of
the optical characteristics of the SiGe alloy at the NIR. It is also the first demon-
stration of an all-optical signal processing application at those wavelengths, namely
the wavelength conversion of high data rate telecoms signals. This is the first ac-
count to highlight the potential of using SiGe waveguides at such wavelengths for

applications beyond detection.

e The work on SiGe waveguides also represents the first demonstration of broad-
band FWM-based MIR to NIR wavelength conversion with record bandwidths.
Furthermore, the experiments conducted at the MIR have also highlighted the
importance of the precise definition of the geometry and refractive index profile of
SiGe waveguides during the design phase in order to accurately predict and model
the dispersive properties of such waveguides. Overall, this work has highlighted the
potential of SiGe waveguide as a competing all-optical signal processing platform
suitable for applications both at the NIR and MIR.
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1.4 Thesis Outline

The thesis is organised as follows.

Chapter 2 provides the theoretical background of the work presented in later chapters.
Key effects affecting the optical field propagating inside a third order nonlinear medium
are explained. Those include both linear effects such as linear losses and group velocity
dispersion (GVD) and nonlinear effects such as nonlinear losses, SPM, XPM, FWM and
stimulated light scattering. Furthermore, the Nonlinear Schrodinger Equation (NLSE),
which governs pulse propagation inside an optical fibre is derived and the split-step
Fourier method (SSFM) is described as a numerical tool to solve the NLSE. Finally, the
chapter closes by giving an overview of the state-of-art optical fibres and waveguides

technologies and comparing their attributes.

Chapter 3 introduces the work carried out in highly nonlinear lead-silicate fibres. It
starts with a discussion of the key properties of lead silicate as a fibre material and then
describes the W-type fibre design. An algorithm describing the process of choosing the
core size and core-cladding index difference to tailor the dispersive properties of a fibre
to suit a particular application is discussed in detail. The characterisation of some of the
fibre’s optical properties is then presented. Finally the chapter concludes with a demon-
stration of FWM-based wavelength conversion in the fibre and gives an accompanying
numerical analysis highlighting the importance of the fibre’s novel dispersion proprieties

in achieving a broadband operation.

Chapter 4 discusses the demonstration of phase sensitive amplification (PSA) in the
lead silicate fibre. It begins by introducing the principles of PSA and then proceeds to
explain the two PSA experiments conducted in the fibre: the parametric fluorescence
(PF) experiment and phase sensitive dynamic range (PSDR) measurement. Important
conclusions are drawn about the fibre merits and limitations which lay the foundation
of subsequent work: phase regeneration of DPSK signals in the lead-silicate fibre. The
regeneration experiment is explained in detail and performance of the fibre as a phase
squeezing device is discussed by presenting constellation diagrams and EVM and phase

error figures of the data signal before and after regeneration.

Chapter 5 discusses the work done on highly nonlinear tellurite fibres. It starts with
highlighting the attributes of tellurite glass as a fibre material and then gives an account
of the fibre design and fabrication process. This is followed by a characterisation study
of the fibre’s loss and nonlinearity at 1.55 and 2 pm. Wavelength conversion experiments
are demonstrated at both of these wavelength regions and a numerical study is presented
to highlight the potential of the fibre in Mid-IR applications.

Chapter 6 gives a detailed account of the study conducted to characterise the linear and

nonlinear properties of SiGe waveguides at telecommunication wavelengths. It starts
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with a discussion of the waveguide design and the fabrication process and then proceeds
with presenting the results of the characterisation work. The waveguides’ loss, nonlinear-
ity and two-photon absorption (TPA) are characterised for different waveguide sizes and
varying germanium concentration and the data is supported by numerical simulations.
A figure of merit (FOM) is used to choose the best waveguide size and Ge concentration

combination for optimum nonlinear performance.

Chapter 7 describes the all-optical signal processing applications conducted in SiGe
waveguides at 1.55 and 2 pym. FWDM-based wavelength conversion of 40 Gbaud phase-
shift keyed (PSK) signals at 1.55 pm is demonstrated and BER results are presented.
Broadband wavelength conversion experiments of 2 pm signals are then discussed in de-
tail. The experimental data collected is then analysed with aid of numerical simulations

to help estimate the position of the zero dispersion wavelength (ZDW) of the waveguide.

Chapter 8 presents a summary of the results and addresses the conclusions from all this
work. Finally, the thesis closes with Chapter 9 where directions for future work are

discussed.






Chapter 2

Background

2.1 Introduction

This chapter discusses the main linear and nonlinear wave propagation effects in opti-
cal fibres and waveguides. The chapter starts by explaining the origin of linear effects
such as loss and dispersion, and nonlinear phenomena, such as nonlinear refraction and
stimulated light scattering. The impact of each phenomenon on pulse propagation is
described and close attention is paid to effects of importance to this thesis such as chro-
matic dispersion, four wave mixing (FWM) and stimulated Brillouin scattering (SBS).
Furthermore, the Nonlinear Schréodinger Equation (NLSE) is introduced and its impor-
tance in describing the nonlinear and dispersive effects occurring during pulse propaga-
tion is highlighted. The chapter also presents a description of a numerical method, based
on the split step fourier transform (SSFT), that is used to solve the NLSE. Finally, the
chapter concludes by presenting an overview of the various optical fibre and waveguide

technologies and contrasting their attributes.

2.2 Wave Propagation Effects in Optical Fibres and
Waveguides

All dielectric media exhibit a nonlinear response when subject to an intense electromag-
netic field. Physically, this stems from the anharmonic oscillatory motion that the bound
electrons of the medium show in response to the radiating electromagnetic field E. Asa
result, the induced polarisation P of the dielectric dipoles is a nonlinear function of the
electric filed [2, 42]:

P=e¢(xW.E+x?:EE+®:EEE+...) (2.1)

11
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Where, ¢ is the vacuum permittivity and y(™ is a tensor of rank n+1 that describes
the n-th order dielectric susceptibility. The first order linear susceptibility X(l) relates
to the attenuation coefficient of the dielectric medium and also describes the wavelength
dependence of the refractive index, while the second order susceptibility x(?) represents
the origin of such nonlinear phenomena as second harmonic generation (SHG), sum fre-
quency generation (SFG) and difference frequency generation (DFG). In glasses such as
silica, however, because of the symmetric nature of the silica molecule, the second-order
susceptibility is zero, unless it is induced by poling [2]. Therefore, for non-crystalline
optically isotropic media such as optical fibres, the second order nonlinear effects are
negligible. The third order susceptibility x® , responsible for nonlinear effects such
as third harmonic generation (THG), nonlinear refraction and four wave mixing, thus
represents the lowest order nonlinearity in optical fibres. Inelastic scattering effects such
as stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS), also

stemming from third order nonlinear effects, can also be prominent in optical fibres.

The third-order nonlinear susceptibility is characterised by an ultra-fast response time.
This stems from the fact that when a material is subject to a strong electric field ra-
diation, the carriers are promoted to higher energy states between the valance and the
conduction bands, often referred to as “virtual states”. The transition times of these
excited carriers from the virtual states back to the valance band is an extremely fast
process, often measured in the order of femtosecond. This is an important attribute
that makes X(3)—based nonlinear effects suitable for high speed signal processing applica-
tions. A brief description of some of the linear and the y(®-originated nonlinear effects

mentioned here is given below.

2.2.1 Linear Effects
2.2.1.1 Linear Loss

An optical field with an initial power Py, propagating through an optical fibre of length

L, would have a transmitted power Pr given by:

Pr = Pyexp (—al) (2.2)

Where « is called the attenuation parameter and is measured in m~'. The loss of
optical fibres is usually expressed in decibels per metre (dB/m) or decibels per kilometre
(dB/km). This decibel-based coefficient can be linked to its linear counterpart through

the following relation:

10 P
g = _f log ?rg =4.343ain (2'3)
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The main mechanisms causing linear loss vary among different optical media. For silica,
for instance, the intrinsic material absorption and the Rayleigh scattering are the main
contributing factors to loss. Rayleigh scattering is a fundamental loss mechanism and is
caused by small scale density fluctuations frozen into the fused material during manu-
facture causing the travelling light through the medium to scatter through all directions.
The Rayleigh scattering loss is more significant at shorter wavelengths as it varies as \*

according to the relation:

ar = Cp/\* (2.4)

where ap is the Rayleigh scattering loss coefficient, Cr (dB/(km-pm?)) is a material
dependent constant and A is the wavelength of light [2].

2.2.1.2 Chromatic Dispersion

Chromatic dispersion is an effect that originates from the dependence of the refractive
index of a dielectric medium on the frequency of light. A time varying electromagnetic

field propagating in the z direction can be mathematically expressed as:

Fat) = %[E (2,1) exp[—i (B2 — wt)] + e, (2.5)

Where E (z,t) represents the envelope of the waveform, 8 the propagation constant, w
the carrier angular frequency and c.c is the complex conjugate. Equation 2.5 follows what
is referred to as the slowly varying envelope approximation (SVEA). This approximation
assumes that the forward-travelling envelope of the wave changes much slower than the

period or the wavelength of the wave [2].

For spectrally broad signals, the frequency dependence of the propagation constant
can be mathematically described as a Taylor series expansion about a reference angular

frequency wy [2]:
B(w) = Bo+(w—wo)ﬂ1+% (w—wo)252+é (w —w0)3B3+2—14 (W —wo)* Bat--- (2.6)

B; is the i-th order derivative of the propagation constant # with respect to the angular

frequency w, i.e.

B = (;T) ) (i=1,2,...) (2.7)
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The lowest order term [y, represents a common phase shift. The first order term, 51, is
inversely proportional to the group velocity vy, which is the speed at which the envelope

of the waveform travels along the fibre:

dw 1
Vg = —— = — 2.8
g dﬂ Bl ( )
The second order term (s is often referred to as the group velocity dispersion (GVD)
coefficient. It describes the dependence of the group velocity of light on the frequency.
For optical fibres and waveguides, a more common parameter, often referred to as the

dispersion parameter D, is used, and it relates to 8y via:

2me
D=——5h (2.9)

Another fibre parameter of significance is the zero dispersion wavelength (ZDW). The
ZDW refers to the wavelength at which the GVD coefficient 85 vanishes. The position
of the ZDW varies from one glass material to another. For instance, the ZDW for silica
occurs at 1.27 pum, while glasses with higher refractive indices such as tellurite and

chalcogenide have their material ZDW at longer wavelengths.

Fibre dispersion is an important parameter for nonlinear interactions since it impacts the
phase matching between the propagating signals and thus the efficiency of the nonlinear
process (refer to Section 2.2.2.2 for further details). During the design stage of optical
fibres and waveguides it is thus important to tailor the GVD parameter at the wavelength
of interest. Depending on the application, this could involve shifting the position of the
ZDW to the targeted wavelength of operation. For instance, for telecoms applications,
the ZDW is usually shifted to 1550 nm. This is often realised through changing the
core material properties by introducing dopants and/or by engineering the fibre to have
the correct amount of waveguide dispersion such that the ZDW is shifted to the desired
wavelength (the detailed process of engineering a fibre/waveguide dispersion is presented
in Chapter 3 Section 3.2). Conventionally, a fibre or a waveguide is said to exhibit normal

dispersion when Sy > 0 (D < 0) and anomalous dispersion when Sy < 0 (D > 0).

The third order dispersion term (/33) describes the rate of change of 3, with respect to
wavelength. By taking the derivative of Equation 2.9, describing the dispersion, with
respect to )\, it is possible to create a term called the dispersion slope (D.S) that explains
how the dispersion changes with wavelength. Equation 2.10 below shows the simplified

derivative used as a definition for the dispersion slope:

27 2mwefs
DS = —
S A3 [ A

+ 26, (2.10)
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Higher order dispersion terms are usually neglected due to their insignificant magnitude
in relation to lower order dispersion terms. However, in cases where a fibre or a waveguide
exhibits low values of 85 and B3, considering higher order dispersion terms becomes

crucial.

2.2.2 Nonlinear Effects

Some of the nonlinear effects with relevance to the work described in this thesis are
explained below. These effects are spilt into three parts according to the mechanism by

which they occur: nonlinear losses, nonlinear refraction and stimulated light scattering.

2.2.2.1 Nonlinear Losses

Two-Photon Absorption

Two-Photon Absorption (TPA) is a process whereby two photons are absorbed by an
electron in the valance band, promoting it to the lowest conduction band, as Figure 2.1
illustrates. TPA is a nonlinear process that is proportional to the square of the light

intensity I, and thus can only occur at significant rates at high optical intensities [43]:

dl

— = —al - I? 2.11

7 al — Brpa (2.11)
Where z is the distance from the input, « is the linear loss coefficient and Brp4 is the

TPA coefficient.

In order for an electron to be excited to a higher energy state, the combined energy of

the two incident photons must at least be equal to the bandgab energy E, [44]:

Conduction Bands

e

o——>
° M

Valance Bands

Figure 2.1: Excitation of an electron from the valance band to the conduction
band through the absorption of two photons.
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L >E, (2.12)

Where h is Planck’s constant and A is the wavelength of the incident photons. The
condition in Equation 2.12 makes two-photon absorption a material dependent process.
For instance, no losses due to TPA take place in silica fibres at 1550 nm, whereas, at
the same wavelength, semiconductor materials such as silicon can incur TPA losses due

to their lower bandgab energy.

Free Carrier Absorption

As explained above, when two photons are absorbed, an electron is excited to the con-
duction band and a hole is created in the valance band. These photo-excited carriers
are free to move within a band and can absorb a single photon in order to get promoted
to a higher energy level within the same band. This process is called Free Carrier Ab-
sorption (FCA) [45, 46]. Free carriers not only absorb light but also modify the material

refractive index creating what is known as free-carrier dispersion (FCD).

2.2.2.2 Nonlinear Refraction

Nonlinear refraction describes the dependence of the refractive index n of the fibre core,

on the intensity of the propagating light beam I [47]:

n(w,I) = no(w) + nal (2.13)

Where ng and ng are the linear and nonlinear refractive indices respectively. The non-
linear refractive index ng is a material property and is linked to the effective nonlinear

coefficient ~y via:

v = (2mng)/(Aesy) (2.14)

Where A is the wavelength of operation and A,y is the effective mode area. The effective
nonlinear coefficient v combines the material and waveguide properties and is often used
as a measure of the magnitude of nonlinearity in optical fibres. It is interesting to note
that for fibre with subwavelenth dimensions, such as nanowires, Equation 2.14 needs
to be modified to include the large longitudinal component of the propagating modes
present in this case. Acyy is replaced in this case by its vectorial equivalent A;/f f [48]. In
such fibres, the newly calculated 4" can be 1.3-2 times larger than the v calculated from

Equation 2.14. However, since no fibres studied in this work exhibit wavelength-scale



Chapter 2 Background 17

dimensions, Equation 2.14 represents an accurate approximation of the nonlinearity of

the reported fibres and is used throughout this thesis.

The frequency dependence of the refractive index in Equation 2.13 is the origin of mate-
rial dispersion. Conversely, the intensity dependence of n, often termed the Kerr effect,
is responsible for such nonlinear effects as self phase modulation (SPM), cross phase
modulation (XPM) and four-wave mixing (FWM).

Self-Phase Modulation

Self-phase modulation (SPM) describes the intensity dependent self-induced phase shift
that the travelling electromagnetic wave endures as it propagates through the nonlinear
medium. SPM leads to pulse spectral broadening, an effect that can be detrimental to

the performance of optical systems [4].

The nonlinear phase shift induced by SPM can be expressed as:

¢spm = YPLeyy (2.15)

Where P is the optical power of the propagating field, and L.y, is the effective fibre
length and is related to the physical length L via:

Lepr =[1 — exp(—al)]/o (2.16)

The interplay of the nonlinear effect of self-phase modulation and the group velocity
dispersion can result in the formation of optical solitons, a type of pulses that main-
tain their temporal and spectral shape during propagation. This often occurs during
propagation in the anomalous-dispersion regime of an optical fibre, where dispersive and

nonlinear effects can exactly balance out.

Cross Phase Modulation

Cross phase modulation (XPM) takes place when two electromagnetic waves of different
frequency or state of polarisation co-propagate inside an optical fibre. Besides the self-
induced phase shift that each wave incurs due to SPM, each wave imposes an additional
nonlinear phase shift on the other. The corresponding nonlinear XPM-induced phase

shift can be expressed as [2]:

(ﬁXPM:T’yPLeff (2.17)

Where r is the polarisation dependant coefficient which is 2 for linearly co-polarised

optical fields and 2/3 for orthogonally polarised optical fields. XPM has been exploited in
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many different applications such as all-optical switching [49] and re-timing applications
[50].

Four-Wave Mixing

Four wave mixing (FWM) occurs when light of two or more different frequencies are
launched into an optical fibre. It describes the phenomenon in which two photons
belonging to the same (degenerate-FWM - Figure 2.2b) or different (non-degenerate
FWM - Figure 2.2a) waves (w; and wg) are annihilated and two photons at different
frequencies (w3 and wy) are generated, such that the net energy and momentum is

conserved [2]:

w3 + wqg = w1 + wa (2.18)

¢3+ ¢4 = ¢1+ P2 (2.19)

Where w,, and ¢,, are the angular frequency and phase of the n-th optical wave respec-
tively. Furthermore, FWM can also take place when a single pump field is launched into
an optical fibre creating two new light beams upshifted and downshifted in frequency
from the pump. In this case the new frequencies are generated from noise, and Equation
2.18 also holds with w; = ws.

Simultaneous parametric amplification and frequency conversion can be achieved through
FWM in an optical fibre by launching a strong pump together with a weak signal
(probe)(Figure 2.3). This results in the amplification of the weak signal and the cre-
ation of a wave at a new frequency often termed the idler. This configuration is the
most commonly used setup in FWM-based applications to realise such devices as fibre

optic parametric amplifiers (FOPA) and wavelength converters.

(a) Pump waves (b) Pump

Signal Idler Signal Idler

>

w3 W, W, Wy W5 W= W, Wy

Figure 2.2: A FWM process where (a) two waves are used as pumps (non-
degenerate FWM) (b) a single wave is used as pump (degenerate FWM).
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Pump Pump
Signal

FOPA Idler

Probe @
! |
w

Figure 2.3: The input and output of a degenerate FWM-based fibre optic para-
metric amplifier (FOPA). The input probe is parametrically amplified by the
strong pump and a new idler field is created.

s Wy W;

The power flow of the pump, signal and idler within a generic single pump degenerate
FWM scheme can be described by the following four coupled differential equations [51,
52]:

dP,

d—zp = —ab, — 4vy,/(P?PsPi)sinf (2.20)
Py :

by _ —aPs +2v,/(P2PsPi)sin6 (2.21)

dz P

dpb;

= —aP; 4 2v4/(P2PsPi)sinf (2.22)
2

do P2 P; P2P;
o, = DOl +a2h =P =Pt 5T\ p —AVEP | cost)  (223)

Where P,, Ps and FP; are the optical powers of the pump, signal and idler respectively
and [AS]r is the linear phase mismatch.

Efficient FWM requires that the phase mismatch between the participating fields is
minimised. The total phase mismatch x is approximately equal to the sum of linear-

and the nonlinear-phase mismatch:

k2 AB = [AB]L + [AB]NL (2.24)

Where the linear phase mismatch [Af]f, is equal to:
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[ABlL = B3 + Ba — B+ B2 (2.25)

where 3, is the propagation constant of the n-th optical wave. The second term in Equa-
tion 2.24, [AB] N1, is the nonlinear phase mismatch that takes place during propagation
due to the nonlinear phase modulation effects such as self-phase modulation (SPM) and
cross phase modulation (XPM) [4].

The nonlinear phase mismatch [AS]yy, is given by:

[ABInL = 2vP (2.26)

where + is the nonlinear coefficient of the fibre and P is the total pump power. Significant

FWM process can only take place if the phase mismatch x is minimised.

The overall relative phase 6 in Equations 2.20-2.23 can be described as:

0(z) = ds(2) + ¢i(2) — 2¢p(2) (2.27)

Where ¢,(2), ¢i(z) and ¢p(2) are the phase contributions of the signal, idler and pump

after propagating a distance z along the fibre.

The overall relative phase described in Equation 2.27 can also be expressed in terms of

the initial phase of the launched optical fields and the phase mismatch term:

6(2) = ABz + 6,(0) + 6:(0) — 26,(0) (2:29)

0(z) = ([AB]L + [AB]NL) 2 + 65(0) + ¢i(0) — 2¢,,(0) (2.29)

Equations 2.20-2.23 also show that in order for FWM to be a phase sensitive process,
an idler field must be present together with the pump and the signal at the input of the
FOPA. This type of FOPA is called a phase sensitive amplifier (PSA) and the direction
of power flow between the participating fields in this case is dependent on the relative

phase between them. Further details on the operation of PSAs are given in Chapter 4.

Generally, FWM can be a very efficient process in optical fibres. Indeed, FWM with
record parametric gain and bandwidth has been achieved in silica highly nonlinear fibres
[53], achieving a FWM bandwidth of 100 nm with a gain of 11.5 + 2 dB. Furthermore,
a host of other ultra-efficient nonlinear processes can also be achieved through FWM.

For instance, dispersion compensation in WDM systems can be achieved through FWM
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[54]. This application exploits the phase conjugation operation that takes place during
the FWM process: the idler generated through FWM possesses a phase that relates the
conjugate of the signal. By placing a FWM-based phase conjugator mid-way through
an optical link, the conjugated signal (idler) experiences dispersion of an opposite sign
during the second half of propagation to that accumulated during the first, and the total
dispersion of the link is thus compensated [55]. Other useful nonlinear functions, such
as optical multicasting [56] and time division de-multiplexing of high data rate signals
[57, 58] have all been demonstrated. Furthermore, parametric amplifiers based on FWM
offer an unparalleled flexibility in centering their gain profile about any arbitrary wave-

length limited only by the zero dispersion wavelength (ZDW) of the fibre in use.

2.2.2.3 Stimulated Light scattering

Stimulated Brillouin Scattering

In Stimulated Brillouin scattering (SBS), the propagating light beam interacts with the
acoustic phonons of the nonlinear medium, setting up an acoustic wave through the
process of electrostriction. This results in the creation of an effective Bragg grating due
to the modulation of the material’s linear refractive index by the generated acoustic wave.
The grating thus scatters the incident light wave, creating a new Stokes wave that is only
slightly downshifted in frequency, typically by a few GHz. The amount of backscattered
light at the Stokes frequency increases rapidly when the Brillouin threshold is reached,
resulting in an eventual saturation of the power of the transmitted light beam [59]. SBS
is usually considered detrimental in the context of nonlinear optical effects, since it limits
the amount of useful pump power that can be launched into the fibre. The critical pump

power at which the Brillouin threshold is reached is given by [2]:

Py, = (21Acrr) /(9B Lesy) (2.30)

Where gp is the Brillouin gain coefficient.

Fused silica has a Brillouin gain coefficient of 2.5x107 m/W, while some other non-
silica glasses, such as tellurite and chalcogenide, possess a gp value that is orders of

magnitude larger than that of silica [60].

SBS can be a major performance-limiting factor in applications requiring a strong con-
tinuous wave (CW) pump. Therefore, depending on application requirements, active
steps to increase the SBS threshold may need to be taken. These include using phase
modulation to spectrally broaden the signal to exceed the Brillouin bandwidth, apply-

ing a temperature/strain gradient during fibre fabrication to increase its SBS threshold
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and/or core-doping the fibre. All these techniques however, result in added system

complexity and/or incur additional losses.

Stimulated Raman Scattering

Stimulated Raman scattering (SRS) is an inelastic scattering processes that differs from
SBS in that the propagating light beam interacts with high frequency vibration modes
(optical phonons) of the molecules of the medium rather than its acoustic phonons. The
interaction results in the annihilation of a photon from the incident pump field pump
and the subsequent creation of a photon at a lower frequency (Stokes wave) and an
optical phonon conserving the energy and momentum [2]. The frequency downshift of
the Stokes wave is very large, typically in the order of few terahertz. Raman effects will
be ignored within the context of analytical work in this thesis due to their negligible

contribution to the parametric gain at the bandwidths of interest.

2.3 Nonlinear Schrodinger Equation

Numerical and analytical studies are of great importance when studying nonlinear effects
in optical fibres. Simulation and verification tools are commonly used before conducting
experimental studies to facilitate further understanding of the effects of the various linear
and nonlinear phenomena that an electromagnetic wave is subject to when propagating

along an optical fibre.

The four Maxwell’s equations represent the core from which the nonlinear Schrédinger
equation is derived. They are used as the starting point from which a generalised
theoretical tool describing electromagnetic wave propagation in optical media under the

influence of dispersive and nonlinear effects can be derived:

VxE= —‘?f (2.31)
vXﬁ:er%l? (2.32)
V.B = (2.33)
V.D = ps (2.34)

Where E and H are the electric and magnetic field vectors respectively, and D and B

are the electric and magnetic flux density fields. In a medium such as an optical fibre,
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the absence of free charges result in the current density vector J = 0 and the charge

density py = 0 [2].

The electric and magnetic flux density fields D and B can be related to the electric and

magnetic field vectors E and H via:

D=eE+P (2.35)

B=poH~+M (2.36)

Where €y and pg are the vacuum permittivity and the vacuum permeability respectively,
and P and M are the induced electric and magnetic polarisation. For a non-magnetic

medium such as an optical fibre, M = 0 [2].

Maxwell’s equations above can be combined to deduce a single equation describing wave

propagation in an optical fibre:

L 10%E o92P

2 [ — [
VEE = 505 T, (2.37)

Where c is the speed of light in vacuum. Equation 2.37 is the so called wave equation.

—

The induced polarisation density P , can be split into two parts to account for fibre

nonlinearities:

—

Where P—L and PK; 1, represent the linear and nonlinear parts of the induced polarisation

density P respectively and are defined as follows [2]

Py (7,t) = eo/ XWE (7,1) exp[—iwo (t —t')]dt, (2.39)
Py (7t) ~ eoen . E (7)), (2.40)

Where x() is the first order susceptibility, €y is the vacuum permittivity and ey, is
the nonlinear contribution to the dielectric constant. In Equation 2.40, a number of
assumptions to simplify to the solution are made. Among these assumptions is the

treatment of the nonlinear PX[ 1 as a small perturbation of P_L due to the weak nature
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of third order nonlinearities in optical fibres and the assumption that the nonlinear

response is instantaneous.

The nonlinear contribution to the dielectric constant ey, is defined as:

3 .
ENL = ZX(3)|E (7 t) [? (2.41)

Where the third order susceptibility x(® encompasses all of the nonlinear effects in-
troduced in the previous sections. In general, x®) is a fourth-order tensor with 81
elements. However, the isotropic and Kleinman symmetry principles dictate that only

21 components are non-zero, of which only one is independent from the rest.

In its simplest form, the sole distinct component of the X(S) tensor is related to the
material nonlinear properties such as the nonlinear refractive index no and the nonlinear

loss (two photon absorption) ag via:

ng = 8%]%6 (X<3>> (2.42)
ay = %Im <X(3)> . (2.43)

Where Re and I'm refer to the real and imaginary part of x(3) respectively, and n and

c refer to the material refractive index and the speed of light in vacuum.

Equation 2.37 can be solved by applying a Fourier transform and searching for a solution
using the method of separation of variables such that the electric field E (7, t) is expressed

as:

E (7,t) = F (z,y) A(z,t) exp(ifpz) (2.44)

Where F' (z,y) is transverse mode distribution, A (z,t) is a slowly varying function of z
and [y is the propagation constant at the carrier frequency. A mathematical description
of the modes supported by an optical fibre has been widely covered in many textbooks
[61] and since they do not play a role in the discussion of nonlinear effects, they will not

be covered here.

A solution for the pulse envelope A (z,t) which is subject to the influence of both linear
and non-linear effects, can be found by combining Equations 2.37-2.41. The slowly
varying field approximation which assumes the slow variation nature of the envelope of
the field in comparison with the field’s period, is also applied to further simplify the

solution. Incorporating all of the assumptions mentioned above, and assuming pulses of
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width exceeding 5 ps, where the Kerr effect dominates over the Raman effect, one finally

arrives at the equation:

A  « Br&*A  B3OPA
—+ A+ i —— — — = —7|A|"A=0. 24
s AT e s ars - NAMA=0 (2.45)
Where A is slowly varying envelope of the electric field, « is the loss coefficient, 5, =

d™f3/dw™ evaluated at w = wp and T represent a time frame of reference related to the

physical time ¢ through 7" =t — z/vy, where v, is the group velocity.

Equation 2.45 is called the Nonlinear Schrédinger Equation and describes the nonlinear
and dispersive effects that an optical pulse endures during propagation through an opti-

cal fibre. The various terms in the equations account for different physical phenomena:

5 A accounts for propagation loss

By 52 . .
Z’%% accounts for second order dispersion

3 . . .
%% accounts for third order dispersion

iy|A|?> A accounts for the Kerr effect

Furthermore, Equation 2.45 is a nonlinear partial differential equation very commonly
used to study third order nonlinear and dispersive effects in optical fibres and numerous
numerical methods have been offered to solve the equation. A brief description follows

of one such method adopting the Split-Step Fourier Transform technique.

2.4 Solving the NSE: the Split-Step Fourier Transform
Method

The starting point in solving Equation 2.45 numerically is to write it as [2]:

04, .
SL=(D+N)A (2.46)

Where D and N are operators descripting the linear (attenuation and chromatic disper-

sion) and nonlinear (Kerr effect) effects respectively. They are defined as follows:

a ify 07 B3 0P

5" 2 a2 6 o1 (2.47)

N = in|A?| (2.48)
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By writing the NLSE equation in this manner, and by assuming that the optical field

propagates a small distance of h, one can write

A(z+h,T) = exp(hD + hN)A(z,T) (2.49)

By fragmenting the propagation distance into sufficiently small sections, one can consider
the dispersive and nonlinear effects independently. This commutative property can be

expressed mathematically as:

A(z+ h,T) = exp(hD)exp(hN)A(z,T) (2.50)

Equation 2.50 can now be solved in an iterative manner. First the nonlinear element of

the equation can be solved in the time domain by assuming that the dispersive operator

D = 0 and substituting in Equation 2.49:

B(z,T) = exp(hN)A (2.51)

Subsequently, the dispersive element is solved in the frequency domain after applying a

Fourier transform:

N

B(z + h,w) = exp(hD(iw))B(z,w) (2.52)

Where D(iw) and B(z,w) are the Fourier transforms of their time domain counter parts.

An inverse Fourier transform can then be applied to complete the process:

exp(hD)B(2,T) = Fy' exp(hD(iw))FrB(z,T) (2.53)
This procedure is repeated iteratively in small steps of h until the total distance along
which the electromagnetic field is propagating is covered.

A MATLAB model utilising the SSF'T method to solve the NLSE was developed for use
as a simulation/verification tool for experiments investigating nonlinear and dispersive

phenomena in optical fibres in the subsequent chapters.

2.5 Review of Optical Fibre and Waveguide Technologies

There is a wide range of optical fibre technologies that can be used to realise all-optical

signal processing applications. The optical properties of these fibre technologies vary in
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terms of the achievable nonlinearity, the suitability for dispersion engineering and the
mechanical attributes. The following is a brief account describing the most common
of these technologies in the context on nonlinear optical applications, namely, standard
single mode fibres, dispersion shifted fibres, highly nonlinear soft glass fibres, microstruc-

tured fibres, fibre tapers and highly nonlinear photonic chips.

2.5.1 Standard Step Index Single Mode Fibres

The standard single mode fibre (SMF) follows a simple step index design. Figure 2.4
depicts the structure of the fibre where a central core of refractive index n., is surrounded
by a cladding layer of a slightly lower refractive index ny (ne, > ng). In this case, the
guiding mechanism of light inside the fibre core depends on the well-known phenomena
of total internal reflection (TIR) [62]. Single mode fibres are designed such that they
support a single mode of propagation at a particular wavelength. To achieve this, a
relatively small core diameter of a few microns is usually used together with a small

value of refractive index difference.

The standard silica-based SMF exhibits extremely low propagation losses of approxi-
mately 0.17 dB/km at 1.55 pm. Furthermore, since silica possesses a small value of
nonlinear refractive index (ng ~2.6x10720 m?2/W), the standard SMF exhibits a weak
nonlinear coefficient of the order of 1 /W/km. As a result, the standard silica SMF
is often used for long distance fibre communications where low propagation losses and

weak nonlinearities are essential requirements.

Nejad —

core

index

Figure 2.4: Standard step index single mode fibre design
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2.5.2 Dispersion Shifted Fibres

The standard SMF exhibits a ZDW at 1.3 pum wavelength. The early telecoms systems
operated at this wavelength in order to exploit the absence of dispersive effects which
would otherwise result in pulse broadening and compromise the system performance.
The advent of erbium doped fibre amplifiers (EDFA) in the 1990s which exhibit a gain
profile centred around 1.55 pm has resulted in a new class of fibres, namely dispersion
shifted fibres (DSF), which exhibit a ZDW at 1.55 um and where silica also exhibits

minimum transmission loss.

DSFs compensate the high anomalous material dispersion of silica at 1.55 ym by chang-
ing the index profile of the fibre through doping the core with small amounts of germania
(GeOg3) (about 1%) and/or with adopting a differently shaped refractive index profile
such as a graded index profile [2].

The germania-doped core gives rise to a small increase in the value of v of the fibre
to approximately 2 /W/km [63]. However, the absence of dispersive effects in these
fibres at 1.55 pum together with their long interaction lengths can give rise to phase-
matched four-wave mixing effects which result in signal distortion and deterioration in
the performance of multichannel transmission systems, thus limiting the use of these

fibres to single channel systems.

To alleviate this problem, DCFs are engineered such that the dispersion is small but not
zero at 1.55 pm. Such fibres are often termed near-zero dispersion shifted fibres (NZ-
DCF) and are widely used in multichannel transmission systems such as wavelength
division multiplexing (WDM) systems, where minimising nonlinear distortions is a ne-
cessity. The finite dispersion of these NZ-DCFs at 1.55 pym can be compensated by
deploying dispersion compensating fibres (DCF) after the DCFs used for transmission.
The dispersion of DCFs is designed such that the ZDW is shifted beyond 1.6 pm result-
ing in a negative dispersion profile at 1.55 pym which can compensate for the positive

dispersion of the transmission fibres [2].

Increasing the percentage of germania in the fibre core to 3 % together with decreasing
the size of the fibre core leads to a significant increase in the value of «y [64, 63]. This
is because such changes give rise to stronger light confinement in the core and thus
a smaller value of effective mode area and an enhanced nonlinearity (Equation 2.14).
Typical values of v can reach 25 /W /km while low propagation loss values of the order
of 0.5 dB/km are maintained. This is an important class of DSFs that is often termed
highly nonlinear dispersion shifted fibres (HNL-DSF) [63].

HNL-DSFs are one of the most mature and competitive highly nonlinear fibre technolo-
gies [65, 66, 67]. They can be easily engineered to exhibit low and flattened dispersion
profiles across the C-band and can be spliced to standard SMFs with very low coupling

loss. However, the hundreds of meters of fibre length required to achieve high values of
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effective nonlinearity often result in low values of SBS pump threshold and less compact

and stable systems.

2.5.3 Highly Nonlinear Soft Glass Fibres

Equation 2.14 above shows that a high value of the nonlinear coefficient « can be attained
either by using a glass of high nonlinear refractive index ns as the fibre core, or by

reducing the effective core area guiding the light.

Soft glass such as lead silicate, bismuth oxide, tellurite and chalcogenide possess nonlin-
ear refractive indices which are orders of magnitude greater than that of silica. As such,
fibres made of high index glasses achieve a much higher effective nonlinear coefficient
than those made of silica of the same effective core area. For instance, a glass such as
tellurite possesses a nonlinear refractive index ns in excess of 25 times higher than that
of silica [68]. As such, soft glass fibres, with unprecedentedly high values of 7 can be
utilised to relax system power requirements and reduce fibre lengths to only a few me-
tres, thus greatly improving the stability and practicality of devices and systems under

use.

Generally, soft glasses suffer from much higher intrinsic material losses than silica at
1.55 pm [69]. Losses in the order of dB/m, as opposed to the 0.17 dB/km achievable
through modern silica fibres, are not uncommon in soft glass fibres. A great deal of
these losses however can be attributed to impurities and defects associated with the
fabrication process. Consequently, further enhancements of the fabrication techniques
can be expected to significantly reduce losses to values approaching the material loss.
Indeed, a tellurite fibre with a propagation loss of 0.4 dB/m has already been reported
[70], while significant progress has been made to achieve a loss value approaching the
theoretical minimum of 0.8 dB/m in lead silicate [23]. Furthermore, a number of soft
glasses such as tellurite and chalcogenide enjoy enhanced transmission characteristics
relative to silica which is highly absorbent beyond 2 um. As such, such glasses are
often termed infrared glasses since their low loss across the MIR makes them suitable

for applications beyond the NIR wavelengths [68, 71].

2.5.4 Microstructured Optical Fibres

Microstructured optical fibre (MOF) technology can be used to further improve fibre
nonlinearity v by reducing the effective mode area through core size reduction and/or
increasing the fibre NA. Microstructured optical fibres are often divided into two classes:
holey fibres and all-solid microstructured fibres (Figure 2.5). They exploit the large index
contrast between the core and the cladding to ensure high values of numerical aperture

(NA) and therefore tighter mode confinement [23]. Furthermore, suitable design of the



30 Chapter 2 Background

wavelength scale features present in the cladding allows control of the dispersion profile
of the fibre, and enables novel dispersion characteristics suited for various nonlinear
applications. In particular, the geometrical details of holey fibres such as the air-filling
fraction and the wavelength-scale alternating high- and low- index coaxial cladding layers
present in all solid MOF fibres can be suitably controlled to result in a strong waveguide
dispersion which compensates for the material dispersion of the glass, leading to an

overall tailored dispersion profile [72].

The combination of high nonlinear index soft glasses and MOF technology, offers a
tremendous promise to revolutionise current highly nonlinear optical fibre technologies.
For instance, a holey fibre based on a high-index glass such as bismuth oxide can have
a nonlinearity coefficient 103-10* times higher than that of a conventional silica fibre
[73]. As such, the orders of magnitude increase of nonlinearity together with the great
flexibility in dispersion engineering that MOF technology offers, enable the realisation

of highly efficient and broadband nonlinear applications.

(b) (d)

Figure 2.5: Examples of microstructured optical fibres: (a) air-suspended
core holey fibre, (b)holey fibre with complex two dimensional microstructured
cladding, (c) all-solid one dimensional microstructured fibre and (d) high index
contrast W-type fibre (courtesy of Dr. X. Feng)

2.5.5 Tapered Fibres

Tapered fibres are a class of highly nonlinear optical fibres characterised by a small
core size and a high refractive index difference. A common way to realize a fibre with
such attributes is to start with a length of standard telecommunication fibre with a
cladding diameter of 125 pym and heat its middle section beyond the softening point
while stretching the fibre from both ends. This process results in the elongation of the
middle section of the fibre and a reduction in its diameter, where the cladding diameter
can be shrunk from 125 gym down to 1 um [63, 74]. The few centimetres long fibre
taper producible through this procedure can guide light in the shrunk cladding through
TIR taking place between the cladding glass and the surrounding air interface. Such
high NA small diameter device can confine light very tightly resulting in large values of
effective nonlinearity. Furthermore, the nonlinearity can be further increased by using a

soft glass of higher nonlinear refractive index ny than silica. Such soft glass fibre tapers
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can result in ultra-high values of nonlinearity and ~ values as high as 68000 /W /km

have been demonstrated using chalcogenide glass fibre tapers [75].

However, tailoring the dispersion of tapered fibers is a challenging process. The wavelength-
scale core size of tapered fibres makes the ZDW very sensitive to any variation in core
radius thus limiting the degree of precise control of dispersion available. Furthermore,
aggressive tapering where the core size is reduced to an order of optical wavelength to
increase the v values can lead to poor power handling thus greatly limiting the strength

of nonlinear effects achievable in these cm-long devices [63].

2.5.6 Highly Nonlinear Photonic Waveguides

While significant progress has been made in advancing highly nonlinear fibre technology
by constantly enhancing fabrication techniques to help optimise the loss , dispersion
and nonlinearity of the fibres, other technological competitors to HNLFs such as silicon
waveguides and chalcogenide glass photonic chips have also gathered increased research
attention in recent years. The high index of silicon can be exploited through silicon-
on-insulator (SOI) technology to achieve sub-micron confinement of optical beams. In
addition, the large third-order nonlinearity that silicon possesses can result in highly
efficient nonlinear devices. In fact, the Kerr coefficient of silicon is over two orders of
magnitude larger than that of silica and a Raman gain coefficient a thousand times larger
is also obtainable near the 1.55 um wavelengths [76]. Nonlinear coefficients as high as
10° /W /km are thus not uncommon in silicon wire waveguides, and « values of 7x10°
/W /km have also been reported in optimised silicon slot waveguides. Demonstrations
of a number of efficient nonlinear effects and applications such as self-phase modulation,
four wave mixing, parametric amplification and silicon Raman lasers have thus been all

reported in silicon waveguides at moderate power levels [77, 78].

However, silicon waveguides suffer from losses incurred from the free carriers generated
through two photon absorption (TPA), which result in limiting the amount of usable
power for nonlinear effects. This is because the TPA’s quadratic increase with pump
power results in high carrier densities and the incurred losses thus increase significantly
with power. A number of schemes to reduce these losses have been suggested, one of
which is to increase the length of the device and operate at lower pump power levels.
Other techniques which aim to either remove the free carriers through reverse bias or

reduce their lifetime by ion implantation have also been proposed [79].

Another technological competitor to HNLF's is chalcogenide glass photonic chips. chalco-
genide glasses are composed of heavy elements such as Sulfur (S), Selenium (Se) and
Tellurium (Te). These elements contain a number of loosely bound electrons that can
easily vibrate around the nucleus, resulting in a strong nonlinear response when an elec-

tromagnetic field is applied to the glass. Strong third order nonlinearities over two-three
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orders of magnitude greater than silica are thus obtainable from chalcogenide glasses
[27]. The short device length achievable through chalcogenide glass photonic chips also
results in broadband low dispersion, thus reducing the phase mismatch between the
propagating waves for broader and more efficient nonlinear processes. Furthermore, the
ultra-fast nonlinear response of chalcogenide glasses is unhindered by nonlinear losses as
chalcogenides are less prone to losses from free carrier effects commonly associated with
silicon waveguides at 1.55 um wavelengths [28]. In addition, recent years have witnessed
significant progress towards reducing losses related to impurity absorption that becomes

dispersed in the glass during fabrication [29].

However, chalcogenide-based devices also suffer from a few drawbacks. Fibers and
waveguides made from chalcogenide glasses suffer from a lower optical damage threshold
than that of silica and other soft glasses. This places a limit on the pump power that
can be launched into the device, and thus restricts the use of many chalcogenide-based

devices to multimode operation for any applications requiring power delivery [80].

2.6 Conclusion

This chapter provided a theoretical overview of the main topics needed to allow a detailed

understanding of the work described in the rest of this thesis.

The chapter starts with explaining the origin of the various linear and nonlinear effects
that take place during signal propagation in optical fibres. It then proceeds to discuss
each effect and describe its impact. Particular emphasis is laid on effects with major

relevance to the work of this thesis such as chromatic dispersion and nonlinear refraction.

The process of phase matching is mathematically described and its importance in achiev-
ing efficient parametric processes such as in the case of FWM, is highlighted. Inelastic

scattering effects, such as the stimulated Brillouin scattering (SBS), are also described.

The Nonlinear Schrédinger Equation (NLSE), the fundamental equation describing the
various linear and nonlinear phenomena during signal propagation in optical fibres, is
then introduced and a brief description of a numerical method to solve the NSE, based

on the use of the Split Step Fourier Transform (SSFT) method is given.

Finally, the chapter concludes by presenting an overview of the various optical fibre
and waveguide technologies. It discusses the attributes and limitations of a number
of state-of-art all-optical signal processing platforms, such as dispersion shifted fibres,

microstructured fibres and highly nonlinear photonic waveguides.

The work presented in the subsequent chapters focuses on exploiting some of the nonlin-

ear effects presented here in realising all-optical signal processing applications. Chapter
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3 reports the design and characterisation of a highly nonlinear lead silicate fibres, and

the demonstration of FWM-based wavelength conversion in the fibre at 1550 nm.






Chapter 3

Highly Nonlinear Lead Silicate
Fibres

3.1 Introduction

Efficient nonlinear processes generally require a fibre with a high nonlinearity, low loss,
broadband low dispersion profile and a high stimulated Brillouin scattering (SBS) thresh-
old [12]. Germanium-doped highly nonlinear fibres (HNLFs) have proven to be an im-
portant tool for the observation of these effects, mainly due to their excellent dispersion
characteristics and low loss [81, 82, 83]. Their application however, requires the use
of long lengths of fibre (typically a few hundreds of meters) which can be limiting in
terms of the parametric gain bandwidth, device latency and stability. Moreover, SBS
eventually limits the amount of narrow linewidth continuous wave pump power that can
be coupled into the fibre unless active steps are taken to broaden either the linewidth
of the pump [84] or the SBS gain bandwidth [85] both of which add complexity and

ultimately compromise the system performance.

Nonlinear operation in far shorter fibre lengths can be accommodated through the adop-
tion of soft glasses that exhibit both a far higher nonlinear refractive index and a better
SBS figure of merit than silica [22, 73, 86]. Figure 3.1 plots the nonlinear refractive
index ng as a function of the linear refractive index n for various optical glasses, in-
cluding silica, fluoride, lead silicate, bismuth, tellurite and chalcogenide glasses. It can
be seen that soft glasses possess a nonlinear refractive index, which ranges between one
order of magnitude higher than silica, such as in the case of Schott SF57 lead silicate
glass, to three orders of magnitude higher, such as in the case of chalcogenide-based
glass telluride. This indicates that fabricating optical fibres in these soft glasses rather
than silica would enhance the nonlinear response of the fibres by at least 1-3 orders of

magnitude.

35
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Figure 3.1: The relationship between the linear and nonlinear refractive index
for various optical glasses (courtesy of Dr. Xian Feng).

Among the various soft glasses that appear in Figure 3.1, lead silicates are commercially
available and possess good chemical and thermal properties for fibre fabrication. For
instance, the crystallisation stability and less steep viscosity—temperature characteristic
curves of lead silicates as compared to most compound glass alternatives make them
a very attractive soft glass platform [87]. Furthermore, the zero dispersion wavelength
(ZDW) of lead silicate glasses lies close to 2 pm making dispersion tailoring of lead
silicate-based HNLF's to telecommunication wavelengths a relatively easy task. This is
in contrast with higher index soft glasses such as chalcogenides, the ZDW of which lies
beyond 5 pm (Table 3.1). In such glasses a high numerical aperture (NA) and a small
fibre core are necessary to achieve the required ZDW shift to near-IR wavelengths, which
often lead to imposing practical limitations in terms of coupling and power handling.
Furthermore, such requirements often render simple fibre design structures, such as the
step-index design, unsuitable and more complex structures based on microstructured
optical fibre (MOF) technology must be adopted.

Due to the advantages discussed above, lead silicate was identified as the glass of choice
for implementing a highly nonlinear soft glass fibre suitable for demonstrating efficient
nonlinear processes at the telecommunications wavelengths. This chapter reports the
design and characterisation of the lead silicate fibres fabricated at the ORC. It follows
on from the work carried out by Dr. Angela Camerlingo and colleagues which had
started the characterisation of some of the fibre optical properties, such as dispersion

and nonlinearity and demonstrated some nonlinear effects in the fibre such as FWM
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Glass Ao (pm) REF
Silica 1.27 [91]
Fluoride 1.5-1.7 [92]
Silicate 2 [23]
Tellurite 2-3 [93]
Chalcogenide 5-7 [94]

Table 3.1: Zero dispersion wavelength (ZDW) of various optical glasses.

[22, 31, 32, 88, 89, 90]. The lead silicate work was part of the final stage of the FP7 EU
PHASORS project which aimed to deliver a new class of dispersion engineered highly

nonlinear fibres and demonstrate their applicability in PSA-based applications.

The chapter starts by discussing the design of the W-type lead silicate fibre. A numerical
model that was developed to predict the chromatic dispersion of the fibre based on
its design parameters (core size and the core-cladding refractive index difference) is
described. A brief account of the fabrication process is given along with an outline of
the outcome of the characterisation work carried out by A. Camerlingo. The results of
the new characterisation experiments measuring the fibre’s loss and its SBS threshold are
also presented. Furthermore, FWM experiments of CW signals in the fibre are reported
and the results are contrasted to numerical simulations based on the Split Step Fourier
(SSF) method. Numerical simulations are also used to explore the potential of this fibre
technology as an efficient nonlinear medium and highlight the advantages of its novel

dispersion profile.

The work reported in this chapter represents the stepping stone of this PhD project. It
served as an important familiarisation process to soft glass fibre technology as well as

to nonlinear optics, both of which constitute central aspects of this project.

3.2 Design of Highly Nonlinear Lead Silicate Fibres

The design of the highly nonlinear lead silicate fibre was chosen to follow the simple
well-known step-index design. In addition to a high nonlinearity, an important design
goal was to achieve a low and flattened chromatic dispersion profile at 1550 nm. Since,
the total chromatic dispersion D of a single mode optical fibre is the sum of the fibre’s

material dispersion D,,, and its waveguide dispersion D,,:

D = Dy, + Dy, (3.1)

with careful choice of the core size and the core-cladding refractive indices, the waveguide
dispersion can be engineered to precisely compensate for the material dispersion, thus

resulting in a flat near-zero dispersion profile at the required wavelength of operation.
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Therefore, when designing an optical fibre with specific dispersive properties, one must
study the impact of the fibre design parameters, namely the core diameter a and core-
cladding refractive index difference An, on the waveguide dispersion. Dr. F. Poletti and
colleagues have developed a theoretical model which describes the impact of the fibre
design parameters on the dispersion [95]. This theoretical model, on which a numerical

tool was based on, is described below.

3.2.1 Calculating the Waveguide Dispersion of a Circularly Symmetric
Step Index Fibre

The impact of the fibre core diameter a and its core-cladding refractive indices n., and
ne on the waveguide dispersion can be calculated for a step index fibre with a circular
radial symmetry. To do so, the exact solution of the characteristic equation describing

the mode propagation in optical fibres must be found [96]:

J1(U) . Ki(W)}
ULU) WEKi(W)

s+ (2) i | = () (e )

(3.2)

where J; and J] are the Bessel function of the first kind and its derivative respectively
and K7 and K/ are the modified Bessel function of the second kind and its derivative

respectively. U and W are the transverse wave numbers which can be described via:

Uzwa/A\/ngo—nsz (3.3)
W:ﬂa/)\w/nsz—ngl (3.4)

Furthermore, n., and n.; are the refractive index of the core and the cladding respectively

and nsy is the effective index which is related to the propagation constant 3 through:

nefr = B/k (3.5)

where k is the wavenumber defined as:
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For a given step index design parameters, ng(\), nq(A) and a, Equation 3.2 can be
solved (numerically by finding its roots) at different wavelengths yielding a wavelength-
dependent effective index nes¢(A) relationship. Numerical differentiation of nesr(A) then

yields the targeted waveguide dispersion of the fibre:

A dPnep(N)

Do) = =700

(3.7)

3.2.2 Calculating the Material Dispersion of a Fibre based on the

Sellmeier Equation

To calculate the material dispersion of the fibre, the Sellmeier equation is used [97]. The
equation describes the relationship between the refractive index and wavelength for a

particular optical glass:

B )\? By)\? B3)\?

2 1 2 3

A)=1+ + + .
n( ) )\2—01 )\Q—Cg )\2—03 (38)

Where Bi, By, B3, C1,C5 and (5 are the Sellmeier coefficients of the glass. One can then
use the refractive index-wavelength relationship produced by Equation 3.8 in Equation

3.7 to compute the material dispersion:

CAd’n())

D) = =2 =

(3.9)

Finally, the total chromatic dispersion of the fibre can be calculated using Equation 3.1

above.

3.2.3 Impact of Fibre Design on Dispersion - Demonstration

The equations presented above were solved numerically in MATLAB, producing a nu-
merical tool that predicts the chromatic dispersion given a certain fibre design. For the
step index fibre design considered, Schott SF57 glass (n = 1.80 at 1550 nm) was chosen
as the core material. This is a commercial glass the Sellmeier coefficients of which are
readily available (and are reported in Table 3.2 for reference). Based on these values,
the material dispersion of the glass was calculated as explained in Section 3.2.2. Figure
3.2 depicts the material dispersion of the Schott SF57 glass, and shows that its ZDW is
1.81 pm.

To demonstrate the effect of the fibre core diameter on the dispersive properties of the
fibre, the core-cladding index difference An was kept fixed at 0.3 (i.e. ny = 1.5) in the

numerical model while the core diameter a was varied. Figure 3.3 depicts the impact
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Figure 3.2: The material dispersion of the Schott SF57 glass calculated using
the Sellmeier coefficients shown in Table 3.2.

Coefficient Value
By 1.87543831
By 0.37375749
Bj 2.30001797
C1 0.0141749518 pm?
Co 0.0640509927 pum?
Cs3 177.389795 pum?

Table 3.2: Sellmeier coefficients of the Schott SF57 glass [98].

of the diameter a on the effective index (Figure 3.3a), the waveguide dispersion (Figure
3.3b) and the total chromatic dispersion of the fibre (Figure 3.3c).

Figure 3.3a shows that the effective refractive index n.rs tends towards the core refrac-
tive index value ng, at shorter wavelengths (A < a) and towards the cladding index
value n. at longer wavelengths (A > a). The net effect of this, is that at those limits
(i.e. A < aand A > a), the waveguide dispersion contribution is small, while it exhibits
an oscillatory sinusoidal motion in between, going from positive (anomalous) at shorter
wavelengths to negative (normal) dispersion at longer wavelengths (Figure 3.3b). It is
also worth noting that the value of the fibre diameter can radically change the dispersion
slope of the waveguide dispersion at a given wavelength. This effect is also clearly seen in
the total chromatic dispersion depicted in Figure 3.3c, where the waveguide dispersion
contribution in Figure 3.3b is added to the material dispersion shown as the pink dashed

line in Figure 3.3c.
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Figure 3.3: The impact of the fibre core diameter on the (a) effective index
(b) waveguide dispersion (c) chromatic dispersion. The dashed pink line in (c)
represents the material dispersion. The simulations have assumed An=0.3.

The impact of the refractive index contrast An on the dispersion, for a fixed core di-
ameter of 1.75 pum, was also investigated. Figure 3.4a plots the variation of n.ss with
wavelength for various values of An, where similar conclusions to those drawn from
Figure 3.4a are observed. However, the distinction between the effect of changing a and
that of changing An becomes very clear when contemplating Figure 3.4b. Figure 3.4b
shows that the impact of An on the waveguide dispersion is to shift the whole dispersion
curve towards longer wavelengths for larger values of An and vice versa. This is also
accompanied with an expansion of the dispersion curves vertically for larger values of
An and a contraction for smaller values of An. Furthermore, these effects can also be
seen in Figure 3.4c which illustrates the impact of An on the chromatic dispersion. The
slope of the dispersion curve remains largely unchanged at a given wavelength while
the whole dispersion curve, and thus the position of the ZDW points, move towards

longer /shorter wavelengths depending on the value of An.

A key conclusion is drawn from Figure 3.3 and Figure 3.4. When designing a fibre of
a specific core refractive index n.,, and with specific dispersive properties in mind, one
starts with an arbitrary value of An while the core diameter a is tuned to generate the

desired shape (slope) of the dispersion curve. The value of An is then adjusted to obtain
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Figure 3.4: The impact of the refractive index difference on the (a) effective
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the exact value of dispersion required at a given wavelength. Finally, while Figures 3.3
and 3.4 demonstrate the influence of specific values of the design parameters on the
dispersive properties of the fibre, the conclusions drawn here hold true for any values of

a, neo and ng [95].

3.2.4 Fabrication of Highly Nonlinear Lead Silicate Fibres

The lead silicate fibre was designed for all-optical processing applications at telecommu-
nications wavelengths. As such, a high value of nonlinearity and broadband nonlinear
function were highly desired. To achieve the latter goal, a low value of dispersion (D <
10 ps/nm/km) and a very flat dispersion profile (dispersion slope ~ 0 ps/nm?/km) at
1550 nm were targeted.

Numerical simulations have found that a fibre with a core diameter of 1.66 ym and
refractive index contrast of 0.27 would give rise to the desired dispersive properties.
Figure 3.5 depicts the dependence of the effective refractive index, waveguide dispersion

and chromatic dispersion on wavelength for the stated design. The simulations show
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that a fibre with the stated values of a and An would have a chromatic dispersion of

~4.5 ps/nm/km and a dispersion slope of -0.001 ps/nm?/km at 1550 nm.

As the Schott SF57 glass (n = 1.80 at 1550 nm) was chosen as the core glass material of
the fibre, Schott LLF1 glass (n =1.53) was selected as the cladding medium, achieving
the An=0.27 value required. In effect the high index contrast that SF57-LLF1 provided
two key benefits. Firstly it provided a strong waveguide dispersion when the core di-
ameter was reduced to wavelength-scale dimensions, enabling the compensation for the
high intrinsic core material dispersion at 1550 nm. Secondly, it provided strong mode

confinement in the core, enabling a small effective area and thus strong nonlinearity.

To guarantee single mode operation, an additional cladding layer of Schott SF6 glass
(n = 1.76) with a higher index than the effective index of the LP;1 mode was added
as an outer cladding layer to provide a high LP;1 mode confinement loss [23, 22]. This
approach is very effective in inducing high losses for higher propagation modes without
affecting the dispersive properties of the fibre [99]. Fibres made following this design,
are referred to as W-type fibres due to the shape of the refractive index profile.

The lead silicate W-type fibre was fabricated by Dr. X. Feng and colleagues using the
rod-in-tube method [90]. The resulting SF57-LLF1-SF6 W-type fibre had ap = 1.66 pm

and a; = 7.4 um as depicted in the schematic of Figure 3.6. Arc-fusion splicing with an
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Figure 3.5: The variation of (a) the effective refractive index (b) waveguide
dispersion and (c) chromatic dispersion with wavelength for a fibre with a =
1.66 um and An = 0.27.
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asymmetric configuration [23, 100] was used to splice the lead-silicate glass HNLF with
a commercial high-NA Nufern silica fibre UHNA3 and then with a conventional silica
SMF28 fibre. A loss of 5 dB per splice was obtained between the lead silicate fibre and
UHNAS3, and 0.25 dB between UHNA3 and SMF28.
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Figure 3.6: Schematic of the W-type index profile of SF57-LLF1-SF6 fibre. ag
is the fibre core and a; the inner diameter of the second cladding.

3.2.5 Characterisation of Highly Nonlinear Lead Silicate Fibres

3.2.5.1 Basic Fibre Characteristics - Dispersion and Nonlinearity

Measurements

As mentioned in Section 3.1, the fibre dispersion and nonlinearity were characterised by

A. Camerlingo and the measurements were reported in [22].

The fibre dispersion was measured using a supercontinuum source and a Mach—Zehnder
interferometric setup shown in Figure 3.7. A beam-splitter was used to divide the light
from the supercontinuum source into two paths, where the length of the reference air-
path could be varied through adjusting the position of the moving prism (prism #1). A
beam-combiner was then used to recombine the light at the end of the two paths and the
collected light was coupled into an OSA. The time delay between the test and reference
beam could be adjusted by tuning the position of prism #1 such that the optical path
length was matched for certain wavelengths. The chromatic dispersive effects of the fibre
resulted in different wavelength components of the supercontinuum source travelling

at different speeds and hence experiencing different group delays 7,. This led to the



Chapter 3 Highly Nonlinear Lead Silicate Fibres 45

Mirror Prisms] Variable
I: delay
Prism #2 ] ,
Beam blocker
fibre
SCG m ,Z ,.;,;f? I ((S ))) 0 N — 0sA
source PBS ‘Beam /@ Beam
A2

splitter combiner

waveplate

Figure 3.7: The experimental setup used for the measurement of the chromatic
dispersion of the lead silicate fibre. SCG source: supercontinuum generation
source, PBS: polarization beam-splitter (courtesy of Dr. Angela Camerlingo).

formation of spectral interference patterns (fringes) which could be viewed on the OSA

and from which the chromatic dispersion could be calculated [101].

The measurement revealed that the lead silicate W-type fibre exhibited a near-zero
dispersion profile at telecommunications wavelengths. The fibre had a dispersion of
~2 ps/nm/km and dispersion slope of -0.009 ps/nm?/km at 1550 nm (Figure 3.8).
The experimental data agree well with the simulations (Section 3.2.4) which predict a

dispersion of ~4.5 ps/nm/km and dispersion slope of -0.001 ps/nm?/km at 1550 nm.

The fibre’s effective nonlinear coefficient v was also measured and found to be 820

/W /km at 1550 nm, while the effective mode area A.sy was numerically calculated from
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Figure 3.8: Experimental and calculated chromatic dispersion of the lead silicate
W-type fibre.
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the SEM images of the fiber to be ~1.9 ym?[22].

3.2.5.2 Further Characterisation Work - Loss and SBS Measurements

The first experimental task in this project was to continue on the characterisation work
of this lead silicate fibre. This involved measurement of the distributed loss of the lead
silicate fibre as well as its SBS threshold.

The loss measurement was conducted using the Optical Time-Domain Reflectometry
(OTDR) technique. OTDR measurements are usually considered to be less accurate than
cut-back measurements, particularly for high loss fibre samples, where detection noise
resulting from the weak backreflected signal could cause measurement errors [102, 103].
However, OTDR was the only practical method available in this case, since the lead-

silicate sample had already been spliced to SMF pigtails.

To increase the accuracy of the measurement, the loss of the sample was measured
from each end and averaged and the process was repeated several times. The OTDR
measurements revealed a propagation loss of 2.7 dB/m and a fibre length of 1.56 m as

indicated by Figure 3.9.
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Figure 3.9: OTDR loss measurement of the lead silicate fibre.

An SBS characterisation of the fabricated fibre was also carried out to deduce its Bril-
louin threshold [104]. Figure 3.10 shows the experimental setup which used a CW pump
beam at 1562.65 nm amplified through a 5 W EDFA. The amplified beam was then
launched into port 1 of a circulator, whose forward output port was connected to one
end of the lead silicate W-type fibre. The backreflected spectra were monitored through
port 3 of the circulator using a high resolution OSA. The input power to the fibre (power
after splice points) was varied from 20.5 dBm to 30.5 dBm through the high power EDFA.
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Figure 3.10: The experimental setup used for the SBS characterisation mea-
surement.

The backreflected spectra (Figure 3.11a) show a down-shifted Stokes wave 61 pm (7.61
GHz) away from the pump beam. Analysis of the results (Figure 3.11b) shows that the
SBS threshold of this fibre sample is reached at ~30 dBm of input power.

Recalling from Section 2.2.2.3, Equation 2.30 which was used for calculating the SBS

power threshold of a fibre sample, can be re-arranged as follows:

98 = (21Ac55)/(PenLesy) (3.10)

The Brillouin gain coefficient gp is a more commonly used parameter to describe the
SBS characteristics of a particular fibre design. Given that the effective area of this lead
silicate W-type fibre is ~1.9 um?, its effective length is ~1 m (calculated from Equation
2.16 and based on the loss value of 2.7 dB/m) and SBS threshold power is 1 W, the
Brillouin gain coefficient gp is found to be 4x10~'' m/W (this assumes that the laser

source used in this characterisation measurement was nearly monochromatic).
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Figure 3.11: (a) Spectral traces of the output signals reflected back from the
fibre for power levels ranging from 20.5 to 30.5 dBm into the fibre (b) Measured
stokes’ power as a function of input power into the fibre.
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Figure 3.12: The SBS power threshold Py, (left) and the effective length Lcs¢
(right) as a function of fibre length L for the lead silicate W-type fibre.

Furthermore, the Brillouin gain coefficient gp, can be used to determine the SBS power
threshold Py, as a function of the fibre length L [59]. Figure 3.12 depicts the Py, vs L
relationship for the lead silicate W-type fibre, where it can be seen that increasing the
sample length beyond 3 m, would result in approximately the same L.;; and thus the

same threshold power P.

3.3 FWM in a Highly Nonlinear Lead Silicate W-type
Fibre

The lead silicate W-type fibre was used to demonstrate FWM of CW signals at 1550
nm. Furthermore, the the accuracy of the SSFT-based MATLAB model developed in
Chapter 2, Section 2.4 was checked by comparing the experimental data to that predicted

from the model.

3.3.1 Experimental Data

The wavelength conversion efficiency and bandwidth of a four-wave mixing-based wave-
length converter based on the lead silicate W-type fibre was characterised. The exper-
iment (Figure 3.13) involved a CW laser operating at 1563 nm and used as the pump
wave and another wavelength-tuneable CW laser used as the signal wave. The pump
power was boosted through a 2W EDFA, before being coupled with the 5 dBm signal
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through a 90/10 coupler. The pump and signal waves were then launched into the lead
silicate W-type fibre whose output was fed into an OSA to monitor the optical spectra.
An idler wave was subsequently generated through the FWM interaction in the fibre
with a frequency equal to Wigier= 2Wpump-wWsignai- The FWM characterisation was car-
ried out for two different pump power levels, with a maximum total input pump power
of 20 dBm and 17 dBm respectively being successfully coupled into the lead silicate
fibre in the two experiments. Furthermore, the signal wavelength was varied from 1540
nm to 1576 nm and the subsequent conversion efficiency values were calculated. The
conversion efficiency (CE) is defined here as the difference in dB between the output

idler power and the output signal power:

P'dlerfout
CE = == 3.11
Psig—out ( )

This is different from its usual definition as the ratio between the output idler power and
the input signal power. The definition adopted here is usually chosen for cases where
the splice/coupling losses into the wavelength converter are high, so as to characterise

the device only with respect to its performance as a nonlinear element.
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Figure 3.13: The experimental setup of the FWM in the lead silicate W-type
fibre experiment. PC: Polarisation controller. HP EDFA: High power Erbium-
doped fibre amplifier. OSA: Optical Spectrum Analyser.

The results of the FWM experiment along with simulation results of the conversion
efficiency for various amounts of input pump power are shown in Figure 3.14a. The
graph shows that for an input pump power of 20 dBm, a uniform conversion efficiency
of approximately -21 dB across a wavelength range between 1540 nm to 1576 nm was
achieved. A uniform conversion efficiency is also observed for a lower pump power
of 17 dBm, as the figure illustrates. The theoretical curves representing the conversion
efficiency for an increasing amount of input pump power show that a conversion efficiency
approaching 0 dB across a wavelength range in excess of 100 nm can be achieved for
an input pump power of 33 dBm (although the pump may need to be modulated to
overcome SBS). Furthermore, in contrast to when operating in the normal dispersion

regime where the bandwidth decreases with pump power [105], Figure 3.14a shows that
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operating in the anomalous dispersion regime results in an increase in both the efficiency
and the FWM bandwidth with pump power.
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Figure 3.14: (a) Simulated and measured curves of the W-type fibre FWM
conversion efficiency for various amounts of input pump power (b) Stimulated
W-type fibre FWM conversion efficiency for various amounts of anomalous dis-
persion and a fixed dispersion slope of -0.017 ps/nm?/km at 1563 nm

. The experimental data obtained at 20 dBm input pump power is also shown.

To further highlight the good dispersion characteristics of the fibre, the effect of dis-
persion on the bandwidth of the conversion efficiency was numerically simulated and
is shown in Figure 3.14b. The figure plots the FWM conversion efficiency in the W-
fibre for various amounts of anomalous dispersion and a fixed dispersion slope of -0.017
ps/nm?/km at 1563 nm and for a constant power (20 dBm of input pump power). As
can be observed from the figure, the experimentally demonstrated broad conversion ef-
ficiency across 36 nm would not be achievable in fibres with dispersion of 10 ps/nm/km
or 20 ps/nm/km at 1563 nm. The curves highlight that the full-width-half-maximum
(FWHM) bandwidth reduces from 60 nm in the case of 2 ps/nm/km dispersion to just
20 nm in the case of 20 ps/nm/km. These results emphasise the importance of having
a near-zero dispersion profile at the wavelengths of interest for applications requiring

processing of wideband signals.

3.4 Conclusion

This chapter reported the theoretical and experimental work conducted on highly non-

linear lead silicate W-type fibres in the early stages of this PhD project.

The chapter opened with an introduction to lead silicate as a soft glass and discussed
the advantages it possesses over silica and other optical soft glasses, which among others
include a high nonlinear refractive index, a high SBS threshold and a ZDW that can be

easily shifted towards the telecommunications wavelength.
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The design process of the lead silicate fibres was explained in detail. This included a
discussion on the process of engineering the dispersive properties of the fibre by studying
the impact of its structural parameters on the waveguide and chromatic dispersion.
The discussion was aided by numerical simulations solving the characteristic equation

describing the mode propagation in optical fibres (following the model in [95]).

A fibre adopting a W-type index profile with a core diameter of 1.66 um was fabricated
using the rod-in-tube method. A 1.56 m sample of the fibre was spliced to SMF fibres and
had its linear and nonlinear optical properties characterised at the telecommunications
wavelengths. The characterisation measurements revealed that the fibre had a loss of
2.7 dB/m, a dispersion and dispersion slope of ~2 ps/nm/km and -0.009 ps/nm?/km
respectively, a nonlinear coefficient of 820 /W /km and a SBS threshold of 30 dBm.

A FWM mixing experiment was carried out using this fibre sample, which demonstrated
the benefits of the near-zero dispersion profile of the fibre at 1550 nm. A uniform FWM
conversion efficiency of -21 dB across 36 nm was achieved for an input pump power of
20 dBm. Numerical analysis showed that this modest value of conversion efficiency can

be increased to reach 0 dB by increasing the input pump power.

The lead silicate fibre sample that was used in this work represents the first generation of
highly nonlinear lead silicate W-type fibre fabricated at the ORC. A second generation
of fibres was fabricated with the aim to reduce the loss of the fibres towards the material
loss figure of 1 dB/m. Chapter 4 will briefly report the optical characteristics of this
new fibre generation along with its use for the demonstration of some all-optical signal

processing applications.






Chapter 4

Phase Sensitive Amplification in
Highly Nonlinear Lead Silicate
W-type Fibres

4.1 Introduction

In the previous chapter, the optical characteristics of the lead silicate W-type fibre have
highlighted the potential of this fibre technology for realising efficient and broadband
nonlinear applications. This is made possible through two key traits: the high value of
the fibre’s effective nonlinearity coefficient and its low and flat dispersion profile. Such
attributes lead to realising both strong net nonlinear effects in a very short length of

fibre and achieving broadband nonlinear operation.

This chapter reports the work done towards exploiting these unique attributes in re-
alising a broadband phase sensitive fibre optic parametric amplifier (PS-FOPA) in the
lead silicate W-type fibre. As mentioned in Chapter 2, Section 2.2.2.2, parametric am-
plification can be attained through FWM by propagating a weak signal (probe) along
with the higher power pump(s). This results in the amplification of the weak signal
together with the generation of a new idler field. This form of fibre optic parametric
amplifiers (FOPAs) is referred to as phase insensitive (PI) FOPAs. The presence of only
the pump(s) and the signal at the input of an optical fibre make the direction of the
power flow independent of the phase relation between the input fields. The signal in

this case experiences gain regardless of its phase relative to that of the pump(s).

However, phase sensitivity can be achieved by a coherent interaction between the signal
and any other participating field(s). Two different schemes exist, an interferometric
scheme whereby the coherent interaction takes place between the signal and a pump

residing at the same frequency [106, 107], and a FWM scheme whereby the coherent

53
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interaction occurs between the signal and an idler [108]. Both approaches result in
a phase-dependent parametric gain of the signal, where power flow is a function of
the relative phase between the participating input fields. The PS-FOPA configuration
considered in this thesis is a non-interferometric (FWM-based) configuration and any

reference to PS-FOPA hereon refers to this scheme.

Optical phase locking between the interacting waves can be achieved either through the
use of an electro-optic modulator (EOM), generating multiple tones (sidebands) locked
to the carrier [109], or through two FOPAs in cascade, producing a phase-locked idler
wave in the first FOPA, and achieving phase sensitive amplification in the second [110].
Both schemes result in a fixed phase relationship between the participating input fields
to the PSA.

Phase sensitive amplifiers (PSAs) have been known to offer additional advantages to
those offered by their phase insensitive counterparts. The advantages include nearly
noiseless amplification [111], reduction of phase and amplitude noise fluctuations [112]
and elimination of modulation instability [113]. Furthermore, the advent of modulation
formats which deploy the phase of the signal for data encoding such as differential phase
shift keying (DPSK) and quaternary phase shift keying (QPSK), has led to an increased
interest in applications utilising phase sensitive amplifiers. PSAs have been shown to
efficiently regenerate DPSK [114] and QPSK [115] encoded signals, enabling the removal
of phase jitter, a sub 3dB noise figure [116] and allowing multi-channel operation [117],

all of which are attractive advantages in modern all-optical telecommunications systems.

The motivation behind realising a PSA in the W-type fibre stems from exploiting the low
dispersion of the fibre in PSA-based processing applications of wideband signals. More-
over, the short length of the W-type fibre is also an added benefit, since it contributes
to a more compact, stable and practical system, otherwise more difficult to realise with
the typically longer silica fibres. PSA-based functions such as regeneration of phase shift
keyed (PSK) signals can thus be realised in a broad wavelength range through the use
of the lead silicate fibre.

This chapter begins by giving a brief background into phase sensitive amplifiers. It
then proceeds to report the first PSA experiment conducted in the lead silicate W-type
fibre, the parametric fluorescence (PF) experiment. The phase sensitive dynamic range
(PSDR) of the fibre is also measured and the performance of the lead silicate fibre as a
PSA is contrasted with another highly nonlinear soft glass fibre, namely a bismuth-oxide
fibre.

In light of the results from these two experiments, a detailed numerical study is con-
ducted to investigate how the performance of the lead silicate fibre can be improved.
The study begins by contrasting the nonlinear performance of the first generation of
lead silicate W-type fibres with a second generation which had reduced fibre losses. Fur-

thermore, the study also investigates the effect of the fibre length on the nonlinear and
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dispersive performance and deduces the pump power requirement for achieving efficient

phase regeneration.

Finally, the chapter presents a phase regeneration experiment conducted using the sec-
ond generation of lead silicate W-type fibres. The experimental setup is discussed and

the results of regenerating the phase of 40 Gb/s DPSK signals are presented.

4.2 Phase Sensitive Amplification - Background

The four coupled FWM differential equations (Equations 2.20- 2.23) describing the power
flow of the pump, signal and idler fields indicate that FWM can be a phase sensitive
process [118]. Indeed, solutions for this system of equations have been widely studied in
literature [119, 120] and the signal gain of a non-degenerate FOPA can be expressed as
[121]):

Gs = 1+ 2sinh*(yPLess) + 2sinh(yPLeyy) cosh(yPLsy) sin(0) (4.1)
where P is the pump power and v and L.;s are the fibre’s nonlinear coefficient and

effective length respectively. 6 is relative phase between the three input fields defined as
(122, 123]:

0 = K+ ¢5(0) + ¢:(0) — 2¢,(0) (4.2)

Where ¢5(0) , ¢;(0) and ¢,(0) refer to the initial phase (i.e at z = 0) of the signal, idler

and pump respectively, and k is the phase mismatch between the three optical fields.

Equation 4.1 for the signal gain, assumes a perfectly phase matched FOPA. i.e.:

k=AB=[AB]L+ [ABlNL =0 (4.3)

The relative phase 6 then becomes:

0 = ¢5(0) + ¢i(0) — 2¢,(0) (4.4)

Equation 4.1 indicates that if an idler is present at the input of a FOPA, the parametric
gain of the signal becomes phase-dependent. Power flow in this case is a function of the
relative phase between the three input fields defined in Equation 4.4, and can either flow

from the pump to the signal and idler in the case of § = 7/2, resulting in parametric
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Figure 4.1: Illustration of power - phase relationship in a 2-pump degenerate
PSA. Left: the power flows from the pumps to the signal resulting in parametric
amplification. Right: the power flows from the signal to the pumps resulting in
parametric attenuation.

amplification, or in the case of § = —7/2 from the signal and idler to the pump resulting

in parametric attenuation (de-amplification)[122].

In the case of the absence of an idler field from the input of the FOPA, an idler will be
generated with a phase ¢;:

Cbi = 2¢p - Cbs (4'5)

Substituting Equation 4.5 into the relative phase relation (Equation 4.4) results in § = 0

and subsequently a signal gain G, of:

Gs = 1+ 2sinh?(yPLe ;) (4.6)

Clearly Equation 4.6 shows that the signal gain in this case is phase-independent and
the amplifier is a phase insensitive amplifier (PTA). Furthermore, the PI signal gain is 6
dB smaller than in the PS-FOPA phase-adjusted for maximum gain (i.e. with § = 7/2)
[121, 110].

Although the analysis outlined above corresponds to a single pump non-degenerate PSA,
the same principles apply for the two-pump degenerate PSA scheme. Figure 4.1 illus-
trates the power transfer in this case, where the power can either flow from the two
pumps to the signal resulting in parametric amplication (Figure 4.1 (left)), or from the

signal to the pumps resulting in parametric attenuation (de-amplification) (Figure 4.1
(right)).

This gain-phase relationship of a PSA results in the amplification of the in-phase compo-
nent of the signal and the attenuation of its quadrature component. Figure 4.2 depicts
this effect, which manifests itself in the ‘squeezing’ of the signal phase and can thus be

exploited in the reduction of the phase noise in phase-encoded signals. The extinction
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Figure 4.2: Impact of phase sensitive amplification on the phase of the signal.

ratio of maximal PSA amplification and maximal attenuation determines the amplifier’s
phase squeezing ability and is termed as the PSA swing or the phase sensitive dynamic
range (PSDR). Nonlinear phase noise can impose severe performance limitations for
systems utilising both the amplitude and phase of the optical carrier. PSA-based re-
generators have been studied intensively in recent years and there have been numerous
demonstrations of their effectiveness in removing both phase and amplitude noise from
phase-encoded optical signals [124, 125, 126, 115].

4.3 Phase Sensitive Amplification Experiments

4.3.1 Parametric Fluorescence Experiment

In order to verify that PS operation could be achieved in the lead-silicate W-type fi-
bre, a single-pump PS parametric fluorescence (PF) experiment was conducted. This
experiment involves cascading two FOPAs. An amplified spontaneous emission (ASE)
signal is launched into the first FOPA which acts as a phase insensitive amplifier (PIA).
The parametrically amplified ASE from the PIA stage is then launched into the second
FOPA, which provides phase sensitive amplification. The dispersive effects between the
PIA and the PSA segments result in a wavelength-dependent phase modulation, thus
enabling the observation of the gain-phase relationship of the PSA. The setup of this
experiment is shown in Figure 4.3. The PIA consisted of a single CW laser pump oper-
ating at 1565 nm which was amplified before being launched to a 300-m long HNLF with
a nonlinear coefficient of 11.6 /W /km, a zero dispersion wavelength (ZDW) of 1553 nm
and a dispersion slope (DS) of 0.018 ps/nm?/km. A strain gradient had been applied to
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Figure 4.3: Experimental setup of the PS parametric fluorescence conducted in
the W-fibre. Insets show spectra at the output of the PIA (left) and the PSA
(right).

the HNLF to increase its SBS threshold to ~26 dBm. The ASE of the amplifier experi-
enced approximately 3 dB of parametric gain at the output of the HNLF, thus forming
a ~30 nm wide relative-phase stabilised signal. Both pump and ASE were amplified by
another EDFA and were launched to the fibre under test.

Figure 4.4a shows the spectrum measured at the output of the PSA. The wavelength
dependent phase mismatch resulting from the dispersive elements prior to the PSA gives
rise to the characteristic gain peaks and attenuation troughs in the form of ripples, a clear
sign of PS behaviour [127]. Owing to the low dispersion of the fibre across this whole
wavelength range, the gain spectrum extends across the full 30 nm available bandwidth
of the ASE. Furthermore, this result was benchmarked against a second sample of soft

glass fibre of a similar length. This was a bismuth oxide fibre of a similar type to that
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Figure 4.4: Spectral traces of PS parametric fluorescence in (a) the 1.56 m lead
silicate fibre and (b) a 2 m long bismuth oxide fibre (resolution bandwidth (RB)
= 0.06nm). Insets show zoomed-in traces of the output pump spectrum (P =
27.7 dBm) for the two cases (RB = 0.01nm).
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previously used for an earlier PSA demonstration in [128]. The sample was 2 m long
and had a loss of 0.9 dB/m, a nonlinear coefficient of 1100 /W /km, and a dispersion
of -260 ps/nm/km at 1550 nm. This sample was spliced to silica pigtails at both ends
and the splice losses were estimated to be about 3 dB per splice. Figure 4.4b shows
the spectrum obtained at the output of this fibre. PS gain is also observed in this
case, however its bandwidth is restricted to a much narrower spectral region, due to
the higher dispersion of this fibre. Quantitatively, the 3-dB PSDR bandwidth, defined
as the bandwidth over which the PSDR drops by 3 dB relative to its maximum value,
could be measured directly from these spectral traces and was found to extend for 19 nm
in the case of the lead silicate W-type fibre, while it was limited to only 7.4 nm in the
case of the bismuth oxide fibre. In addition, the insets to the two graphs show spectral
traces in the vicinity of the pump wavelengths for the same input power (approximately
28 dBm). The onset of SBS can already be clearly seen in the case of the bismuth fibre
whereas there is no evidence of SBS in the lead-silicate fibre, where even higher pump
powers could be used without evidence of SBS (note however, the small difference in

length between the two samples).

4.3.2 Phase Sensitive Dynamic Range Measurement

A two-pump degenerate PSA was set up in order to measure the phase sensitive dy-
namic range achieved with the lead-silicate fibre (Figure 4.5). The scheme used in this
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Figure 4.5: (a) The experimental setup of the PSDR characterisation experi-
ment. PC: Polarisation controller. EDFA: Erbium-doped fibre amplifier. OSA:
Optical spectrum Analyser. (b) An example trace of the voltage swing detected
by the photo-receiver shown by the oscilloscope from which the PSDR is deter-
mined and (c) the measured PSDR (dB) as a function of increasing launched
pump power (dBm).
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experiment was based on a black-box PSA developed by R.Slavik et al. [129]. The first
stage of the setup consisted of a PIA stage which was configured to ensure phase-locking
between the two pumps and the signal and allow control of their relative powers. This
was done by coupling one pump (pump 1) and the signal from two independent CW
lasers into a HNLF, resulting in the generation of a new idler field. The weak idler was
then used to injection-lock a slave semiconductor laser (pump 2), boosting the power
level at this wavelength to that of the pump and the signal. The three optical fields
were then fed into a programmable optical filter (Finisar Waveshaper), allowing care-
ful adjustment of their power levels, to ensure that the powers of the two pumps were
equalised throughout the experiment and the signal power remained fixed at a certain
level (6 dBm). The pumps and the signal were then amplified through a high power
EDFA, and their power levels were monitored on an optical spectrum analyser (OSA)
connected to the output of a tap coupler. The amplified beams were fed through a po-
larisation controller and an isolator at the input of the lead silicate W-type fibre (PSA
segment). The output of the PSA was subsequently filtered using a bandpass filter,
rejecting the two pumps while keeping the signal. A piezo-electric transducer (PZT)
driven by a 100 Hz signal generator was connected to pump 1 and periodically changed
the phase of this field relative to pump 2 and the signal, thereby ultimately causing the
PSA to swing between maximum gain and maximum attenuation. An oscilloscope was
used at the output of the system to detect the effect of the PSA swing on the signal
(Figure 4.5b). The PSDR was measured as the total input pump power into the fibre
was varied from 22.2 dBm to 27.7 dBm. Figure 4.5c shows the measured PSDR of the
lead silicate fibre as a function of the total launched pump power. A maximum PSDR
of 6 dB was measured for an input pump power of 27.7 dBm (the maximum that could

reliably be launched from the available amplifiers).

4.3.3 Optimisation Study — Enhancing the Nonlinear Performance of
the W-type Fibre

While the wideband gain spectrum demonstrated in the first experiment has highlighted
the benefits of the flat near-zero dispersion profile of the W-type fibre with respect to
a PSA configuration, only a moderate PSDR value of 6 dB could be achieved with the

available power.

The splice losses ultimately impose a limit on the maximum amount of power that can
be launched into the fibre, thus limiting the performance of the fibre for several nonlinear
applications. Generally, splice loss values in the range of 3.5-7 dB have been attained
when attempting a splice between the small core lead silicate fibre and a SMF. With this
limitation in mind, it is important to investigate ways to both reduce these values and
also marginally overcome the performance cap placed by these losses through the use

of longer/lower loss fibre samples since both the fibre length L and its propagation loss
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’ Property ‘ LSW1 ‘ LSW2 ‘
Nonlinear Coefficient 820 /W/Km 820 /W /km
Loss 2.7 dB/m 2.1 dB/m
Dispersion @ 1550 nm | 2 ps/nm/km | -0.8 ps/nm/km
Effective Area 1.9 pm? 1.9 pm?
SBS Threshold 30 dBm >30 dBm

Table 4.1: Optical properties of the first (LSW1) and second (LSW2) lead
silicate W-type fibre generations.

a are incorporated in the yL.ss figure-of-merit (FOM) commonly used to benchmark
the nonlinear performance of HNLFs [130]. Complex experiments such as phase/am-
plitude regeneration require careful experimental design, and it is usually of preference
to use moderate amounts of power to minimise the risk to the various apparatus in-
volved (through e.g. undesirable effects, such as fibre fuse). With this in mind, this
section conducts a numerical study that attempts to highlight how a sample of optimum
length and a lower propagation loss can enhance the nonlinear FOM without the need

to prohibitively increase launch power levels to overcome splice losses.

A second generation of highly nonlinear lead silicate fibres was fabricated with the aim
to reduce its loss. The characterisation of this new fibre generation was carried out
by Dr. A. Camerlingo and the measurements revealed that a propagation loss value of
2.1 dB/m (improvement of 0.6 dB on the first generation of fibres) was achieved in the
fabrication. The study that follows in this chapter, contrasts the performance of the two
lead silicate W-type fibre generations of different propagation losses and also highlights
the role that the sample length plays in enhancing the nonlinear FOM.

The two fibre generations are referred to in this study using the name codes that they

' ¥ -
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Figure 4.6: Measured chromatic dispersion curves of fibre LSW1 (green curve)
and LSW2 (red curve) (courtesy of Dr. Giorgio Ponzo).



Chapter 4 Phase Sensitive Amplification in Highly Nonlinear Lead Silicate W-type
62 Fibres

were given during the fabrication stage (LSWX). Fibre LSW1 represents the first gen-
eration of lead silicate fibres that had been used in the experiments of the previous
sections and in Chapter 3, while fibre LSW2 represents the second generation with im-
proved losses. Table 4.1 compares the optical properties of the two fibre samples used
in the study, while Figure 4.6 compares their dispersion profiles. The second genera-
tion sample possesses very similar characteristics to that of the first generation with the
main difference, beside the loss, being the dispersive characteristics. Indeed, the second
generation of lead silicate fibres exhibits normal dispersion at 1550 nm, in contrast to

the first generation which exhibits anomalous dispersion at the same wavelength.

The scope of the study includes the following:

e Comparison between the effective lengths of the two fibre generations

e F'WM conversion efficiency vs. Fibre length

FWM 3 dB bandwidth vs. Fibre length
e PSDR vs. Fibre length/pump power
4.3.3.1 Effective Length

The effective length of an optical fibre is given by (see Section 2.2.2.2):

1 —exp(—al)
Legy = 72000 (17)

25

Leff

— LDW1
— LDW2 |,

0 2 4 6 8 10 12 14
Length (m)

Figure 4.7: L.sy vs Length for the two lead silicate W-type fibre generations.
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Where L and « refer to the fibre length and its propagation loss respectively. The two
fibres under study have slightly different maximum effective lengths as can be seen in
Figure 4.7. The lower loss of fibre LSW2 (2.1 dB/m) in comparison to that of LSW1
(2.7 dB/m) dictates that longer lengths of the former can be used before reaching the
limit of Leff—maz = 1/a. Indeed, approximately, 7 meters of LSW2 fibre can be used in
contrast to only 5 meters to that of LSW1 before reaching the maximum effective length
values of the two fibres. This results in approximately 30% improvement in the yLcs¢
FOM.

4.3.3.2 Four Wave Mixing Conversion Efficiency /Bandwidth

To further study the effect of the W-type fibre length on the nonlinear performance,
a FWM numerical study was conducted. The FWM configuration used in the study
was identical to that described in Figure 3.13, with a pump power value of 30 dBm
and a signal power of 10 dBm. Plots of the FWM conversion efficiency vs. wavelength

detuning for different fibre lengths are shown in Figure 4.8. The figures lay emphasis on
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Figure 4.8: FWM conversion efficiency plots for different fibre lengths in two
different lead silicate fibre generations (LSW1 (a) and LSW2 (b) ). Comparison
of FWM conversion efficiency for two different lead silicate fibre generations
(LSW1 and LSW2) (c) sample length is 2 m, (d) sample length is 3 m.
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how the FWM conversion efficiency and the 3-dB FWM bandwidth are affected by the
length of the two W-type fibre generations (Figure 4.8a shows LSW1 while Figure 4.8b
shows LSW2). While a more efficient FWM process can be achieved for longer lengths of
fibre, the FWM 3-dB bandwidth of the fibres is adversely affected. The LSW2 samples
have normal dispersion value at 1550 nm in contrast to the LSW1 family which exhibit
anomalous dispersion at the same wavelength. The anomalous dispersion nature of the
LSW1 fibre results in a ‘dip’ in the middle (close to the pump wavelength) of the FWM
gain profile that is characteristic of anomalous fibres, and is often undesired in broadband
applications. In contrast, the normal dispersion of the LSW2 family offers a smoother
FWM gain profile, while its lower net dispersion values result in slightly broader 3-dB
FWM bandwidth, as shown in Figure 4.8c and Figure 4.8d.

To help choose the optimum length of fibre for broadband nonlinear applications, Figures
4.9(a)-(d) plot the FWM conversion efficiency, a comparison between the idler/signal
power levels and the FWM 3-dB bandwidth of the two W-type fibre families for different
lengths of fibre. Note that the FWM conversion efficiency (Figure 4.9a) improvement
attained when using a LDW2 sample of propagation loss of 2.1 dB/m as opposed to a

LDW1 sample with 2.7 dB/m is too small to constitute a real advantage when comparing
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Figure 4.9: (a) Conversion efficiency vs fibre length (b) plot of difference between
the idler and pump power levels vs fibre length (c) plot of difference between the
output signal and pump power levels vs fibre length (d) FWM 3-dB bandwidth
vs fibre length for the two fibre generations (LSW1 (black) and LSW2 (red))
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two same length fibres. However, the lower loss of the LSW2 sample results in the
generation of a stronger idler (Figure 4.9b) and a more significant output signal (Figure
4.9¢). Furthermore, the lower dispersion of the LSW2 family gives rise to larger FWM
3-dB bandwidths for fibre lengths shorter than 4 meters (Figure 4.9d).

Since a trade-off between the FWM conversion efficiency and the FWM bandwidth need
to be taken into account when choosing the sample length, it is deemed appropriate to
opt for a 3 meter sample of fibre LSW2, since this represents a significant improvement
in the nonlinear FOM when compared to the 1.56 m sample of fibre LSW1 that had

been used experimentally, while also resulting in a broadband nonlinear performance.

4.3.3.3 Phase Sensitive Dynamic Range

The phase sensitive dynamic range (also called PSA swing [127]) of a phase sensitive
amplifier is often used as a figure of merit for the amplifier’s phase regenerative capability.
It determines how the amplifier performs as a phase squeezing device and as a tool for

removing phase noise from phase encoded signals.

To further understand the potential of this fibre technology, the PSDR, of a LSW2 lead
silicate fibre sample with parameters optimised for the application (i.e. 3 m long sample
of 2.1 dB/m loss, as deduced above) was simulated numerically. The simulations were
based on a 2-pump degenerate PSA and followed closely the experimental parameters

presented in Section 4.3.2.

The results of this numerical study are shown in Figure 4.10a and Figure 4.10b (black
curves). To put the 6 dB PSDR value experimentally obtained from using the 1.56 m
LSW1 sample (Section 4.3.2) into perspective, Figure 4.10b shows a graph of the PSA

phase transfer function for different values of PSDR. As the PSDR value increases from 0

1.0
®  Experimental data (a) (b)
25 1 Numerical fit
—— Simulation (3m, 2.1 dB/m Sample) 0.8 4
— o
g % 0.6
o
o E 0.4
02 1 —— PSDR=0dB
—— PSDR=6dB
—— PSDR =18 dB
0 T T T 0.0 T ! T !
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Figure 4.10: (a) Measured/simulated PSDR (dB) as a function of increasing
input pump power (dBm) (b) A plot of PSA phase transfer function for different
values of PSDR.
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dB, the phase transfer function starts to depart from the linear to the nonlinear regime,
and a moderate phase squeezing effect can be observed for a value of 6 dB PSDR (red

curve).

The simulations show the margin of improvement in the PSDR of the amplifier achievable
using the proposed fibre sample. Figure 4.10a shows that for identical input power levels
to those used in the experiment, a value of approximately 18 dB PSDR for an input
pump power of 27.7 dBm would be achievable using the proposed optimised sample.
This value should still be below the SBS threshold for this sample, which is estimated
(following a similar analysis to that presented in Chapter 3, Section 3.2.5.2) that it would
tolerate at least 32 dBm of total power at the two pump wavelengths. Furthermore, this
value of PSDR can be contrasted with the 6 dB value achieved experimentally (red
curve) by comparing the plots of the phase transfer function in Figure 4.10b. Higher
PSDR values push the transfer function towards the idealised staircase shaped function.
Indeed for a value of 18 dB PSDR, one could already see the nearly digitised nature of
the phase transfer function, where for almost all values of input phase, the output phase

is restricted to values close to either 0 or .

The conclusions from the numerical study presented in this section were fed back to the
fibre fabrication team at the ORC in order to prepare a LSW2 sample with the required
length (i.e. 3 m). However, only 1.7 m of lead silicate fibre had remained after fibre
splicing to an SMF for the planned regeneration experiment, and an estimated splice
loss of 6-6.5 dB was achieved. Due to the high splice losses of the LSW2 sample and its
relatively short length, it was subject to similar power requirements to those associated
with using the LSW1 sample which were deduced in Figure 4.10. The level of power
required to achieve a PSDR > 10 dB was deemed excessively high due to the high splice
losses of the fibre.

The 1.7 m LSW2 sample was used in the phase regeneration experiment of 40 Gb/s
DPSK signals, presented in the subsequent section. The high splice losses of the sample
necessitated gating (modulating) the pumps and the signal of the regenerator so that
the required peak power level can be achieved without increasing the average power to

such prohibitive levels.

4.3.4 Phase Regeneration of 40 Gb/s DPSK Signals in a Highly
Nonlinear Lead-Silicate W-type fibre

4.3.4.1 Introduction
Conducting a phase regeneration experiment of differential phase shift keying (DPSK)

data signals in a short length of highly nonlinear lead silicate W-type fibre represents

an important demonstration of what this novel soft glass fibre technology can achieve
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in the field of broadband all-optical signal processing. Furthermore, such an experiment
also represents a great tool in further investigating the limitations of and exploring
the main challenges associated with advancing this fibre technology further. Through
this experiment, the practical advantages associated with some of the fibre’s unique
properties, such as its novel dispersion characteristics and short length have again been
highlighted, while shortcomings such as the high splice losses of the fibre have also been
underlined. For instance, one of the implications associated with having high splice
losses, is the necessity of operating the regenerator in a burst mode to avoid the need
for excessive CW pump power levels, as was concluded in the numerical study presented
in Section 4.3.3.3.

The following subsection presents the phase regeneration of 40 Gb/s DPSK signals in a
1.7 m of second generation (LSW2) lead-silicate fibre. The experimental setup, based on
a 2-pump degenerate PSA scheme, is discussed in detail. Furthermore, the performance
of the system was assessed by comparing constellation diagrams of the data signal before

and after regeneration for various levels of phase noise.

4.3.4.2 Experimental Setup and Results

The regeneration experiment was based on a degenerate two-pump phase sensitive ampli-
fier (2P-PSA) configuration, the setup of which is shown in Figure 4.11. The data signal
was a 40 Gb/s non-return-to-zero DPSK 231-1 pseudo-random bit sequence (PRBS)
centered at a wavelength of 1555.64 nm. To emulate the effects of broadband phase-
only noise, the phase noise generation setup of Figure 4.12 was used [131]. The signal
was combined with narrowband (3-dB bandwidth of 1 nm) amplified spontaneous emis-
sion (ASE) with a Gaussian spectral profile centered at 1562 nm and launched into an
HNLF. The ASE induced cross phase modulation (XPM) on the signal, thereby intro-
ducing broadband incoherent phase noise to it [131]. The inset of Figure 4.12 shows
the XPM-induced spectral broadening of the signal with traces displayed before (black)
and after (red) the HNLF. The magnitude of the phase perturbations was controlled by
varying the corresponding power levels of the ASE noise. The distorted signal was then
filtered and launched into the PSA regenerator, which was set up following a black-box
configuration (for a detailed presentation, please refer to [124]). At the input of the
regenerator, the signal was coupled with a continuous wave signal (Pump 1) operating
at a wavelength of 1557.36 nm through an add/drop multiplexer. The data signal (act-
ing as a pump here) and the CW signal were launched into a HNLF to generate a new
phase-locked and modulation-free idler wave at 1553.9 nm. The HNLF used had a length
of 300 m, a dispersion of - 0.01 ps/nm/km at 1550 nm, a nonlinear coefficient of 10.5
/W /km, and an insertion loss of 0.9 dB. The weak idler was then used to injection-lock
a slave semiconductor laser (Pump 2) [129]. The three phase-locked optical fields were

gated in time through a Mach-Zehnder modulator driven by 400 ns rectangular pulses
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Figure 4.11: Top: Experimental setup of the 40Gb/s phase regenerator. Bot-
tom: spectral trace at the input of the PSA. EDFA: Erbium Doped fibre Am-
plifier, MOD: modulator, PC: Polarisation controller.

with a duty cycle of 1:10. Time gating provided a means to increase the peak power of
the pumps and signal by a factor of ten whilst retaining the same average power, so as
to overcome the splice losses of the lead-silicate fibre that followed, without the need for
excessive EDFA average power. This signal arrangement now formed the two pumps and
signal required in a degenerate PS-FOPA (see inset to Figure 4.11). The three waves
were amplified through a high power EDFA to a total power of approximately 31 dBm,

before being fed through a polarisation controller and an isolator to the lead silicate
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Figure 4.12: Experimental setup of the all-optical XPM-based phase noise em-
ulator. Inset: Optical spectra of the DPSK signal and ASE pump at the input
(black) and output (red) of the HNLF (courtasy of Mr. Liam Jones [131]).
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Wh-type fibre where PS amplification was realised. The 1.7 m LSW2 sample which had
a nonlinear coefficient of 820 /W /km, a propagation loss of 2.1 dB/m and a dispersion
of -0.8 ps/nm/km at 1550 nm, was used as the PSA segment of the regenerator. At
the output of the PSA, the signal was filtered to reject the two pumps. Part of the
data signal was tapped-off to be used as the feedback in the phase locking portion of
the setup and to compensate for any slow (sub-kilohertz) relative phase drifts between
the three interacting waves. It consisted of an optical detector, a proportional integral
controller and a piezo-electric transducer fibre stretcher located in the path of one of
the pumps. The short length of the soft glass fibre contributed to a reduced acoustic
pick-up relative to systems based on silica-based fibres (e.g. [124, 129]) and resulted in
more stable locking of the feedback circuit. At the output of the regenerator, the data
signal was characterised using an optical modulation analyser (OMA), consisting of an

optical coherent detector and a real-time data acquisition system.

The relative power of the signal with respect to the pumps was adjusted to ensure optimal
phase noise suppression with minimal amplitude degradation, which was achieved when
the PSA operated in saturation. In this operating regime, a total phase-sensitive gain
variation of approximately 4.5 dB was measured (this is to be contrasted to 14 dB which
was measured when the PSA was not saturated). Higher order FWM products were
observed at the output of the PSA owing to the low and flat dispersion characteristics
of the W-type fibre (Figure 4.13).

Figure 4.14 presents constellation diagrams of the data signal before and after the re-
generator for different noise levels. The signal was first assessed with no added noise,

showing similar performance both before and after the regenerator (Figure 4.14a). With
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Figure 4.13: Spectral trace at the output of the PSA, showing the signal, the
pumps and high-order FWM products.
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Figure 4.14: (a)-(d) Constellation diagrams of the DPSK signal before (top)
and after (bottom) regeneration for various noise levels. (a) represents the case
of no added noise.

mainly phase noise added to the signal (Figure 4.14(b-d)), the constellation diagrams

display a clear level of noise squeezing with negligible additional amplitude noise.

Furthermore, since Figure 4.14 only conveys the instantaneous regeneration capability of

the PSA (i.e. during a single burst of the data signal), a set of accumulative constellation

readings plotted as colour graded constellations were also taken and are displayed in

Figure 4.15. The constellations represent the data gathered in 30 million consecutive

bursts of data signals and thus convey a more representative measure of the regenerator
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Figure 4.15: (colour graded DPSK constellation diagrams showing amplitude
and phase changes before (left) and after (right) regeneration for two differ-
ent noise levels. The constellations represent the data gathered in 30 million
consecutive bursts of data signals.
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long-term performance. Again, the figure shows a high degree of phase squeezing of the

data signal for both noise levels.

To better quantify the level of improvement achieved in the signal quality, Figure 4.16
shows the root mean square (rms) error vector magnitude (EVM), the phase error and
the rms magnitude error of the data signal before and after regeneration. Again the
no-added-noise case (the leftmost data point in the graphs) shows almost no penalty
due to the presence of the regenerator, and a universal improvement in the EVM of the
data signal is observed for all the different noise levels examined. Figure 4.16b shows
that the level of phase error is reduced by about a factor of 2 for all of the cases that
we examined, confirming the regenerator capability for reducing phase noise. A slight
(effectively negligible) deterioration in the magnitude error of the regenerated signals
is observed in Figure 4.16c, mainly due to the phase-to-amplitude noise transformation

occurring in the PSA.
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Figure 4.16: Plots of (a) EVM (b) phase and (c) magnitude error of the data
signal before and after regeneration.
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4.4 Conclusion

This chapter reported the phase sensitive amplification experiments conducted in highly
nonlinear lead silicate fibres. The chapter opened by giving a brief background into
the operation of phase sensitive fibre optic parametric amplifiers and then proceeded to

discuss the PSA-based experiments.

The first experiment demonstrating PS amplification in a length of W-type lead silicate
fibre was a parametric fluorescence experiment. The phase sensitive PF experiment
demonstrated that PS gain can be observed over a broad bandwidth due to the relatively
low dispersion of the fibre enabled by the W-index profile design. This was contrasted
to the result achieved with a much higher dispersion bismuth oxide fibre of a similar
length, which only showed strong PS gain within a limited bandwidth around the pump

wavelength.

A two-pump degenerate PSA was employed to measure the PSDR that could be achieved
with this fibre, which was measured to be 6 dB for a pump power of 27.7 dBm. There
was no need to employ any active SBS suppression schemes in any of the experiments.
Furthermore, to gain foresight into the promise of this fibre design, a numerical study
was conducted to assess the performance gain achievable using a second generation
of lead silicate fibre with better optimised physical characteristics for this application.
The numerical study deduced that with the use of a fibre sample of optimum length
(approximately 3 meters) and reduced propagation loss (2.1 dB/m), one can significantly
enhance the nonlinear performance of the system without the need to increase pump
power to excessive levels to achieve a good nonlinear FOM. Indeed, using a fibre with
the aforementioned characteristics, it is believed that a PSDR value in excess of 18 dB
should be readily achievable, indicating that such fibres could be employed to implement

short-length devices for PSA-based processing applications of wideband signals.

The chapter then proceeded to reported the phase regeneration of 40 Gb/s data signals
using saturated phase-sensitive amplifier based on a 1.7 m long of LSW2 fibre. The short
fibre length drastically reduced the latency of the processing system relative to corre-
sponding configurations based on germanium-doped HNLFs, and improved the system
stability at the same time. Both the short and long term regeneration capability of the
regenerator were assessed through the use of constellation diagrams and examination of
the experimental data showed a significant level of phase noise reduction. Moreover, the
low and flat dispersion profile of the fibre across the C-band highlights its potential for

use in applications requiring wavelength multicasting.

The high splice losses have been underlined as a major limitation on the performance of
this lead silicate fibre technology. The fabrication team at the ORC is working towards
reducing the 5-6.5 dB splice loss figure reported in this chapter, and indeed further

optimisation efforts have recently succeeded to reduce this figure [100]. Furthermore,
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tapering the input of the lead silicate fibre has been proposed as an alternative method

to reduce the splice loss to bigger core SMF.

The lead silicate work presented in Chapter 3 and this chapter, investigated the plat-
form’s applicability for implementing all-optical signal processing applications at the
telecommunication wavelengths. The rest of this thesis will focus on broadband tech-
nologies that enable the processing of optical signals both at the NIR and MIR. This was
conducted within the framework of the CLARITY project which aims to implement an
all-optical MIR to NIR wavelength converter based on tellurite fibres and silicon germa-
nium waveguides. Chapter 5 investigates the optical characteristics of highly nonlinear

tellurite fibres, while Chapter 6 and 7 focus on silicon germanium waveguides.






Chapter 5

Highly Nonlinear Tellurite Fibres

5.1 Introduction

The major limitations of Mid-IR photo-detection technology can be addressed by avoid-
ing the direct detection of Mid-IR light and replacing it with the widely available ultra-
sensitive Near-IR detectors through the use of an efficient MIR to NIR nonlinear con-
verter. The broadband parametric amplification that FWM offers makes it the ideal
nonlinear effect for MIR to NIR wavelength conversion. To implement such a conver-
sion however, the third order nonlinear material on which the converter is based on will
have to show optimum transmission and nonlinear behaviour in the 1-5 pm wavelength

region.

Silica-based fibres possess exceptional chemical and physical characteristics in the visible
and NIR wavelengths. However, the poor transmittance of silica at wavelengths beyond
2.5 pm makes conventional fibres unsuitable for MIR applications [132]. On the other
hand, soft glasses such as fluoride, tellurite and chalcogenide show good transmission
characteristics in both the NIR and MIR regime (Figure 5.1) and thus represent viable
alternatives to silica-based technology. Tellurite glasses in particular, present themselves
as good candidates for broadband applications since they possess a low glass transition
temperature and are more thermally and chemically stable than fluoride glasses. Fur-
thermore, they exhibit a nonlinear refractive index n, ranging between 20-50x10~2°
m?/W, i.e. about an order of magnitude higher than in fluoride and silica glasses, and
a material ZDW that lies close to 2 pm, making it an easier task to design fibres with
a ZDW close to 1.5 or 2 pum than in other infrared glasses such as chalcogenides, the
ZDW of which lies beyond 5 pm [68, 93, 133]. Tellurite glasses also possess a damage
threshold that is one order of magnitude higher than that of chalcogenides, in compari-
son with which they are also much less toxic. Due to these advantages, tellurite has been
identified as the material of choice for the implementation of the MIR to NIR converter

in optical fibres.
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Figure 5.1: Bulk soft glasses losses between 0.2-20 pum (courtesy of Dr. Xian
Feng).

The work reported in this chapter represents the early stages of fabricating low loss
highly nonlinear tellurite fibres suitable for broadband MIR to NIR spectral translation.
It reports the characterisation of the optical properties of the first generation of tellurite
fibres at 1.55 and 2 um. Close collaboration with the fabrication team was important as
the characterisation data was fed back to the fabricators in order to fine-tune their fibre
preparation procedure for subsequent fabrication attempts. This work was conducted
within the EU project CLARITY.

The chapter starts by giving a brief account on the tellurite fibre design and fabrication.
It then discusses the characterisation of the loss of the nonlinearity of the fibre at 1.55 and
2 pm. The measurement technique and the corresponding setup used to characterise the
fibres nonlinearity are described and the experimental data of the nonlinear coefficient
is compared with numerical simulations. Furthermore, demonstrations of wavelength
conversion of CW signals at 1.55 and 2 um are reported. The chapter closes with a
numerical study highlighting the potential of using highly nonlinear tellurite fibres in
broadband nonlinear spectral translation.

5.2 Fibre Design and Fabrication

The soft glass fibre fabrication team at the ORC, through the work of Dr. Xian Feng, was
tasked with developing a preform dehydration method and subsequently fabricating low
loss tellurite fibres across the 1-5 pm wavelength region. An account of the up-to-date

progress of this task is reported here.
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As can be seen from (Figure 5.1), tellurite glasses exhibit a drop in transmission values in
the region of 3.5 um. To compensate for this, it was proposed to dope the core glass with
halides which are known to exhibit better transmission properties in the whole 0.2 and
7 pm wavelength region [134]. Furthermore, when using chlorine containing compounds
such as lead chloride (PbCly) in the glass composition, the halogenation reaction that
takes place (OH~ + ClI~ = HCIl 1 +0?7) helps to actively remove the OH groups
from the glass, especially when using a dry atmosphere-filled glovebox. Therefore, the
addition of such a compound together with proper dehydration of the glass was expected
to eliminate the trough observed at 3.5 ym and improve the transmission of the glass

across the whole region between 3 and 5 pm by approximately 20% [20].

The most promising glass composition has been identified as TeOaPbCly (TLX) thanks
to its strong nonlinearity and good transmission properties up to 5 um. However, a
second glass variant was used (TeO2-ZnO-BaO (TZB)) in the early fabrication attempts,
which also exhibits low absorption in the MIR but lower nonlinear refractive index than
TLX. The use of TZB provided a more straight-forward route towards the fabrication
of small-core low loss fibres. All the experimental work reported in this chapter was
conducted in a TZB fibre.

A simple step-index design was targeted for early fabrication attempts. Figure 5.2 shows
an SEM image of the fibre which had a core diameter d of 4.2 pm and an outer diameter
of 170 um. The glass composition used was 70TeO2-20Zn0O-10(BaO+BaCls) and com-
mercial chemicals with purities better than 99.999% were used as the raw materials for
glass melting. The high-purity tellurite core-cladding preform was made using a built-in
casting method and the NA of the fibre was estimated to be 0.25. The chemical batch-
ing, glass melting and preform casting were all processed inside an ultra-dry atmosphere

filled glovebox with water level less than 0.2 ppm [20].

Figure 5.2: SEM image of the tellurite fibre (courtesy of Dr. Xian Feng).
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5.3 Characterisation of Loss and Nonlinearity of Tellurite
Fibre at 1.55 and 2 ym

5.3.1 Loss Characterisation

The loss of the dehydrated tellurite fiber was measured at two wavelength regions,
namely 1.55 and 2 um. The fiber loss was measured through cutback measurements,
and was found to be 0.58 dB/m at 1.55 ym (Figure 5.3) and 2.8 dB/m at 2 um.
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Figure 5.3: Loss measurement of TZB fiber at 1.55 pm using the cutback
method. The measurement was conducted by Dr. X. Feng.

The measured loss figures at 1.55 and 2 um are in line with the targeted values for the
broadband nonlinear converter at those wavelengths. Furthermore, the effectiveness of
the fibre preform fabrication process in reducing the water content and demonstrating

low water absorption in the region of 3-5 um has recently been reported [20].

5.3.2 Nonlinearity Characterisation

To measure the effective nonlinear coefficient of the fibre, a method based on the mea-
surement of the nonlinear phase shift of a dual-frequency beat signal was utilised [135].
As explained in Chapter 2, a beat signal propagating down a fibre undergoes a nonlinear

phase shift given by Equation 5.1:

ONL = 27vLesp P (5.1)



Chapter 5 Highly Nonlinear Tellurite Fibres 79

where v, Loys and P are the nonlinear coefficient, the effective length of the fibre under
test and the power of the signal respectively. This nonlinear phase shift is related to the
conversion efficiency (CE — defined as the ratio of the power of the converted idler to

the output signal power) by Equation 5.2 [135]:

[CElinear]_l = Jg(¢NL/2) + ']12(¢NL/2)

- JHoNL/2) + J3(én1/2) (5:2)

where Ji is the i-th order Bessel function.

One can thus use the CE values recorded from a typical FWM experiment to extract
the nonlinear phase shift (Equation 5.2) and subsequently calculate the value of the
nonlinear coefficient v (Equation 5.1). The impact of dispersive effects are assumed to

be negligible.

Using this technique, the fibre was characterised in terms of its Kerr nonlinearity at
two different wavelengths, 1.55 and 2 pm. At 1.55 um, two amplified CW signals were
coupled into a 2.4 m long fibre sample (Figure 5.4a). A lensed fibre was used to launch
the 1.55 um signals into the tellurite fibre with a coupling loss of 2 dB. The pump
and the signal wavelengths were chosen to be sufficiently close to each other (within
0.2 nm) to avoid the impact of any dispersive effects. The polarisation was adjusted
such that the nonlinear response was maximised when observed at the fibre output

using an optical spectrum analyser (OSA)(Figure 5.4b). From the conversion efficiency
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Figure 5.4: Experimental setup for the nonlinearity measurement. LF = Lensed
fibre, BS= Beam Splitter, IRC = IR Camera. (b) Typical 1.55 pm spectrum
where the conversion efficiency (CE) can be read (spectrum obtained for an
input power of 485 mW) (c) plot of the nonlinear phase shift as a function of
signal power.
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values obtained, the nonlinear phase shift was calculated (Figure 5.4c¢) and from this the

nonlinear coefficient v was found to be 75 /W /km.

A similar characterisation procedure was followed at 2 ym. Figure 5.5 shows the experi-
mental setup where the two CW lasers used in this case were a Cr-ZnS source operating
at 2.006 pum, the output of which was lens-coupled into a single-mode fibre, and an
amplified thulium-based fibre laser source with an output at 2.002 ym. The two signals
were coupled together using a 2 pm 50:50 fibre coupler, and then free-space launched
into a 4 m sample of the tellurite fibre through a combination of lenses (Figure 5.4a).
This launch configuration resulted in a coupling loss of 5 dB. From these measurements

the nonlinear coefficient at this wavelength was calculated to be 45 /W /km.
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Figure 5.5: Experimental setup for the nonlinearity measurement at 2 pm.

The reasons behind the reduced value of the nonlinear coefficient v at 2 ym as com-
pared to 1.55 pum can be immediately appreciated by recalling its definition, i.e. v =
(2mn2)/(AAerf), where X is the wavelength and A.r¢ the effective mode area in the
fibre. Both of these factors constrain the value of v at longer wavelengths. The plot in
Figure 5.6 illustrates this effect, whereas the insets to the figure depict simulations of
the mode profile in the two wavelength regions, showing clearly the expansion in Ay

at longer wavelengths.

These simulations were carried out by the theory group in the National and Kapodistrian
University of Athens (NKUA) which is one of the CLARITY project collaborators and
had been tasked to perform all the numerical simulations in relevance to the project. The
NKUA used a Mode-Solver and considered a simple step index fibre design as described
by Figure 5.2. The effective mode area values at 1.55 and 2 pym were calculated to be
19.1 and 30 pm? respectively. These large values of A, #f are responsible in the somewhat

moderate v values both at 1.55 and 2 pm.

A discrepancy between the experimental data and the numerical prediction of the value
of gamma at 2 um can be clearly seen. This is attributed to the uncertainty present in
the experimental data where fewer data points were collected for this measurement due
to the weak power of the idler generated. Furthermore, such low levels of idler power
necessitated operating the OSA in high sensitivity mode where the lower scanning speed
of the OSA could have attributed to misestimating the value of the CE due to the
possible change in the launching conditions in the time between scanning the signal and
the idler.
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Figure 5.6: The nonlinear coefficient as a function of wavelength. Numerical
simulations are provided by the NUKA

The simple step-index fibre design adopted here results in an A.sy value that is one
order of magnitude larger than what is achievable using a microstructured fibre design
[70]. This lower confinement results in the reduction of fibre nonlinearity by the same
factor. However, it is important to note that the step index design was adopted since it
provides the required dispersive characteristics for achieving the strict phase matching
conditions of converting a MIR signal into the NIR (please refer to Section 5.5 for further
details).

5.4 Wavelength Conversion Demonstrations at 1.55 and

2 pm

The combination of the low fibre attenuation and the relatively high nonlinearity coef-
ficient at 1.55 pum allowed strong nonlinear effects to be observed in this short piece of
fibre, even at modest power levels. An example of this is shown in Figure 5.7a, where the
two tones used in the previous nonlinearity measurements were gated through a Mach-
Zehnder modulator driven by 300 ns rectangular pulses with a duty cycle of 3:100. The
modulated pump and signal were then amplified and coupled into the fibre, resulting
in a total peak power of approximately 10 W at the fibre input. When the pump was
placed very close to the signal wavelength (6\ = 0.18nm), a number of harmonics were
generated through four-wave mixing (FWM) in the tellurite fibre as shown in Figure

5.7a, and a high conversion efficiency was observed, which approached 0 dB for the
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weaker of the two tones. Increasing the wavelength detuning to 5.5 nm (Figure 5.7b)
reduces the conversion efficiency to -12 dB indicating the important role of dispersion
on the FWM efficiency.
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Figure 5.7: Spectrum after 2.4 m of TZB fibre with a gated pump and signal
(a) with AX of 0.18 nm (b) A\ of 5.5 nm between the pump and the signal

The full effect of the dispersive properties of the fibre on the FWM bandwidth was
investigated at 1.55 pm. The conversion efficiency was measured as a function of the
wavelength detuning between the fixed pump at 1.55 pm and the varying signal wave-
length and is shown in Figure 5.8. Numerical approximations of the fibre dispersion
which predict a ZDW at 2.69 um and a dispersion and a dispersion slope of -100.92
ps/nm/km and 0.2 ps/nm?/km respectively at 1.55 ym showed good agreement with
the experimental data as indicated in the figure. Furthermore, the results show that the
large normal chromatic dispersion of the fibre at 1.55 um limits the 3-dB FWM band-

width to approximately 5.8 nm (for the pump power used in this experiment). This
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Figure 5.8: FWM conversion efficiency as a function of wavelength detuning at
1.55 pm.
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was expected as the MIR to NIR nonlinear converter that the fibre aims to implement

requires a ZDW that is far from the C-band and close to 2 pm wavelengths.

The combination of a lower nonlinearity, higher loss and lower coupling efficiency has
resulted in somewhat less impressive performance at 2 um . Figure 5.9a shows the
spectrum obtained at the output of the fibre for 125 mW of power coupled into it,
showing the nonlinear generation of an idler at 2.010 pm with a -42 dB conversion
efficiency. Nevertheless, the calculations presented in Figure 5.9b illustrate that strong
FWM conversion efficiency can still be obtained at these wavelengths at reasonable
power levels. For instance, the FWM conversion efficiency can be increased by in excess
of 10 dB to -28 dB if a 1 W pump is used.
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Figure 5.9: (a) Spectrum showing FWM taking place at 2 ym using CW signals.
(b) plot of the calculated FWM conversion efficiency against input power.

5.5 Numerical Study: Tellurite Glass Fibre as a MIR to

NIR Nonlinear Converter

As previously mentioned, TLX glass was chosen to fabricate a second generation of
tellurite fibres to implement the broadband MIR to NIR nonlinear converter. This
nonlinear wavelength conversion aims to translate a mid-IR signal seeded by a Quantum
Cascade Laser (QCL) centred at 4.65 pm, to the near-IR region (1.3-1.7 pm) based on
FWM process pumped by a tunable CW source covering the 2-2.5 ym wavelength region.
In order to achieve such a broadband conversion, the fibre design needs to be carefully
selected, so as to exhibit the proper dispersion characteristics required for achieving the
phase matching conditions. Furthermore, efficient nonlinear conversion also requires the
designed fibre to possess a large nonlinear parameter while still exhibiting single mode
guidance at the pump wavelength. Finally, for the suggested simple step index design,
fabrication requirements demand that the fibre numerical aperture (NA) be limited to a
maximum value of 0.35 (corresponding to an index contrast of 0.03), since the stability

of the fibre drawing is not guaranteed beyond this value.
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This section will discuss the impact of the fibre design parameters, namely the core size
and numerical aperture, on the fibre nonlinearity, mode properties and phase matching

conditions.

5.5.1 Impact of Fibre Design Parameters on Mode Properties and
Nonlinearity

Firstly, the impact of the fibre design on its modal properties was studied. Generally,
in step index fibres, the V number (interpreted as normalised optical frequency) is used

to determine the mode properties of a particular fibre design [2]:

V=-—/n% —n%=="—NA (5.3)

where a is the core diameter, A is the wavelength, n, is the refractive index of the core,
ne is the refractive index of the cladding, and N A is the numerical aperture. For single
mode operation, it is required that V' < 2.405. Using this condition, Figure 5.10a maps
the mode guidance properties of the fibre as a function of the core diameter and the
NA, where the red portion of the plot indicates single mode guidance at wavelengths of
2 pm and beyond. The modal analysis presented here applies for any fibre with a step

index design.
The impact of the core diameter and the NA on the fibre nonlinearity was also investi-

gated. Recall that the nonlinear coefficient v is given by:

21Ny
’y =
A, rf

(5.4)

where ng, Acpp and A are defined as before. From Equation 5.4 it can be seen that to
study the impact of the fibre design on nonlinearity, the impact of a and NA on A.s;
must be investigated first. For single mode fibres, the mode radius r and the effective
area Ac¢r may be estimated from the core diameter a and the V number (which is

related to a and N A through Equation 5.3 above) using Marcuse’s equation [136]:

1.619 2.
r= g(0.65+ 1619 2.879

V3/2 W) (5:5)

The effective area can thus be computed via:

Aepp =mr? (5.6)
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Figure 5.10: The impact of the fibre core diameter and NA on its (a) mode
guidance properties (b) nonlinearity (in units of W/km).

By combining Equation 5.3, Equation 5.5 and Equation 5.6 into Equation 5.4, one can
express the fibre nonlinearity coefficient v as a function of the fibre design parameters
a and NA. Figure 5.10b plots the nonlinearity coefficient for different core diameters
and numerical apertures at 2.25 ym. As can be seen from the figure, for a fixed core
size, a larger numerical aperture gives rise to a larger effective nonlinearity which is to
be expected since a larger NA leads to a smaller effective mode area. It can thus be
deduced from the two figures (Figure 5.10a and Figure 5.10b) that the fibre can satisfy
both the fabrication constraints of an NA not exceeding 0.35 and achieving single mode
guidance at the pump wavelengths provided that a core diameter no larger than 5.1 ym

is used.

5.5.2 Impact of Fibre Design Parameters on Phase Matching Condi-

tions

Achieving an efficient FWM process requires that the linear phase mismatch Ak; between
two pump photons 23, a signal photon s, and an idler photon 8; must balance the
nonlinear phase mismatch Ak,,; that takes place due to the SPM and XPM effects during

propagation:
Ak + Ak =0 = —Ak; = Aky (5.7)
20p — Bs — Bi = 29P (5.8)

where v is the nonlinear coefficient and P is the peak pump power. For a large frequency

detuning (Aw) between the pump and the signal such as the case of converting a MIR
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signal to the NIR region, the linear phase mismatch Ak; can be approximated using the

second and forth order dispersion coefficients B2 and 34 respectively:

A 4
Ak; = Ba(Aw)? + ’84(12“’) (5.9)
The phase matching condition in Equation 5.8 can thus be expressed as:
A 4
29P = —fa(Aw)? — ulAw)” (5.10)

12

Contemplating Equation 5.10, one can see that the solution will depend on the signs
of dispersion coefficients 2 and 4 [2]. Figure 5.11 plots the linear phase mismatch
—Ak; against the frequency detuning Aw for various sign combinations of 82 and £4. A
solution to Equation 5.10 exists where the linear phase mismatch curve —Ak; intersects

with the nonlinear phase mismatch line 2vyP.
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Figure 5.11: The linear phase mismatch as a function of frequency detuning for
different signs of dispersion coefficients 8 and 4. The red dotted line represents
the nonlinear phase mismatch.

Figure 5.11a shows that in the case where both dispersion coefficients are positive, no
solutions to Equation 5.10 exist. Operating in this regime leads to a compromised FWM

performance as no values of 5o and (4 can eliminate the FWM phase mismatch.
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A positive By and a negative 4 lead to one solution to Equation 5.10 as depicted in
Figure 5.11b. This phase matching condition has been used to demonstrate parametric

amplification in fibre OPAs which are pumped in the normal dispersion regime [137].

Furthermore, a solution also exists for the case where both 52 and (4 are negative as
illustrated in Figure 5.11c. Pumping in this anomalous dispersion regime leads to the
generation of two spectral sidebands symmetrically positioned adjacent to the pump
wavelength [138]. These amplification sidebands are a result of the gain provided by
modulation instability (MI) that takes place due to the interplay between the dispersive

and nonlinear effects during propagation.

Finally, Figure 5.11d depicts the graphical solutions to Equation 5.10 when £y < 0
and B4 > 0 . Interestingly, in this regime, the linear phase mismatch curve crosses
the nonlinear mismatch line at two points, indicating the existence of two solutions to
Equation 5.10 at two different values of pump-signal frequency detuning Aw. Pumping
in this regime leads to the generation of broadband MI bands adjacent to the pump
(corresponding to the first phase matching point denoted by the black circle) as well as
discrete MI bands positioned further away from the pump (corresponding to the second

phase matching point denoted by the red circle)[139].

While the second phase matching point in Figure 5.11d can be utilised to demonstrate a
broadband spectral translation, significant power is lost in the MI bands adjacent to the
pump, making the broadband conversion less efficient. This is in contrast to the second
operating regime (Figure 5.11b) where only a single phase matching point further away
from the pump is present. Therefore, in this study, where an ultra-efficient conversion
of a MIR signal to a NIR idler is targeted, this regime (Figure 5.11b) was deemed as
optimum. The design of the TLX fibre must thus exhibit these dispersive properties
(i.e. B2 > 0 and f4 < 0) within the pump laser tunability range in order to achieve the

efficient phase matching required.

The Sellmeier coefficients of the TLX glass were measured using data from spectroscopic
ellipsometry (visible — 1.7 ym) and the prism method (2 — 4 um)[140] (measurement
conducted by Dr. Xian Feng). Figure 5.12a shows the fitted refractive index curve from
0.3 to 5 um using the Sellmeier equation (Equation 3.8). For the TLX glass, the fitted
six coefficients are By = 1.212, C; = 6.068x1072, By = 2.157, Cy = 7.068x107%, B3 =
1.891x10~! and C3 = 45.19 respectively. The material dispersion curve of TLX was then
calculated from the refractive index curve, as shown in Figure 5.12b. The ZDW of the
bulk TLX glass is located at 2.30 pym.

The numerical model discussed in Chapter 3, Section 3.2 was used to estimate the
chromatic dispersion of the fibre from its core diameter a and refractive index contrast
An. Furthermore, another numerical model was developed to estimate the FWM phase
matching curve from the fibre dispersion. The model was based on Biancalana and

Skryabin’s paper and is described in detail in [141].
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Figure 5.12: (a) Refractive index of TLX glass, plotted using the Sellmeier
equation, (b) material dispersion of TLX glass.

Figure 5.13 shows the chromatic dispersion (top) and the phase matching curve (bottom)
for a fibre with a of 2.5 (left), 3.25 (center) and 4 pum (right) for a fixed An value of
0.03. It can be seen that as the core diameter decreases, the pump wavelength required
to achieve phased-matched conversion is shifted towards longer wavelengths. In fact, as
the diameter decreases below 2.5 pym, no possible phase matching can be attained within

the pump laser tuneability range of 2-2.5 um.

Furthermore, the influence of the refractive index contrast was also analysed. Figure 5.14
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Figure 5.13: The influence of the core diameter on the dispersion curves (top)
and the phase matching diagrams (bottom). Three core diameters of 2.5 um
(left), 3.25 um (center) and 4 pm (right) and a fixed An= 0.03 are considered
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Figure 5.14: The influence of the core diameter on the dispersion curves (top)
and the phase matching diagrams (bottom). Three An values of 0.02 (left),
0.025 (center) and 0.03 (right) and a fixed core diameter of 3.5 pm are considered

plots the chromatic dispersion (top) and the phase matching curve (bottom) for a fibre
with a An of 0.02 (left), 0.025 (center) and 0.03 pm (right) for a fixed of core diameter
of 3.5 um. The figure demonstrates that an increase in the index contrasts leads to a
shift in the required pump towards longer wavelengths. For instance, a 0.01 increase in

An (from 0.02 to 0.03) leads to an increase in the required pump wavelength by 800 nm.

While theoretically five out of the six fibre designs presented in Figure 5.13 and Fig-
ure 5.14 are capable of achieving the required phase-matched nonlinear conversion, the
design impact on nonlinearity (studied above) needs to be considered when choosing
the optimum fibre parameters. Furthermore, while the IPG Photonics Cr?*:ZnSe laser
available for the conversion experiment is tunable from 1.98 um to 2.5 pm, its output
power is wavelength dependent and maximum power can be only attained within the
2.2-2.3 pm wavelength region. Taking all of this into account, it can be deduced that a
fibre with a core diameter of 4 ym and An of 0.03 will satisfy the phase matching con-
dition and achieve enhanced nonlinearity and single mode guidance at the wavelength

region where the pump laser is most efficient.

This numerical study served as an important basis of understanding the influence of the
fibre design parameters on its performance as a broadband wavelength converter. The
results of the study were fed-back to the fibre fabricators at the ORC in order to prepare
for subsequent fabrication attempts. Furthermore, the findings of these simulations were

verified by the NKUA which conducted a more thorough numerical study that considered
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a number of parameters that were ignored here for the sake of simplicity. For instance,
in addition to design considerations discussed above, the NKUA’s detailed study into
the fibre design also took into account the mode overlap between the 2 pm pump and
the 4.65 pm signal fields, the fibre nonlinearity variation with wavelength in the region
between 1-5 pum, polarisation effects and other nonlinear phenomena such as stimulated
light scattering. When considering a pump power of 1 W, a fibre length of 1 m and fibre
losses of 5 dB/m, their study has found that the fibre with the suggested design (a= 4
pm and An =0.03) would be able to convert the 4.65 pm MIR signal into the NIR with

a -27 dB conversion efficiency.

5.6 Conclusions

This chapter presented tellurite glass fibres as a platform for broadband nonlinear appli-
cations. It highlighted the tellurite glasses’ superior optical properties relative to other
technological alternatives which makes them suitable for applications extending to the
mid-IR. In particular, the high nonlinear coefficient, low transmission loss up to 5 ym
and ease of design of their dispersion properties make them the ideal fibre material of
choice for the implementation of broadband spectral nonlinear translators such as the
MIR to NIR converter that CLARITY targets.

A method of reducing tellurite glass loss across the 3-5 pum wavelength window by
adding halide compounds and preparing the preform in an ultra-dry atmosphere-filled
glovebox was discussed and the TeOoPbCly (TLX) glass composition was identified by
the fabrication team as the most promising composition thanks to its strong nonlinearity

and low losses up to 5 pm.

A second glass variant was used (TeO2-ZnO-BaO (TZB)) in the early fabrication at-
tempts as it provided provided a more straight-forward route towards the fabrication of
small-core low loss fibres. The loss of the dehydrated TZB fibre at 1.55 and 2 pym was
characterised and was found to be 0.58 dB/m and 2.8 dB/m respectively. Furthermore,
a method for measuring the fibre nonlinearity coefficient based on calculating the non-
linear phase shift of a dual-frequency beat signal was adopted and yielded ~ values of
75 and 45 /W /km at 1.5 and 2 pm respectively.

Furthermore, the combination of low loss and high nonlinearity at 1.55 um allowed the
demonstration of efficient FWM in the TZB fibre with a conversion efficiency value ap-
proaching 0 dB for a total peak pump power of approximately 10 W. Although the FWM
performance was far inferior at 2 pm, it is expected that by optimising the launching
into the fibre, much higher conversion efficiency values can be obtained as numerical

simulations show.
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The chapter concluded with a numerical study into the potential of tellurite glass fibres
in realising efficient MIR to NIR nonlinear conversion. The study discussed the influence
of the fibre design parameters (core diameter d and index contrast An) on nonlinearity,
mode properties and phase matching. The study established that a fibre with d of
4 pm and An of 0.03 would satisfy phase matching condition and achieve enhanced
nonlinearity and single mode guidance at the pump laser wavelengths. Furthermore, a
more comprehensive investigation carried out the NKUA, has concluded that the mode
overlap between the MIR signal and the pump represents the major limiting factor
in the conversion efficiency of the broadband converter. The study predicted a FWM
conversion efficiency of -27 dB when a pump power of 1 W and a fibre length of 1 m

were considered.






Chapter 6

Highly Nonlinear Silicon

Germanium Waveguides

6.1 Introduction

As well as realising a MIR to NIR nonlinear wavelength converter based on soft glass
fibre technology, it was also the aim to work towards a similar implementation, this time
in a monolithically integratable chip-based platform. This work has also been conducted
within the scope of the CLARITY project which aims to deliver a new class of MIR tools
offering the potential for on chip integration of photonic functions, paving the way for

lab on a chip systems at the MIR.

Of the various intergratable technologies currently available, silicon (Si) exhibits an
excellent potential for monolithic integration and compatibility with CMOS technology.
Furthermore, silicon photonics have attracted considerable attention as an emerging
technology for all-optical signal processing in recent years, owing mainly to the attraction
of silicon as a nonlinear material [25, 138, 142, 78, 143]. Silicon exhibits a large thermal
conductivity, a high-optical-damage threshold, an enhanced transparency up to MIR
wavelengths, immunity to two-photon absorption (TPA) effects in the MIR and most
importantly perhaps a large Kerr nonlinear coefficient (ny = 4.5 x 107 m?/W)[30].
These exceptional thermal and optical characteristics have allowed the demonstration
of numerous optical nonlinear phenomena such as self-phase modulation [144, 145, 146],
four wave mixing [147, 148] and associated parametric amplification [138], as well as
stimulated Raman scattering [149] and its application for the implementation of Raman
lasers [150, 151].

Although such great results are possible thanks to the good optical properties of silicon
waveguides [76], a mix of silicon (Si) with other elements, and in particular germanium

(Ge), can strongly enhance the nonlinear response [30]. The silicon germanium alloy

93
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Figure 6.1: Nonlinear refractive index and TPA coefficient dependence on ger-
manium concentration (x) (courtesy of Dr. Adonis Bogris).

(Si;—»Ge, - where x is the proportion of Ge in the alloy) has emerged as an attractive
material for both micro- and opto-electronic devices thanks to the potential for bandgap
and lattice parameter engineering that it offers [152]. For instance, SiGe modulators
[153], light emitters [154] and photodetectors [155] have already been demonstrated.
Very recently, SiGe alloys have also been identified as promising candidates for nonlin-
ear applications in the midwave and longwave infrared, exhibiting stronger nonlinearities
as compared to pure Si (Figure 6.1)[30]. Furthermore, the nonlinear properties of SiGe
waveguides could also be interesting in the near-infrared and particularly at optical com-
munication wavelengths. However, though germanium enhances the nonlinear response,
this comes at the expense of an increase in the propagation loss due to the absorptive

properties of Ge (Figure 6.1).

Due to the potential of the SiGe alloy outlined above and its maturity as a fabrication
technology, SiGe waveguides have been identified as the platform of choice for imple-
menting the monolithically integratable chip-based MIR to NIR nonlinear converter that
CLARITY targets.

Two generations of SiGe waveguides were fabricated as part of the CLARITY project.
The first generation of waveguides adopted a very simple constant germanium index pro-
file and was used to study the linear and nonlinear optical properties of the SiGe alloy.
The second generation of the waveguides, followed a more complex gradient germanium
concentration profile, and was designed to allow broadband MIR to NIR spectral trans-

lation.
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This chapter begins by briefly discussing the design and fabrication of the first generation
SiGe waveguides. It then presents a detailed and systematic study of the linear and non-
linear properties of the waveguides at the telecommunications wavelengths. Waveguides
of various widths and with a varying germanium concentration have been characterised
in terms of loss, two-photon absorption, nonlinearity and dispersive properties. The
experimental data is compared with numerical simulations performed by the NKUA.
Finally, the overall performance of the different waveguides is compared and a trade-off

analysis is performed.

6.2 Design and Fabrication of Silicon Germanium

Waveguides

The first generation of SiGe waveguides followed a simple silicon on insulator (SOI)
structure and adopted a constant germanium concentration profile. This was done in
order to provide a simple route to study the effect of Ge concentration on the waveguide

properties in the NIR and verify the accuracy of the NKUA’s numerical model.

The waveguides were fabricated by CEA-Leti (a partner of the CLARITY project con-
sortium). They consisted of epi-layers of SiGe grown on a Si substrate. First, 1.4
pm thick SiGe layers with different germanium concentrations were grown by reduced
pressure chemical vapor deposition (RP-CVD) to control the Ge concentration in great
precision and thus preserve uniformity. Standard photolithography and deep reactive
ion etching techniques were used to form the strips. Finally, the waveguides were en-
capsulated with a 12 pm Si cladding layer epitaxially grown with the same RP-CVD
technique. Epitaxial growth allows the realisation of low-loss fully crystalline structures

while preserving IC processing compatibility.

Figure 6.2a shows a typical SEM cross-sectional image of the waveguide before and after

(inset) encapsulation. The strip waveguides were 2.5 cm long (Figure 6.2b) with widths

X58.0K 588nm

Figure 6.2: (a) Scanning Electron Microscopy (SEM) image of a SiGe waveguide,
before and after (inset) encapsulation. (b) Sketch of SiGe waveguides before
encapsulation.
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W that varied from 0.3 pm to 2.0 pm, and Ge concentrations x that varied from 0.1 to
0.3.

6.3 Optical Properties of SiGe Waveguides at

Telecommunications Wavelengths

In the following, the characterisation of linear and nonlinear optical properties of SiGe
waveguides of varying germanium concentrations x (namely 10, 20 and 30% of Ge)
and waveguide widths W (0.3, 0.6, 0.8, 1, 1.5 and 0.3 and 2.0 pm) is reported. The
methodology of the experimental measurements is explained and the data is contrasted

with numerical simulations conducted by the NKUA.

6.3.1 Loss Measurement

The most reliable method for measuring waveguide losses is called the Fabry-Perot res-
onance technique. The measurement relies on the observation of the periodic variation
of the transmittance spectral fringes as the optical phase varies. Periodic transmission
minima and maxima are formed when the end faces of a waveguide are parallel to each
other. By measuring the transmitted power for different phase values, the waveguide
attenuation can be estimated without requiring prior knowledge of the coupling effi-
ciency. In practice, the phase difference can be tuned by changing the temperature of
the waveguide or by varying the wavelength of the injected light. Since there is a tem-
perature dependence in the coupling efficiency, wavelength tuning is usually deemed the

best solution.

In the presence of loss, the transmission intensity from a Fabry-Perot cavity is given by
[156]:

. (1—- GR)2 + 4GRsin?(6/2) (6.1)

I, (1-RYHG

I;
where R is the Fresnel reflectivity from the facet and G = exp(—alL) is the total loss in
the waveguide of length L and § is the round-trip phase shift and can be expressed as

follows:

_AmnessL

’ )

(6.2)
where n.rs is the mode effective index. Equation 6.2 shows that the effective index can
be deduced from the spacing between the transmittance spectral fringes and in turn can

be used to estimate the reflectivity using the Fresnel equation:
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-1
R= (e _y (6.3)
Nefs + 1

If a typical fringe is considered, such as the one depicted in Figure 6.3, the attenuation

can be evaluated using two methods.

The first relies on the measurement of the extinction ratio between the maximum and
minimum transmitted power P,,q, and P, respectively. In this case, the loss can be

calculated from Equation 6.1 and is given by [156]:

1 Pm'm Pmam
ol = In(R LY Bnin/Fnac (6.4)
1—- V Pmin/Pmam

The other method relies on measuring the finesse. The finesse I’ defined as the ratio
(60¢/ A¢) between the inter-order phase difference d¢ (difference between two fringes)
and the bandwidth A¢ of the resonator at a transmitted power of 0.5 x (Ppaz + Prin)-

In this case, the loss can be written as follows [156]:

B cos(m/F)
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Figure 6.3: A typical fringe obtained in a Fabry-Perot cavity

The first method based on measuring the extinction ratio of the transmitted power
was used. This is because it was deemed simpler to automate the process of detecting
the periodic minima and maxima than the finesse. The experimental setup is shown
in Figure 6.4a. As required by the method, the output of a CW tunable laser was

coupled into the waveguide under test. The input polarisation was aligned to the axes
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Figure 6.4: (a) Experimental setup for loss measurement. PC = polarisation
controller, LF = Lensed Fibre, MO = Microscope Objective, BS = Beam Split-
ter, IRC = Infrared Camera, PM = Power Meter. (b) Spectral fringes and
associated FP fit for a width of 1 ym at (bl) x = 0.2 and (b2) at x = 0.3

of the waveguide using a polarisation controller. Then, at the waveguide output, the
light was collected by a microscope objective and directed to a power meter. A beam
splitter was placed on the optical path to direct the light to an IR camera for guided
mode observation and optimisation of the launching alignment. A computer-controlled
routine was used to gradually sweep the laser wavelength and collect the power meter

readings.

Figure 6.4b shows the measured power as a function of the wavelength for a width of
1 pm and for two different Ge concentrations. As expected for a FP cavity, typical
fringes are observed, relating to interferences between the multiple reflections of light
in the waveguide. Following fitting of the experimental measurements to Equation 6.4,
the absorption parameter a was calculated to be 0.32 cm™! (1.4 dB/cm) and 1.20 cm™!
(5.2 dB/cm) respectively for x = 0.2 (Figure 6.4bl) and x = 0.3 (Figure 6.4b2).

A systematic series of measurements of the losses for the whole set of the available
waveguides was carried out. The results are reported in Table 6.1 as a function of the
waveguide width and the Ge concentration. To understand the loss trend presented in
Table 6.1, one must link the loss values with the waveguides’ confinement factor and
their effective mode area calculations (carried out by the NKUA group by means of a
Finite Elements Method (FEM) solver). The effective mode area is defined by the ratio
of an integral over the interaction area and an integral over the whole waveguide mode

area and is given by [2]:
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A [ff |E|? dxdy)?
e/l = [[ |E|* dzdy

(6.6)

where E governs the mode profile in the plane transverse to the propagation direction.
The confinement factor represents the fraction of the mode energy density confined in

the waveguide core and is estimated from [157]:

W _H
_ fW/2/2 fH/Q/2 |E($7?J)\2 dxdy

Ty = 6.7
Y [[ |E(z,y)? dady 6.7)
Ty
x=0.1 x=0.2 x=0.3
0.3 pm . 3.9 3.47
0.6 um (f;gélBl;)j;) 2.38 156
0.8 yum 2.38 477
1.0 pm 475 1.40 5.21
1.5 ym 0.43 1.52 477
2.0 ym 0.65 2.60 134

Table 6.1: SiGe waveguides loss in dB/cm as a function of waveguide width and
Ge concentration

When the effective mode area and the confinement factor calculations in Table 6.2 are
compared with the experimental values of loss, a clear correlation is drawn. As the
waveguide width decreases, losses increase due to poor confinement. Indeed, for small
widths of 0.3 and 0.6 ym and x = 0.2, the confinement factor is around 0.2 and 0.55
respectively, indicating poor guiding which justifies the high loss figures reported. On the
other hand, as the waveguide width increases, the confinement factor rapidly increases
which results in a higher mode overlap with the lossier SiGe core. This can also be
confirmed by noticing that for the same Ge concentration, the losses increase as the
confinement factor increases. For instance, when larger widths of 1.5 and 2 um and
x = 0.2 are considered, the confinement factor is around 0.86 and 0.89 respectively,

indicating that a higher mode overlap of the optical field with the SiGe core occurs for

Effective mode area (um?)
0.3 pm 0.6 pm 0.8 pm 1 pm 1.5 pm 2 pm
TE ™ TE ™ TE ™ TE ™ TE ™ TE ™
x=0.1 | 34.24 | 32.09 | 5.49 5.31 3.95 3.87 3.45 3.41 3.33 3.34 3.65 3.68
x=0.2 | 4.21 3.80 1.96 1.86 1.82 1.77 1.85 1.82 2.14 2.15 2.54 2.56
x=0.3 | 2.09 1.83 1.36 1.28 1.38 1.33 1.46 1.44 1.80 1.81 2.20 2.21
Confinement Factor
x=0.1 | 0.065 | 0.069 | 0.297 | 0.306 | 0.448 | 0.456 | 0.559 | 0.563 | 0.712 | 0.711 | 0.778 | 0.775
x=0.2 | 0.199 | 0.22 | 0.558 | 0.57 | 0.692 0.7 0.772 | 0.78 | 0.863 | 0.86 | 0.897 | 0.894
x=0.3 | 0.317 | 0.361 | 0.681 | 0.706 | 0.792 | 0.804 | 0.852 | 0.857 | 0.915 | 0.914 | 0.936 | 0.934

Table 6.2: Numerical simulations of the effective mode area and confinement
factor for all waveguides studied [39].
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W = 2 pym than W = 1.5 ym. The net effect of this is to causes the optical filed to
experience higher propagation losses in the case of W = 2 ym than W = 1.5 um.

There thus are two competing phenomena: poor guiding occurring at small waveguide
widths and high mode overlap with the lossy SiGe cores occurring at large waveguide
widths. This means that there is an optimal value for low losses at each concentration,
although this is not clearly shown in the x = 0.3 case probably due to uncertainty in

the measurements estimated to be close to 10%.

Moreover, as expected, for a fixed waveguide width, the presence of germanium strongly
increases the absorption loss. For instance, at a width of 1.5 pum, the losses evolve
from 0.43 to 4.77 dB/cm when Ge concentration increases from 0.1 to 0.3. Note that
low concentration (x = 0.1) leads to high loss when the width is too small (< 1.0
pum) because of the poor confinement of light into the small-dimension waveguide. The
poor confinement together with the high coupling losses is believed to have likely led to
larger experimental errors in all measurements conducted for samples with concentration
x = 0.1 as compared to higher Ge concentrations. Note finally, that the measured

propagation losses were very similar for the TE and TM modes.

6.3.2 Nonlinearity Measurement

To measure the nonlinearity, the method (based on the measurement of the nonlinear

phase shift of a dual-frequency beat signal) presented in Chapter 5, Section 5.3.2 was
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Figure 6.5: (a) Experimental setup for nonlinearity measurement. (b) Typical
spectrum where the CE can be read (c¢) Typical plots of the nonlinear phase
shift vs. the signal power for width of 1 pm and for x = 0.1 (red circles) and x
= 0.2 (green triangles). The dotted-dashed lines correspond to linear fits.
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adopted [135]. The experimental setup shown in Figure 6.5a was used for this measure-
ment. Two CW signals were amplified and had their polarisation state adjusted through
polarisation controllers. The signals were then combined through a 50/50 coupler and
coupled into the waveguide under test using a lensed fibre. The two wavelengths were
chosen to be sufficiently close to avoid the onset of dispersive effects [158]. The polarisa-
tion was adjusted such that the nonlinear response was maximised when analysed using
an OSA at the output.

By recording the conversion efficiency through measurements on an OSA (Figure 6.5b)
and using Equation 5.2, the nonlinear phase shift was plotted as a function of the average
power for two different Ge concentrations of the 1 pym-width waveguide (Figure 6.5¢).
The nonlinear parameter v was then obtained from the slope of the linear function
(Equation 5.1) which fitted the experimental data.

All results are summarised in Figure 6.6. As expected from the literature [30], the
nonlinearity increases with the Ge concentration. Smaller waveguide widths also result
in higher values of v, up to a value where the mode can no longer be confined in the
waveguide, and then the trend is reversed. Typically, a maximum value is reached for
widths between 0.8 um and 1.0 pm. The results were also compared with simulations

and are contrasted in Figure 6.6 showing good agreement.
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Figure 6.6: Nonlinear parameter « as a function of the waveguide width for x =
0.1 (red circles), 0.2 (green triangles) and 0.3 (blue squares). The experimental
results (symbols) are compared with numerical simulations in dotted (x = 0.1),
dotted-dashed (x = 0.2) and dashed (x = 0.3) lines.

6.3.3 Two-Photon Absorption Measurement

As discussed in Chapter 2, Two-Photon Absorption (TPA) refers to a transition from
the ground state of a system to a higher energy state through the absorption of two

photons. This nonlinear absorption is a detrimental effect as it limits the maximum
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Figure 6.7: (a) Experimental setup for the TPA measurement. VOA = variable
optical attenuator (b) Inverse transmission vs coupled input peak power for x
= 0.1 (red circles), x= 0.2 (green triangles) and x = 0.3 (blue squares). The
solid lines correspond to a linear fit.

transmitted power. The TPA coefficient, Srpa, is related to the ratio of input power
Py, to output power P, as follows [159, 160]:

Py, 1 Brpa

= — =exp(al
Pyt T p( )Aeff

LetsPip + exp(al) (6.8)

Figure 6.7a shows the experimental setup for the TPA coefficient measurement. Figure
6.7b presents the inverse transmission corresponding to the ratio of input power to output
power as a function of the input peak power for the three different concentrations in
germanium and a fixed waveguide width of 2.0 ym. A pulsed source centered at 1550 nm
producing 0.5 ps optical pulses with a 20-MHz repetition rate was used (Figure 6.8). A
variable attenuator with an integrated power monitor controlled the input power into the
waveguide. As expected from Equation 6.8, the TPA value can be extracted by applying
a linear fit to this measurement, and making use of the previously measured values of
loss and nonlinearity. Note that from the y-intersect one can recover the linear loss. The
TPA values are reported in Table 6.3 and compared to the theoretical values which were
calculated by the NKUA. A clear increase in the TPA is observed when the germanium
concentration increases [30]. Furthermore, even though the trend predicted from both
the experimental and theoretical values is similar, a discrepancy is observed. The main

reason for this discrepancy is considered to be an overestimation of the theoretical value
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for the silicon TPA. In the theoretical model adopted by the NKUA, the TPA value of
silicon was calculated following Garcia’s model, which was fitted to the measurements of
Bristow et al. reported in [161]. It is noted that even in the same reference, a comparison

of the model with experimental results also suggests an overestimation of the TPA value.

Experimental Theoretical
Ge
concentration Prra Brra
(cm/GW) (em/GW)
x =01 1.16 1.73
x=02 1.24 2.15
x = 0.3 1.5 2.58

Table 6.3: TPA values in cm/GW for the SiGe waveguides with varying Ge
concentration.

Furthermore, although there is a discrepancy between the measured and theoretically
calculated TPA values, the numerically predicted no values which NKUA estimated using
the Kramers-Kronig nonlinear relation [30] are pretty close to the real ones as proven by
the experimental characterisation of the FWM efficiency of the devices shown in Section
6.3.2. This can be understood since the power levels used in all of the characterisation
experiments (apart from those presented in Figure 6.7) were too low for TPA to have

any significant impact.
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Figure 6.8: Spectral trace of the pulsed laser source used for the TPA mea-

surement. The source produced 0.5 ps optical pulses with a 20-MHz repetition
rate.

6.3.4 Dispersion and FWM Conversion Efficiency

Numerical calculations of the dispersive properties of the waveguides (as conducted by

the NKUA) have suggested that the telecommunications C-band is far from the ZDW of
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the SiGe waveguides included in the study (Figure 6.9), and thus it is expected that the
dispersion could drastically impact on the four-wave mixing bandwidth [162, 163]. In
order to assess the impact of the dispersion and also to validate the NKUA’s numerical
simulations, the conversion efficiency as a function of wavelength was experimentally

measured and contrasted with the NKUA’s numerical predictions.
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Figure 6.9: Dispersion curves for (a) Ge concentration x = 0.2 and different
waveguide widths, (b) for width equal to 1 um and different Ge concentrations
(courtesy of Dr. Adonis Bogris).

6.3.4.1 Numerical Model

The numerical model that the NKUA developed involves the propagation of pump, signal
and idler and is an expansion on the model presented in Chapter 2, Section 2.2.2.2, which
did not account for two-photon absorption or free carrier effects. Since simulations from
NKUA’s model are used fairly extensively both in this section and in Chapter 7, a brief

description of it is presented here.

The propagation of pump, signal and idler fields obey the following equations [164]:

0A

=2 - {@'(ﬁp +85) - ap /2} Ap +i(1p By + 29ps Py + 295 P) Ay + 2ippi AL A A% (6.9)
8143 . f . . * A2

5, = {z(ﬁs + 87— as/Q} As + (Vs Ps + 29spPp + 275 Pi) As + ivspipA; A, (6.10)
0A; . f . . % 12

= {z(ﬁi +87) - a,;/2} Ai+ (3P + 29ip Py + 295 Ps) Ai + iipsp ATAZ (6.11)

where A;, o, (; are the field, the linear loss and propagation constants with j=p, s,
denoting the pump, signal and idler waves respectively. The nonlinear parameter ;;x
can be calculated provided that the Kerr coefficient nsy, two photon absorption Srpa,
effective mode area, modal refractive index and mode overlap factors are known for all

possible combinations appearing in Equations 6.9, 6.10 and 6.11 [164]. The parameters
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ng and Srp4 characterise the material. According to [30], Garcia’s model, fitted to avail-
able experimental measurements, can be utilised to predict the no and Brpa evolution
of Si, Ge and Si;_,Ge, alloys for all the wavelengths of interest. Some of the afore-
mentioned quantities must be calculated for the given structure through a waveguiding
analysis. By means of a Finite Elements Method (FEM) solver, the effective refractive

index, the effective mode area and the modal overlaps can be calculated.

The parameter ij represents the free-carrier induced perturbations to the propagation
constant described by the Drude model [78]. Finally, the Raman effect can be safely

ignored due to its narrow bandwidth nature in silicon based waveguides [78].

6.3.4.2 Experimental Data

The experimental setup is similar to Figure 6.5a where “laser 1”7 is the pump having
a fixed wavelength centered at 1.55 pm and “laser 2” is a tunable CW signal with
low power compared to the pump. Figure 6.10 presents the wavelength dependence of
the FWM conversion efficiency for the best performing waveguides for each Ge con-
centration. Furthermore, NKUA’s simulations are in relatively good agreement with
the experimental data, thus confirming the validity of the dispersion curves of Figure
6.9. The discrepancy between the experimental data and the simulations at large wave-
length detuning in Figures 6.10(a) and (b), are attributed to the narrow nature of the

CE troughs present at those wavelengths, which are difficult to resolve experimentally.

Moreover, for a total power of ~295 mW at the input of the waveguide, Figure 6.10
shows a 3dB bandwidth of ~19 nm (Figure 6.10a), ~21 nm (Figure 6.10b) and ~26

nm (Figure 6.10c) respectively for x = 0.1, x = 0.2 and x = 0.3. Furthermore, it was
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Figure 6.10: Conversion efficiency as a function of wavelength detuning from
1.55 pm for (a) W = 1.5 ym and x = 0.1 (red circles) (b) W = 1.0 pm and x
= 0.2 (green triangles) and (¢) W = 0.6 pym and x = 0.3 (blue squares). The
solid lines correspond to numerical simulations. The input power was close to
295 mW.
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observed that, for a given waveguide width, a higher germanium concentration results
in a broader FWM bandwidth. This is because the addition of higher Ge concentrations
results in bigger refractive index contrast between the core and cladding. This leads to
stronger waveguide dispersion and lower overall chromatic dispersion of the waveguide
at 1.55 pm (Figure 6.9), which results in lower FWM phase mismatch and broader FWM
bandwidths.

6.3.5 Polarisation and FWM Conversion Efficiency

The effect of polarisation on the FWM performance of the waveguides was also studied.
Figure 6.11 depicts the FWM conversion efficiency dependence on the state of polarisa-
tion for a waveguide of W = 1 um and x = 0.2. The use of a polarisation controller and
a polariser allowed the angle of polarisation of the two co-polarised incident beams to
be swept from 0 to 180 degrees and the CE was subsequently measured. The polar plot
displayed in Figure 6.11 shows a maximum of 1 dB variation in CE as the polarisation
angle was swept from 0 to 180 degrees. This shows that the FWM performance of the
waveguide is not strongly affected by the state of polarisation of the incident light

Furthermore, due to the fact that the losses are not significantly dependent on the
polarisation and that the effective area is also very similar for TE and TM modes (Table
6.2), it is expected that a similar conclusion to that drawn from Figure 6.11 will hold

for all waveguides.
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Figure 6.11: Polar plot of the conversion efficiency dependence on the angle of
polarisation for a waveguide of W = 1 ym and x = 0.2



Chapter 6 Highly Nonlinear Silicon Germanium Waveguides 107

6.4 Discussion on Performance

Even though these SiGe waveguides were not specifically designed and optimised for non-
linear applications, the previous section has shown that their performance as broadband

FWDM-based devices operating in the C-band is noteworthy.

A common way to assess the performance of waveguides is the two-photon absorption
figure of merit defined as FOM7rpa = na/(BrpaA) [165]. For the SiGe waveguides
considered in this study, this figure of merit takes values ranging from 0.55 to 0.48 as
the Ge concentration increases from 10% to 30%. These values are close to the silicon
FOMrpa (typically 0.38 £ 0.17 [165]) indicating that SiGe has the potential to be a
competitive waveguide technology. This TPA figure of merit is mainly used to assess
whether TPA is a limiting factor when a material is considered for use in all-optical
switching [166, 167]. However, for the amounts of coupled power considered in these
experiments (< 300 mW), the impact of TPA was not strongly significant (see Figure
6.7). Therefore, for a fairer assessment of the relative performance of the waveguides
with respect to their linear loss and nonlinearity, one can use a simpler figure of merit,
defined here as FOM = v L.s¢. Figure 6.12 is a plot of the FOM for each of the
waveguides characterised. Clearly, the best performance is reached for x = 0.2 and a
width of 1.0 pm.

Note that one could anticipate attaining much higher FOMs through adopting a more
complex waveguide design. Indeed, as for silicon [138, 165], where higher FOM val-
ues where achieved by adopting a structure combining silicon waveguides with highly

nonlinear organic cladding materials, both the waveguide nonlinearity and dispersion
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Figure 6.12: Figure of Merit as a function of the waveguide width for x =
0.1 (red circles), 0.2 (green triangles) and 0.3 (blue squares). The solid lines,
corresponding to cubic polynomial fits, are only to guide the eye.
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properties of SiGe waveguides at 1.55 pm can be significantly improved after appropri-
ate engineering, thus making this waveguide technology a potential competitor to other
state-of-art nonlinear waveguides with a new degree of freedom, namely, the germanium

concentration profile.

For instance, broadband optical parametric amplification or highly efficient wavelength
conversion can theoretically be attained by engineering the waveguide to exhibit anoma-
lous chromatic dispersion at 1.55 pm. On this point, SiGe waveguides are once again
similar to Si or other materials exhibiting a large refractive index. Indeed, one can en-
gineer the cross section (width and also height) to apply large waveguide dispersion in
order to shift the zero dispersion wavelength within the C-band. For the experiments
reported in this chapter, the cross-sectional area of the waveguides were too large to
reach the anomalous dispersion regime at 1.55 ym. However, with appropriate waveg-
uide structural design and with the availability of an additional design degree of freedom
embodied in the germanium concentration profile, it is expected that SiGe waveguides

exhibiting a ZDW close to the telecommunications wavelengths can be realised.

In addition to dispersion engineering, SiGe waveguides can be made to exhibit higher
FOM values than the ones reported here. Indeed, the loss figures are expected to be
reduced by optimising the sidewall roughness of the waveguides during fabrication. Fur-
thermore, the inclusion of low-index cladding material would significantly decrease the
effective mode area and thus significantly boost the non-linear interactions. Also, numer-
ical and experimental studies have concluded that the adoption of a graded germanium
concentration profile (as will be explained in Chapter 7) gives rise to higher nonlin-
earities without excessively compromising the loss figures, thus leading to higher FOM

values than in the case of the constant Ge concentration waveguides reported here.

6.5 Conclusion

This chapter reported the first comprehensive study of the linear and nonlinear prop-
erties of silicon germanium waveguides at the telecommunications wavelengths. The
chapter began by highlighting the potential of the SiGe alloy as a platform for real-
ising efficient nonlinear effects. In particular, SiGe technology was highlighted as an
attractive solution for implementing a monolithically integratable chip-based MIR to
NIR nonlinear converter that the CLARITY project targets.

The chapter then proceeded to discuss the design and the structure of the first generation
of SiGe waveguides adopting a constant Ge concentration. The characterisation of these

SiGe waveguides was then reported.

The loss, nonlinearity and two-photon absorption of SiGe waveguides of 10, 20 and 30%

Ge concentration and of widths varying between 0.3 and 2 ym were characterised. The
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10% Ge 20% Ge 30% Ge
Range of losses
(dB/cm) 0.6-5 1.5-4 3.5-5.2
Typical value (for
a 2 um width) 0.65 2.60 4.34

Table 6.4: Summary of waveguide loss measurements for varying levels of Ger-
manium concentration

methodology of the measurement techniques was discussed and the experimental data

were supported by numerical simulations provided by the NKUA.

The waveguide losses were found to be closely linked with the effective mode area and
confinement factor. For instance, it was found that for small waveguide widths, the low
confinement leads to poor guiding and high losses. Furthermore, for waveguides with
larger widths, the increase in confinement factor results in a higher mode overlap with
the lossier SiGe core. Table 6.4 presents a summary of the typical loss figures for the

waveguides of varying Ge concentration.

The nonlinearity of the waveguides was found to increase with germanium concentration,
as expected. The maximum value of nonlinear coefficient v was found to occur for widths
between 0.8 ym and 1.0 um as these widths represent the optimum balance between the
poor mode confinement that takes place at smaller widths and the larger effective mode
areas that occur at bigger waveguide widths. Maximum + values of 16, 26 and 37 /W /km

were recorded for waveguides of 10, 20 and 30% Ge concentration respectively.

The nonlinear loss (TPA) of the waveguides was also measured and the TPA coefficient
B2 was found to increase with germanium concentration, with values of 1.16, 1.24 and
1.5 em/GW for 10, 20 and 30% Ge concentration respectively. However, the TPA
was too low to have any significant impact at the power levels considered in all of the

characterisation measurements.

The effects of dispersion and polarisation on the nonlinear performance of the waveguides
were also investigated. The FWM bandwidth was found to increase with Germanium
concentration as higher Ge content leads to a reduced net chromatic dispersion at 1.55
pm. Furthermore, the FWM conversion efficiency was found to be largely independent
of the state of polarisation, with a variation of just 1 dB for a 0 to 180 degrees variation

in the angle of polarisation.

Finally, the chapter concluded by discussing the relative performance of the waveguides
studied. A FOM based on yLs revealed that a waveguide of 1 pm width and 20%
Ge concentration would provide the optimum performance as a nonlinear device, a
conclusion which was in agreement with the experimental observations when FWM

experiments were conducted in the various waveguides.
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The study reported in this chapter represents the first of its kind on SiGe waveguides. It
confirms SiGe waveguides as a promising candidate not just for the mid-infrared but also
for all-optical processing at telecommunication wavelengths. While the performance of
the SiGe waveguides reported here does not compare favourably to state-of-art silicon
waveguides and nanowires, one should not overlook that these two technologies are cur-
rently at completely different stages of maturity. Furthermore, the findings of this study
can inform the design of optimised nonlinear waveguides, allowing the manipulation of

not just the waveguide dimensions but also the material composition.



Chapter 7

All-Optical FWM-Based

Wavelength Conversion in SiGe

Waveguides

7.1 Introduction

While the first generation of SiGe waveguides studied in Chapter 6 only represent an
early fabrication attempt and are not specifically designed to optimally perform in the
1.55 pm wavelength region, the characterisation study has revealed high figures of merit
indicating the suitability of the waveguides in realising highly efficient nonlinear effects,
suitable for a wide range of all-optical processing applications. The concentration of
germanium in the waveguides was shown to strongly affect the linear and nonlinear
optical properties of the waveguides such as loss, two-photon absorption, nonlinearity

and dispersion, thus adding another degree of freedom in the waveguide design.

This chapter aims to further investigate the potential of using SiGe waveguides as highly
efficient all-optical processing devices. In doing so, it aims to demonstrate FWM-based

wavelength conversion in the waveguides at 1.55 and 2 pm wavelengths.

Wavelength conversion based on FWM in x(® media is becoming increasingly attrac-
tive for telecoms applications. The ultra-fast response time of X(3) nonlinearities makes
FWDM-based wavelength translation ideal in dense high speed wavelength division multi-
plexed (WDM) networks, where transparency to the bit rate and the modulation format

are crucial requirements [12].

Furthermore, FWM-based wavelength conversion is not only limited to telecoms-based
applications. In recent years research has focused on engineering devices, which, apart
from exhibiting strong nonlinear characteristics, they also possess tightly controlled chro-

matic dispersion profiles, so that high FWM conversion efficiencies, high signal gains and
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broad operation bandwidths can be achieved. With such devices, the broadband phase-
mathced spectral translation of MIR signals to NIR idlers that the CLARITY project

targets, can be achieved.

The first part of this chapter reports wavelength conversion experiments of 40 Gbaud
DPSK and QPSK signals at 1.55 um using a 2.5 cm long silicon germanium waveguide.
The waveguide used in these experiments has a 1 um width and 20% germanium concen-
tration (SipgGep.2), revealed by the characterisation study in Section 6.4 to possess the
highest FOM of all (first generation) SiGe waveguides tested. The experimental setup is
described and the wavelength conversion is characterised by conducting Bit-Error Ratio

(BER) tests and contrasting constellation diagrams of the signal and the converted idler.

The second part of the chapter focuses on the nonlinear conversion from a MIR signal
into a NIR idler using a 3 cm long graded index SiGe waveguide. The SiGe waveg-
uide used in this set of experiments represents a second generation of waveguides which
adopt a graded Ge concentration profile and which had been designed to show opti-
mum broadband phase-matched FWM performance when pumped at wavelengths in
the neighbourhood of 2.1 pm. The setup used is discussed and the experimental data of
converting a signal centered at 2.65 pym to a 1.77 pm idler using a pump centered at 2.12
pm is presented. Furthermore, the data collected from CE versus wavelength detuning

experiments are analysed and contrasted with numerical simulations from the NKUA.

7.2 FWDM-based Wavelength Conversion of C-Band PSK
Signals in a SiGe Waveguide

7.2.1 Device Description

The SiggGego waveguide used for the conversion of telecommunications signals, was
a strip waveguide embedded in Si and was fabricated by CEA-Leti. The waveguide
had a width of 1 ym with a 2 pum taper at the entrance to facilitate more efficient
coupling. The length of the taper was 0.5 mm and the total device length was 2.5 cm.
The fabrication method consisted of realising a 1.4 um thick SiGe layer directly on 200
mm Si substrates. The layer was epitaxially grown by reduced pressure chemical vapor
deposition (RP-CVD) to control precisely the Ge percentage and uniformity. The strip
was etched using inductively coupled plasma reactive ion etching (ICP RIE) technique
and encapsulated by a 12 um Si cladding layer with the same RP CVD technique.
Figure 7.1 shows a typical scanning electron microscope (SEM) image of the waveguide

cross-section before and after encapsulation.

The propagation loss of the waveguide, two-photon absorption and effective nonlinearity
of the waveguide were measured at 1.55 ym to be 1.4 dB/cm, 1.25 cm/GW and 25.8
/W /m respectively, as reported in Chapter 6.
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Figure 7.1: 1 pm wide SiGe strip waveguide before (a) and after (b) encapsula-
tion in a 12 pum Si cladding layer. The total device length of 2.5 cm includes a
0.5 mm taper at its entrance.

From the waveguide analysis that NKUA conducted, it was concluded that the waveguide
is predominantly quasi-TM for the aforementioned width, which can be also observed by
noting that the effective mode areas for the two polarisation states are 1.82308 pum? for
TM and 1.8508 um? for TE respectively, indicating a marginally smaller A, ¢ and thus
stronger nonlinear interactions for the TM mode. Figure 7.2 depicts the field profiles of
the fundamental TE and TM modes at 1550 pm.

The calculation of the dispersion curve is a very useful tool for the evaluation of the
bandwidth of the FWM process in the waveguide. NKUA'’s analysis showed that within

Figure 7.2: Field profiles of the TE (left, n.;y=3.5238) and TM (right,
neff=3.52422) fundamental modes for waveguide width 1 pm height 1.4 pm
(courtesy of Dr. Adonis Bogris)
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the wavelength band under investigation, dispersion was always normal and quite far

from any zero crossing.

The calculated dispersion curves for the two polarisation axes of the waveguide are
shown alongside the effective mode area in Figure 7.3. As can be seen from the fig-
ure, the waveguide was predicted to exhibit -866 ps/nm/km dispersion for TE and -863
ps/nm/km for TM respectively at 1.55 ym. Furthermore, based on the numerical sim-
ulations of the effective area for the two polarisation states, the effective nonlinearity of
the waveguide was estimated to be 22.95 and 23.3 /W /km for TE and TM respectively,

indicating a close agreement with the experimental measurement reported in Chapter 6.
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Figure 7.3: Dispersion curves and effective mode areas for the structure under
investigation as a function of wavelength (courtesy of Dr. Adonis Bogris).

7.2.2 Experimental Setup and Results

The wavelength converter setup is shown in Figure 7.4. Light from a CW pump laser at
1557.36 nm was coupled through an 80/20 coupler with a 40 Gbaud non-return-to-zero
(NRZ) DPSK (or QPSK) 23!-1 pseudo-random bit sequence (PRBS) signal. The two
signals were then amplified in an erbium doped fibre amplifier (EDFA) and their state of
polarisation was aligned to the TE polarisation axis of the Siy gGeg o waveguide through
a polarisation controller (PC). A commercial lensed fibre with a spot size of 2 pm was
used to launch the signals into the waveguide, and a coupling loss of approximately 4.2
dB was measured, resulting in successfully coupling a total of 290 mW of pump power
and 115 mW of signal power into the waveguide, which is well below the experimentally
measured TPA threshold of 2.5 W.
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Figure 7.4: Experimental set-up used to characterise the wavelength converter.
Bottom: spectral trace of FWM measured at the output of the waveguide
(left); and numerical calculation (line) and experimental measurement (circles)
of FWM conversion efficiency versus wavelength detuning (right).

At the output, the performance of the wavelength converter was assessed in terms of
eye and constellation diagrams, as well as BER measurements. For this purpose, the
converted signal (i.e. the FWM idler) was filtered using a 2 nm tunable bandpass filter
and detected. For the BER measurements, the DPSK signal was demodulated using a
1-bit delay line interferometer (DLI) which was followed by an optically pre-amplified
receiver, whereas for the QPSK signal, an optically pre-amplified coherent receiver and

a real-time data acquisition system were used.

An optical spectral trace obtained at the output of the waveguide for a DPSK input
signal with a 3 nm separation from the pump is shown at the bottom left of Figure
7.4. The figure shows a FWM conversion efficiency (CE) of ~-18 dB (defined as the
ratio of the power of the converted idler to the output signal power). The OSNR of the
converted signal was ~23 dB (Res=0.1nm). The FWM CE as a function of wavelength
detuning between the pump and the data signal is also plotted (Figure 7.4 (bottom,
right)). A 3 dB bandwidth of approximately 22 nm was measured. Furthermore, the
experimental measurements show good agreement with both the results obtained from
NKUA’s numerical model (presenteed in Chapter 6 Section 6.3.4) and the those obtained
using the more basic SSFT-based model described in Chapter 2, Section 2.2.2.2.

Figure 7.5a shows constellation diagrams of the original DPSK data signal (B2B) and
the converted idler. The B2B measurement exhibited a root-mean-square (rms) error
vector magnitude (EVM) of 6.2%, in contrast to the idler for which an rms EVM of

15.27% was measured. Furthermore, the eye diagrams shown in the inset of Figure 7.5b
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Figure 7.5: (a) Constellation diagrams for the original 40 Gbit/s DPSK signal
(left) and idler (right) (b) BER curves and eye diagrams for the B2B (square)
and the idler (circle).

show an open eye for the idler, albeit with some degradation in comparison to the B2B.
BER measurements revealed an approximately 2.3 dB conversion penalty at a BER of
1079 relative to the B2B.

Figure 7.6a shows the 40 Gbaud QPSK constellation diagrams for the B2B signal and
the converted idler. An rms EVM of 9.7% was obtained for the B2B in contrast to 12.9%
for the idler. Furthermore, the BER curves shown in Figure 7.6b show a 2 dB power
penalty at BER = 1072 as a result of the conversion. Since those BER measurements
were taken using a real-time data acquisition system that samples discrete clusters of
data at a time, no BER measurements lower than 10~% were possible. This is because
beyond this limit the system would need impractically long time to sample enough data

bits and determine the BER result with sufficient accuracy.
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Figure 7.6: (a) Constellation diagrams for the 80 Gbit/s QPSK B2B signal
(left) and idler (right) (b) BER curves for the B2B signal (circle) and the idler
(diamond).



Chapter 7 All-Optical FWM-Based Wavelength Conversion in SiGe Waveguides 117

7.3 Wavelength Conversion of 2 ym Signals in Second

Generation SiGe Waveguides

7.3.1 Introduction

This section reports the characterisation experiments carried out on the second gen-
eration of silicon-germanium waveguides. The characterisation experiments aimed to
assess the performance of the waveguides as broadband wavelength converting elements
when pumped in the vicinity of 2 pm. The experiments also aim to deduce the position
of the zero dispersion wavelength of the waveguide in order to appreciate the accuracy
of NKUA’s numerical model in estimating the dispersion. In the experiments reported
here, these particular waveguides are expected to exhibit a zero-dispersion wavelength in
the vicinity of 2.0-2.1 um. This would allow the use of a pump operating close to these

wavelengths, together with a signal which would not extend too far in the mid-infrared.

These studies were of interest within the context of the CLARITY project, since a
third, more optimised, waveguide generation will benefit from their outcome in the
design process of the waveguides. Those final generation waveguides are predicted to
perform better with respect to the overall objectives of CLARITY, owing to a more
suitable dispersion profile (and a longer zero-dispersion wavelength) and better coupling,
enabling the efficient conversion of a 4.65 pm MIR signal into the NIR when pumping

at wavelengths longer than 2.4 pm.

7.3.2 Device Description

All the SiGe waveguides used in the previous experiments followed a simple silicon
on insulator structure and a constant germanium concentration profile. Furthermore,
these first generation waveguides, were not engineered to achieve broadband wavelength
conversion but rather to allow a simple and direct route to investigating SiGe alloy’s

optical properties.

A second generation of SiGe waveguides was desgined by the NKUA to target broadband
spectral translation when pumping in the 2-2.3 pm region. The design was based on
extensive numerical modeling of the optical properties of various SiGe waveguide struc-
tures, and a SiGe waveguides on a silicon on insulator (SOI) substrate (Figure 7.7) was
again selected. However, unlike the first generation of SiGe waveguides, the proposed

design of the second generation adopted a gradient germanium concentration profile.

The proposed waveguide design favors TM polarisation to match that of the QCL sources
available for use as the MIR seed signal. On top of the silicon dioxide (SiO2) substrate
a slab layer of thickness S is introduced as shown in the Figure 7.7. The SiGe section

is offset by a silicon part of thickness §. The waveguide width is denoted by W in the
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Figure 7.7: Generic structure of the SiGe based waveguide for MIR to NIR
conversion (courtesy of Dr. Adonis Bogris)

figure, and H is total waveguide height after etching from the initial deposition (Hqz)
by e. The index profile is a step-index in the horizontal x-direction and a double linearly
graded one in the vertical y-direction. Furthermore, the index in the vertical direction
varies from a minimum value of ng; (refractive index of silicon) at y=4§ to a maximum
of ngi+A Nypar at y=0+Hnq,/2 and then reduce again to ng; at y= Hpq, as depicted
in Figure 7.7.

The height H (which also includes € and § since =d+H,pqz-€), the width W, the slab
height S and the Ge concentration in the core ng; + Anpq, can all be tuned in order to
properly engineer the waveguides dispersive properties to suit the MIR to NIR spectral
translation that CLARITY targets. Calculations performed by the NKUA which in
addition to studying the effect of these parameters on dispersion, also took into account
the mode confinement in the waveguide, the mode overlap between the pump and the
signal, and the fabrication capabilities of CEA-Leti (tasked with waveguides fabrication),
have concluded that for an efficient MIR to NIR conversion, the structural parameters

would take values within specific intervals given below:

o W (width): 400-600 nm
e H (height): 1.7-2.1 pum

e S (slab height): 200 nm
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e § (Silicon part height): 0-1 pm.

e maximum Ge concentration x: 40%

The device used in the broadband spectral conversion experiments reported in this
chapter, is grown by reduced pressure chemical vapor deposition on silicon wafer and
was also fabricated by CEA-Leti. The device presents a gradient Germanium profile
obtained by varying the germane mass-flow during growth, the dichlorosilane mass-flow
staying constant [168]. More precisely, in the SiGe layer the concentration of Ge is
linearly increased from 0 % to 42 % and then decreased back to pure Si symmetrically
as shown in Figure 7.7. The waveguide height is approximately 1.5 pm on a Si slab of
210 nm.

In order to optimise the launching efficiency, a 5 pm width taper has been added at the
input of the 3 cm-long waveguide (see Figure 7.8). The waveguide has a nonlinearity of

35 /W/m at 2 pm and its losses are estimated to be close to 2 dB/cm.

Figure 7.8: Sketch of the SiGe waveguide used in the MIR to NIR wavelength
conversion experiments.

7.3.3 Experimental Procedure

This device has been specifically designed for wavelength conversion from MIR to NIR.
The dispersion curve, calculated by the NUKA using a commercial mode solver is plot-
ted in Figure 7.9a and presents a zero dispersion wavelength close to 2075 nm. As
demonstrated before, the phase-matching condition for broadband degenerate four-wave

mixing in a waveguide is given by:

Bow? + %w4 +29yP =0 (7.1)
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where 9 and B, are the second and fourth order dispersion respectively at the pump
frequency, v is the nonlinear parameter of the considered waveguide, P is the input

power and w is the frequency detuning between pump and signal.
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Figure 7.9: (a) Estimated dispersion curve. The red point corresponds to zero
dispersion wavelength (b) Corresponding phase matching diagram.

The phase matching diagram associated with this dispersion was evaluated (using the
same numerical model as in Chapter 5, Section 5.5.2) and is shown in Figure 7.9b. As
has been mentioned in Chapter 5, four wave mixing is a similar process to modulation
instability (MI) that is observed in anomalous dispersion regime exhibiting two gain
bands in the spectrum. However, the gain bands originating from pumping in the normal
dispersion regime are narrower and located further away from the pump [137, 169)].
This means that experimentally, the conversion efficiency will be maximal for optimal
wavelength defined as [169]:

2383 —280P) B
Qupt = \/ Z 63 (7.2)

It is clear from Equation 7.2 that the optimal wavelength depends strongly on both (9
and (4. Therefore, one can investigate the impact of the dispersion parameters (5 and
B4) on the FWM performance by varying the detuning between the pump and the signal
and observing the impact on the conversion efficiency. The experimental data can then
be contrasted with the numerical simulations of the dispersion and essential information
about the real dispersive properties of the waveguide, in particular its zero-dispersion

wavelength, can be extracted.

Following this methodology, two main experimental tests were adopted. The first is

varying the pump wavelength with respect to the signal and assessing the corresponding
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FWM conversion efficiency. The second is conducting the same assessment while varying

the signal wavelength with respect to the pump.

7.3.4 Experimental Setup

The experimental setup is shown in Figure 7.10. The wavelength conversion experiments
were carried out using two IPG single frequency broadly tunable CW lasers operating
in the vicinity of 2 yum. The first, used as the pump, can be tuned from 2.0 to 2.5
pm whereas the second, used as the signal, can be tuned from 2.0 to 2.8 ym. A beam
splitter adapted to the lasers’ wavelength was used to couple together the signal and
pump. Two waveplates were used to control the input polarisation into the waveguide.
The light was coupled via a CaFs lens (transparent up to 8 ym) into a lensed fibre used
to inject into the waveguide and collected at the output by a specific MIR objective
lens. The output light was analysed on an optical spectrum analyser (OSA) limited to

2.4 pm.
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Figure 7.10: Experimental setup of the 2 ym broadband FWM experiment.

7.3.5 Typical Broadband FWM Spectra

The performance of the waveguide as a broadband nonlinear converter was assessed by

placing the signal at a large wavelength detuning from the pump.

Figure 7.11 reports the spectra obtained when a pump centered at 2122 nm was used
and the signal wavelength was varied. Figure 7.11a shows the converted idler for a
signal centred close to the limit of the OSA (i.e. 2400 nm). Note that the conversion
efficiency reading on the OSA, here -25 dB, does not represent the real value. This
is because the output optics (such as the output micro-objective lenses and the fibre
connecting to the OSA) have higher losses at longer wavelengths, thus resulting in bigger
attenuation of the output signal than the shorter wavelength idler field. To deduce the
correct value of the conversion efficiency, the loss of the output optics with respect to

wavelength was characterised. This wavelength-dependent loss information was then



122 Chapter 7 All-Optical FWM-Based Wavelength Conversion in SiGe Waveguides

used to compensate for the higher losses experienced by the signal than the idler, thus

correcting the conversion efficiency values.

Figure 7.11b demonstrates an even broader conversion of a 2625 nm signal to a 1782 nm
idler. Finally, Figure 7.11c presents one of the broadest wavelength conversions reported

in literature when a signal at 2650 nm was converted to an idler at 1770 nm.
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Figure 7.11: (a) Spectra for a signal at 2371 nm (green line) and at 2399 nm
(blue line). (b) Spectra obtained for a signal centered at 2625 nm and (c) at
2650 nm. For all spectra, the pump wavelength is 2122 nm.

7.3.6 FWM Conversion Efficiency and ZDW Estimation

The conversion efficiency (CE), defined here as P g;gnai(output)/ Pidier(output) Was recorded
for a wavelength sweep over the tunable range of the signal and pump lasers. The
conversion efficiency values were deduced from the OSA up to 2.4 um (OSA readings were
corrected to account for the wavelength-dependent loss of the optics as explained above).
For measurements beyond the OSA limit of 2.4 um, the CE values were estimated
through measuring the signal power at the output of the sample and then deducting the

loss of the output optics at the signal wavelength.
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7.3.6.1 Variation of the Pump Wavelength for a Fixed Signal Wavelength

The first test in investigating the dispersive properties of the waveguide was to observe
the FWM CE when the signal was kept fixed and the pump wavelength was varied.
Figure 7.12 shows the CE versus pump wavelength for three different signal wavelengths
(a) 2290 nm (b) 2340 nm and (c) 2400 nm.

The experimental data are contrasted with the numerical simulations of the expected
CE curve in each case. A pump power of approximately 75 mW and a signal power
of 10 mW were used, and a loss of a= 2dB/cm and nonlinearity of y=36 /W /m were

considered in the simulations.

By contemplating the curves presented in Figure 7.12, a pattern can be recognised.
When the experimental data (black circles) is compared to the numerical simulations of
the CE curve based on a ZDW of 2075 nm (red line), the agreement is not satisfactory.
The results however show a much better agreement if a 60 nm red shift in the ZDW

(from 2075 nm to 2135nm) of the waveguide is considered (blue line). This was an early
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Figure 7.12: Conversion efficiency vs pump wavelength curves for three different
signal wavelengths (a) 2290 nm (b) 2340 nm and (c) 2400 nm. The black
circles represent the experimental data, and the red and the blue lines represent
numerical simulations based on a ZDW of 2075 nm and 2135 nm respectively.
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indication that the theoretical dispersion estimated by the NKUA could be inaccurate
by 60 nm.

7.3.6.2 Variation of the Signal Wavelength for a Fixed Pump Wavelength

To put the 60 nm ZDW shift into prospective, Figure 7.13 depicts three plots: (a) the
original dispersion contrasted with the one red-shifted by 60 nm (b) the phase matching
curve of the original unshifted dispersion and (c) the phase matching curve corresponding

to the 60 nm red-shifted dispersion curve.

The two phase matching curves (Figure 7.13 (b) and (c)) emphasise the importance
of choosing the pump wavelength. For instance, selecting a pump wavelength of 2135
nm (as indicated by the dashed red line in Figure 7.13 (b) and (c)), would lead to
operating in the anomalous dispersion regime if the unshifted dispersion is considered,
and to operating in the normal regime if the shifted dispersion is considered. This would
lead to a significant difference in the expected conversion efficiency vs signal wavelength
curves. Thus, to verify the findings of the first test, the conversion efficiency evolution

with the signal wavelength for a fixed pump was also assessed.
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Figure 7.13: (a) Contrast of the the original unshifted dispersion curve (blue)
with the shifted curve (green). Phase matching diagrams corresponding to the
(b) original unshifted dispersion curve and (c) the shifted dispersion curve.
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Figure 7.14 depicts the CE curves for four different pump wavelengths, 2047 nm (Figure
7.14a), 2160 nm (Figure 7.14b), 2065 nm (Figure 7.14c), and 2122 nm (Figure 7.14d).
In all four figures the same pattern that was deduced from Figure 7.12 is repeated again.
The experimental data shows a much better agreement with the numerical simulations
for the case in which a 60 nm red shift in the ZDW is considered. In both Figures 7.12
and 7.14, the deviations from a perfect agreement between the experimental data and the
simulations based on a shifted ZDW, can be considered to be within the measurements
uncertainty. The source of such uncertainty is attributed to the change of launching
conditions that takes place during the course of taking measurements. The complexity
of the experimental setup meant that it was difficult to precisely keep the power levels

constant at the various stages of the setup while taking such large amount of data points.
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Figure 7.14: Conversion efficiency vs signal wavelength curves for three different
pump wavelengths (a) 2047 nm, (b) 2160 nm, (c) 2065 nm and (d) 2122 nm.
The black circles represent the experimental data, and the red and the blue
lines represent numerical simulations based on a ZDW of 2075 nm and 2135 nm
respectively.

This thus re-iterates that in NKUA’s numerical model, the chromatic dispersion of the
waveguide is mis-estimated. This represents an important conclusion since it impacts
the design of the third (and final) generation of waveguides targeted for the broadband
MIR to NIR spectral translation. For such conversion, the phase matched gain peaks

are narrow and their position is very sensitive to the pump wavelength (and thus the
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ZDW of the waveguide). These results were therefore fed back to the project partners
and informed the design and fabrication of the next generation of waveguides. Since
the experimental findings reported here played an important role in this corrective and
optimisation process, a brief account of the conclusions of the project partners is given

in the following subsection.

7.3.7 Feedback from the Experiments — Corrective Actions Tanken by
the NKUA

The main reasons for the emergence of the 60 nm red shift of the measured ZDW with

respect to the calculated one were considered to be:

e Non adequate description of the device geometry

e Non precise consideration of the refractive index dependence on the wavelength

for silicon and SiGe devices

As far as the former reason is concerned, CEA-Leti has provided an SEM picture of the
structure of the waveguide (Figure 7.15) used in the experiments in order to accurately
account for the device geometry. The figure shows the cross section of the device where
it is clear that there is a non-negligible sidewall leading to trapezoidal shape with a
top width of 1 um whereas the bottom width is about 1.289 pum. The use of the exact
dimensions of the device in the mode solver by the NKUA provided a correction of the
ZDW by 5 nm which was not adequate to explain the 60 nm declination reported from

the experiments.
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Figure 7.15: SEM picture of the studied device which exhibited the 60 nm
discrepancy regarding the ZDW in comparison with the calculated values.
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Figure 7.16: Si material refractive index as a function of the wavelength accord-
ing to [170](black line), [171] (red line) (courtesy of Dr. Adonis Bogris).

The next step was to slightly modify the refractive index of Si and SiGe relying on the
literature so as to better approximate the behavior of the devices. According to [170],

the refractive index of silicon is given by the expression:

n%; = 11.6858 4+ 0.939816/\ + 8.10461 x 102 x 1.1071%/(\* — 1.1071%) (7.3)

Furthermore, the refractive index for SiGe alloys is expressed as follows [170]:

n(Siy_»Gey) = n(Si) + 0.37x + 0.222> (7.4)

Expressions 7.3 and 7.4 were originally utilised for the introduction of the material
refractive index to the mode solver. In the literature, a different expression describing
the wavelength dependence of the refractive index for SiGe alloys was also found [171].
The NKUA has found that adopting the definition in [171] rather than the one given
by Equations 7.3 and 7.4 would lead to a difference in the refractive index of silicon
depicted by Figure 7.16. The aforementioned difference changes the refractive index of
the fundamental mode per wavelength resulting in a 20 nm red shift of the ZDW as
depicted in Figure 7.17.

The 20 nm red shift due to the use of a different reference for the Si and SiGe properties
together with the 5 nm red shift occurred when the geometry of the device was better
approached reduce the discrepancy of 60 nm reported by the experiments to 35 nm. Al-
though the NKUA has found that the CE experimental results show a better agreement
when this 25 nm red shift in ZDW is considered, the assumption of a longer ZDW by

35 nm is still necessary so as to satisfactorily reproduce the experimental results. The
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identification of the cause for this ZDW difference is currently being investigated in more

detail by the NKUA.
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Figure 7.17: Dispersion of the waveguide structure predicted by the mode solver
considering Si and SiGe properties based on [170] (black line) and [171] (red
line). A 20 nm difference in the ZDW value is found between the two references
(courtesy of Dr. Adonis Bogris).

7.4 Conclusion

This chapter reported the FWM experiments conducted in the first and second genera-

tions of silicon germanium waveguides.

The first generation of SiGe waveguides which adopted a constant germanium concentra-
tion profile and had its linear and nonlinear optical properties characterised in Chapter
6, was used to demonstrate FWM of 40 Gbps DPSK and 80 Gbps QPSK signals at 1550
nm. In particular, the 1 pym width waveguide with 20% Ge concentration which was
singled out by the FOM study in Section 6.4 as the best waveguide, was used as the

nonlinear wavelength converter.

Approximately 290 mW of pump power and 115 mW of signal power resulted in the
generation of an idler with conversion efficiency of -18 dB and 23 dB OSNR. The quality
of the conversion was assessed through BER tests and constellation diagrams. BER
measurements on the DPSK idler showed an approximately 2.3 dB conversion penalty
at a BER of 107 relative to the back-to-back signal. As for the QPSK case, a 2 dB
power penalty was measured at BER = 1073 as a result of the conversion. Furthermore,
only minimal degradation was observed in the constellation diagrams and the EVM

figures when comparing the idler to the B2B signal.

These results indicate that SiGe devices have the potential to be a competitive waveguide

technology to silicon. However, one should not overlook that these two technologies are
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currently at completely different stages of maturity, and therefore the performance of
the SiGe waveguide reported here does not compare favourably to state-of-art silicon
waveguides. A number of factors which could enhance the nonlinear performance of the
SiGe waveguide were considered. For instance, since the power into the waveguide was
well below the TPA threshold, launching higher power levels is expected to significantly
enhance the FWM efficiency. Filtering the EDFA-amplified pump and data signals prior
to launching into the waveguide is also believed to improve the overall performance of
the converter and reduce the conversion penalty even further. Furthermore, significant
benefits in the FWM conversion efficiency can be obtained by using a longer device.
Theoretical calculations show that by simply doubling the length of the waveguide to
5 c¢cm, the FWM conversion efficiency would be improved by approximately 3.2 dB.
Furthermore, as was the case in the characterisation study of Chapter 6, these results
emphasise that through adopting a more complex waveguide design and/or germanium
concentration profile, both the waveguide nonlinearity and dispersion properties at 1550
nm can be significantly improved, thus making this waveguide technology a potential

competitor to other state-of-art nonlinear waveguides.

The second part of this chapter discussed the FWM experiments conducted in the second
generation of SiGe waveguides at 2 um. This waveguide generation adopted a gradient
germanium concentration profile, the design and fabrication of which were discussed.
Numerical simulations predicting the waveguide’s chromatic dispersion were carried out
by the NKUA prior to the experiments. A ZDW of 2075 nm was expected for the 1 um

width waveguide to be used in the experiments.

The experiments aimed to both demonstrate the ability of the waveguide in achieving
broadband MIR to NIR wavelength conversion and examine the accuracy of NKUA’s
numerical model in predicting the dispersion of the waveguide. The latter goal was ap-
proached by experimentally estimating the zero-dispersion wavelength of the waveguide.
The CE evolution as a function of pump and signal wavelength was studied and com-
pared to NKUA’s numerical predictions. The study has revealed that a 60 nm red shift
in the theoretical ZDW of the waveguide, from 2075 to 2135 nm, is necessary to produce
a good agreement with the experimental data. A brief account of the early corrective
measures taken by the NKUA taken to allow for this ZDW shift was given.

The experiments have also demonstrated a conversion from a 2650 nm signal to a 1770
nm idler with - 32 dB conversion efficiency which is the one of the best results ever re-
ported. It was not possible to demonstrate broader conversion because of the limitations
(tunability) of the lasers used. However, these results show that MIR can be converted
to NIR using this generation of graded index silicon germanium waveguides. Further-
more, for the waveguide used in these experiments, the phase matching curve shows
that a signal close to 3.5 um can be converted to the C-band of telecommunications

wavelengths.






Chapter 8

Discussion and Conclusions

This thesis investigated all-optical signal processing applications in two different state of

the art technologies: highly nonlinear soft glass fibres and silicon germanium waveguides.

Lead silicate and tellurite glasses were chosen as the glass host for fabricating highly
nonlinear fibres. The first part of this thesis investigated the design methodology and
the optical characteristics of a W-type lead silicate fibre. The characterisation work
concluded that the first generation of the fabricated W-type fibre had a loss of 2.7
dB/m, a nonlinear coefficient - of 820 /W /km and a dispersion and dispersion slope of

2 ps/nm/km and -0.009 ps/nm?/km at 1550 nm respectively.

A number of all-optical signal processing applications were demonstrated in the fibre.
Wavelength conversion of 1550 nm CW signals was demonstrated with -21 dB conversion
efficiency and over 36 nm 3-dB bandwidth. Furthermore, numerical simulations have
shown that a CE approaching 0 dB can be attained through the use of higher pump

powers.

Phase sensitive amplification was also demonstrated in the W-type fibre. A parametric
fluorescence experiment highlighted the merits of the low and flat dispersion profile of the
fibre, as the phase sensitive gain spectrum extended across the full available bandwidth
of the parametrically amplified ASE. Furthermore, a second generation of W-type lead
silicate fibre, exhibiting lower losses of 2.1 dB/m, was used to regenerate the phase of
40 Gbit/s DPSK signals. The constellation diagrams of the demodulated data signal
showed a high degree of phase noise squeezing for four different noise levels and the rms

phase error of the 40 Gb/s data signals was reduced by a factor of 2.

The lead silicate W-type fibre has shown a strong potential in realising efficient non-
linear devices. Furthermore, the short length of fibre required to achieve high effective
nonlinearity together with the novel dispersion properties of the fibre represent very
attractive attributes in overcoming many of the practical limitations associated with
silica-based HNLF's. For instance, J. Kakande’s recent study on PSA-based phase and

131
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amplitude regenerators has shown that using long (hundreds of metres) spans of fibre
makes ensuring uniform dispersion characteristics along the device length a very difficult
task, which leads to a compromise in the efficiency and bandwidth characteristics of the
regenerator [172]. The compactness that lead silicate fibre devices can offer leads to
significantly superior uniformity along the entire length of the nonlinear fibre, a reduced

acoustic and thermal pick-up and an overall more stable systems.

The performance of the lead silicate W-type fibre was hampered by the high splice losses
to silica SMFs. The splice loss values reported in this work ranged between 5-6.5 dB
which put significant limit on the amount of pump power that could be launched into
the fibre. This represents the biggest challenge associated with this fibre technology, and
although some progress has been made to reduce these loss figures [100], more radical
approaches such as tapering the input of the lead silicate fibre to reduce the splice loss

to the bigger core SMF, are expected to yield bigger improvements.

The second part of this thesis investigated all-optical signal processing applications
in highly nonlinear tellurite fibres and silicon germanium waveguides and was closely
aligned with the goals of the EU FP7 project CLARITY. Launched in 2011, CLARITY’s
main objective has been to design and implement wide band, highly efficient mid-infrared
to mear-infrared converters relying on third order nonlinear effects in waveguides based

on group 1V materials and soft glass fibres.

The work on highly nonlinear tellurite fibres reported in this thesis, represents the early
stages of fabricating low loss highly nonlinear tellurite fibres suitable for broadband MIR

to NIR nonlinear conversion.

The fabrication team at ORC has made significant advances towards reducing the loss
of the tellurite fibres across the 3-5 um wavelength window, by preparing the preform in
an ultra-dry atmosphere-filled glovebox. The first generation the of dehydrated tellurite
fibre, based on the TeO2-ZnO-BaO (TZB) glass composition, was characterised in terms
of loss and nonlinearity at 1.55 and 2 pm. The fibre loss was measured using the cutback
method which yielded a loss of 0.58 and 2.8 dB/m at 1.55 and 2 pm respectively. The
fibre nonlinearity was measured by calculating the phase shift that a dual-frequency
beat signal experiences when travelling along the fibre. The measurement revealed that
the nonlinear coefficient of the fibre is 75 and 45 /W /km at 1.5 and 2 pm respectively.

Following this characterisation, FWM-based wavelength conversion experiments at 1.55
and 2 pm were demonstrated in the TZB fibre. Highly efficient wavelength conversion
was demonstrated in the fibre at 1.55 pm, with conversion efficiency values approaching
0 dB. However, the combination of higher losses and lower nonlinearity contributed
to a much lower conversion efficiency of -42 dB at 2 pum for a pump power of 125
mW. Nevertheless, numerical simulations evaluated the scaling in the FWM conversion

efficiency that can be attained in the tellurite fibre at 2 ym by using higher pump powers.
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The work on tellurite fibres was carried out in close collaboration with the ORC soft
glass fabrication team, and the characterisation data was fed back to the fabricators
in order to further optimise their glass preparation process for subsequent fabrication
attempts. Towards this goal, a numerical study of the tellurite fibre’s potential as a
mid- to near-IR spectral translator was conducted, and its results were also shared with
the fabrication team. The numerical study relied on investigating the influence of the
fibre design parameters, namely the core size and the refractive index contrast, on the
fibre’s nonlinearity, its mode properties and the FWM phase matching characteristics.
The study established that a fibre with a core diameter of 4 um and a core-cladding
index difference of 0.03 would satisfy the phase matching conditions of MIR to NIR
conversion and achieve enhanced nonlinearity and single mode guidance at the pump

laser wavelengths.

These experimental and numerical demonstrations of the tellurite fibre’s potential as a
nonlinear medium have opened the prospect for using the fibre in a number of all-optical
signal processing applications both at the NIR and MIR. In particular, the major ad-
vances towards reducing the loss of the fibres across the whole 1-5 pm wavelength window
have made tellurite the glass of choice for realising fibre-based MIR to NIR wavelength
convertors in preference to its closest competitor, chalcogenide. To that effect, tellurite
fibres offer several advantages over chalcogenide such as the ease of dispersion engineer-
ing and a high damage threshold. However, realising efficient broadband MIR to NIR
translation with conversion efficiency figures approaching 0 dB remains a difficult task
using the simple step index tellurite fibre design suggested in this work. Such high val-
ues of conversion efficiency will require the use of more complex fibre structures such
as a microstructure design, which would potentially enable much higher values of fibre

nonlinearity and improved conversion efficiency figures.

To put the performance of the lead silicate and tellurite fibre technologies presented in
this work into prospective, a figure of merit study comparing those fibres with other
competing state of the art fibre technologies at 1.55 um wavelength was conducted.
Table 8.1 compares the parameters of the lead silicate and tellurite fibres with other
HNLFs, namely the bismuth-oxide (BizO3) fibre which was used in Chapter 4, a highly
nonlinear silica-based dispersion shifted fibre (DSF) [173] and a chalcogenide (AsaSes)
fibre [174].

A number of FOMs are considered when comparing the different fibre technologies. The
most basic figure of merit definition, FOMy, is a simple v L.s¢ product. This FOM is
often used in literature to differentiate between the nonlinear performance of the various
fibre technologies when operating at relatively low pump powers (i.e. below the onset
of parasitic nonlinear effects, such as stimulated Brillouin scattering and two photon
absorption). The effective length calculations presented in Table 8.1 are based on a
physical length L of 1-m for the lead silicate, tellurite, bismuth and chalcogenide fibres
and 150-m for the dispersion shifted fibre. The shorter length of the soft glass fibres is
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Lead-Silicate Tellurite Bismuth DSF Chalcogenide
REF Chapter 3,4  Chapter 5  Chapter 4, [175] [173] [174]
Loss (dB/m) 2.1 0.58 0.9 0.001 1
v (/W /km) 820 75 1100 21 1200
ny (m2/W) 3.84x10719  2.56x1071° 8.17x10~ 1 3.20x1072°  9.00x10~16
GVD (ps/nm/km) -0.8 -100.92 -260 0.03 -504
Lefs (m) 0.793 0.936 0.903 147.439 0.893
Brillouin g (m/W) 4.00x107*  1.70x10710 6.44x10~ 1 7.19x10712  6.00x10~°
TPA (m/W) Negligible Negligible Negligible Negligible 2.50x1012
FOMyy, = v Less (/W) 0.65 0.07 0.99 3.096 1.07
FOMsps = Psgs 7 Lefy 0.82 0.13 1.08 0.38 12.77
FOMypa = na/(A B) 00 00 00 00 232.26
FOMp = [D/~| (W.ps /um)  0.00097 1.345 0.236 0.00143 0.42

Table 8.1: Optical properties for five HNLFs and their figures of merit at
1550nm. The values coloured in red correspond to the technology with the
best FOM.

justified due to the higher values of both the loss and nonlinearity in comparison to silica
at 1.55 pm. This leads to shorter soft glass fibre devices with high effective nonlinearity

that can only be matched using a few hundreds of metres of a silica-based device.

When taking this figure of merit into account, the dispersion shifted fibre emerges as the
fibre with the best FOM. The ultra-low loss of silica allows the use of long effective fibre
lengths (L = Le¢fyr), compensating for the inferior nonlinearity values of silica compared

to soft glasses.

The higher values of v of the bismuth-oxide and chalcogenide fibres together with their
lower loss in comparison with the lead silicate fibres result in slightly higher nonlinear
figures of merit. However, it should be noted that the fibre loss of the lead silicate fibre
reported here (2.1 dB/m) is expected to be further reduced to approach that of the
material loss of 1 dB/m at 1550 nm. Such loss reduction would enhance the nonlinear
FOM of the lead silicate fibre and bring it closer to the values of the bismuth and

chalcogenide fibres.

The FOM based on the v L¢sy product would not be a correct measure for evaluating
a fibre’s nonlinear performance when pump power loss induced by SBS and/or TPA
becomes significant. In [130], J. Lee defined a FOM that incorporates the Kerr nonlin-
earity of optical fibre and the SBS-associated pump power limit. This FOM, labelled
FOMgpgg in the table , is defined as:

FOMsps = PspsyLeyy (8.1)
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Where Pspg is the SBS threshold power which determines the upper limit of the input
pump power available within the fibre. The definition of Pgpg given in Equation 2.30
and that of v in Equation 2.14 can be substituted in Equation 8.1 to give:

FOMsps = (42mn2)/(AgR) (8.2)

Where ns is the nonlinear refractive index of the material and gp is the Brillouin gain

coefficient.

When FOMgpg is taken into consideration, Table 8.1 shows that the gap between the
bismuth and the lead silicate fibre FOMs is reduced (0.82 for the lead silicate and 1.08
for the bismuth). The ultra-high value of nonlinear coefficient of chalcogenide results in
a high FOM in this case while the opposite is true for the silica DSF.

However, the conclusion derived from FOMgpg calculations should be read with caution.
Although the FOMgpg for the chalcogenide fibre suggests that high pump powers can
be launched without stimulating Brillouin scattering, chalcogenide fibres have a low
power damage threshold that is usually 1-2 order of magnitude less than other soft
glass fibres [176], thus preventing high pump powers to be launched into the fibre.
Furthermore, while TPA effects are negligible in the other glasses considered here, the
same cannot be stated for chalcogenide. When the commonly used FOM incorporating
TPA (FOMrpa = na/(\ ) is considered, the TPA value of 2.50x10712 m/W for the
AsoSes glass fibre considered here results in FOMpp4 = 232.26, in contrast to the very
large FOMs obtained for the other fibres in Table 8.1 due to their negligible values of
TPA. The TPA of the chalcogenide fibre can be put into prospective by comparing it
to that of a semiconductor such as silicon, of which the TPA coefficient is 3 orders of
magnitude larger than chalcogenide at 1.55 pm. Chalcogenide is thus considered to
possess a moderate TPA value at 1.55 pym in contrast to the high value of silicon and

the low /negligible values of silica and the other soft glass fibres considered in Table 8.1.

Table 8.1 also presents another figure of merit, FOMp, which is defined as the ratio
between the group velocity dispersion D and the nonlinear coefficient y [177]. FOMp
represents the magnitude of the dispersive effects against that of the nonlinear effects
of the fibre and should be small enough that broadband nonlinear processes such as
FWM satisfy the phase matching conditions to grow efficiently [177]. It is important
to emphasise that the dispersion considered in Table 8.1 is measured at 1.55 um and
as such the FOMp used here is devised as an indication of platform’s suitability for

telecoms applications and would not extend to other wavelengths.

The table shows that the lead silicate fibre exhibits the best FOM among all the fibre
considered, followed by the silica DSF. Furthermore, the lead silicate fibre shows over 2

orders of magnitude improvement in the FOM over the bismuth fibre. This superiority
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was clearly observed experimentally in the parametric fluorescence experiment of Chap-
ter 4. In that experiment, the phase sensitive parametric gain extended across the full
bandwidth of the ASE in the case of the lead silicate W-type fibre, while the bandwidth
was restricted to a much narrower spectral region in the case of the bismuth fibre, due

to the higher dispersion of the fibre.

In all the FOMs studied in Table 8.1, the tellurite fibre has had the worst FOM among
the fibres considered. However, this is not surprising since the step index design adopted
for the fibre results in a much lower nonlinear coefficient than what is achievable using
a microstructured fibre design as in the case of the lead silicate and the bismuth fibre.
As mentioned in Chapter 5, there have been demonstrations of highly nonlinear tellurite
fibres adopting a holey structure and achieving v of 675 /W /km, loss of 0.18 dB/m
and a dispersion of -10 ps/nm/km at 1550 nm [70]. When the optical characteristics
of such fibre are considered, one obtains a FOMy; = 0.66, FOMgggs = 0.3 and FOMp
= 0.0148, which represent 2-90 times improvement in the FOMs from the tellurite fibre
reported in Table 8.1.

It is important to remember that the tellurite fibre reported in this thesis was not
designed with telecoms applications in mind. Rather, the step index design was adopted
since it provides the required dispersion characteristics needed to achieve the strict FWM

phase matching conditions of MIR to NIR conversion.

The above observations lead to an important conclusion. The choice of the best fibre
technology to implement a certain nonlinear effect will strongly depend on the appli-
cation. From the discussion above, the main points that one needs to consider when

comparing the various technologies can be summarised as follows:

e Pump power limitations associated with the technology

Suitability of the material for dispersion engineering at the wavelength of interest
e Transmission loss across the region of operation

e Device compactness

Physical attributes of the medium, e.g. fragility, toxicity, etc.

The choice of the optimum fibre platform could vary depending on which of the five

points above are relevant to the application.

The final part of this thesis reported the work conducted in silicon germanium waveg-
uides. The enhanced nonlinear response of silicon germanium relative to pure silicon, in
addition to the potential of SiGe alloy for band gap and lattice parameter engineering
and its compatibility with CMOS technology, has made SiGe waveguides promising can-

didates for implementing a range of nonlinear applications in the midwave and longwave
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infrared. In particular, the technology offers an attractive solution for implementing a
monolithically integratable chip-based MIR to NIR nonlinear converter that the CLAR-

ITY project aims to deliver.

The first generation of SiGe waveguides reported in this work, adopted a simple SOI
design and a constant germanium concentration. The first detailed study of the linear
and nonlinear characteristics of silicon germanium waveguides at the telecommunications

wavelength was reported.

The loss, nonlinearity and two-photon absorption of SiGe waveguides of 10, 20 and
30% Ge concentration and of widths varying between 0.3 and 2 pum were characterised,
revealing a strong impact of the proportion of germanium on the optical properties of the
waveguides. For instance, a higher concentration of germanium was found to increase
the linear loss and TPA of the waveguides, while giving rise to an enhanced nonlinearity.
Furthermore, Ge concentration was also found to impact the dispersive properties of the
waveguides. This strong dependence on germanium concentration gives rise to a valuable
additional design degree of freedom, where both the waveguides’ nonlinear performance
and their dispersive properties can be appropriately engineered to suit a host of nonlinear
applications at the NIR and MIR wavelengths.

A figure-of-merit study was conducted to deduce the SiGe waveguide with the optimum
nonlinear performance of all the waveguides characterised. The FOM study, based on
vLes s metric, revealed that a waveguide of 1 pm width and 20% Ge concentration would
exhibit the optimum performance as a nonlinear device, a conclusion that was supported

by experimental observations of FWM performance in the various waveguides.

The 1 pm width waveguide with 20% Ge concentration was used to demonstrate FWM-
based wavelength conversion of 40 Gbaud DPSK and QPSK signals. An idler with a
conversion efficiency of -18 dB and 23 dB OSNR was generated using an estimated 290
mW of pump power. BER measurements revealed an approximately 2.3 dB conversion
penalty at a BER of 107 relative to the back-to-back signal for the DPSK case and
a 2 dB power penalty at BER = 1073 for the QPSK case. Although SiGe waveguide
technology is still at a very early stage of development, these results further proved
that SiGe devices have the potential to realise efficient nonlinear applications and be a

competitive waveguide technology to silicon.

A second generation of SiGe waveguides adopting a graded germanium concentration
profile was used to demonstrate broadband FWM-based wavelength conversion at 2 um.
The experiments have demonstrated a conversion of a 2650 nm CW signal to a 1770 nm
idler with - 32 dB conversion efficiency which is the one of the best results ever reported
in the literature. The FWM experiments have also highlighted a discrepancy between
the numerically expected ZDW of the waveguide and that estimated experimentally.
The study has revealed that a 60 nm red shift in the theoretical ZDW of the waveguide,

from 2075 to 2135 nm, is necessary to produce a good agreement with the experimental
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data. These conclusions were fed back to the theoretical team at the NKUA to study
the origin of such shift and fine-tune their numerical model before the fabrication of

further waveguide iterations.

The 2 pm FWM experiments show that MIR can be converted to NIR using this gener-
ation of graded index silicon germanium waveguides. Furthermore, while the tunability
of the lasers available for the experiments hindered the demonstration of broader FWM
bandwidths, for the waveguide used in these experiments, numerical simulations of the
phase matching curve shows that a signal close to 3.5 um can be converted to the C-band

of telecommunications wavelengths.

A similar FOM study to that presented above was conducted to compare the merits
of the various state of the art waveguide technologies. Table 8.2 contrasts the optical
characteristics of the 1 um width Sip gGeg .o waveguide with a silicon nanowire waveguide
[178], a chalcogenide (As2S3) rib waveguide [179] and an amorphous silicon (a-Si) waveg-
uide [180]. The figures of merit FOMyr, FOMrp4 and FOMp used for comparison are

defined as above.

Silicon Chalcogenide

Sig.sGeg2 WG nanowire WG a-Si WG
REF Chapter 6, 7 [178] [179] [180]
Loss (dB/cm) 14 4 0.05 4
v (/W/m) 25.8 150 1.7 332
ny (m2/W) 1.16x10717 6.00x10~18 2.9x10718 1.75x10717
GVD (ps/nm/km) -866 21 -342 -6500
Lesy (cm) 0.85 0.65 0.99 0.6535
TPA (m/W) 1.25x10711 5.00x10712  6.20x1071° 2.3x10712
FOMypr = v Less (/W) 0.22 0.98 0.017 2.17
FOM7zpa = n2/(\ B) 0.60 0.77 301.77 4.91
FOMp = |D/~| (W.ps /nm) 0.0335 0.00014 201.18 0.0196

Table 8.2: Optical properties for four nonlinear waveguides and their figures of
merit at 1550nm. The values coloured in red correspond to the technology with
the best FOM.

Table 8.2 suggests that based on the simple FOM definition of yL. s , the a-Si waveguide
exhibits the highest FOM thanks to its large nonlinear coefficient and small effective
mode area (A.sy = 0.21 pum?). Furthermore, the stronger confinement of the silicon
nanowire [178] results in a higher FOM than that of the SiGe waveguide.

When TPA is considered, the FOM shows a clear advantage for the chalcogenide (AsyS3)
waveguide over the other platforms. This is because chalcogenide exhibits a TPA co-
efficient which is between 2-3 orders of magnitude smaller than the other waveguides

considered here. The FOMpp4 of silicon and silicon germanium are similar and, as
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discussed in Chapter 6, higher FOMrp4 values of SiGe waveguides could be attained

through using a graded germanium concentration profile.

The TPA-based analysis presented here is strongly dependent on wavelength. This is
due to the variation of both the TPA coefficient 5 and nonlinear refractive index no
with wavelength. For instance, in Chapter 6, Figure 6.1 highlighted that the TPA
of both silicon and silicon germanium starts to diminish beyond 2 pgm. Furthermore,
higher concentration of germanium is found to shift the position of the peak value of
the nonlinear index ny towards longer wavelengths, where 40% of germanium results
in a peak value of ny at around 2 um. Using SiGe waveguides at 2 pm would thus
result in a clear advantage in the FOM over silicon. The same behaviour for a-Si is
observed, where the TPA becomes insignificant at wavelengths longer than 2 pym [181].
As for chalcogenide, the value of the TPA coefficient starts to decrease beyond 0.7 pum,
reaching negligible values at wavelengths longer than 1.62 pm [182] .

Table 8.2 also contrasts the performance of the various waveguide platforms using the
dispersion-based figure of merit FOMp at 1.55 pm. In this case, the dispersion en-
gineered silicon nanowire exhibits the best FOM. Note that while the chalcogenide
(As2S3) rib waveguide presented in Table 8.2 exhibits a large GVD at 1550 nm, there
have been demonstrations of dispersion-engineered chalcogenide waveguides exhibiting a
ZDW close to 1550 nm [183]. However, since the material ZDW of chalcogenide lies close
to 5 pm, precise engineering of the dispersion and shifting the ZDW to much shorter
wavelengths are more challenging tasks than is the case for silicon and silicon germa-
nium. The necessity to include large waveguide dispersion in the case of chalcogenide,
often leads to structures with very small effective areas leading to problems with cou-
pling and power handling. Those were among the reasons of preferring a silicon based

platform over a chalcogenide one for the CLARITY project.

The CMOS-compatible amorphous silicon waveguide technology has been demonstrated
to have a high nonlinear coefficient [184] and low TPA thanks to its wider band-gap
relative to silicon [185]. However, the optical properties of a-Si waveguides vary greatly
depending on the composition, atomic arrangement and the fabrication conditions [180].
Furthermore, there have also been reports of material degradation within minutes of light
exposure [186]. Nevertheless, progress has been made towards solving these problems,
and there have been numerous demonstrations of efficient nonlinear effects both at the

telecoms and the MIR wavelengths using a-Si waveguides [180, 181].

In summary, similar considerations to those presented in the fibre study above, hold for
waveguides. In addition to those, CMOS-compatibility could also be highly desired for
some applications. Furthermore, mode overlap with the device core and polarisation
insensitivity could also be factors when considering a particular fibre or waveguide de-
sign. For instance, one particular key advantage of the SiGe technology that influenced

the choice of waveguide platform in CLARITY is that the Si;_,Ge, compound offers
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continuous variation of the refractive index versus molar fraction. Subsequently, the
choice of SiGe allows matching the core/cladding index gap to that of the QCL laser
available as the MIR source. These traits, along with the strong potential that the tech-
nology has shown at both the C-Band and the MIR wavelengths, have highlighted the
SiGe platform versatility and its promise for realising a wide range of efficient all-optical

signal processing applications.



Chapter 9

Future Work

The experimental and theoretical work presented in previous chapters has highlighted
both the merits and the challenges associated with the lead silicate and tellurite fibres
and silicon germanium waveguides. This chapter presents an account of the future work
that needs to be conducted in those all-optical signal processing technologies. It suggests
directions for tackling the challenges associated with each technology and recommends

further experimental work.

Highly Nonlinear Lead Silicate Fibres

The highly nonlinear lead silicate W-type fibres have shown strong potential for applica-
tions in the NIR. The suitability to precisely tailor the dispersive properties of the fibres
together with the large values of v enabled by the W-type design are extremely attrac-
tive attributes for realising efficient phase-matched nonlinear processes, such as phase
sensitive amplification. Furthermore, the short length of these fibre devices avoids the
detrimental effects of ZDW variation along the fibre length and enables the realisation

of compact and stable systems.

A major practical limitation associated with this fibre technology is the high splice losses.
The 5-6.5 dB splice losses reported in this thesis meant that it was often necessary to use
excessively high average pump powers or modulate the pump in order to mitigate this
limiting factor. However, such solutions are undesired in practical systems where the
use of low average power CW pumps is a necessity. Consequently, in order to enhance
the performance of the lead silicate fibres and make them a viable and competitive

technology, a significant reduction in splice losses must be achieved.

The first step towards this goal is to understand the origin of these high losses. A study
must be conducted in order to ascertain the level of contribution of the various loss
mechanisms involved such as mode mismatch, Fresnel reflection and physical defects.
Such a study will help to estimate the minimum value of splice loss achievable and

conclude whether this technology can be competitive.
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The loss originated due to the modal mismatch between the lead silicate fibre and the
SMF can be theoretically alleviated through the adoption of a taper. This option must
be explored to assess the level of improvement that it can provide. Furthermore, an
understanding of the degree of the physical damage that the fibre endures during the
splicing process will help determine whether such damage constitutes a limit on the
minimum loss achievable. Overall, a reduction of the splice losses to 0.5-1 dB would
significantly increase the potential of this fibre technology and address the practical

constraints associated with power efficiency [100].

Another factor that can lead to an improvement in the performance of processing systems
based on lead silicate fibres is a reduction in the fibre propagation losses. While some
progress has already been attained towards this goal, the record loss figure of 2.1 dB/m
achieved for the second generation of lead silicate fibres is still considered to be moderate.
A further reduction of the loss figure towards the material loss of the bulk Schott SF57
glass of 0.3 dB/m [187] is expected to be achievable. Indeed, the fabrication team at the
ORC has already drawn other MOFs made from the same lead silicate glass with loss
figures of approximately 1 dB/m [22, 23]. Such an improvement would yield an increase

in the v Lesy figure of merit by approximately 22%.

Experimentally, the benefits of the novel dispersion profile of the W-type fibre could
be better demonstrated by implementing a 1-pump non-degenerate PSA in the fibre.
This is because, in contrast to the 2-pump degenerate scheme reported in this thesis
which is inherently single channel, a 1-pump non-degenerate PSA is WDM-compatible.
Implementing a PSA using this scheme would thus illustrate the practicality of this
fibre technology by demonstrating the wideband parametric gain enabled by the low
and flattened dispersion profile of the lead silicate W-type fibre and required by WDM

systems .

It was not possible to carry out BER tests in my experiments, since the regenerator

operated in

Another important experimental assessment would be the characterisation of the perfor-
mance of a PSA-based phase and amplitude regenerator based on this fibre using BER
tests. It was not possible to carry out BER tests in the regeneration experiment reported
in Chapter 4, since the regenerator operated in burst mode which made synchronising
the data signals with the optical modulation analyser (OMA) an extremely challenging
task. However, once the splice losses are reduced, CW pumps could be used which would
alleviate the synchronicity problem. BER tests can then be used to appreciate the long
term performance of the lead silicate fibre as a phase regenerator and benchmark it
against competing technologies. In particular, the benefits of having a compact system
enabled by the short length of the lead silicate fibre are expected to reflect in a more

stable system and a superior BER performance.
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Highly Nonlinear Tellurite Fibres

The work on highly nonlinear tellurite fibres has demonstrated the potential of this
technology for applications both at the NIR and MIR. The fabricated tellurite fibres
have shown low losses across the 1-5 um wavelength region, thus confirming the effec-
tiveness of the preform preparation procedure developed at the ORC in reducing the
OH-induced absorption of the glass. Furthermore, the simple step index fibre design
provided an effective route in precisely engineering the dispersive properties of the fibre
for applications requiring broadband FWM-based MIR to NIR wavelength conversion.
However, the moderate values of v of the fibre together with the poor modal mismatch
between the 2 yum pump and the MIR signal are predicted to negatively impact the

FWM process and result in low values of conversion efficiency.

An important future direction would thus be to investigate alternative fibre designs to
the simple step index structure reported in this thesis. Adopting a more complex fibre
design structure such as a holey or a wagon wheel (WW) structure [188], is predicted to
give rise to higher values of fibre nonlinearity and improved FWM conversion efficiency
figures. However, such designs are also expected to have some drawbacks. The surface
roughness of such structure is expected to give rise to higher fibre losses in the NIR.
Furthermore, the power coupling efficiency is also expected to drop relative to the simple
step index structure. A full detailed study into the trade-offs of several fibre designs
needs to be conducted to conclude the design with the best nonlinear performance. The
study should also take into account the impact of structural deviations between the
design and the fabrication on the dispersive properties of the fibre. Fibre designs with
wavelength-scale core and cladding features are likely to result in strong dependence of

the ZDW position on small variation in structural dimensions.

Once an optimum design is concluded, a detailed characterisation study of loss and
nonlinearity should be conducted. The loss measurement should cover the entire 1-5 pm
region while precise knowledge of the value of v across the 1-2 um region would also be

important.

Silicon Germanium Waveguides

The work conducted on SiGe waveguides has shown the strong potential of this newly
emerging platform for all-optical signal applications at the NIR and MIR. The wave-
length conversion experiment conducted at telecommunication wavelengths has demon-
strated that an impressive performance can be achieved even for devices that had not
been specifically engineered for this purpose. Furthermore, using these devices for ap-
plications at the MIR wavelengths where TPA effects are negligible and the nonlinearity
is optimum, has resulted in record performance and demonstrated the versatility of the
SiGe devices as an all-optical signal processing platform. This has paved the way for po-
tentially realising lab-on-a-chip systems where sensing, nonlinear signal processing and

signal detection can be all realised in CMOS-compatible SiGe-based devices.
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In terms of the possible future work for this waveguide technology, a recommended
direction would be to investigate the full potential of these waveguides at the NIR wave-
lengths. To achieve such a goal, the gained understanding of the impact of germanium
on the optical properties of the SiGe alloy can be exploited to design a new generation
of SiGe waveguides showing optimum dispersive and nonlinear characteristics at the
NIR. Adopting a waveguide design with a high index contrast and smaller width and
height dimensions is expected to shift the ZDW to the telecommunication wavelengths
and result in much higher values of nonlinear coefficient v. Such a design is expected
to yield an order of magnitude increase in the value of the nonlinear coefficient making
SiGe waveguide technology a strong competitor to other state-of-art nonlinear photonic

chips.

An important demonstration of the optimised SiGe waveguides’s potential for telecom-
munications applications would be to implement a PSA-based phase and amplitude
regenerator in the waveguides. The ultra-high value of v is expected to give rise to
high PSDR figures. This would enable operating the regenerator deep in the saturation
regime where squeezing of both the phase and amplitude can be achieved. This together
with the system stability enabled by the short device length is expected to reflect in

impressive BER, performance.

Another recommendation would be to continue the work started at 2 um wavelengths.
While the experiments reported in this thesis were limited by the tunability of the laser
sources available, numerical simulations of the FWM phase matching curve of the SiGe
waveguide used indicate that the waveguide can achieve conversion of a 3.5 pm signal
to the C-band of the electromagnetic spectrum. As such, the use of an OPO as the seed
signal would be a further important demonstration of the SiGe platform’s suitability in
achieving efficient broadband MIR to NIR wavelength conversion. Furthermore, such an
experiment would also be a valuable tool in confirming the early findings of a shift in the
ZDW of the waveguide used. Further conversion efficiency vs wavelength experiments
would help verify whether the estimations of the ZDW shift are consistent with the early

findings and would inform the design of future waveguide generations.

The CLARITY project targets the production of a final generation of SiGe waveguides
designed to demonstrate broadband wavelength translation of the 4.65 um wavelength
window to NIR wavelength. This is an extremely challenging task since the experimental
observation of such broadband conversion relies on the accurate prediction of the position
of the phase matched FWM gain peaks. As such, a variation as small as 1 nm in the
estimation of the ZDW position can lead to mis-estimating the position of those peaks
and thus the failure to observe the nonlinear conversion. An accurate understanding
of the origin of the ZDW shift must then be gained in order to accurately model the
chromatic dispersion profile of the final generation of SiGe waveguides. Even when
the origin of the ZDW discrepancy is fully understood and accounted for in future

models, the accuracy of the new model should be checked against the experimental
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estimations of the ZDW. This can be done by conducting similar 2 um wavelength
conversion experiments in the final generation of SiGe waveguides to those reported in
the Chapter 7, before proceeding with the broader wavelength conversion that CLARITY

aims to deliver.
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