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ABSTRACT

This thesis presents details on both theoretical and experimental aspects of UV written fibre
gratings. The main body of the thesis deals with the design, fabrication and testing of
telecommunication optical fibre grating devices, but also an accurate theoretical analysis of
intra-core fibre gratings is presented.

Since more than a decade, fibre gratings have been extensively used in the telecommunication
field (as filters, dispersion compensators, and add/drop multiplexers for instance). Gratings for
telecommunication should conform to very high fabrication standards as the presence of any
imperfection raises the noise level in the transmission system compromising its ability of
transmitting intelligible sequence of bits to the receiver. Strong side lobes suppression and
high and sharp reflection profile are then necessary characteristics. A fundamental part of the
theoretical and experimental work reported in this thesis is about apodisation. The physical
principle of apodisation is introduced and a number of apodisation techniques, experimental
results and numerical optimisation of the shading functions and all the practical parameters
involved in the fabrication are detailed.

The measurement of chromatic dispersion in fibres and FBGs is detailed and an estimation of
its accuracy is given. An overview on the possible methods that can be implemented for the
fabrication of tunable fibre gratings is given before detailing a new dispersion compensator
device based on the action of a distributed strain onto a linearly chirped FBG. It is shown that
tuning of second and third order dispersion of the grating can be obtained by the use of a
specially designed multipoint bending rig. Experiments on the recompression of optical pulses
travelling long distances are detailed for 10 Gb/s and 40 Gb/s.

The characterisation of a new kind of double section LPG fabricated on a metal-clad coated
fibre is reported. The fabrication of the device is made easier by directly writing the grating
through the metal coating. This device may be used to overcome the recoating problems
associated with standard LPGs written in step-index fibre. Also, it can be used as a sensor for
simultaneous measurements of temperature and surrounding medium refractive index.

KEY WORDS
Optical Fibre, Fibre Bragg Gratings, Chirped Gratings, Dispersion Compensation, Long
Period Gratings.
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Chapter 1

THE ROLE OF FIBRE GRATINGS IN PHOTONICS

1.1 An Historical Overview

We could define photonics as the branch of optical sciences and technology dealing with
the way to generate and handle a very special kind of light. This light has a very high
degree of monochromaticity, coherence and directionality and it is produced by stimulated
emission, a quantum mechanical process described for the first time by Einstein in 1917,
using machines that behave like “light amplifiers”: the lasers. Actually, the advent of
photonics dates back to the invention of the laser itself when Gordon Gould, a doctoral
student under Charles Townes at Columbia University, built the first ruby laser in 1958. A
second, but not less important, advancement in the field was the fabrication of the first
optical fibre with loss under ~ 20 dB/Km, in the early seventies by Kapron et al. [1], from
Coming. By 1979 further advances in the fabrication technology resulted in a gradual
reduction of the fibre loss to only 0.2 dB/km at 1550 nm [2]. This inaugurated the birth of
the optical fibres communication era. The loss characteristics of the single mode optical
fibres determined also the choice of 1550 nm as the most suitable wavelength to operate

optical communication links: the low loss occurring at 1550 nm allows optical signals to
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propagate through very long distances without need of any regeneration. In recent times,
photonics has advanced to the point that lasers are being used in many consumer electronic
products, optical communication links have been installed on the most part of the surface
of the planet and optical fibre cables cross the oceans to connect four continents. Highly
efficient optical fibres have already largely replaced coaxial cables for long-haul
communications applications, marking the first step of a technological revolution experts
believe will ultimately results in all-optical communications. In a not so far future,
photonics will be able to do exactly the same things as electronics (as to amplify, to switch
and to process optical signals, for instance) with the only difference that photonics devices
work with optical signals in place of the electrical ones. In the research stage it has been
shown that optical fibres combined with Dispersion Management (DM) and Wavelength
Division Multiplexing (WDM) techniques can be used to transmit information at rates
beyond 1 THz [3]. The transmission of dozens of channel at 10Gbit/s in submarine cables
through thousands of kilometres is already a commercial reality. The real limit to the speed
transmission is today represented by the fact that, at some stage it is necessary to
electronically manipulate the optical bit stream. As the electrons move in an electrical
circuit comparatively much slower than the photons in a optical fibre, the more the data
transmission speed grows, the less electronic devices are able to adapt to the performances
of optical components (this is true, for instance, in the case of electronic light detectors).
The strategic importance of photonics for modern telecommunications is evident if we
consider the exponential growth of Internet related technologies (as in the case of real time
audio and video conferences, for instance). The Internet “revolution” put the global
communication systems under very high pressure and as a result, the demand for faster and
more reliable optical components (if possible, also at low cost) is now higher than ten years
ago and increases continuously. Between the many available technological options, fibre
gratings are maybe the most versatile and potentially offer a solution to some of the many
technical problems encountered for the implementation of the next generation of optical
transmission systems. The successful commercial acceptance of fibre gratings probably
depends on the easiness of fabrication and low cost. Moreover, fibre gratings are ideal

because of their small size facilitating the fabrication of less bulky devices.

1.2 The Discovery of Doped Fibre Photosensitivity

Fibre grating technology derives directly from the quite accidental discovery that optical
fibres are sensitive to some kind of laser light. This phenomenon is today known as

“photosensitivity” of doped optical fibre. Photosensitivity is a non-linear effect which
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enables an index grating, i.e. a periodic perturbation of the refractive index, to be written
directly in the fibre core. The interest in fabrication of fibre grating based devices has
started immediately after the phenomenon was observed for the first time in germano-
silicate fibres in 1978, at the Communication Research Centre of Ottawa (Canada) by Hill
et al. [4], [5], and this field has advanced today at the point that very complicated
structures can be written in optical fibre. In the first experiment by Hill and co-authors, the
blue laser radiation at 488 nm was back-reflected by the fibre end then producing a
stationary wave pattern (by interference between the incident light and the 4% back-
reflected) which is responsible for the formation of the grating. The more the strength of
the grating increases, the stronger becomes the intensity of the back-reflected light, until a
point where saturation is reached and nearly 100% of the incident light is reflected back.
The underlying mechanism for optical inscription of the grating in the core fibre remained
something of a mystery for about a decade. It is now clear that a two-photon absorption
mechanism of the blue (488 nm) or green (514.5 nm) laser light, i.e. the absorption of two
photons to higher-lying energy level, initiates the ionisation of oxygen-deficient bonds (so
called “defects”) whose absorption band is centred at 254 nm. The electrons released in
this process are re-trapped at other sites. The final result of the process is a refractive index
change in the silica that is permanent also after that the laser used to write the grating is

switched off [6-8].

1.3 Fibre Gratings Fabrication and Their Applications

A decade after Hill’s experiment, Meltz et al. [9] proved that ultraviolet radiation at
244 nm could be used to form gratings at any reflecting wavelength by illuminating the
fibre through the side of the cladding making use of two intersecting beams of UV light
(holographic method). By using this method, the period of the interference maxima and the
index change can be set by the angle between the two beams and the UV wavelength. They
also made clear that the strength of the grating obtained was proportional to the square of
the light intensity of the laser used to write it. At the same time, different techniques, like
hydrogen loading and flame brushing, were developed to enhance the magnitude of the
photosensitivity in standard telecommunication fibres [10], [11]. But the most significant
technical achievement is probably represented by the introduction of the phase-mask as a
means to write fibre gratings. The phase-mask is a flat slab of silica glass which is
transparent to UV light and contains a one-dimensional periodic surface relief etched on
one face. The relief is made by the use of photolithographic techniques [12-15]. Still today,

the phase-mask is one of the most used methods to fabricate fibre gratings: this is because
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it is very easy to use and offers a reliable way for fabricating gratings at commercial scale
The fibre is irradiated from the side with two coherent UV beams that interfere producing.a

periodic interference pattern that writes a corresponding periodic refractive index grating

in the core of the optical fibre, as schematically shown in Fig. 1.1.
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Figure 1.1 Schematic of the technique used for writing fibre gratings inside the core of a
Ge-SiO; optical fibre by a phase-mask irradiated by a 244nm laser UV beam.

Ultraviolet light which is incident normal to the phase-mask passes through it and is then
diffracted by the periodic corrugation of the phase-mask. Most of the diffracted light 1s
contained in the 0, +1 and —1 diffracted orders. Ideally, the zero order is nearly totally
suppressed and approximately 40% of the total light intensity is equally divided between
+1 and -1 diffracted order. The growth of the grating with time is usually monitored using
a broadband source and an optical spectrum analyser. The combination of beam
characteristics and power necessary for fibre gratings production is usually delivered by an
excimer or a frequency-doubled argon ion laser (even if it has been shown that fibre

gratings could be also written using other sources or a different writing mechanism, as for
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instance in the case of a CO; pulsed laser, without exposure to UV light, where the grating
is obtained by the periodical defects created by a periodical “burning” of the fibre core)
[16]. Argon laser offers excellent spatial and temporal coherence, stable output power, and
good beam uniformity then it is usually preferred to the excimer laser. Nevertheless, the
magnitude of the refractive index change depends on several different factors as the
irradiation conditions (wavelength, intensity, and total dosage of irradiating light), as well
as on the composition of the glassy material forming the core and/or any process on the
fibre prior the exposure to UV light. Typically, an exposure to UV laser light at intensities
ranging between 100 to 1000 mJ/cm?* accounts of an increase of the core refractive index in

a Ge-SiO; optical fibre with a magnitude ranging between 1010 107
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Figure 1.2 Schematic linear periodic optical medium simulating a one-dimensional
refractive index structure of a (Bragg) fibre grating.

A first qualitative idea on how a fibre grating works can be obtained when we consider a
linear period medium as the one shown in Fig. 1.2. In such a periodic structure the

modulation amplitude is assumed to be small (8n <<n,, ). If the modulation is not
sinusoidal, 8n represents the amplitude of the lowest Fourier component. When light
propagating through such a medium has a wavelength A, =2n, A (Bragg condition),

A being the period of the modulation, exactly half a wavelength fits inside each period. As
a consequence, the light Fresnel-reflected off interfaces which are an integer number of
periods apart, is all in phase, leading to a strong reflected wave. Clearly, at wavelengths far
from the Bragg condition, the light reflected off the various interfaces is mutually out of
phase then it can propagate through the structure essentially unperturbed.

Actually, we could consider fibre gratings as directional couplers and group them in two
different categories: Bragg Gratings (FBG’s) and Long Period Gratings (LPG’s). The two
classes are determined by the different behaviour of each device. Fibre Bragg gratings have
period shorter then 1um and couple forward and backward propagating modes inside the
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core fibre opening up a photonic band gap: while frequencies inside the gap are reflected,
frequencies outside the gap can travel nearly unaffected. Unlike FBG’s, long period
gratings have a period of few hundreds of micrometers and behave in a totally different
way. Figure 1.3 schematically shows the difference between the two classes. In the case a)
the light incident on the grating is back-reflected by the periodic structure in the core. In
the case b) instead the grating diverts the light from the core into the fibre cladding, where
it can travel for many meters before being lost to scattering or absorption, or to be coupled
back to the core again. The relation between the period A of the fibre grating and the

wavelength A of the incident light determines which of the two cases will occur.

(ARRRRRRRRRRRRARRRIREN Core

Cladding

| | | | | [ Core
Cladding

Figure 1.3 Different behaviour shown by Bragg and Long Period Fibre Gratings: a) a
FBG behaves as a counter-directional coupler working in reflection and coupling the
back-propagating fundamental mode to the forward-propagating one in the core of a
single mode fibre, b) a LPG is a co-directional coupler working in transmission and
coupling the fundamental mode travelling in the core of a single mode fibre to multiple
cladding modes.

To back reflect a light beam at a wavelength around 1550 nm, the grating must have a
period A ~ 0.5 pm. To couple the light from the core fibre into the cladding, the grating
period A is much longer (generally in a range between 400 and 600 pm) and 1t 1s for that
reason that we refer to such gratings as “Long Period”. The fundamental guided mode
propagating in the core of a single mode fibre is coupled to forward-propagating cladding
modes by the optical grating. Because the cladding of a single-mode fibre can support
many cladding modes, the spectrum of the LPG has many resonance peaks. As the spectral

resonance peaks can be shifted by the refractive index change of the surrounding medium
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around the fibre cladding itself [17], LPG’s have found many applications as very accurate

sensors. Actually, in nearly 25 years since they were discovered, fibre gratings have found

application in many different fields: optical communications, lasers and amplifiers as well

as a range of optical-based sensors have all benefited from the techniques allowing

inscription of the grating directly into the fibre. Among the many applications of fibre

gratings we mention the following:

Optical filters: As fibre gratings can be fabricated with a very sharp reflection profile
and high reflectivity, one of their most obvious applications has been, since the very
beginning, the use as a narrow-band reflection filter. A full variety of optical filters
has been realised so far: bandwidths between 6 GHz and 2 THz at 1550 nm, and
reflectivity up to 100% are made possible just varying the length of the grating and/or
the induced refractive index change. Filters with a more or less sophisticated degree
of complexity (from apodized FBG’s to Fabry-Perot filter with finesse up to ~ 1000,
to bandpass filters) are today commercially available [18-23].

Fibre lasers: Another quite direct derivation of fibre grating technology is the all-
fibre laser. In the case of fibre lasers the gratings are used in place of the mirrors in
the laser cavity, forcing the laser to operate in a single longitudinal mode. This kind
of laser offers also the advantage that it can be tuned by temperature or strain [24-26].
Distributed Bragg Reflector (DBR) lasers: A laser can be directly modulated by
coupling a fibre grating to the light generated from an anti-reflection coated facet.
This can provide a source of short optical pulses without recurring to an external
modulator [27], [28].

Add/Drop (MUX/DEMUX) devices: Fibre gratings have proved to be critical
components in lightwave applications. Actually their wavelength selective nature
make them ideal for implementation of devices such as optical taps, wavelength
switching add/drop nodes or channel selectors/couplers in WDM systems [29-33].
Dispersion compensation : As chirped fibre gratings exhibit a large dispersion in
reflection, they represent a valuable option for the in fibre compensation of chromatic
and/or high order dispersion. Dispersion compensation can be achieved using short
length of fibre with the advantage that the compensating element is compact but also
introduces negligible loss penalty. Several significant experiments on dispersion
compensation have been reported to date and new records on transmission length and
bit rate are continuously established. Techniques to tune the grating

dispersion/wavelength have been developed making these devices suitable for very
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sophisticated WDM transmission systems. Recently, fibre gratings-have also found
application for the compensation of Polarization Mode Dispersion (PDM) [34-39].
Optical switching : The study of nonlinear propagation of high intensity optical
pulses in fibre gratings (generating grating or gap solitons by Kerr effect) [40-42]
favourites the advancement of techniques for all optical switching of pulses in optical
fibres. The nonlinear phenomena occurring inside the grating, when high intensity
laser beam interacts with it, can also be used for generating fast pulses from a CW
beam [43], [44].

Optical signal processing : Fibre gratings offer a convenient way to spectrally shape
optical pulse [45]. Today it is possible to fabricate super-structured fibre gratings with
very complex amplitude and phase response. These new kind of gratings can be used
to perform fundamental Optical Code Division Multiple Access (OCDMA) functions,
as coding and encoding of chip patterns [46-48]. Chirped fibre Bragg gratings have
been used to generate high frequency pulse streams or, with an appropriate design, to
realize a real-time optical Fourier transformer [49], [50].

Optical based sensors: Because of the high sensitivity to strain and temperature,
fibre gratings are excellent for sensing applications [51], [52]. Sensors have been
realized to detect temperature, strain and even the presence of chemicals around the
fibre cladding. These sensors are very attractive also because they are insensitive to
the electromagnetic fields and, unlike electrochemical sensors, do not need a
reference electrode.

Microwave photonics: In the last decade a growing interest has been shown in the
emerging field of microwave photonics. Microwave fibre-optic links have several
advantages when compared to conventional coaxial or waveguide links including
reduced size and weight, low and constant attenuation over the entire modulation
frequency range, imperviousness to electromagnetic interference, wide bandwidth,
low dispersion and high information transfer capacity. These advantages mean that
they are currently being considered for a number of applications including personal
communications networks, millimetre-wave radio LANs antenna remote broadband

video distribution networks and signal distribution for phased array antennas [53-55].

1.4 Overview on the Following Chapters

This thesis deals with both experimental and theoretical aspects on UV written fibre

gratings. Even if the most relevant part of the work is about design, fabrication,

measurement and testing of optical fibre grating based devices for telecommunications
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purposes, some issues more related to the field of optical fibre sensors have been equally
taken in consideration. A detailed theoretical background has been provided in the attempt
to give the most general and clear description of the phenomena under investigation.
Numerical modelling has also been implemented (whenever possible) and the results

obtained from theory compared with the experimental data.

Chapter 2 is the starting point of the thesis and gives a complete theoretical background on
fibre gratings. Coupled-mode theory, an essential instrument for understanding the
behaviour of fibre grating, is introduced. The basic equations used for calculating the
spectral response of FBG’s (counter-propagating modes) and LPG’s (co-propagating
modes) is developed and analytical solution for uniform gratings is given. The Transfer
Matrix Method (TMM), also called “piecewise uniform”, is introduced for all the

calculation to be made on non uniform gratings.

Chapter 3 deals with the apodisation of optical fibre gratings. We show that apodisation
techniques represent a very important step in the control of the spectral response of a fibre
grating, as well as in the reduction of the amplitude of group delay ripples (source of noise
for all the telecommunication applications) in chirped gratings. The methodology used for
the fabrication of apodized gratings is detailed and the underlying physical principles are
investigated. A numerical model, based on TM method, is implemented and the results
obtained by the simulation are compared to the experimental spectra. The implemented
numerical model is a valuable tool for the experimental optimisation of all the practical
parameters (such as the strength of the grating or the type and width of the apodisation

function) used for the fabrication of apodised structures.

Chapter 4 investigates the origin of dispersion in single mode fibre (SMF) and the
possibility of its control by the use of fibre gratings. A study on the accuracy and
optimisation of the measurement of chromatic dispersion (based on the estimation of the
group delay ripples), using the modulation phase-shift method, is carried on. The
dependence of results on the modulation frequency is investigated. In a final section of the
chapter, the study on the spectral (short wavelength losses) and temporal (time delay)
characteristics of chirped gratings is presented and a comparison is made between apodised
and unapodised grating case. An experimental demonstration of temporal Talbot effect, 1i.e.
the generation of high-repetition-rate streams of optical pulses, by the use of linearly

chirped FBG’s is also given.
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Chapter 5 is an investigation on the possible methods that can be implemented to fabricate
tunable fibre gratings: thermal and mechanical tuning are considered with respect to
advantages and disadvantages of each method. The principle of tuning second and third
order dispersion by using a distributed strain applied on a chirped fibre grating is illustrated
and mechanical tuning of the dispersion and slope for the case of a linearly chirped grating
by a multipoint bending rig is demonstrated. An analytical model is developed enabling to
calculate the amount of dispersion and slope delivered by the fibre grating for a given
applied strain (direct problem) or, in alternative to derive the bending profile to be used to
get a given dispersion (inverse problem). An experimental investigation on the
transmission of optical pulses (in linear regime) at 10 Gb/s and 40 Gb/s is performed.
Numerical modelling of the implemented tunable dispersion device is performed and the

results obtained are compared to the experimental data.

Chapter 6 is about metal-clad coated fibre gratings. We used both FBG’s and LPG’s for
our measurements. FBG’s sensors coated with a large thermal expansion coefficient metal
show an higher temperature sensitivity than the ones in bare fibre. In the case of LPG’s
coated with a metal, the devices behave as loss filters ideal for gain flattening of erbium-
doped amplifiers or applications requiring the spectral control in general. The metal
coating of the fibre has been obtained by using a sputtering machine (method that
guarantee the maximal accuracy in the control of the thickness of the metal coating and of
the cylindrical geometry as well). We investigate the case of silver coating and we show
that, because of the very thin skin dept of the silver in the UV light region, it is possible to
write a grating in the core of the fibre trough the silver coating. We proves that the grating
written inside a three layers structure (made by fibre core, cladding and metal coating) is a
very sensitive device for the detection of strain, bending, temperature and surrounding
refractive index medium. An extension of the theory presented in chapter two to the case of
metal coated fibres is also given. An extensive experimental investigation on sensing

characteristics of a new LPG double-section silver coated device is performed.

Chapter 7 is the final chapter. It presents the conclusions of the thesis and summarise the
most essential finding of this work with special attention to the possible future

developments.
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We end this introductory chapter by providing a summary of the principal achievements

and novelty characters that have been reported in the present thesis:

e The coupled-mode theory formulated in chapter two, represents a generalisation
of the usual more basic theory (see [56] for instance) and has the advantage of
being a more flexible calculation tool, as it enables to calculate the coupling
coefficient on the base of the real fibre parameters (the real core and cladding
size, the core-cladding refractive index difference or the used envelope of the
index perturbation, for instance). By using such a generalisation the theory results
more easily adaptable to the real case and predicts in accurate way how the
experimental parameters must be varied to get an experimental spectrum
matching at the best the calculated one.

o A novel grating apodisation technique based on a variable speed double exposure
method and the use of a unapodised phase mask is detailed in chapter 3.

e A new comparative numerical study on the five most common apodisation
functions is carried on without the use of any commercial packages for the
simulation of fibre gratings (the code has been written on the base of the theory
developed in chapter two by using Matlab).

e A novel experimental characterisation of the modulation phase-shift method,
used for the measurement of chromatic dispersion in both fibre and FBG’s, has
been performed. The estimation of the errors and effect of the modulation
frequency on the measurement has been considered.

e« A new attempt to characterise the group delay ripples in chirped FBG’s by a
statistical approach based on Fast Fourier Transform method has been developed.

e A novel interpretation of the physical mechanisms inducing abnormal spectral
response in linearly chirped FBG’s has been presented.

¢« An extensive theoretical and experimental characterisation of a totally new
tunable dispersion compensator device, working on the application of a variable
distributed strain to a chirped FBG by the use of a multipoint bending rig, is
given in chapter five.

e« A new tunable optical filter, working on the same principle than the tunable
dispersion compensator, is experimentally characterised.

o« A new two-section metal coated device, used as strain, bending and external

refractive index sensor, is experimentally characterised in chapter six.
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Chapter 2

FIBRE GRATINGS THEORY

2.1 Chapter Overview

This chapter is an introduction to the essential theoretical background used for the
description of a large number of distributed feedback waveguide devices, in-fibre gratings
included. The first paragraph of the chapter is a detailed analysis of the Coupled-Mode
equation method. Because of its simplicity and physical intuitiveness, this method has
already been fruitfully used as a preferred approach in understanding the behaviour of fibre
gratings but also as an helpful tool for the design of more sophisticated in-fibre structures.
The literature on the subject is vast and many good quality books and papers have been
published up to now. The paper of Haus et al. [1] is a good general review of the most
important aspects of the theory. We establish the most general form of Coupled-Mode
equations, then we use the method to find the exact expression for the reflectivity
(contradirectional coupling) and transmittivity (codirectional coupling) of a uniform
grating. Moreover, in the case in which the coupling coefficient is a function of the axial
coordinate z, the Transfer Matrix Method (TMM) is introduced as a numerical complement

for the solution of the equations.

30



2.2 Coupled-Mode Theory

Broadly speaking, fibre gratings are periodical refractive index perturbations written
directly in the core of the fibre using the fringes produced by two interfering UV laser
beams, or also by the diffracted pattern of the light obtained from a phase-mask. The
behaviour of both Fibre Bragg Gratings (FBG) and Long Period Gratings (LPG) presents
strong analogies with the behaviour of directional couplers: indeed fibre gratings “couple”
back and forward travelling modes inside the core or between core and cladding of the
fibre. Fibre Bragg gratings can be regarded as a special case (one-dimensional) of
“photonic band-gap” devices [2]. When the light travelling in the fibre core meets the
grating, the frequencies inside the band gap are back-reflected, while the frequencies that
are outside of the band gap can propagate through the grating nearly unaffected (with just
a slower speed than the speed of light in a normal silica waveguide in the absence of the
grating [3], [4]). In the case of Long Period Gratings instead, the fundamental guided mode
travelling in the core of the fibre is coupled to the forward-propagating cladding modes:
light is diverted from the core to the fibre cladding, where the cladding-air interface forms
a total reflection surface allowing the light to travel for many meters before being lost or be
coupled again into the core.
Coupled-mode theory represents the theoretical foundation of fibre gratings (but it is also
used for a large class of guided wave components in integrated optics). The theory,
developed in the mid fifties to analyse the behaviour of microwave directional couplers [5-
7], describes the evolution of the optical field under the influence of directional coupling
and starting from quite general premises, it can make very accurate predictions about the
spectral response of the grating.
We consider an optical medium in which the dielectric permittivity e varies periodically
along the wave-propagation direction z:

e(x,y,z)=e(X,y)+Ae(X,y,2) (2.2.1)
Here ¢ (x,y) represents the unperturbed part of the dielectric permittivity and Ae (x,y,z) 1s
periodic along the z direction (fibre axis) and is the only periodically varying part of the
dielectric permittivity. We consider Ae (x,y,z) as a small perturbation that couples the
modes of the unperturbed waveguide (the implicit assumption of the theory is that the field
of the coupled structure may be represented by a linear superposition of the modes of the
unperturbed structure). The normal propagation modes inside the structure described by

¢ (x,y) are known and can be written as:

£ (x,y)e Pmset) (2.2.2)
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where the mode subscript “m” can be either continuous (unbound modes) or discrete
(confined modes) [8-10]. The normal modes in (2.2.2) are solutions of the following wave

equation:

(V2 + 0o e(x,y) - B2 8w (x,y) = 0 (2.2.3)

The transverse component of the electric field vector in the unperturbed medium can

always be expressed in terms of a linear combination of normal modes:

E,(X,y,z,t) = % {Z A B, (X, y)ei(ﬁ“‘z_“’t) +c.C. 2.2.4)

m
where the “A,’s” are constant coefficients. Such an expansion is a consequence of the fact
that these modes constitute a complete set (normalized to a power flow of 1 W in the
direction of propagation z).

The orthogonal relation of the modes can be written as follows [11]

%Tde dy(E,, xZ1,) =5, (2.2.5)

—00 —00

where é , 18 the magnetic field associated with the mode E” .

If the modes Em satisfy (2.2.3), the orthogonal relation (2.2.5) becomes:

+o0 400 . ~ 5
[ ] axay élp(x,y)-iw(x,y):%ﬂ&p (2.2.6)
-0 —w K

where 8, is the Kronecker delta symbol for confined modes and the Dirac delta function

for unbound modes.
We want to analyse now the propagation of the unperturbed modes in a medium described
by the perturbed dielectric permettivity (2.2.1). The mathematical approach consists in
expressing the electric field as an expansion in the normal modes of the unperturbed
dielectric structure, where the expansion coefficients clearly depend on z, as for Ag =0
the waves in (2.2.2) are not eigenmodes anymore [12-14].
Assuming that the field contains forward and backward propagating modes, we can write
its transverse component as:

E,(x,y,2,t)= %{Z [Am (z)ePm® 4 Bm(z)eﬂiﬁmzlgtm(x, y)e et 4 c.c} (2.2.7)

m

By inserting equation (2.2.7) into the following perturbed wave equation:
{2+ 0716 (x,y) + A (x,y,2)] | E =0 (2.2.8)

and using (2.2.3), we find:
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d’A . dA, | . |d°B _dB. | Lpa| -
Z{ d”—d—} “ +{dz;‘z% d} ) =

—o’u, Z Ae(x,y,z)lAV etPv 4 B, e_iB"ZJEW(x,y) (2.2.9)

We assume further that the perturbation of the dielectric medium is “weak”, so that the

variation of the mode amplitudes is “slow” i.e.

d’A, ; A |d’B, | 5 4B 2210
— << << 2.
dz2 B dzl an 1d22[ K odz
then neglecting the second derivative in (2.2.9) we have
, dA, . dB, gz |-
2125{"@16 e “}é‘“("’”:
—0’, Z Aa(x,y,z)lAV e + B, e"iﬁvZJEw(x,y) (2.2.11)

If we take the scalar product of equation (2.2.11) with E:“ (x,y), integrating over all x and
y and using the orthogonal property of the normal modes (2.2.6), we finally obtain:
dA, Bz dB,
dz dz

—-if,z
e Pur _

® oo oo ' ‘ ) )
i-Z J. J. dx dy Z AS(X,y, Z) [Av eBvz | B, e—lBVZ]E_;:u (X,y)' éw(x,y) (2.2.12)

We introduce now the transverse coupling coefficient between the modes p and v defined

as follow

8
§

Ky (2) = dxdy Ae(x,y,2) &, (x,)-&,,(x.y) (2.2.13)

~lE
§ t——y
8 ———

leading to real and positive quantity for a positive Ae.
We can finally write the equations governing the evolution along the z-axis of the

amplitudes A, and By, of the p-th mode as follows:

d:x“ =1 z A, (KLH + Kiu)ei(ﬁvﬁﬁ“)z +1 Z B, (Kf,u - Kf,u)e_i(ﬁ‘ﬁﬁ“)z
de ' Y (2.2.14)
dZLl = Z Ay (Ki’u - K%’H)ei(ﬁku)z - 2 B, (Kt/u + Kiu)e—i(ﬁv—ﬁu)z

We notice that considering the longitudinal component of the field E, results in an
additional coupling coefficient x,. Nevertheless, as in a standard optical fibre such a

coupling coefficient is generally much smaller in comparison with the transverse one
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K\Z,“ (z) << Kﬁ,“ (z), we can neglect it as a first approximation. Equations (2.2.14) constitute

a set of coupled linear differential equations showing the change in the amplitude of each
mode i as a function of the perturbation Ae to the permettivity, the modal transverse field
distribution, and the amplitude of all other modes present in the waveguide.

The perturbation Ae is the result of the phase grating written by UV laser directly in the

fibre core, and the index profile of the fibre can by expressed as follows [15], [16]

nco(x,y,z): ng {1+o(x,y,z) I:1+pcos(%§—z+d)(z)ﬂ} , r<r,

n(x, y,z) = n, ) I, <IT STy

n , I>ry

where n,, ng and n are the unperturbed refractive indexes of the core, the cladding and the
surrounding medium (air), respectively, A is the period of the index modulation (grating
period), p is the visibility of the fringes (0 <p<1), d(z) describes the grating chirp and
o(x.y,z) is the envelope of the index perturbation. For a small index perturbation (c<<I)

we can assume Ag = € A(n2)§ 2g,nAn, then:

2g ncoo(x,y,z){lﬁLp cos(—zf—zwLCD(z)ﬂ , r<r,

0 , r>r,,

Age (x,y,z):

We could also distinguish between two different contributions to the coupling of the modes
in the structure, a dc (period-averaged) and an ac coupling leading to the following

coupling coefficients:

Kgons(2) = 580 gy [] dx dy olx,y,2) i (63)- £ (o)
(2.2.15)

Kac,vp (Z) = % ch,vp (Z)

This allows us to write the coupling coefficient as

K}, (2) = Ko um (z)+2 Kac,vp(z) cos l:—z—l{zz + (D(Z):\ (2.2.16)

2.3 Solution of Coupled-Mode Equations for Uniform Gratings

2.3.1 Counter-directional Coupling
The behaviour of fibre Bragg gratings presents many analogies with the behaviour of other
periodic dielectric structures that couple counter-propagating modes [17-19] and it can be

fully described and understood using the coupled-mode theory. In the special case of
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FBG’s, the coupling occurs between the forward-propagating and the grating back-
reflected part of the same fundamental guided mode travelling in the core of the fibre. As
the difference An in the core-cladding refractive index of a standard single mode
telecommunications fibre is usually less than 1%, we can use the weakly guiding
approximation in our analysis (the modes inside the structure are supposed to be Linearly
Polarized (LP)).

Inside the grating and around the wavelength at which the reflection of LPy; core mode
occurs, the dominant interaction is between the amplitude A®(z) of the forward-
propagating part of the mode with an identical counter-propagating part of amplitude
B®(z). Retaining only the terms that involve A® and B and making use of the
synchronous approximation [20], we can write the coupled-mode equation for the fibre

Bragg grating as follows:

dA® | o o _ -i| 871 2~ @(z)
i A iR pe ¢ 1T
dz 2
[ J (2.3.1)
dB® . co—coyeo  : P coco gco 68(1):8? 7= ®(z)
=-1Kg qB" —1Z-Kg o A™ €
dz 2
e co—co co 2 . :
where, by definition, 84,5, =2 By, N is the detuning parameter.
The coupling coefficient can be calculated as
co—Cco __ TN, co 2
Koi-o1 = A Z, H dx dy C(X,}CZ) Eor, (X’Y) (23.2)

core
where Z, =./Hy/€, is the vacuum impedance and &f;l’l(x,y) 1s the transverse vector

component of the LPg; core mode field inside the core region [21]

s‘;xx,y):mo(@ }

rC (o]

r<r, (2.3.3)

co

Here I' is a normalization constant based on a total power carried by the mode of 1 W:

i
27Z.b |2 1
= 0 2.3.4

Lr ncl(l+bA)} r Jl( - 1—b) ( )

co

and v is the normalized frequency
2
V:T“rwnwﬂ/m (2.3.5)

A=(n, —ngy)/n, is the relative index difference and b is the normalized propagation

constant of the fundamental mode:
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2 0
E__ 2 81

kz ¢ k c 2
b:nzo 02 Eno 0 k():%:ﬁ_’ from which  Bg] =k, ngy o) = }Ln ng(1+bA).
co el co ~ ‘el

For each allowed mode, the dependence of the normalised propagation constant b from the
normalised frequency v is known as dispersion relation and, for the modes propagating in

the fibre core, is obtained by solving the transcendental equation [17]

V\/—— £+1(V v1-b) V-\/g Kl?+1 (V‘/g)

(2.3.6)
1,(v/1=b) K,(v/b)
or the mathematically equivalent one
el tI=h) K () 237)

J,(vW1-b) K, (v4/b)

A plot of the dispersion relation of the core mode LPy; in a step index single mode fibre at

1550 nm is shown in Fig. 2.1.
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Figure 2.1 Dispersion relation for the fundamental core mode LPy; numerically calculated
(using the weakly guiding approximation) at 1550 nm in a single mode step index fibre
having a core-cladding refractive index difference A=0.0028, a core radius re,= 6 pm, and
a cladding radius r¢ = 80 pm.

As the LPy; mode is the only mode allowed in the core of a single mode fibre we can

simplify the notation without any risk of misunderstanding:
A=A B®=B  «xgg=2x 83 =0 and p=1.

If we introduce, by definition, the two amplitudes R(z) and S(z) as follows:
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we can rewrite the coupled-mode equations (2.3.1) in the following very simple form:

%—R—:isRHKS
dSZ (2.3.8)
—=—1kR -1eS
dz
where 8221<+l 6-d—cp .
2 dz

The physical meaning of ¢ is as follows: % 8 is the detuning and indicates how rapidly the

power is exchanged between forward and backward travelling modes, k influences the

: . 1do :
propagation due to the refractive index changes and the term 4, takes in account a
z

possible chirp of the grating period A.

R(-L/2)=1

R(L/2)

O )
5

N S(L/2)=0
> =

-L/2 0 L/2

Figure 2.2 Boundary conditions used for the solution of coupled-mode equations (2.3.8)
in the counter-propagative case.
For a uniform grating along the propagation axis z we have that o(x,y,z) = o(x,y) and

d®/dz=0, i.e. both € and « are constant coefficients. Then Egs. (1.3.6) are a couple of

first order ordinary differential equations with constant coefficients. A close-form solution
for these equations can be found when appropriate boundary conditions are specified. We
suppose that our dielectric medium is not dissipating power and that there is not backward

going wave for z>L/2 so that S(L/2)=0. Finally, the condition R(-L/2)=1

corresponds to a forward going wave coming from z = —ow. The solution of the coupled-
mode equations gives the following expression for the amplitude reflection coefficient of
the grating:

_S(=L/2) —x sinh (o L)
P R(-L/2) - esinh (o L)+ic cosh(a L)

(2.3.9)

37




where o = vk’ —¢” .
The reflectivity of the FBG, i.e. the power reflection coefficient, is then:
2 k2 sinh?(a L)

S cosh?(o L)—g?

R =|p] (2.3.10)

The maximum reflectivity, that occurs when € =2k +§ =0 , is R =tanh?(x L)and it

occurs at the wavelength
A
Mna = (2.3.11)
1-2x—
n

A useful measure of the bandwidth of a FBG is the separation between the first zeros on
either side of the spectral peak that can be calculated equating the numerator in (2.3.10) to

zero, which results in:

2
£ =k 1+(~’1—] (2.3.12)
kL
Assuming x = 0, we have:
1 1 Ay — A
€= 2MN g (———I————Jz 2TN g 0 ——— (2.3.13)
max max
Combining equations (2.3.12) and (2.3.13), we find that the bandwidth AA :2(kmax—k)
between the first zeros is given by:
A2, LY
A) =—max 1+(-‘i~) (2.3.14)
N L T

For the case of a uniform Bragg grating written in a step index fibre the envelope of the

index perturbation o(x,y) is a constant:

( ) c forr<r, 23.15)
X,y)= 3.
oY 0 forr>r,

Using (2.3.3) and inserting (2.3.15), the coupling coefficient in (2.3.2) becomes:

_MNn,, O e [vxll——b r}

= 2, I? qu) 6’. r dr Jg

K

(2.3.16)

rCO

Then from (2.3.4) and using the Bessel function property [22]

Jedz 15n2)= 2 [13m2) 7o)
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Reflectivity

Normalized detuning € L

Figure 2.3 Reflection spectra, calculated from Eq. (2.3.10), for a uniform Bragg grating
with a physical length L=2 cm and strength xL =1 (solid line),xL =3 (dashed

line), x L =5 (dotted line) respectively.
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Figure 2.4 Dependence of the grating bandwidth on physical length for a uniform Bragg
grating, as calculated from (2.3.14), for three different values of the coupling

coefficient: x =5 x 107° ;,Lm‘1 (solid line)) «k=15x 107 I.Lm_l (dashed  line) and
k =2.5x107* um ™' (dotted line) .
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we obtain then the explicit expression for the coupling coefficient:

LI {1 Jo(vy1- )} 2.3.17)
rng (1+bA)| T 12 (vy[1-b)

2.3.2 Codirectional Coupling

We consider the coupling between the fundamental core mode and the forward-
propagating inner cladding modes. Using an identical procedure and making the same
assumptions as in the case of counter-directional coupling, we can write the general form
of the coupled-mode equations case as follows:
GA° i A v i poe L)
ol 1o |

dB* [501 tn
—ik cl cl Bcl + IKS‘? c;lm Aco m

{m—-{m
dz

(2.3.18)

where A and B are the amplitudes of the LPg; core mode and the LP,  cladding mode

{m

respectively, 8270 =B —p¢ —Z— is the detuning parameter and the coupling

coefficients are given by (2.3.2) and

(x,y)[2 (2.3.19)

cl—cl _ co
K(’m—(?m - '[ dx dy U(X Y,
0

core

co—C T[nCO p
i =25 [[ax dy olx.y.z 2) £ (x,)-ESh (%,) (2.3.20)
0

core

The transverse vector component of the electric field of a LP, cladding mode in the fibre

core is given by [21]

cl (x,y) Y] (V : r] cos( f(p) <r (2.3.21)

£my co

where ¥ is a normalization constant based on a total power of 1 W carried by the mode

(see [23] for details on calculations), V is the normalized frequency

2
V:T"rw/zn (n,, —n) (2.3.22)

and B is the normalised propagation constant of the mode

cl
{m

Bz—kg———— from which BEI koncffemz%[n+8(nco_n)]

N, — N
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The dispersion relation for the modes allowed in the fibre cladding can be obtained, in
analogy to the case of the core mode, by solving a transcendental equation including

Bessel function [23].
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Figure 2.5 Dispersion relation for the cladding modes of order LPy,, (calculated at 1550
nm by using the weakly guiding approximation) in a step index fibre with a core-cladding
refractive index difference A=0.0028, core radius re,= 6 um, and cladding radius r.=80

.
If we now introduce the amplitudes

i( co—co_ cl-cl if cco-cl ;
R(z) =A% (2) e“}( KO]*OIJ(KF,m#m) '6'2'[501—@11’”“’(‘)}

i( co-co, cl-cl ; il cco-cl | ;
ol “SLK01-01*¥¢m—em )% 75| S01-em 2P (=)
S(z)=B“(z) e ? e ?

the coupled-mode equations (2.3.18) can be rewritten as

dR . . co-
e =ig, R+ikS¢ S
? (2.3.23)
dsS : :.co—cl
dz
where we have introduced the dc self-coupling coefficient
1 co—C 0—~CO Ci—C d q)(z)
€m ==| B01im +Ko101 + Kot — (2.3.24)
2 dz
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do
We consider the case of a uniform grating along z: o= O‘(X,y) and 4z =0 . A closed-
z

form solution of (2.3.23) can be found using the boundary conditions R(0) = 1 and S(0) =0

at the beginning of the interaction region.
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Figure 2.6 Dispersion relation for the cladding modes of order LP ., (calculated at 1550
nm by using the weakly guiding approximation) in a step index fibre with a core-cladding
refractive index difference A=0.0028, core radius r,,= 6 wm, and cladding radius r,=80

pm.

The transmittivity in the coupled state (or cross-transmission) for the coupling of the LPy,

core mode to the LP,, cladding mode is given by

T, = = sin? (o, L (2.3.25)
13 IR(O)IZ - 2 ( ¢ )
+ co—cl
Kol-tm

where Ay = \/ (K((;(l):glm)z - (Eﬂm)z :
In analogy with the counter-propagative case, we find that the bandwidth (defined as the

distance between the first zeros on either side of the spectral peak) can be written as

2
2 L Kco:clm
AN =——lmar [y £$} (2.3.26)

co—cl
L An cff n

co—cl __ _co cl
where An g™ =Ny o) — Degrpm -
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Figure 2.7 a) Representative Long Period Grating transmission spectrum (in the
coupled-state) as calculated from (2.3.27). The maximum coupling occurs between the
LPy; core mode and the LPy; cladding mode at 1550 nm (the grating is supposed to be 18

co—cl

cm long with a period A=400 um. The condition xg,_y; L = n/2 gives a value of the index

modulation o =4.36x107), b) high resolution enlargement of the peak generated by the
coupling LP01-LP04‘

The total cross transmission for coupling to cladding modes of the same order /¢ is

T,=> T, (2.3.27)

We notice that for a constant grating profile (2.3.15), the azimuthal integral in (2.3.20)

becomes

2n
J do cos (Lo)=275,,
0
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Therefore the only non zero cross-coupling coefficients are those between the LP,; core
mode and the LP,, cladding modes. The self coupling constant for the core mode is given

by (2.3.17). Using (2.3.21), the self-coupling constants for the cladding modes can be

written as

cl—ci n,o i Vy{1-B
Komeom = w2 oid rdr Jj| ——————r1 |=
0m-0 A Z, _[ ¢ 6‘. [ N

T T Tl leo T2 {52y [T-B )+ J2(V4[1- B)] (2.3.28)

xzo

Finally, we write the cross coupling constant as

. A o Idw f rdr JO(V———MrJ JO(X—— “l_Br] (2.3.29)
0

2?\2 iy

co 1CO

Using Eq. (2.3.4) and the property

J-zdz Jo(nz)Jo(Sz):

7 [-810(n2) 1(82)+n3y(82) 1y (nz)]

we obtain

comel  TeoNeo O 27" b 2 1
Ko om = co ~"co N
“om A Zon,(1+bA) v2(1-b)-VZ(1-B)

v B iz )J(v,/1~ )+ vi[1-b J,(VJ1-B) (2.3.30)
J,(v4/1-Db)

2.4 The Transfer Matrix (Piecewise-Uniform) Approach

There are practical cases (for instance in the case of apodized and chirped gratings) in
which the grating structure is not uniform along the propagation axis z, which implies

k = %(z). In such a case the coupled-mode equations become a set of two coupled first-

order ordinary differential equations with variable coefficients and a closed-form solution
is not available anymore for these equations. Apart from direct numeric integration, a
method that can be successfully applied is the piecewise-uniform approach. The idea is to
model the non-uniform grating considering a certain number of slides within each the
structure is assumed to be uniform, then associating a 2 x 2 matrix to each uniform section.
The different contributions are multiplied to obtain a single 2x 2 matrix describing the

whole grating [24-28].
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As an example of the application of the method, we consider the case of a bell-like
function apodized grating: the envelope of the index modulation can be written as

o(x,y,z)z{

o f(z) forr<r,

0 forr>r,

where f(z) is an apodization function as, for instance, a gaussian function or a one period of
square cosine.

To apply the method of piecewise-uniform to the structure, we devide the grating in M
uniform sections and we indicate with R; and S; the amplitudes of the field traversing the i-

th section. For an apodized Bragg grating we start considering R, :R(L/Z):l and
Sy = S(L/Z) =0 and we want to calculate R(~L/2)=R,, and S(- L/2)=Sy.

Az
<>

zy=-L/2 z,=L/2

Figure 2.8 Schematic diagram illustrating the application of piecewise-uniform method by
dividing the non-uniform grating in M sections within each the grating is considered as
uniform.

The propagation through each uniform section is described by [29-31]

Ri =F . Ris 2.4.1
S| LSy @4

where, for a Bragg grating, the F; matrix is given by

cosh (ar; Az)—1 Ei sinh (ar; Az) ~ 5 ginh (o) AZ)
F = § & & ] (2.4.2)
i—Lsinh (o; Az) cosh(or; Az)+i —- sinh (e; Az)
o .

1 H

and x; has a constant value calculated at the centre of each section:

K; :K-f(———zi_} +Zi)
2

Once that all of the matrices for the individual sections have been calculated, we calculate

the output amplitude from




where the matrix F describes the whole structure and is calculated as

F:FM'FM—I‘ oo o Foen Fl

1

Then the total power reflection coefficient R of the grating can be calculated as
2
Sm

R=—
Ry

(2.4.3)

2.5 Chapter Conclusions

This chapter contains the theoretical background of the present thesis. Starting from very
general premises, within the usual electromagnetic theory (i.e., considering the propagation
of EM waves in a slightly perturbed periodical optical medium), we derived a detailed
formulation of the coupled-mode equations. In their most general form these equations are
expressed as in Eq. (2.2.14) and are the indispensable tool for the description of the
evolution of the amplitudes of modes interacting along the propagation axis. We
investigated the behaviour of two “coupled” modes in two distinct cases: when both modes
propagate along the same direction (LPG’s case), and the case where the modes propagate
in the opposite direction with respect to each other (FBG’s case). By using the weakly
guiding approximation (i.e., by considering the difference of core-cladding refractive
indexes comparatively smaller than 1), we can assume that the modes propagating through
the waveguide are Linearly Polarized (LLP). The weakly guiding approximation represents a
considerable simplification of the calculations and can be used in a normal step index
single mode optical telecommunication fibre (as the difference in the core-cladding fibre
refractive index is usually less than 1%). The reflectivity (transmittivity) of the fibre
grating can be calculated analytically in the uniform case, by solving the coupled-mode
equations with appropriate boundary conditions. All the cases of nonuniform structures,
are treated by using the Transfer Matrix method (a numeric extension of the theory,
considering the contribution of each single piece of the grating as “locally” uniform, then
multiplying between them the matrices associated with each section to get the total
“transfer” matrix of the grating). We point out that, by using the above formulation, the
value of the coupling coefficient between the transverse vector components of the core
mode field and its counter-directional component (i.e., the one that is back-reflected from
the grating), is calculated by using the real parameters of the fibre used (such as, the exact
core and cladding radius, the refractive indexes and the resonant wavelength considered).
In comparison with the most usual formulation of coupled-mode theory (see [8] for

instance), our formulation presents the advantage of a greater flexibility, and for this
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reason can be easily adapted to the real case, by just varying the fibre parameters. In turn

this means that a bigger number of experimental features can be taken in account and

explained by the model. The theory developed here has been used for all the simulations of

fibre grating spectra, and especially in the case of chapter three where the theory has been

used to write a code for the calculation of the theoretical spectral response of such gratings

and the comparison with the experimental results. The three dimensional apodised grating

spectra presented in the next chapter have been obtained using an algorithm based on

Transfer Matrix method.
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Chapter 3

APODISED FIBRE GRATINGS

3.1 Chapter Overview

This chapter deals with a very important issue of fibre grating technology: the apodisation.
The practical importance of this technique is not only related to the possibility of giving
the right shape to the reflection spectrum of a FBG, but also to the ability of improving the
grating dispersion characteristics (time delay ripple smoothing) [1]. The first paragraph
explains the working principle of the technique and the practical reasons why standard
FBGs are unsuitable for some specific applications. Then an overview of the most
commonly used apodisation techniques is given, with special attention on two apodisation
methods: the double exposure variable speed method and the phase-mask dither method. A
comparison between the experimental spectra and the theoretical predictions from the TM
method is also made. In the last section, numerical optimisation of all the practical
parameters used in the apodised grating fabrication is performed. A comparative analysis
of shape, reflectivity and side lobes suppression capability 1s made using different

apodising functions.
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3.2 Working Principle of Fibre Grating Apodisation

As already mentioned in Chapter 1, FBGs are excellent devices, when used in reﬂgctipn, '
for all the applications requiring to distinguish between different wavelengths (channéls
selection or filtering). This is because of their wavelength selective nature as, at least in
principle, only the resonant wavelength is reflected back from the grating, while the other
wavelengths are transmitted through the fibre. Nevertheless, for some applications,
especially in the field of optical communications, it is necessary for the FBG to conform to
very high fabrication standards because the presence of any imperfection in the grating
could compromise the ability of the system of transmitting intelligible sequence of bits to
the receiver. Usually, desirable characteristics for the design of FBGs are: a flat top
reflection spectrum with a sharp skirt, a high reflection in a narrow wavelength range and a
high transmission elsewhere. The recent advances in WDM systems have reduced the
channel spacing below 0.4 nm (50 GHz) at 1550 nm. Unfortunately, as shown in Fig. 3.1,
the reflection spectrum of a uniform FBG (i.e. a grating where the modulation of the
refractive index is uniform along the length) exhibits a series of secondary maxima (also
called “side lobes”) in addition to the central reflection peak. The side lobes are generated
by Fabry-Perot reflection due to the finite extent of the grating itself and to the index step
at the boundaries of the grating.
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Figure 3.1 Experimental (solid line) and theoretical (dashed line) spectra of a 2 cm long
uniform FBG. The grating has been fabricated in a standard hydrogenated Ge-doped fibre,
using an electron beam eiched phase mask (QPS Technology). The theoretical curve has
been calculated using (2.3.8), and (2.3.15) with neg=1.447, By =5.86 %107 nm ™ and
kL=2.
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Such an unfavourable spectral response is not suitable for WDM systems because of two
main reasons: first, the presence of side lobes forces to operate the optical link with an:_,f \
increased separation in frequency between the different channels in the attempt to keep /
under control the interference (cross-talk) between adjacent channels. Second, the presence
of side lobes generates intra-channel noise that degrades the quality of the optical bit
pattern sent to the receiver. We call “apodised” a non uniform grating where the secondary
maxima have been suppressed or lowered (at least 20 dB under the level of the Bragg
reflection peak) compared to the case of a uniform grating. A few different approaches to
achieve this result have been reported, all of them having a common feature: the
introduction of a gradual and “suitably shaped” variation in the refractive index modulation
of the grating. Hill et al. [2], [3] firstly demonstrated that the side lobes in the frequency
response of a periodically perturbed optical waveguide can be suppressed by designing
filters with a grating coupling coefficient that varies spatially along the grating length. This
effect could be easily achieved by irradiating the optical fibre with a non uniform UV
exposure where the intensity is proportional to amplitude of a predetermined “bell-like”

shading function (such as a gaussian or cos” function).
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Figure 3.2 Numerical calculation results showing the difference between the spectrum of
an apodised grating where the average refractive index is constant (solid line) and the
spectrum of the same grating in the case where the background refractive index varies
along z (dashed line). The 2 cm long FBG is gaussian apodised and it has a strength
x L =2 (the parameters used for the simulation are the same as in Fig. 3.1). The change

in the refractive index produces a broadening of the resonant peak and the appearance of
an asymmetric peak on the short wavelength side of the spectrum.

The final result of such a technique is that the two ends of the grating are exposed to a

lower UV light intensity than the central part and this modifies the coupling coefficient

51



along the structure. The problem connected to this aﬁproach 1s that not only the coupling
coefficient along the grating is changed but also a change in the fibre average refractive

index is produced, due to the fact that some regions of the fibre are exposed to a more
intense UV radiation than others. Unfortunately, the variation of the average refractive
index leads to an undesirable chirp of the Bragg wavelength with a consequent broadening
of the spectral response and the appearance of adjacent asymmetric structures on the

reflection peak [4], [5].
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Figure 3.3 Two experimental spectra of a 3 cm long apodised FBG'’s (gaussian shading
Sunction, C=8) made in hydrogenated SMF by using an e-beam phase-mask (QPS
Technologies), with a laser average output power of 118 mW and a scan speed of: a) 0.1
mm/s, b) 0.08 mm/s. The spectra show the effect of an imperfect apodisation due to a
change in the fibre background refractive index.

Figure 3.2 shows the theoretical spectra of gaussian apodised gratings, obtained using the
TM method, in the case where the average refractive index is kept constant (solid line) or
is allowed to change along z (dashed line). A correct apodisation procedure should change
k(z) along the grating length, keeping at the same time the average (background) refractive
index at a constant value. From a practical point of view this means that the UV dose on
each section of the grating should be the same and that the grating should be gradually
“erased” in proximity of the boundaries to get the apodisation. Therefore only o (index
modulation envelope) is allowed to change as a function of z in (2.3.17), while the average

refractive index n,, must remain to a constant value. The principle is schematically

illustrated in Fig. 3.4.

3.3 Apodisation Techniques

From a practical point of view, apodising a FBG is a delicate job. In a standard uniform

grating the first side lobes on both sides of the central peak are never more than 10 dB
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down the reflection level of the central Bragg resonance and this means that their
reflectivity is 10% of the reflectivity of the central peak. On the other hand, for an apodised
FBG where the level of the first side lobes is at least 20 dB down the level of the central

resonance, the side lobes reflectivity is only 1% of the reflectivity of the central peak.

A
A

Refractive index modulation

Coupling coefficient variation x (z)

Refractive index modulation

Coupling coefficient variation x (z)

Figure 3.4 Schematic diagram showing the difference between: (A) a non uniform
variation of the refractive index modulation obtained using a non uniform UV exposure
and, (B) a non uniform variation of the refractive index modulation obtained by uniform
irradiation. In both cases the reduction of the coupling coefficient strength at the two
boundaries of the grating produces apodisation, but in the first case, as the background
average refractive index is varying, also a chirp of the Bragg wavelength is introduced.

Writing apodised FBGs having 20 - 22 dB side lobes suppression is possible by standard
techniques but requires already a special care. Beyond 25 dB the task is usually much more
challenging. A side lobes suppression of 23 dB, for instance, means that the side lobes

reflectivity should be only 5%. of the central peak reflectivity. The reason why this is hard

to achieve is that at this stage any small perturbation (such as dust on the fibre, tiny
vibrations, or temperature variations) starts to compete with the apodisation process. On
the other hand, at least in the vast majority of the practical cases, several micro-phase-
shifts are introduced in the structure during the fabrication process. This means that the
apodisation profile of the grating is perturbed and, as a consequence, the side lobes

suppression is usually not exceeding 22 — 23 dB by the use of conventional apodisation
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techniques. We wish to describe here the most important apodisation techniques that have
been reported to date. Some of these methods are based on the principle of moving the
phase-mask and/or the fibre during the scan with UV laser beam [6]. Other methods; |
regarding the apodisation of chirped FBGs, are instead based on the multiple gratings
printing technique [7]. We shortly overview the most commonly used methods of
apodisation before describing in more detail two techniques, that we used for the
fabrication of all the apodised FBGs included in this thesis: the variable speed double

exposure technique and the dither phase mask technique.

Figure 3.5 Moiré groove pattern of an apodized phase-mask fabricated by electron beam
lithography. The electron beam writes two gratings (A and B) on top of each other having
a slightly different period and starting point (not to scale) generating the groove pattern
(A+B). From Ref. [8].

o Apodised phase-mask: The use of a phase-mask with variable diffraction efficiency
represents in many respects the easiest way to fabricate apodised fibre gratings. Since
the glassy material that composes the phase-mask is completely transparent to the UV
radiation, the method guarantees a uniform UV beam exposure, which means that a
constant average refractive index is kept inside the grating structure [8-10]. The
phase-mask is designed in such a way that the perfect zero order suppression occurs
in the centre and decreases towards the ends. The diffracted +1 and —1 orders will
have then the required bell-like shape intensity distribution necessary to generate the
modulated refractive index. The phase-mask is fabricated using a focused ion beam

and direct etching the pattern in silica. A Moiré groove pattern is generated by a
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double exposure of two 50% duty cycle gratings of slightly different periods. The
phase and the period of the two gratings are adjusted in such a way that the grooves
overlap perfectly in the centre and are out of phase by exactly half a period at the
ends (see Fig. 3.5). This method has the advantage of being very reproducible as the
envelope of the UV fringes is determined by the design of the phase mask alone, but
also presents the disadvantage of not being flexible because it does not allow for
instance to modify the shading function used for the apodisation process.
Interferometric techniques: These techniques are used to “intrinsically” apodise the
grating using a similar principle to the one used for the apodised phase-mask: two
different gratings of slightly different period are written simultaneously in the core of
the fibre (using the two beams coming from the two branches of the interferometer).
The envelope of the obtained Moiré grating has the bell-like shape required for the
apodisation and the total dose of UV light is kept constant along the grating [11].
Moreover, if the UV light is composed of two slightly different monochromatic
frequencies the double set of fringes will produce a pattern that is the “beat” envelope
of the two, with fringes vanishing at the position +z from the centre (where the
fringes from one frequency are out of phase with respect to the fringes of the other
frequency). More sophisticate techniques making use of a phase-mask in addition to
the interferometer have also been described [5], [12], [13]. These techniques have the
advantage to be tunable but unfortunately are also difficult to control and thus do not
offer too much reproducibility. Another usual limit is that only short length gratings
(generally few millimetre long) can be written by the use of this technique.
Symmetric stretch method: The technique consists of a repetitive, symmetric,
longitudinal stretching of the fibre around the centre. The strain is applied using a
piezoelectric stack controlled by a computer at the same time that the grating is being
written. Stretching the fibre at the boundaries of the grating of exactly half a period
will produce a cosine apodisation [14], [15].

Moving fibre/phase mask method: The technique relies on the movement of the
fibre along with the phase mask in front of a stationary UV beam, or alternatively on
the scan of the UV beam across a fixed phase mask, with the fibre moving slowly
relative to the phase mask. The fibre is mounted on a holder that can be moved using
a precision piezoelectric translator [16], [17].

Polarization control method: The technique relies on the controlled introduction of
discrete 7 phase shifts between the refractive index modulation profiles produced by

two polarizations of the UV beam. The coupling coefficient is directly affected the
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ratio of the UV intensity of the two polarisation states, while keeping a constant

background refractive index along the grating [18], [19].

3.3.1 The Variable Speed Double Exposure Apodisation Technique

We present here a novel apodisation technique working on the principle of double scan by
a UV laser beam through the region of the fibre where the grating is written. The speed can
be varied along the scanned length of fibre and is controlled by a computer. The first
exposure is made with the only purpose of preconditioning the refractive index of the fibre
core to compensate for any non uniform refractive index variation that is created by the
second stage of the fabrication process. The first scan is made in the absence of the phase-
mask, then a fibre grating can be written using a uniform phase-mask by the second scan.
The scanning speed of the beam along the length of the fibre has to be proportional to the
amplitude of the shading function used for the apodisation. The strength of the FBG will
depend on the intensity of the UV light, that in turn depends on the exposure time to the
beam. The second scan is used to write a grating in the fibre core with a coupling

coefficient k that depends on z.
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Figure 3.6 Schematic speed distribution in double exposure apodisation technique: 1) case
where the fibre refractive index is preconditioned by the first scan, 1) case where the
actual FBG is written in the fibre core by a second scan through the phase-mask.

The effect of changing the value of x along the length of the grating is obtained by
exposing the different sections of the fibre to UV light for a time proportional to the
wished strength. The exposure time, and therefore the strength of the grating, is
proportional to the reciprocal of the scanning speed in the section considered: the higher is
the scanning speed, the weaker would be the grating written in fibre. During the first
exposure the computer controls the movement of the translation stage used to scan the
beam along the fibre, starting from a given initial speed, then accelerating up to the

maximum speed is reached (in the middle of the irradiated span) and decelerating again
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symmetrically toward the first half section of the grating. This results in a bigger increase
of the refractive index of the fibre at the boundaries than in the centre of the irradiated
span. When the grating is written by the second scan, the translation stage starts with the
maximum speed, slowing down in the centre, then accelerating again toward the opposite
end. This two-stage process is schematically shown in Fig. 3.6. The speed distribution for
the case in exam follows a gaussian profile. The double exposure mechanism enables to
keep the refractive index of the fibre at a constant value changing at the same time the
strength of the FBG along its physical length. This technique represents a flexible approach
to gratings apodisation because, in addition to the “classical” gaussian profile, a large class
of bell-like functions (parabolic, truncated cosine or hypergaussian, for instance) can be
used for the two exposures. The results obtained depend sensibly on the type of function
used. In principle, the only requirements for the correct grating apodisation are an accurate
computer control of the translation stage speed, according to the chosen shaping function,

and a stable output optical power from the UV laser.
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Figure 3.7 Experimental spectra of 2 cm long apodised FBGs fabricated by variable
speed double scan technique using a phase-mask (QPS Technology) and the gaussian

shaping function (3.3.1): a) v, =0.05 mm-sland C=4, b) v,=0.04mm- s and
C=35.

Figure 3.7 shows two experimental spectra of apodised FBGs obtained with variable speed

double exposure technique using the following gaussian shading function
2
-<(3)

where v(z) represents the translation stage speed as a function of the position along the

v(2)= v, e

grating, vo is the initial speed, L is the physical length of the grating, and C is a control
parameter used to vary the width of the gaussian function. Unfortunately the technique
does not give very reproducible results (only a 20% of the cases result in a good apodised

grating). The typical spectrum is often showing an asymmetric profile (due to a chirp
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induced by a non perfectly compensated refractive index difference). As the argon doubled
frequency laser offers an excellent stability of the output power, the principal source of the

asymmetry is most likely the translation stage. Actually, the used translation stage has been
designed to work at a constant speed and not below 0.05mm-s™". The set-up shows its

limits especially for the second scan (when the translation stage is supposed to move at
higher speed at the boundaries of the grating). Figure 3.8 shows the effect of a not exactly
compensated refractive index at the boundaries of the grating, by comparing the central
peak of the experimental spectrum to the theoretically calculated one. The asymmetric
broadening shown at the two sides of the central resonant peak is typically produced by a
not exact compensation of the chirp induced by a differential UV exposure. Actually,
another practical limit of the technique is about the optical alignment, that is supposed to
change slightly in the two exposures (with and without phase mask). The change in the
optical alignment in turn affects the total dose of UV radiation at which the fibre is

subjected in a way that is quite difficult to predict a priory with the highest accuracy.
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Figure 3.8 Effect of an imperfect gaussian (C=1,L=15cm,x L=2,n,, =1447)

apodisation due to the unbalanced chirp produced from the variable speed double
exposure. The two left-right arrows show the deviations of the experimental spectrum from
the theoretically calculated symmetric profile of the central Bragg resonance.

3.3.2 The Phase-Mask Dither Apodisation Technique

The phase-mask dither technique is probably the method offering the highest
reproducibility rate for the fabrication of apodised FBGs (with the exception of the

apodised phase-mask technique) and it offers also the advantage of an higher flexibility if
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compared to other techniques, as the grating reflectivity can be shaped according to the
profile of the chosen apodisation function. From the experimental results we obtained on a
large number of apodised gratings can be seen that this technique, when correctly used,
guarantees a success of 60% (critical factors are the stability of the translation stage and
the long term reliability of the piezoelectric oscillator used for the fabrication). The
technique enables the fabrication of good quality apodised gratings once that all the
“sensitive” parameters (such as the voltage applied to the piezo, the franslation stage scan

speed and/or the output laser power) have been optimised.

Translation stage Mirror

AN

Translation stage
movement

244 nm
UV beam

Transverse dither (¢———— l Cylindrical lens

aaaaaaaaa

On piezo fixed phase-mask

Figure 3.9 Schema of the experimental set-up used for the fabrication of apodised
gratings by phase-mask dither technique.

Figure 3.9 shows a simplified diagram of the experimental set-up used to write apodised
gratings by phase-mask dither method. Contrary to the previously described variable speed
double exposure method, the apodisation process by using this technique is based on a
single exposure: the laser beam is scanned with constant speed along the full length of the
phase-mask using a 45° tilted mirror mounted on the top of a computer controlled
translation stage. A cylindrical lens is used to focus the laser beam on the fibre and the spot
size of the beam is reduced to approximately 0.5 mm before reaching the fibre. If the laser
power 1s not varying with time, the uniform exposure to the UV light guarantees that the
background refractive index has a constant value in the region of the fibre where the
grating is written. The phase-mask is fixed onto a piezoelectric oscillator that is driven by a
triangular function generator at 25 Hz. The computer controls, via a feedback mechanism,
the amplitude of the transverse dither applied to the phase-mask by varying the applied
voltage to the piezoelectric oscillator. The amplitude of the dither applied to the phase-

mask is proportional to the amplitude of a predefined shaping function, as shown in Fig.

59



3.10. For a correct apodisation of the grating it is necessary to calibrate.in advance the
dither of the piezoelectric oscillator, because the movement of the phase-mask should
correspond to exactly half period of the phase-mask to “wash out” the fringes. Therefore,
before starting the fabrication process it is essential to find out the appropriate voltage to
apply to the piezoelectric oscillator in order to make it moving of exactly half-period of the
phase-mask. This can be achieved by writing some “testing” uniform grating on a dummy
fibre, with the phase-mask oscillating at different constant amplitudes, i.e. by applying
different voltages to the piezoelectric oscillator: for a given voltage the UV beam will not
be (nearly) able to write any grating on the fibre through the phase-mask. The voltage at
which the grating is erased generally ranges between — 0.27 and —0.33 Volts, depending on
the period of the pattern chosen and weight of the phase mask. Another preliminary
calibration has to be done for the constant speed of the translation stage, according to the
length of the grating that should be written, the laser power and the kind of fibre used. This
has to be done because, if the translation stage moves too slowly, the fibre will be exposed
to a high dose of UV light, and this will saturate the induced refractive index change before

the scan is completed. As a result the grating spectrum will present an asymmetric shape.
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Figure 3.10 Diagram showing the amplitude of the dither as a function of the applied
voliage 1o the piezoelectric oscillator in the case where a gaussian apodisation function is
used.

Figure 3.11 shows the spectrum of an apodised grating made by using the dither phase
mask technique. The theoretical spectrum calculated using the piecewise uniform method
is also shown. The grating was fabricated using a translation stage speed of 0.07 mm/s and
a value of the gaussian width conirol parameter of C = 3, The strength of the grating in the

theoretical curve is k L= 7.4. 1t can be easily observed that the agreemeni be

fwesn the

&0



theoretical curve and the experimental results is very good for-what concerns the central
peak. However, the experimental spectrum differs from the simulation for what concerns
the structure of the side lobes: irregular side lobes are clearly visible in the experimental
spectrum in contrast with the regular periodical behaviour predicted by the theory.
Actually this is a quite usual case, as the majority of the apodised experimental spectra
presents an irregular structure at both sides of the central reflection peak. On the contrary,
the side lobes of a uniform grating are generally quite regular and they usually fit well with
the simulation (see Fig. 3.1).

01

—
<
N

-20-
-30-

-40-;'_1: Sl

Reflectivity [dB]

-50-

604

15664 15666 15668 15670 156722
Wavelength [nm]

Figure 3.11 Experimental spectrum (solid line) of a 2 cm long gaussian apodised FBG
fabricated using the phase-mask (Ibsen Technology) dither method. A comparison with the
theoretical response calculated by piecewise uniform method (dotted line) is also shown.

We want to give an explanation about the reasons for which the simulation predict a much
higher side lobes suppression than we can get in reality and also, we want to investigate
why the structure of side lobes is different in the simulation and in the real case. To do so,
we have a look of the spectra of apodised gratings in Fig. 3.12. In all the cases shown in
Fig. 3.12, the length of the grating is L=1.5 cm and a value of C = 3 is used in the gaussian
apodisation function. The scanning speed is set to 0.05 mm s” and the output power from
the laser (244 nm FreD Argon-ion doubled frequency laser) is 100 mW. It can be seen
from the spectra that, compared to the uniform case, the side lobes of an apodised grating
are far “weaker” (the purpose of the apodisation is, in fact, to reduce the reflectivity of the
undesired secondary maxima). Because of their weakness, the side lobes of an apodised
grating are much more sensitive to any perturbation present in the environment at the time
of the fabrication. Any irregular vibration of the translation stage during its movement, or

presence of dust on the fibre and/or on the phase-mask, or tiny aperiodicity in the
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oscillation of the piezoelectric, or laser power fluctuation would directly affect the
structure of these side lobes by introducing a small randomly varying phase shift in the
grating structure. The effect of this “noise” is more visible on the side lobes because of
their weakness. In the attempt to validate this conjecture, we have inserted a randomly
varying phase term in the simulation of apodised gratings by TM method [20-22]. The

results are reported in Fig. 3.13.
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Figure 3.12 Experimental spectra of gaussian apodised FBGs. The pictures show the
effect of a non calibrated voltage applied 1o the piezoelectric oscillator (the dithering has
an amplitude slightly higher or lower than half of the period of the phase-mask): a)
spectrum obtained using an optimised voltage of -0.33 V, b), ¢) and d) spectra written for
three slightly different voltages around the optimised one (-0.30 V, -0.35 V, and -0.40 'V
respectively).

Both curves in Fig. 3.13 represent the same apodised grating and are numerically
generated. The solid curve has been obtained by inserting a 1% randomly variable phase-
shift term that simulates the effect of several small perturbations interfering with the
grating writing process (noise). The obtained spectrum seems to be more realistic when

compared to the experimental cases. We notice that a fluctuation of 1% in the phase of the

grating is already able to compromise the ability of the technique of suppressing the side
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lobes. A result of such an investigation is that side lobes suppression is never higher than
20 dB if the randomly varying phase term is not smaller than 1%o.. This also explains why a
side lobes suppression higher than 30 dB, even if predicted from the theory, is never found

in reality by using this apodisation technique.
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Figure 3.13 Theoretical spectra of a 2 cm long gaussian apodised (C=1.3 and kL=2)
FBGs without a random phase-shift term (dotted line) and with a random phase-shift term
(solid line).

Apodised gratings with side lobes suppression around 20 dB are still useful in practice, but
for some special applications (such as in the optical communications field) this suppression
value could not be enough. An active control on all the possible noise sources should be

implemented to achieve side lobes suppression higher than 30 dB.
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Figure 3.14 Experimental example of apodised double peak FBG's photoimprinted with a
double scan on the same section of a SMF by using phase mask dither technique.

A special care should be addressed to the control of the voltage applied to the phase-mask

(to eliminate possible mechanical hysteresis and nonlinearities in the feedback control
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system), because any deviation from the half-period oscillation amplitude would introduce
noise, thus limiting the degree of apodisation that can be achieved. We conclude this
section on grating apodisation by phase mask dither technique, by giving an example of
application of the technique to multi grating printing. The idea was to write two identical
(same strength and reflectivity) apodised FBG’s at just a fraction of nanometre apart from
each other. These gratings were required to fabricate an actively mode-locked tunable
dual-wavelength fibre laser [23] and were fabricated by physical superposition of the two
gratings on the same span of fibre, the second written after stretching the fibre (to shift the
resonant peak of approximately 0.3 nm). The gratings obtained are shown in Fig. 3.14. The
quality of the couple is reasonably good if we consider that a double scan process was used

to produce it.

3.4 Numerical Optimisation of Apodisation Functions

The bandwidth of an apodised grating is always larger than that of a uniform grating of the
same length. This is because the apodisation process shortens the effective length of the
FBG by gradually reducing the grating strength toward the two ends of the structure. It is
also true that, for gratings having the same strength and length, the bandwidth of the
central peak and the suppression of side lobes depend sensibly on the used apodisation
function. Other characteristics of the reflection spectrum, like the flat top and square-like
shape also depend on the apodisation function (the apodisation function affects also the
time delay ripples of a chirped FBG, but this aspect will be considered in chapter four) [24-
27]. Numerical modelling of apodised gratings is a useful way to determine the effect of
each apodisation function on the grating spectrum [28]. Indeed it gives us a hint on the
apodisation function that is more suitable for the specific purpose of interest (such as
minimising the bandwidth, lowering the side lobes, or obtaining the flattest top in the
reflection spectrum) and on the control parameter C (i.e. the width of the apodisation
function) or on the grating strength that is more suitable for each case. We consider here
the following set of six very common apodisation functions and we compare them for the

case of a two centimetres long grating (considering both a weak and a strong coupling):
2
—clZ
Gaussian: f(z)=e (L) (3.5.1)

4
o[z
Super-gaussian: f(z)=e (J (3.5.2)
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2
Parabolic:  f(z)= —( z ) (3.5.3)

Truncated Cosine:  f(z)= cos” [

1+ (1+C) cos TZ1,Ccos 27”)
L L

Blackman: f(z) = ST C (3.5.5)
+

} . n=2,13 (3.5.4)

a) Weak grating case (x L =1)
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Figure 3.15 Theoretical reflectivity of a differently apodised 2 cm long FBG (for x L = 1).

Figure 3.15 shows the theoretical spectra calculated using the piecewise uniform method
for each of the above apodisation functions in the case k L = 1. The characteristics of these
spectra are summarised in Table 3.1. The curves in Fig. 3.15 have been obtained by
optimising the value of the control parameter C for each function in such a way to get a
side lobes suppression of approximately 20 dB. This is because the reflection profiles of
similarly apodised FBGs can be compared without ambiguity. For what concerns the
bandwidths of the apodised gratings, three of the apodisation functions give approximately

the same result: Gaussian, Truncated Cosine (with n=13) and Parabolic.
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Side lobes
kL=1 suppression (dB) AN (nm) AA p(@m) AR =ARX (M)

Gaussian 1 20.00 0.107 0.050 0.057
Super-gaussian 10 19.05 0.162 0.063 0.099

Parabolic 0.5 20.49 0.122 0.047 0.075

Truncated

Cosine (2) 0.65 21.18 0.110 0.050 0.060

Truncated 0.25 19.84 0.108 0.050 0.058

Cosine (13)

Blackman 0.25 21.22 0.149 0.063 0.086

Table 3.1 Apodised grating characteristics for different shaping functions.

These three functions minimise the 3dB bandwidth of the grating approximately in the
same way, but they differ with respect to the distance AXy between the two side lobes
adjacent to the central peak. The parabolic function tends to broad the peak width more
than the other two. The narrowest value AXy of the bandwidth is obtained when a Gaussian
apodisation function is used. No one of these spectra has a flat top, as this is because of
weak strength of the grating. If we compares Figs. 3.17, 3.21 and 3.25 we can also see that
the parabolic apodisation is generally less effective in suppressing the side lobes than the
gaussian and the truncated cosine. We can then conclude that, in the case of weak gratings,
the most suitable apodisation function is the gaussian as it minimises the bandwidth and
allows at the same time a good level of side lobes suppression. The worst case is when a
super-gaussian apodisation function is used: from Fig. 3.19 we can see that this function is
not very effective in suppressing the side lobes and from Fig. 3.15 we can observe that the

bandwidth is the largest one.

b) Strong grating case (x L =7)

Also in this case the comparison is made between functions having a control parameter C
such as the side lobes suppression is around 20 dB. But this time the situation is quite
different as the apodised grating is strong. Figure 3.16 clearly shows that the Blackman
function gives the best compromise among side lobes suppression, narrow bandwidth of

the central peak, and smooth shape.
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Figure 3.16 Theoretical reflectivity of a differently apodised 2 cm long FBG (forx L =7)

The super-gaussian and the parabolic functions have a better “squared” shape but, apart
from the bandwidth that is larger, they show a reduced capability of suppressing the side
lobes (this can be seen from Fig. 3.20 and Fig. 3.22). The truncated cosine and gaussian
functions show a higher capability of suppressing the side lobes but the shape of the central
peak is less regular and the bandwidth is larger than in the case of the Blackman function.
Even if the latter does not guarantee a perfectly flat top of the reflection spectrum, the top

flatness is sufficient for most part of the applications.

Side lobes
kL=7 suppression (dB) AA ,(nm) AN gpom)  AX —AX,(nm)

Gaussian 1.7 20.72 0.290 0.183 0.107
Super-gaussian 10 13.87 0.248 0.208 0.040

Parabolic 0.5 17.59 0.224 0.189 0.035

Truncated

Cosine (2) 0.74 21.08 0.290 0.183 0.107

Truncated 0.32 20.61 0.294 0.183 0.111

Cosine (13)

Blackman 0.20 19.80 0.170 0.110 0.060

Table 3.2 Apodised grating characteristics for different shaping functions.
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Figure 3.17 Numerical computation of side lobes suppression as a function of the width
control parameter C of a gaussian apodisation function for the case of a weak grating.
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Figure 3.18 Numerical computation of side lobes suppression as a function of the width
control parameter C of a gaussian apodisation function for the case of a strong grating.
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Super-gaussian Apodisation (kL = 1)
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Figure 3.19 Numerical computation of side lobes suppression as a function of the width
control parameter C of a super-gaussian apodisation function for the case of a weak
grating.

Super-gaussian Apodisation (k L = 7)

Reflectivity [dB]

Meter 50 1549.5 e

Figure 3.20 Numerical computation of side lobes suppression as a function of the width
control parameter C of a super-gaussian apodisation function for the case of a strong

grating.
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Figure 3.21 Numerical computation of side lobes suppression as a function of the width
control parameter C of a parabolic apodisation function for the case of a weak grating.
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Figure 3.22 Numerical computation of side lobes suppression as a function of the width
control parameter of a parabolic apodisation function for the case of a strong grating.
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Figure 3.23 Numerical computation of side lobes suppression as a function of the width
control parameter of a truncated cosine (n=2) apodisation function for the case of a weak
grating.
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Figure 3.24 Numerical computation of side lobes suppression as a function of the width
control parameter of a truncated cosine (n=2) apodisation function for the case of a strong
grating.
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Truncated Cosine (13) Apodisation (kL = 1)
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Figure 3.25 Numerical computation of side lobes suppression as a function of the width
control parameter C of a truncated cosine (n=13) apodisation function for the case of a
weak grating.
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Figure 3.26 Numerical computation of side lobes suppression as a function of the width
control parameter of a truncated cosine (n=13) function for the case of a strong grating.
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Figure 3.27 Numerical computation of side lobes suppression as a function of the width
control parameter C of a Blackman apodisation function for the case of a weak grating.
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Figure 3.28 Numerical computation of side lobes suppression as a function of the width
control parameter of a Blackman apodisation function for the case of a strong grating.
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3.5 Chapter Conclusions

In this chapter we investigated the physical principles of fibre grating apodisation and we
gave details on the most common experimental techniques used for reducing the strength
of the unwanted lateral side-lobes in the spectrum of an ordinary FBG. Special attention
was given to the description of two apodisation techniques: the variable speed double scan
technique and the phase mask dither technique. The first one is a novel technique based on
a variant of the usual double exposure technique (where an amplitude mask is used for the
first scan used for preconditioning the fibre background refractive index, and the grating is
written through another amplitude mask in conjunction with a phase mask in the second
scan [29]). In comparison with the most general method, the double scan variable speed
technique is more simple as only a phase mask is required for the apodisation of the
grating. We also investigated the advantages and the disadvantages of each technique
proving that, even if the variable speed technique is in principle the easiest method to
implement, it is a more difficult one to control. On the contrary, the phase mask dither
technique allows the fabrication of a better quality gratings (with a more symmetric shape
of the Bragg reflection peak) and guaranties a higher success rate. To find the dependence
of apodisation on the used parameters (such as the width of the apodisation function and
the strength of the grating), we performed a full numeric investigation on six different
shaping function. The numerical model, based on the theory developed in chapter two,
shows that the used apodisation function should depend on the strength of the grating.
More precisely, a Gaussian shaping function should be used in the case of a weak grating,
where a Blackman function is more convenient for a strong grating. The numerical analysis
enables to compare the different apodisation function and can also be used to predict the
result obtained on real gratings for a given value of the parameter C (width of the

apodisation function) and strength of the grating to be written.
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Chapter 4

LINEARLY CHIRPED FBGs AND OPTICAL DISPERSION
MEASUREMENTS

4.1 Chapter Overview

This chapter contains both a theoretical description and an experimental characterization of
chirped FBGs used as dispersive elements. Firstly, the physical mechanism inducing pulse
broadening in a optical fibre is analysed, then the use of dispersive elements to compensate
for such a broadening, such as dispersion compensating fibre or linearly chirped FBGs, is
Alustrated. The definitions of chromatic dispersion and dispersion slope (high order
dispersion) are also given. An important part of the chapter concerns the measurement of
the dispersion of fibres and FBGs. The modulation phase shift measurement method is
detailed: the optimisation of the experimental parameters involved in the measurement is
discussed together with the limitations and measure errors analysis. Examples of dispersion
measurements by the use of the above method are given for fibres and FBGs. Another
important point is the analysis of the group delay ripples, as this aspect could affect the
transmission capability of an optical link. Such an analysis is undertaken by a statistical

and mathematical (Fourier Transform) approach. The study of the group delay ripples in
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unapodised and apodised FBGs confirms the effectiveness of apodisation in reducing their
amplitude. We consider then the spectral characterisation of linearly chirped FBGs, with a
special attention to two main imperfections occurring in the reflectivity: the insertion loss
and the short wavelength loss. A description of the experimental techniques used, during
the grating’s fabrication process, to compensate for such losses is also given. The last
section deals with experimental results on the temporal Talbot effect. We prove that, under
precise conditions on the period of the input signal, a multiplication of the bit rate of the
pulse stream (up to ten times) is possible by simply using the dispersive properties of a

linearly chirped FBG used in reflection.

4.2 Compensation of Optical Fibre Dispersion

The current choice of operating optical fibre communication links at a wavelength near
1550 nm is mainly due to two important reasons: the silica fibre loss curve characteristic
and the advent of Erbium Doped Fibre Amplifiers (EDFAs). Standard Monomode Fibres
(SMFs) are step-index waveguides with minimum loss point around 1550 nm. There is an
intrinsic advantage in operating transmission links at this wavelength as the transmission
distance can be maximized in such a way. On the other hand, EDFAs, that also operate at
1550 nm, provide a periodic analog amplification rather than digital regeneration with the
advantage of higher signal power levels and a further increase of the distance that the
signals can travel before detection and regeneration. The combination SMF-EDFA seems
then perfect for the implementation of a lightwave signals system over very long
transmission distances [1], [2]. However, as the zero dispersion wavelength of a SMF is
around 1310 nm, the amount of chromatic dispersion at 1550 nm is rather significant
(typically around 17ps/nm/km) and, even worse, the dispersion of the optical fibre
generally varies over the EDFA gain bandwidth (the typical variation of dispersion with

wavelength 1s 0.08 ps/nmz/km). Obviously, the presence of an unbalanced dispersion in

the communication link is armful for the system, as it can seriously compromise the
information-carrying capacity of the system. Broadly speaking, the chromatic dispersion
produces a variation in the speed of propagation of a lightwave signal that depends on
wavelength. Because of chromatic dispersion, each wavelength inside the optical pulse
travels through the fibre at a slightly different speed and this results in a broadening of the
optical pulse as shown in Fig. 4.1. In practice, chromatic dispersion places a limit on the

maximum distance that an optical pulse can cover without regeneration. This maximum
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propagation length can be estimated by determining the transmission distance at which the
pulse has broadened by one bit interval and, for a signal of width A\ is given by [3]

L :m (4.2.1)
As an example, if we consider a commercial transmission system, with bit-rate
B=10Gbit/s, fibre dispersion D =17 ps/nm/km, and pulse spectral bandwidth
AX = 0.4 nm (corresponding to a 3 ps gaussian pulse), we have that the maximum
propagation length is ~ 14.7 km. For data rates higher of 10 Gbit/s, the maximum

propagation distance is of the order of kilometres: beyond this distance the signal

broadening causes overlap of neighbouring pulses then signal corruption.
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Figure 4.1 Pulse broadening caused by chromatic dispersion on a single 3 ps FWHM
pulse travelling through I km of standard telecommunication fibre. The inset shows the
effect of chromatic dispersion on a 40 Gbit/s data stream after propagation through the
same length of SMF'.

Clearly, an efficient lightwave transmission system including EDFAs, must employ some
sort of dispersion compensation to accommodate the dispersion of hundreds or even
thousands of kilometres of fibre. The problem of the dispersion compensation has been
tackled using so many different approaches that it is practically impossible to mention all
of them [4-10]. At the state of the art, the most popular and successfully utilised methods
to compensate for the dispersion induced on the optical pulses by the propagation in SMF
are based on the insertion, at some point of the optical link, of an element imposing a
dispersion of opposite sign (i.e. negative or “normal” dispersion). This compensating
element (generally, a span of special compensating fibre or a chirped fibre Bragg grating)

is employed to nullify the effect of the anomalous dispersion produced by the SMF. The
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use of a dispersion compensating fibre (DCF) was originally proposed by Lin et al. [11],
and this is today the method of choice for compensation of the chromatic dispersion effect
in optical links. The advantage of using DCF relies in its high figure of merit (the absolute
value of the dispersion divided by the attenuation (in dB/km), usually expressed in units of
ps/nm-dB) and the high negative dispersion (typically around -100 ps/nm-km).
Nevertheless this fibre has also some disadvantages: a very high bending loss sensitivity,
higher attenuation than SMF (generally around 0.35 dB/km) and the inability to
compensate the higher order dispersion, apart from the problem of being quite expensive.
So, even if compensation by DCF is still the most popular method, the use of chirped fibre
gratings to deliver negative (normal) dispersion, is still actively investigated because of the
many advantages that it offers. Like DCF, chirped fibre gratings are passive elements (they
do not require any power supply) and moreover, they are compact, have low insertion loss,
and can be fabricated to affect both a broad-band and a narrow-band of optical signals.
Most importantly, there are techniques that can be used to make them tunable in dispersion
(and this is the subject of the next chapter). The use of linearly chirped FBGs to cancel the
effect of the chromatic dispersion induced by SMF was firstly proposed by Ouellette [12].
The working principle is easy to understand: the (anomalous) chromatic dispersion of SMF
acts in such a way that the shorter wavelength components of an optical pulse travel faster

than the longer wavelengths [13], [14].
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Figure 4.2 Schematic of the optical pulse recompression by use of a linearly chirped
FBG.

A linearly chirped FBG introduces a time delay between the spectral components that are
reflected around the beginning of the grating and those that are reflected at its end. It is
straightforward to set the grating in such a way as to reflect the faster travelling spectral

components of a dispersed optical pulse around its end, thus restoring the original pulse
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shape. The use of a chirped FBG in reflection geometry requires an optical circulator
(Faraday rotator) to allow the pulse to pass through the grating and to be reinserted in the

transmission line, as it is shown in Fig. 4.2,

A A(z)
zZ

Figure 4.3 Period dependency of a linearly chirped FBG on the axial coordinate z.

: =

Figure 4.3 is a representation of the dependency of the refractive index modulation on the
position z along the fibre. In the case of a linearly chirped FBG, the Bragg condition, i.e.
the condition linking the grating period A to the resonant wavelength Ag, is satisfied for

different wavelengths at different positions along the grating length, according to
Ae(2)= 20 Alz) =205 (Ag + 00 2) (4.2.2)

where Ay is the initial period of the grating, oy is the chirp rate (usually expressed in
nm/cm) and z is the axial coordinate along the grating.

Each wavelength, that is included in the grating bandwidth and constitutes the optical pulse
spectrum, is back-reflected by a different section of the grating, i.e. after travelling a
different distance z from the grating beginning. Because of that, each wavelength

experiences a different group delay t given by

2 co d co
I=-——E=ZZB1 zzdeOl 2_4“;32' Boi

Vg 0 ® da

(4.2.3)

where v,=1/B; is the group velocity (the pulse speed propagation), ¢ is the vacuum speed of
light and w=2mnc/A is the angular frequency. A plot of the group velocity as a function of

the wavelength in a SMF is given in Fig. 4.4. The curve has been obtained by using

d n
Blzl(nml):_g (4.2.4)
c do c
where the refractive index is approximated by the Sellmeier equation [1]
mo B .
2 i
n°(w)=1+ —— (4.2.5)
j; o)J2 -’

with m=3 and B; = 0.6961663, B, = 0.4079426, B; = 0.897794, A, = 0.0684043 pum, A, =
0.1162414 um and A3=9.896161 um.
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Figure 4.4 Numerically calculated SMF group velocity as a function of the wavelength in
the region of interest for a FBG.

As the bandwidth of a chirped FBG is only few nanometers wide, and the wavelength
dependence of the group velocity is very weak in such a small wavelength range, we can
assume that the group velocity v, is a constant in (4.2.3), then the group delay tis a
function only of z (physical length of the grating). This assumption is important for the

derivation of a theory on tunable FBGs that will be presented in the next chapter.
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Figure 4.5 Comparison between the experimental time delay of an 11 cm long linearly
chirped FBG and the one calculated by inserting a chirp rate o, =0.25nm/cm and a

roup velocity v, =2.0511x10° nm/ps in (4.2.2) and (4.2.3).
group g

If a linearly chirped grating is used at the end of a span of SMF, in reflection and with the
light injected from the long wavelength side, the time delay imposed to the “blue” part of

the pulse spectrum will be proportional to the distance z that the pulse has to cover before
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being reflected. This mechanism therefore compensates for the naturally occurring

dispersion in SMF.

4.3 Some General Definitions

In a single mode fibre, chromatic dispersion results from the interplay of two different
contributions: material dispersion and waveguide dispersion [15]. Material dispersion
results from the nonlinear dependence upon wavelength of the refractive index and the
corresponding group velocity of silica. Waveguide dispersion instead, arises from the
geometry of the guided structure such as the core diameter, and depends on the difference
in index between the core and the cladding. Provided that the guide dimensions are such
that the mode is independent of wavelength, waveguide dispersion is usually much smaller
than material dispersion and can be then neglected. The pulse broadening in SMF is due to
the fact that the laser source radiates on a small but finite bandwidth (no laser is strictly
monochromatic). Chromatic dispersion acts in such a way that simultaneously launched
wavelengths propagate with different group velocities along the fibre and this leads to a
broadened pulse beyond the initial time slot. The dispersion of an optical fibre around 1550
nm can be considered as the result of several order contributions in a Taylor series [16].

The dispersed pulse width At of an optical pulse of spectral width AX can then be expressed

as
dt(n 2 dt(x
at=an. 3700 (AN7 dTTlh) 4.3.1)
dr 2 da’®
where t(A,)=L/v,(A,) is the group delay and L is the fibre length.
Equation (4.3.1) can be rewritten as
AN)2
At:ANL’D(?LO)wL( M) L-D'(Ag)+ - (4.3.2)

where we have introduced the fibre dispersion D(L,) and the dispersion slope S(,),

defined as

df 1 | d
D(XO):HLE(X)szo and  S(ky)=D'(hy)=—[D ()]s, 433)

Typical values of D and S around 1550 nm for SMF (Corning SMF-28) are
D ~17ps/nm/km and S ~0.08 ps/nm? /km .

In the case of linearly chirped FBGs, a useful empiric relation to estimate the amount of

chromatic dispersion that can be delivered by the grating is
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where neg is the effective refractive index, L is the length of the grating, ¢ is the vacuum
speed of light and AX is the grating bandwidth. As the amount of dispersion delivered by
the grating is directly proportional to its physical length, it is clear the importance to
develop writing technique that enable the fabrication of very long FBGs and minimise at

the same time the stitching and phase errors inside the grating structure.

4.4 Chromatic Dispersion Measurements

The implementation of an accurate method for the measurement of the chromatic
dispersion in optical components (such as SMF, DCF and FBGs) has become with time a
more and more important issue, and this is primarily because of the increasingly growing
transmission speed used to operate optical communication networks. The experimental
estimation of the chromatic dispersion is generally obtained by measuring the time delay
on the spectral components of light propagating through the optical device under
investigation as a function of the wavelength. The time delay measurement is usually
performed by interferometric methods [17-20], or alternatively via a phase shift technique
[21-23]. Because of its simplicity and robustness, the latter is already an extensively used
technique in most part of the commercially available measurement devices. The working

principle of phase shift measurement is outlined in Fig. 4.6.
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Figure 4.6 Schematic diagram of the experimental set-up used for the measurement of
chromatic dispersion by the phase-shift method.

The input light source is a narrow bandwidth wavelength tunable laser (Photonetics

TUNICS-PR) that is externally amplitude-modulated by a Mach-Zehnder modulator to
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produce a waveform with a single, dominant Fourier component such as a sinusoidal,
trapezoidal, or square wave modulation. The frequency tunability ranges between 100
MHz and 5 GHz and its stability is better than one part in 10°. The polarization state of the
light injected into the modulator can be modified by using a polarization controller. At the
exit of the modulator the optical signal is split in two: the first branch is used as a reference
signal (phase-locked to the modulating signal) and is sent directly to a phase detector
(vector voltmeter). The second branch is sent to the phase detector after circulating through
the device under test. A personal computer is used to control the wavelength scanning step
of the tunable laser and to compare the two traces received from the phase detector. The
time delay is obtained from the measured phase shift @ between the two traces by using

@ (in degrees)
360-v (in Hz)

T (inps)= (4.4.1)

and displayed on the computer screen. It is essential at this stage to prevent any ambiguity
of n-360 degrees (n integer) during the measurement. For an unambiguous phase
measurement, the wavelength step should be limited so that the produced phase change
falls within the +180° range of the detector. Anyway, in our experimental set-up, this is
not necessary as the tracking and adjustment of all 360° phase changes is automatically
made by the computer. The accuracy of the time delay measurement depends primarily on
the resolution of the phase measurement. Typically, vector voltmeters have a phase

resolution of = 0.1 degrees and most of the times this is enough to get an accuracy under

Ips on the time delay measurement. By the way, it is useful to note that, due to the
wavelength discretization, the (4.4.1) represents an approximation that strictly provides an
accurate result only if the time delay variation as function of wavelength is reasonably
small. Wavelength accuracy is also important as the actual phase shift is proportional to the
wavelength step. The method is not suitable for measuring the dispersion of short spans of
fibre as the change in phase would be too small to be detected. At last, thermal transients in
the measurement set-up and in the device under test can significantly contribute to the
measurement errors. A given change in temperature produces a corresponding change in
the fibre length, thus affecting the time delay measurement according to

oL
=—1
L

51 (4.4.2)

where L is the path length at a given temperature, and dL is the fibre elongation due to the
temperature change. To minimize temperature effects, we allowed the device under test
and the electronic equipments to stabilize in the ambient air before starting the

measurements.
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4.4.1 Modulation Frequency Calibration

It is well known that optical components, such as linearly chirped FBGs, exhibit
substantial oscillations in the time delay response. These oscillations, usually referred to as
group delay ripples, arise from a combination of factors: imperfections in the fabrication
process and/or in the host optical fibre, as well as noise in the grating profile (period and/or
refractive index modulation), may produce a multipath interference effect (Fabry-Perot
micro-cavities) between adjacent sections of the grating. With some extent, apodisation
can be used to minimize the amplitude of these ripples [24-27]. Nevertheless, even with the
most sophisticated fabrication techniques, group delay ripples are unavoidable. These
ripples have a direct impact on the performance of high speed optical transmission
systems, as they produce dispersion errors and intersymbol interference [28-31]. There 1s
still some debate on the extent to which the amplitude of these ripples produces distortion
on the transmitted signal (in general it is not possible to make a prediction of the system
performance on the bases of the ripple amplitude only). Nevertheless, in most part of the
work published on the subject, the authors characterize the quality of the chirped grating
by giving the value of the average amplitude of these group delay oscillations in
picoseconds. The appropriate determination of the amplitude and periodicity of the group
delay ripples is strictly connected to the resolution used in the measurement. In the case of
the phase-shift technique, Fig. 4.7 clearly shows that the measured amplitude of delay

ripples depends sensibly on the modulation frequency chosen for the measurement.

40 ~
35 m
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20

Ripple average amplitude [ps]

Modulation frequency [GHz]

Figure 4.7 Experimental average value of the amplitude of the group delay ripples
(measured peak to peak) for a linearly chirped FBG (unapodised) as a function of the
modulation frequency, in the phase-shift measurement technique.
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For a correct evaluation of the minute details in the time delay curve, it is essential to use
an appropriate modulation frequency. In general a high modulation frequency provides a
good temporal resolution but, at the same time, degrades the wavelength resolution, thus
originating an improper group delay ripples characterisation. A modulation of 3 GHz, for
instance, does not resolve properly the short period components of the group delay ripples
due to the broadening of the source. On the other hand, a modulation frequency of 300
MHz and below adds noise to the group delay measurement due to the poor temporal
accuracy. As a compromise between these two limiting cases, modulation frequencies
around 1 GHz are generally accepted as the most suitable for an appropriate evaluation of
the group delay ripples of a chirped FBG [32]. Where not stated otherwise, we intend that

the dispersion measurements are made by setting the modulation frequency to 1 GHz.

4.4.2 Examples of Dispersion Measurements in Fibres and FBGs

We give here a few examples of the application of the phase shift method, and also we
evaluate the magnitude of the incertitude associated with the dispersion measurement by
using this method. We start by measuring the dispersion occurring in a span of SMF.
Provided that the span of fibre under test is not too short, the method gives an accurate
measurement of its chromatic dispersion. For instance, Fig. 4.8.a shows a measurement of
the time delay in a 6.8 km long SMF.
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Figure 4.8 Phase shift method measurement on 6.8 km of SMF: a) time delay as a function
of wavelength, b) calculated chromatic dispersion (derivative of time delay with respect to
wavelength) as a function of wavelength.

The accuracy of the time delay measurement (see (4.4.1)) is estimated by using the
following formula (to minimize the error on the phase measurement we choose 1 pp that
is the smallest step in wavelength allowed by the tunable laser) [33]

2 2
8t _ (%Dj . (S_V_j —29 (4.4.3)
Vv
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The experimental time delay at 1550 nm for the SMF under test is then:
t+8t=(1126+20)ps
The calculated value of chromatic dispersion delivered by the SMF at 1550 nm is
D+8D = (17.0£0.3) ps nm'km™

where the incertitude on the dispersion measurement was estimated by using

2 -2

We want to measure now the dispersion delivered by a FBG. Figure 4.9 shows the

experimental reflection spectrum and time delay of an unapodised linearly chirped FBG.
The 11 cm long FBG was fabricated using a commercial chirped phase mask (Lasiris
Technology) and a doubled frequency Argon laser (Coherent 300C FreD) with an output
power of ~ 100 mW at 244 nm. The spectrum has been obtained using a tunable laser
(Photonetics TUNICS-PR), with a step in wavelength of 1 pp, and an optical spectrum
analyser (HP 71451A), injecting the laser light from the short wavelength side of the
grating (by the use of a three port circulator). The measurement of time delay was made
using the phase shift method and the same step in wavelength of the tunable laser. Injecting
the light from the short wavelength side of the grating corresponds to a bigger delay
applied to the longer wavelengths than to the shorter ones. When used from this side, the

grating delivers a constant anomalous chromatic dispersion whose measured value is

D+8D = (128.16+0.14) ps nm ™'
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Figure 4.9 Reflectivity and time delay measurements on a 11 cm long linearly chirped
FBG fabricated using an holographic phase-mask (Lasiris Technology).
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4.4.3 Group Delay Ripples Characterisation

Figure 4.10.a shows the structure of typical group delay ripples (obtained by linearisation
of the experimental curve) of an unapodised chirped FBG fabricated by using an
holographic chirped phase-mask (Lasiris Technology). The histogram in Fig. 4.10.b

represents the statistical distribution of these ripples.
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Figure 4.10 Analysis of ripples in the time delay response of a 11 cm long unapodised
linearly chirped FBG made by using a chirped phase-mask (Lasiris Technology): a) group
delay ripples as a function of wavelength, b) statistical distribution of the ripples
amplitude.

As we already mentioned, the group delay ripples are produced by randomly distributed
imperfections of the fibre and unpredictable fluctuations of the profile and phase of the
grating. It is not surprising then that the amplitude of the group delay ripples can be
described by a normal distribution. From Fig. 4.10.b, where the discrete plot is

approximated by a continuous Gaussian distribution, it can be seen that more than 50% of

the group delay ripples have an amplitude of + 5 ps or less, while 68% have an amplitude
of £ 7 ps or less. The average amplitude of the ripples, for the unapodised linearly chirped
FBG (Fig. 4.9), is £ 5.5ps. This low value i1s also an indirect proof of the very high

manufacturing quality of the phase-mask (that seems to be nearly completely free from
stitch errors). Figure 4.11 refers to a similar grating but this time apodised by using a
Gaussian function (C=2). The apodised grating exhibits a substantial reduction of the

amplitude of the ripples: 68% of the group delay ripples has an amplitude of + 5ps or
less, and the average amplitude is estimated to be * 4.4 ps, which means an average

reduction of 20% with respect to the unapodised case. From the experimental data it can
also be seen that the reduction of in-bandwidth ripples does not sensibly depend on the

specific apodisation function used during the fabrication process.
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Figure 4.11 Analysis of a 9 cm long gaussian apodised (C=2) linearly chirped FBG made
by using Lasiris Technology phase-mask and dither phase-mask technique: a) group delay
ripples as a function of wavelength, b) statistic distribution of the ripples.

The fact that the group delay ripples data can be described by a normal distribution is a
sign of their random origin. Nevertheless, it is still possible that some hidden periodicity,
that is present in the group delay pattern, is not disclosed by a simple statistical analysis.
For instance, some small defects of periodical nature, introduced by the stitching errors of
the phase mask used in the fabrication of the FBG, could be hidden inside the group delay
ripples distribution and thus not be revealed by statistics. A very useful mathematical tool
that can be used on this subject is the Fourier transform. The ability of this tool of
identifying periodical features inside the analysed data is well known. The numerical
Discrete Fourier Transform (DFT) [34] (or the Fast Fourier Transform (FFT), that i1s a
variant of the same algorithm, conceived to minimise the computation time), 1S easy to
implement on any programming language. It is useful to recall here the basic definitions.
For a dataset x[n] with n in the range 0 <n <N -1, (where x[n] are complex numbers),

the forward DFT is defined as

N-1]
X [k]=" x[n]exp(-i2nF, n) 0<n<N-1 (4.4.4)
n=0

where F, = k/N. The DFT transforms N complex numbers x[n] into N complex numbers
X[k]. Also it should be noted that DFT involves only the data values and their indices
(other variables associated with the data, such as time, are not needed in the calculation). In

practise, DFT is often performed on data collected at an equal (time) interval t. It is easy to

: . : . k
convert the index into “time” t =nt, and F, = k/N into “frequency” f, = N
T

The inverse (backward) DFT is defined as
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x[n]:?\l— X [k]exp(i2nF, n) 0<k<N-1 (4.4.5)
k

Il
(=)

The FFT algorithm was originally proposed by Danielson and Lanczos [35] who
demonstrated for the first time that if the total number of data points N is an integer power
of 2, the DFT of these N numbers can be rewritten as the sum of two DFTs, each of length
N/2, as follows

N/2 -1 2ﬂkj kN/2_1 Z‘thj
X[k]=> X[2j]exp(—i )+W > x[2j+1]exp(—i ] (4.4.6)
j=0

= (N/2)

27 : .
where W = exp(—l—ﬁ-j. The recursive use of the Danielson-Lanczos lemma reduces the

calculations to approximately Nlog, N, compared to approximately N? required by DFT.

To test the effectiveness of the method in spotting periodicities in a given set of data we

generated pseudo-random group delay ripples by using

Z A, sin| ® 2n (4.4.7)
n=1 Qn

where A, is the peak amplitude of the sinusoidal variation, €3, is the period (in Hz) of the

: 2 . s . .
ripples and @ = T is the angular frequency within the grating bandwidth.
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Figure 4.12 Demonstration of the FFT’s ability of spotting hidden periodicities: a)
pseudo-random group delay ripples generated by superposition of five different C, in
(4.4.7), b) FFT performed on the data, clearly showing the five periodicities contained in
the pseudo-random pattern.

For the sake of simplicity, we took A, = 3 ps for any n and chose five different periods:
0, =05x10"Hz, Q,=0.1x10" Hz, Q,=02x10"”Hz, Q,=03x10" Hz, and

Q; =0.5%10'* Hz. The pseudo-random ripples generated as superposition of the five
curves are shown in Fig. 4.12.a. The FFT performed on these data is shown in Fig. 4.12.b,
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which is a clear proof of the validity of the method. Indeed all the five periods are precisely
detected as Q, =1/T,, where T, are the values of the peaks in 4.12.b.

In the attempt to detect hidden periodicities, we performed the FFT on the experimental
group delay ripples data of Fig. 4.10.a. The result is that the FFT is unable to identify any
periodicity smaller than the full range of variability of the data. As a consequence, we
deduce that there is no periodicity in such data, i.e. their nature is actually determined by

random (not systematic) perturbations on the system when writing the grating.

4.5 Spectral Characteristics of Linearly Chirped FBGs

We analyse here the most commonly encountered imperfections of chirped FBGs, that
occur because of the fabrication process or due to the intrinsic nature of the gratings. It is
generally agreed that one important element in the fabrication of a FBG with high
specifications, is a good quality phase-mask (for instance, there is no point in trying to
write a good FBG by using a phase-mask with many stitch errors). Actually, this is only
one aspect of the problem as the excellent quality of the phase-mask does not necessarily
imply a good FBG. Many different issues contribute to the final result. For instance, a
grating too strong in transmission or too long will have an higher loss compared to a weak
or short one. Moreover if the beneficial effect of apodisation is to reduce the average value
of group delay ripples, it also true that it affects the reflectivity of the grating not always in

a desirable way.
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Figure 4.13 Experimental spectrum and time delay of two apodised linearly chirped
FBGs: a) 11 cm long gaussian apodised (C=2), b) 6 cm long truncated cosine apodised
(C=0.4 and n=2).

Therefore a good grating is the result of a compromise between all these variables,
depending on the use for which it has been designed. Ideally, a good chirped FBG is a
grating with a top as much flat as possible and, if used as a dispersion compensator, with a
long physical length and a smooth time delay response (generally, in the case of long haul

transmission systems, the average amplitude of the group delay ripples has to be below
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+5 ps, even if dispersion-managed soliton transmission systems are quite immune to the
perturbation effect produced by the group delay ripples [30]). Apart from the imperfections
due to technical errors during the fabrication process, as for instance a misalignment of the
laser beam with the phase-mask and the fibre, or a laser power fluctuation, some “intrinsic”
imperfections (i.e. related to the nature of the grating) can be found in the spectrum of a
chirped FBG. The first problem encountered is the insertion loss, that is due to the physical
length of a chirped FBG. As we mentioned already, one reason for using SMFs in long

haul transmission networks is the very low loss that these fibres exhibit around 1550 nm.
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Figure 4.14 Schematic illustration of the insertion losses produced on the long wavelength
side of a FBG spectrum. The loss increases proportionally to the length of the FBG.

Anyway, when a FBG is written inside the fibre core, the produced refractive index
modulation will slightly increase the fibre loss. The loss increases with the strength of the
grating, because a prolonged exposition to strong intensity UV light produces micro
damages at the boundary between core and cladding, which contribute to the fibre loss. As
schematically shown in Fig. 4.14, insertion loss affects the wavelengths travelling longer
inside the fibre (as they interact for a longer time with the FBG structure). In the case of
Fig. 4.14, as the long wavelengths follow a longer optical path, they are attenuated more
than the short wavelengths (that are reflected back just at the beginning of the structure).
The insertion loss depends also on the physical length of the grating. Figure 4.15 shows the
measured insertion loss (approximately 1.5 dB at the longer wavelength side of the
spectrum) for a 10 cm long chirped FBG (moderately strong). Most of the time, this small
loss is armless for a transmission system and can be easily compensated by using an
optical amplifier. An analysis of the effect of the insertion loss on the group delay ripples
shows that the loss does not affect the ripple’s average amplitude. If a flat top is needed for
some specific application, an asymmetric apodisation function can be used to equalize the
difference in reflectivity at the two opposite sides of the spectrum. Of a different nature are
instead the losses shown in Fig. 4.16.a. These losses appear on the short wavelength region

of the spectrum of a chirped FBG when observed from the long wavelength side (i.e. the
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light is injected from the long wavelength side of the grating that thus generates a normal
dispersion). Unfortunately, such short wavelength losses are always present in the
spectrum of an ordinary FBG that has been written in SMF. Usually the amount of loss 1s
proportional to the grating strength (losses up to 10 dB in the blue region of the spectrum
have been observed for very strong gratings). The reason for such losses is the coupling

with cladding modes {36].
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Figure 4.15 Experimental demonstration of the compensation of insertion loss effect by a
suitable asymmetric apodisation: a) measured spectrum and time delay of a 10 cm long
linearly chirped FBG without apodisation, b) equalised spectrum.

Although the structure has been designed to couple the co-propagating LPo; core mode
with its counter-propagating part, the phase matching condition for coupling the forward
propagating core mode to higher order cladding mode is also satisfied for shorter
wavelengths. Part of the optical power is then transferred to the cladding producing a slope
(lower reflectivity) from one side of the spectrum. Short wavelength losses, as they modify
the reflection profile of the grating, also induce noise on the group delay ripples. Figure
4.16.b shows the average deviation from linearity of the measured time delay of the
grating. The average oscillation value in the time delay curve has been measured as £8 ps
(54% worse than when the grating is observed from the short wavelength side).
Unfortunately, using the grating from the long wavelength side corresponds to a negative
sign dispersion delivered by the grating, which is suitable for compensating the positive
sign dispersion of the SMF. Clearly, further steps should be taken to improve the quality of
the grating from this side because, as it is, the grating can not be used as a dispersion
compensator due to the high asymmetric loss and the big group delay ripples. Some
authors have proposed the use of a special depressed cladding fibre to minimise the losses

{37].
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Figure 4.16 a) Experimental spectrum and time delay of a chirped FBG as seen from long
wavelength side, b) group delay ripples measurement.

Because of the poor sensitivity of this fibre to UV light, however, a reasonably strong FBG
is hard to achieve. Alternatively, it is possible to temper the coupling constant along the
grating length by using the double exposures technique. The coupling coefficient along the
grating is varied by the apodisation technique in such a way to be smaller in the short
wavelength region than in the long wavelength one. The technique has proved to be
effective for gratings with transmission strength between -15 and -20 dB, even if it seems
to affect the amplitude of group delay ripples by producing an average increase of

approximately 30%.

4.6 Temporal Talbot Effect by Linearly Chirped FBGs

Temporal Talbot effect is an analogous effect to the paraxial diffraction of optical beams in
space but concerns the temporal distortion of narrow-band pulses in dispersive media. The
spatial Talbot effect (or self-imaging effect) states that if a periodic object is illuminated
with coherent light, exact images of the object are produced at a finite distance from the
object [38]. Even if spatial Talbot effect is not new to the scientific community, only
recently its temporal counterpart has been investigated and an interesting multiplication
effect has proved to be possible by using linearly chirped FBGs in single mode fibres [39-
41]. The generation of high-repetition-rate optical pulse trains in the wavelength region
near 1550 nm is a topic of major importance for the realization of ultrahigh-speed optical
communication systems. Active mode-locking methods have been used for the generation
of short optical pulses synchronised with an external clock. However, the repetition rate of
pulse trains obtained from a mode-locked laser is limited by the modulation frequency at
which the intracavity modulator can operate (usually a few tens of GHz). Several

techniques to increse the repetition rate of an optical pulse train have been proposed.
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Among them, we mention: soliton compression of the beat signal between two optical
carriers [42], rational harmonic mode locking [43], higher-order FM mode locking [44],
and pulse-train multiplication by propagation in long fibre dispersion line [45]. The
reflection from a linearly chirped FBG can be also used to multiply the repetition rate. The
effect does not involve nonlinearities but is a direct consequence of the Talbot effect. The
propagation of monochromatic light at a wavelength A over a distance d, in Fresnel
conditions, is described by an amplitude response ha(x) [46]

hd(x)ocexp(—jxidle (4.6.1)

where x is the Cartesian coordinate perpendicular to the propagation direction z. The

reflection from a linearly chirped FBG is described by its reflection coefficient
o) = Ir(mx exp[— j(D(co)]. This reflection coefficient exhibits flat amplitude and quadratic
phase response (i.e. linear time delay 1(®) = 0®(w)/ 0w ) over a limited spectral bandwidth

Ao centred on wy (central Bragg frequency).

LCFBG
=
INPUT SIGNAL — REFLECTED SIGNAL
100 ps —_— 4 ps

CIRCULATOR

Figure 4.17 Schematic of the technique for multiplying the repetition rate of a train of
pulses by temporal Talbot effect.

Therefore, the first-order dispersion coefficient ® = 8°®(w)/dw? is nearly constant within

this spectral bandwidth, and the complex envelope ﬁr(t) of the reflection impulse

response can be written as

h (1) mexp[j—z—lgtz) (4.6.2)

where t is the time variable (without the pulse delay 1(wo) taken into account). The space-
time analogy for the Talbot effect is obtained by comparison of (4.6.1) and (4.6.2). The
result from spatial diffraction can be transferred to temporal dispersion of the pulses

reflected by a linearly chirped FBG just using the following transformations
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x<t and Ade2nd (4.6.3)
We consider a train of short optical pulses with repetition rate T and arbitrary shape.
Assuming that the signal is centred on the Bragg frequency wo and has a bandwidth
narrower than the grating bandwidth Aw, the input periodic signal is the temporal analog of
the periodic field amplitude distribution in such a way that repetition time T corresponds to

the spatial period A. If the period T of the input signal satisfies the Talbot condition:

_2n9]

T? withs=1,2,3, ... (4.6.4)

S
we have that the reflected signal is, within a constant factor, an exact replica of the input

signal (temporal counterpart of the Talbot images) as schematically shown in Fig. 4.17.
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Figure 4.18 Experimental demonstration of the pulse rate multiplication by temporal
Talbot effect in a linearly chirped FBG.

We performed an experiment using a fibre grating with the same characteristics as the one
in Fig. 4.9. A circulator was used to retrieve the reflected signal. The pulse source was a
mode-locked fibre laser (PriTel UOC-3) that provided 2.7 ps pulses at the operating
wavelength of 1550 nm. The time-bandwidth product was ~0.34, showing that the laser
output pulses were transform limited and sech’(t) in shape with a good approximation. As
we had no way to modify the dispersion cofficient of the grating ®, we tried to tune the
modulation frequency of the PriTel laser in such a way that the repetition period T of the
pulse train satisfied the Talbot condition (4.6.4). After being reflected from the FBG the
pulses were sent to an autocorrelator (FR-103, Femtochrome Research, Inc.) to be
analysed. The output was displayed on the screen of an oscilloscope (Gould 1602) and is

shown in Fig. 4.18. One may see that the pulses are not an exact replica of the input ones
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because we were forced to operate at frequencies near the Talbot condition but not exactly
satisfying it as the laser was instable for some modulation frequencies. Also, the pulses are
not fully resolved because of the limited resolution of the autocorrelator. Nevertheless

clear signs of multiplication of the repetition rate are visible.

4.7 Chapter Conclusions

This chapter introduced some important ideas and definitions on optical dispersion and its
measurement. These concepts are essential for a proper understanding of the material
presented in the next chapter. The first section of the present chapter deals with the concept
of optical dispersion and basic definitions such as time delay and group velocity dispersion
that are used for the characterisation of the dispersion in both single mode fibre and FBGs.
We discussed the detrimental effect of an unbalanced dispersion, especially when high
speed optical fibre links are considered, then we proved the necessity of an active
dispersion compensation. The second part of the chapter has a more practical nature
dealing with the methods used for the measurement of chromatic dispersion. An
investigation on the experimental accuracy is carried on and all the possible causes of
“error” in the measurement are identified and their magnitude estimated. We also tried a
new statistical approach on the distribution of group delay ripples in the attempt of
detecting hidden periodical regularities (that potentially could give useful information on
the quality of the phase mask, such as the stitching errors, for instance). An investigation
on the origin of two predominant imperfections in the spectrum of a linearly chirped FBG,
insertion losses and short wavelength losses, is carried on and possible solutions,
implemented at the time of the fabrication, are proposed. Key fabrication techniques to
improve the quality of linearly chirped FBGs are described. The last section of the chapter
illustrates a method for the generation of ultra high repetition rate optical pulses by spatial
Talbot effect. An experiment was performed by using a linearly chirped FBG and a starting
10 Gb/s optical stream. A multiplication of the rate up to ten times is experimentally

proved.
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Chapter 5

TUNING OF DISPERSION AND OPTICAL
FILTERING BY FBGs

5.1 Chapter Overview

This chapter deals with the subject of dynamic dispersion compensation and the possible
ways of achieving it. We start our analysis by explaining the reasons why a method
employing a tunable dispersion and slope compensation is often preferable to fixed
dispersion compensation in real world optical transmission systems. We then overview the
different methods that have been proposed so far for achieving the dispersion tuning of a
FBG. We give a description of the working principle of the devices already
commercialised (based on thermal or mechanical effects) and we compare these methods
with the method that we propose here, i.e., the application of a distributed applied strain by
a multipoint bending rig. A detailed description of the device and of its working principle
is given. A theoretical model, enabling to calculate the chromatic dispersion and the
dispersion slope that derives from the application of a given strain to a linearly chirped
FBG, is developed. A set of measurements of the dispersion delivered by the device under

different strain conditions, as well as the experimental results on pulse recompression,
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showing the performance of the tunable dispersion compensator in real transmission
systems, are included. The chapter ends with the results of spectral filtering performed by
the same multipoint bending rig on the output of an overdriven pulsed laser diode. We
demonstrate that the filtering provides a method to get more powerful and narrower pulses,
by nearly complete suppression of the unwanted tail originated from the relaxation

oscillations of the laser.

5.2 Why Tunable Dispersion Compensators Are Needed in Ultrafast
Optical Transmission Systems

As we discussed in the previous chapter, the dispersion delivered by a linearly chirped
FBG can compensate for the broadening induced by chromatic dispersion on an optical
pulse data stream propagating through a span of SMF. Nevertheless, the compensation 1s
exact only if the amount of chromatic dispersion in the system is not varying in time and
has the same value as the grating dispersion. In many practical situations this is not true.
Furthermore, there are other issues to be considered in order to make a FBG suitable for a
realistic optical link. A linearly chirped FBG, for instance, can not compensate for high
order dispersion (a nonlinearly chirped FBG is required for this purpose) and, in most of
the practical cases, a variable dispersion device would be required. Two of the most
troublesome issues in optical transmission systems, especially when operating at bit rates
higher than 10 Gbit/s, are the accumulation of dispersion and nonlinearities. Dispersion-
managed single channel or WDM systems have been demonstrated, where the dispersion
accumulated in a span of fibre is cancelled by a dispersive element that provides an
opposite sign dispersion. However, the accumulated dispersion for a given channel may
vary in time due to the fact that a given channel can originate locally or far away in the
optical network. On the other hand, it is often necessary in order to keep nonlinearities
under control, to maintain a small non-zero dispersion at a given point along the fibre span.
The case where the operating conditions are changed (including the dependence of the
transmission path on temperature or stress), may equally affect the total amount of
dispersion in the system. Unfortunately, the dispersion tolerance reduces quickly as the bit
rate increases (and this is exacerbated by an uncompensated dispersion slope): as a
consequence, variations in dispersion, which are usually negligible in slower systems, can
severely affect the network performance at higher bit rates. Already at 40 Gbit/s, for
instance, the dispersion map is required to be accurate to within less than 50 ps/nm, and at

160 Gb/s less than 5 ps/nm [1].

103




DCF 7\&,/ DCF %
(117 [11]
SMF X, SMF Xy
34.6 km 34.6 km
a) 68 km 6.8 km
é 100 | e
A O’./
S o
S 50t ./‘/
z = ad
RN T ANENIPRSEPRI S s N
iS} \v\,\v
-
ig -50 | \v—'\vw—v\v -
E e,
S .100 | ~v
8 i i i i i 1 i I3 i 1 i 1 Y 1 i L
b) < o 2 4 6 8 10 12 14 16

Number of dispersion-map periods

Figure 5.1 Numerical optimisation of single channel transmission on 1000 km of SMF at
80 Gbit/s: a) Schema of the symmetric dispersion map used in the compuitation, b)
Accumulated dispersion to be compensated as function of the number of dispersion map
periods: (circles) —0.09 ps/mm, (squares) zero, and (triangles) 0.08 ps/nm average
dispersion. From Ref. [2].

Finally, in such a dispersion-managed optical transmission link it is very important to put a
device, enabling dynamic dispersion compensation, at the end of the transmission line
(post-compensator). This device would provide compensation against small dispersion
variations and possibly against the action of high order dispersion as well. From these
examples one may see that, in practice, for an accurate compensation, it would be more
convenient to have a device delivering a variable amount of dispersion than a device with a
fixed one. The necessity of a tunable dispersion post-compensator used complementary to
the dispersion-map can be understood looking at the plot in Fig. 5.1.b. The dispersion map
used to perform numerical simulation of a single channel transmission system operating at
80 Gbit/s over 1000 km together with the fibre parameters are shown in Fig. 5.1.a and in
Table 5.1 respectively. The fibre length is balanced so that the system operates in the
vicinity of zero average dispersion. Numerical computation shows that the best
performance can be achieved at a slightly anomalous average dispersion. A plot of the
accumulated dispersion compensation required after each period of the dispersion map is

shown in Fig. 5.1.b. From the plot it can be seen that the accumulated dispersion, after just
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few sections of the dispersion-map, is never exactly zero, then an accurate post

compensation is required to limit the effect of distortion on the output optical signal.

FIBRE SMF DCF
Dispersion [ps/nm/km] 15.8-17.3 -84
Dispersion slope [ps/nm ?/km] 0.064 -0.23
Effective area [ um?] 80 25
Loss coefficient [dB/km] 6.22 0.65

Table 5.1 Fibre parameters used for the simulation in Fig. 5.1. From Ref. [2].

Clearly, the system is very sensitive to precise post-compensation. Although a span of
post-compensating fibre could be used at the end of the map, to compensate for the
residual dispersion, this solution would be unpractical and not very effective in the case
where the dispersion varies in time. As a matter of fact, a tunable dispersion post-
compensator, with a range of variability between —70 and 90 ps/nm is required. There is no
method known at the moment for tuning the dispersion of a DCF. In the following
sections, we will show that such a tunable dispersion compensator can be implemented by

using FBGs.

5.3 Techniques for Tuning the FBG Dispersion

In recent years, several techniques to transform ordinary FBGs in tunable ones have been

proposed. The working principles of such devices can be grouped in two different classes:

o the application of a gradient stretcher (strain, temperature, or other gradient field) to a
uniform or linearly chirped FBG,

« the application of a linear stretcher to a nonlinearly chirped FBG.

In both cases, tuning of the grating dispersion is achieved, since the method affects the
time delay in a “non-uniform” way. The reason why a non-uniform effect (temperature
gradient or distributed strain) must be used for tuning the dispersion of a FBG will be clear
in the following. At this stage, it is useful to overview the methods used to implement
tunable dispersion FBGs. A general view of the topic will help the reader to understand
why we choose one specific approach (i.e., tunable distributed strain) in conceiving and

fabricating our tunable dispersion device.
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Temperature and strain have been largely used to fabricate very accurate sensors because
of the high sensitivity of FBGs to these physical quantities. The shift in the Bragg

wavelength due to strain and temperature can be expressed as [3]

dn

n’ dT
Mg =20 A1 1-) = [P,—v(P, +Py)]} e+ a+~—=|AT (53.1)

n
where € is the applied strain, P;; are the Pockel’s (piezo) coefficients of the stress-optic
tensor, v is the Poisson’s ratio, a is the coefficient of thermal expansion of the fibre
material (silica), and AT is the temperature change. We will give below a separate
description of the dispersion compensator devices based on temperature and of those that

use mechanical strain.

5.3.1 Thermal Tuning of a FBG

In silica fibres, the thermal response is dominated by the temperature dependence dn/dT of
the material, which accounts for ~ 95% of the observed wavelength shift. The (normalised)
thermal responsivity (at a constant strain) is given by [3]

1 8y

—=1 " 6.67x107¢ °C™! (5.3.2)
B

A wavelength resolution of 1 pm (0.001 nm) is required (at Ag ~ 1.3um) to resolve a
temperature change of ~ 0.1 °C. The effect of tuning the Bragg wavelength of a FBG by
temperature has been used to fabricate very precise optical filters (narrow- or pass-band).
The application of a uniform temperature along the whole length of a linearly chirped FBG
produces a shift in wavelength, proportional to the applied temperature, but fails in tuning
the grating dispersion, as no differential effect on the different sections of the grating is
involved. Devices based on non-uniform temperature distributions, in both chirped or
uniform FBGs, have been demonstrated [4]. In thermally operating tunable devices, a
gradient in temperature along the grating length causes a variation of the chirp of the
grating, as a result of the temperature dependence of the silica refractive index. Typically
this type of device is fabricated by using an heater (i.e., an oven) and a refrigerator (or heat
sink) connected to the ends of a thermally conductive plate to which the fibre is bonded
[5]. The linear temperature gradient established by thermal diffusion in the material
supporting the fibre induces a similar gradient in the fibre, then a linear chirp in the FBG.

Alternatively, a less bulky design has been proposed by Eggleton et al. [6-9] from Lucent
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Technologies. This device works on a distributed on-fibre thin film heater, deposited onto

the outer surface of a FBG, as shown in Fig. 5.2.
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Figure 5.2 Tapered metal coated FBG device for tunable chromatic dispersion, based on
temperature gradient. From Ref. [6]

The current, flowing through the thin film, generates resistive heating at rates that are
governed by the thickness profile of the metal film. A chirp in the grating is obtained by
using a thin film, whose thickness varies with position along the length of the grating. The
chirp rate can be adjusted reversibly by varying the applied current to the metal coating.
The device is meant for on a per-channel basis dispersion compensation. The use of a
sampled grating enables to compensate for several different channels at once. Although the
optical characteristics of these devices are generally good, they present some non-

negligible disadvantages:

« The heat flow is notoriously a quite inertial process: the applied temperature gradient
will take some time (some seconds at least) to be established or to react to a different
voltage applied to the metal coating. This means that the device is necessarily slow

and unsuitable for transmission systems where the dispersion is rapidly varying.
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« The device is not passive and requires a very stable power supply in-order to maintain
the applied temperature gradient unchanged and to avoid unwanted drifts in the

dispersion curve.

o A nonlinear chirp is difficult to achieve with such a device because of the
thermalisation effect inside the coating. This means that the time delay delivered by
the tunable FBG can only be linear, i.e., the device can not be used to compensate for

high order dispersion.

o There is no way to avoid the wavelength shift produced by the change in temperature.
This means that the reflection spectrum of the FBG will shift in wavelength and, for
an excessive tuning, this could cause the operating wavelength to go outside the FBG

bandwidth at some stage (this problem, however, can be solved by using a broadband

grating).

Among the advantages of tapered metal coated thermally tuned FBGs we can mention: a
small size that enables a compact packaging, and a large range of variability for the

delivered chromatic dispersion, as shown in Fig. 5.3.

Aston University

lllustration removed for copyright restrictions

Figure 5.3 Measured dispersion as a function of the voltage applied to a temperature
gradient tuned device. The inset shows the effect of the applied gradient on time delay
curve. From Ref. [6]

To overcome the thermalisation effect and enable a nonlinear chirp to be established more
easily, a tunable dispersion equaliser based on a divided thin film heater has been proposed

[10]. The device has been realised by using a linearly chirped FBG and a divided thin film

heater composed by 32 thin film heaters. The nonlinear chirp enables dispersion slope
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compensation. The authors claim a chromatic dispersion change from —-304 ps/nm to —~196

ps/nm and a dispersion slope change from +100 ps/nm” to —300 ps/nm’.

5.3.2 Mechanical Tuning of a FBG

We consider the effect of a strain applied to a FBG (at a constant temperature). The factor
{(n2 /IZ)[P12 - v (P, +P]2)]} in (5.3.1) has a value of ~ 0.22 and the measured strain

response is found to be 3]

R

=0.78 %10 pe™ 53.3
Y p (5.3.3)

This responsivity gives a “rule-of-thumb” measure of the grating wavelength shift with

strain of 1nm per 1000 pe at Ag~ 1300 nm.
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Figure 5.4 The effect of a uniform strain (3 x 1072 ) applied on a linearly chirped FBG.

As the experimental measurements in Fig. 5.4 show, the simple application of a uniform
strain on a linearly chirped FBG can not change the slope of the linear time delay curve
(i.e., its dispersion), but only produces a constant shift in wavelength, linearly proportional
to the applied strain, in the resonant wavelength range (in Fig. 5.4, for instance, the
application of a strain Af/f=3x 10 would produce a linear wavelength shift of
approximately 1.5 nm; here ¢ is the length of the grating in the absence of any strain, and
AZ is the elongation due to the applied strain). This is because all the different sections of
the FBG are equally affected by the strain, as no differential effect acts between the grating

different sections (i.e., the grating chirp remains linear also after the strain being applied).
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In many respects, the application of a mechanical distributed (i.e., non-uniformly varying)
strain on a uniform or chirped FBG can achieve tunable dispersion more easily and
guarantee more stability, compared with a temperature gradient (as the induced chirp can

be maintained indefinitely).

5.3.3 Overview on Mechanical Tuning Techniques

Techniques with various degree of complexity, have been proposed for tuning the chirp of
a FBG. One of the first attempts to realise an adjustable chirp FBG by the use of
mechanical strain was made by Hill ef al. [11]. The proposed technique is, as matter of
fact, bulky and not very practical, as masses of different weight and suspended on either
side of a grating adherent to a plate with soft glue, must be used to obtain the tuning.
Moreover, this method has the disadvantage that the exact strain profile applied to the fibre
is hard to predict. A device easier to implement was proposed by Garthe e al. [12] who
bounded the FBG to a cantilever beam: by deflecting one end of the beam, an almost linear
strain gradient was established along the grating length. In a variation of this technique, Le
Blanc ef al. [13] used the strain gradient produced on the tapered section of an aluminium
cantilever beam. The technique provides an adjustable grating chirp, but also an unpleasant
shift in wavelength is produced in the reflection spectrum of the grating. The authors
suggested to eliminate it by temperature control, but the thermal expansion of the beam
poses a limit to the practical implementation of this idea. A technique based on a similar
tuning principle, but implemented by using the strain gradient generated from a
piezoelectric ceramic with tapered thickness, was suggested by Pacheco et. al [14], and
improved in [15]. The use of a multilayer piezoelectric transducer to realize a low voltage
and high tuning range efficiency was discussed by Inui et. al [16]. Several authors put
their effort in the implementation of a bending beam technique enabling the tuning of the
grating dispersion without wavelength shift [17], [18]. The authors were interested in the
compensation of the chromatic dispersion only and the proposed technique is not intended
for higher order dispersion compensation. A mechanical strain based method to achieve,
positive or negative chirp in a FBG written in a tapered core fibre (used to generate a non
uniform strain in alternative to a tapered beam) is described in [19]. The inconvenient of
this technique is that the tapering of the core produces an higher loss and the risk of fibre
breaking is higher. A “local” strain approach was proposed by Ohn ef al. [20], [21]. The
proposed tuning mechanism is based on the use of a piezoelectric stack with 21
individually controlled segments to control the local strain at different positions along the

grating. By stepwise monotonic increase (or decrease) of the strain along the grating, a
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linear group delay response was obtained. The main problem of this technique is that,
because of the finite dimensions of each element in the piezoelectric stack, the strain 1s
necessarily applied on finite segments of the FBG (discrete strain). The technique then
produces a discontinuity (phase-shift) at the boundary between two consecutive elements.
The discontinuity produces substantial ripples in the delay response of the device. Also in
this case, the device is conceived as a compensator for the chromatic dispersion only. The
use of a sampled chirped FBG, tuned by mechanical strain, was suggested to compensate
the dispersion of several channels at once ina WDM transmission system [22], [23]. In this
case the wavelength separation of the WDM channels is different from the wavelength
separation between the sampled FBG wavelength bands. This means that each WDM
channel experiences a slightly different dispersion compensation that can be tuned upon
grating stretching. On the other hand, methods to fabricate nonlinearly chirped FBGs
(suitable for higher order dispersion compensation), have been proposed already [24-26].
A technique based on the use of a (piezoelectric) tunable nonlinearly chirped FBG, to
suppress channel degrading effects as well as to compensate for higher order dispersion,
was reported by Willner et al [27-29]. Similar techniques have been proposed to
implement a strain-chirped FBG with an adjustable dispersion slope [30-32]. Various
techniques, based on the use of double or twin FBGs, to achieve dispersion or slope

compensation have been reported as well [33-36].

5.4 Tuning the FBG Dispersion by a Multipoint Bending Rig

From the previous overview on tunable dispersion FBG devices one may infer that no
device works on a general principle enabling the compensation of both the chromatic
dispersion and the dispersion slope. Clearly, the grating characteristics (such as the
refractive index modulation period and the time delay) could be different for devices
conceived as chromatic dispersion compensators and for those that deal with the dispersion
slope (for instance, a nonlinear time delay is required for higher order dispersion). This
means that, at least in principle, the same grating could not be used to compensate for
dispersion of different orders. We describe a novel chirped FBG device that has a
nonlinear tunable dispersion. The working principle of the device is based on the tuning of
the group delay characteristic of an initially linearly chirped FBG. We show that the group
delay of a linearly chirped FBG can be tuned to become nonlinear by the action of a
distributed mechanical strain applied to the grating. In the absence of any strain applied,
the FBG is linear, thus its dispersion is the same at any wavelength within the grating

bandwidth. The device is engineered in such a way to apply a predetermined strain profile
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to the FBG, inducing a controllable and reversible nonlinear grating chirp (which allows
the compensation of higher order dispersion). This approach has many advantages with
respect to other tunable dispersion compensators based on a similar working principle.

Among them we mention

« The device can compensate for chromatic dispersion as well as for dispersion slope.

o It can be used to compensate for the optical transmission system dispersion in real
time (a feedback mechanism can be easily implemented between the BER
measurement and the rig that applies the strain to the grating, in such a way to
compensate automatically for the necessary dispersion).

o It is a passive device (it does not require any power supply) and is stable (i.e., the
delivered dispersion can be kept at a fixed value indefinitely without any of the drifts
occurring in a temperature tunable device).

o The linearly chirped FBG has a large bandwidth, that can accommodate a 40 Gb/s
channel, and that makes the device suitable for WDM applications. Moreover, such a
large bandwidth makes the device more tolerant to the small wavelength shifts
induced by the applied strain.

o A suitably chosen bending profile can be used to minimise (at least from one side of
the FBG) the wavelength shift induced by the applied strain in the grating reflectivity.

« The strain applied to the FBG is continuous (no phase shifts are produced in the
grating structure by the applied strain) and the disturbance to the group delay ripples
1s minimal.

o The device has a relatively small size that makes it compact.

« A simple theoretical model enables to predict the values of the chromatic dispersion
and dispersion slope corresponding to a given applied strain, or inversely, to calculate

the bending profile necessary to achieve a given dispersion.

In the device, a tunable dispersion is obtained via axial distributed strain applied to a
(linearly) chirped FBG, by using a muitipoint bending rig. The non-uniformly distributed
strain modifies the core refractive index modulation period A(z) along the grating length z.
The use of a multipoint bending rig allows varying the strain applied to the grating in a
predictable manner (the knowledge of the curvature radius of a metal beam is all we need
to calculate the applied strain). This technique enables an accurate control of the strain
applied along the grating length, thus allowing a very precise tuning of the “local” period
A(z) (or in other words of the time delay), and a fine tuning of the FBG dispersion. The

multipoint bending rig is designed to apply a differential strain on each section of the FBG
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in a very smooth way (no discontinuities are produced inside the grating structure as the
strain is continuously varying). The exact design of a multipoint bending rig depends on
the specific dispersion tunability required. The device that we used in our experiment, for
instance, is the four point bending rig shown in Fig. 5.5. This bending rig had already been
used in our laboratories, to test the behaviour of FBGs subjected to axial distributed strain
for fibre sensing applications [37]. The work described here represents the first reported

application to the tuning of the dispersion of a FBG.

MICROMETRIC

METAL BEAM
HOLDER

OPTICAL FIBRE

METAL BEAM

Figure 5.5 The four point bending rig used for tuning the chromatic dispersion and
dispersion slope of a linearly chirped FBG.

The device in Fig. 5.5 consists of a metal holder with two wedges, one on each side
(indicated with A and D), and of a compression block containing other two symmetrical
wedges (indicated with B and C). The compression block can move up and down
transversally (as shown by the left-right arrow) with a fine movement (1/20 mm) by using
a micrometric driver. The FBG is embodied, using a special soft glue, to an elastic spring
steel beam, into a V-groove (used to minimise the amount of non-axial strain applied to the
FBG) in such a way that it can not slip away when the strain is applied. The beam

including the FBG is put between the points A and D of the holder where the compression

113



block, controlled by the micrometer, pushes the beam down. Because of the action of the
compression block, the originally straight beam becomes curve, and its curvature is
directly controllable by the micrometer. As we will show, the amount of strain that is
applied to the bar depends on the beam curvature radius. Because of the special material
composing the beam, the original beam shape can be restored when the compression block
moves up, releasing the beam (the deformation produced by the compression block is not

permanent, because the device operates always within the elasticity limit of the material).

A=y

Ag
Linearly Chirped FBG
(unstrained grating)

_Z

Nonlinearly Chirped FBG
(strained grating)

Aj=B AT

Figure 5.6 Schematic representation of the effect of applying a controllable distributed
mechanical strain to the refractive index modulation period Ao of a linearly chirped FBG.

The device applies a nearly linear strain to one region of the bar and a progressively
nonlinear strain moving away from this region (the strain is symmetric with respect to the
centre of the bending rig). The tuning action is optimised by translating the beam between
the points A and D of the holder (i.e., placing the FBG asymmetrically with respect to the
centre of the rig). This enables the application of the maximum strain allowed by the rig to
a precisely chosen region of the grating. For our tunable dispersion experiment, we used a
linearly chirped FBG, as the one shown in Fig. 4.9 (made by using the Lasiris Technology
phase-mask). As we were interested in tuning the 1550 nm wavelength, for
telecommunication purposes, the device was operated in such a way that the compression
block acted approximately on a third of the grating length from the short wavelength

region (maximum strain applied around 1550 nm).

5.5 Tuning of Chromatic Dispersion and Dispersion Slope of a Linearly
Chirped FBG by Distributed Axial Strain

In this section we derive a model enabling the calculation of the dispersion changes
induced by any axial distributed strain in a linearly chirped FBG. Let us suppose that the

distributed strain is applied along the grating physical length by using a multipoint bending
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rig as the one schematically shown in Fig. 5.7. Even if we consider here, for the sake of
simplicity, a four point bending rig, the mathematical description can be extended to any
case where the curvature radius p of the beam under strain is a function of the axial
coordinate z along the FBG. The metal strip is supposed to be thinner than long,

homogeneous and of a constant thickness 2w.

Compression block

X
Figure 5.7 a) Schematic diagram of a four point bending rig and b) local geometry of a

bended elastic beam of thickness 2w.

We consider a point-like interaction of the light with the FBG. This means that each
wavelength component Ap, within the propagating optical pulse bandwidth, is back-
reflected by the FBG in the exact point of coordinate z where the grating Bragg period
A(z) is in resonance with that wavelength. The span of SMF travelled by the light in
reaching the FBG is short enough to allow neglecting the fibre chromatic dispersion with
respect to the grating dispersion. In the absence of any external perturbation (unbended
beam), the linear period A,(z) of the linearly chirped FBG, as a function of the axial
coordinate z along the fibre, is (see Eq. 4.2.2)

A(z)=Ag+ay-z (5.5.1)
where the assigned index ‘u’ stays for ‘unstrained’ (in opposition to ‘s’ that is used for all
the quantities relative to a strained grating), and Ag and oy are the grating refractive index
modulation period and chirp rate respectively. The chromatic dispersion delivered by the
linearly chirped FBG is estimated by

_ot(™) B _ B
" on T _dA(®@  no,
dz

= const. (5.5.2)

where n is the core effective refractive index.
Strictly speaking (5.5.2) is an approximation as we assume the core mode propagation
coefficient B; to be independent of the wavelength. For the considered linearly chirped

FBG (shown in Fig. 4.9), for instance, the estimated chromatic dispersion from (5.5.2), is
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D ~128.2 ps/nm (the group velocity v, = 2.05x10° ps/nm is calculated as in Fig. 4.4,

and o, =0.26 nm/cm is given by the phase-mask maker). This value of chromatic

dispersion is in good agreement with the experimentally measured value. The bending of
the metal beam, given by the multipoint bending rig, produces a perturbative axial
distributed strain g(z) << 1 in the linearly chirped FBG period according to

A(z)=A,(z) (1+(2)) (5.5.3)
Now, we wish to derive a consistent system of equations relating all the relevant variables,
such as the fibre strain and the dispersion delivered by the grating. For any multipoint
beam bending device, including our special case of four point bending rig, the axial strain
e applied to the fibre depends on the curvature k(z)=1/p(z), where p(z) is the local

curvature radius and can be expressed as

e(z) = limA—!i = —w K(z) (5.5.4)
p(2)

(>0 ¢

where ¢ represents the unstrained distance between two close points within the fibre, A¢
is the local elongation (or compression) after that the strain has been applied, and w is the
half-thickness of the metal beam. For a given bending profile y(x) the local curvature is
conveniently expressed in Cartesian coordinates using the well-known formula

d’y(x)
dx?

dye0 VY
(H[—j}
dx

Therefore, the relation between the applied strain € and the beam deflection y(x) can be

K(x) = (5.5.5)

written in the form

d’y(x)

2
e(x) = dx (5.5.6)

(H[dZ(X) )2]%

Finally, the coordinate z along the fibre length and the Cartesian coordinate x are related,

w

as follows

2
dz _ 1+( dY(X)j (5.5.7)
dx
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The above equations can be written in an invariant form, eliminating the Cartesian variable
x. To do this, we introduce a deflection slope variable c =dy/dx.
We then obtain
%z:w“(Hc(z)z)-e(z) (5.5.8)

from (5.5.6) and (5.5.4). Another important, reasonably accurate simplification, can be
made at this point. As it is clearly shown in Fig. 5.8, the real device always operates in the
limit of small deflection, that means 6<<I, yielding z = x instead of (5.5.7).
Using the small deviation approximation, (5.5.8) reduces to

49 _ e (5.5.9)
z
Equations (5.5.3), (5.5.7) and (5.5.8) form a complete system, adequately describing the
tuning of a linearly chirped FBG by axial distributed strain.

FBG long
wavelength side

b)

FBG short
wavelength side

Beam deflection (mm)

-80 -40 0 40 80
Position x on the rig (mm)

Figure 5.8 a) Photograph of the bending rig used for tuning the time delay delivered by a
linearly chirped FBG by mechanical distributed strain, b) exact beam profile y(x) for two
different bending conditions of the metal beam (corresponding to the full range of
variability allowed by the device). The dashed line represents the unstrained beam profile,
while the grey thick line on the bottom shows the position of the linearly chirped FBG
within the metal beam in the actual device.
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We now consider some simple specific cases where an analytic solution can be found.
Either the full system or the one obtained for c<<1 (small beam deviation approximation),
can be considered in two opposite, but equally important situations. One may apply the
above description to the calculation of the dispersion and dispersion slope in an arbitrarily
strained linearly chirped FBG, once that the beam bending profile y(x) is given.
Alternatively, the required beam bending profile y(x) can be found to provide a
predetermined dispersion and dispersion slope. We refer to the two situations as the direct

and the inverse problem, respectively.

5.5.1 The Direct Problem

By solving the direct problem, all the dispersion characteristics, such as the time delay, the
chromatic dispersion, and the dispersion slope of the nonlinearly chirped F BG, are found
as functions of the strain, which is in turn directly linked to the bending profile of the metal
beam. The direct problem is straightforward and involves just a couple of simple steps,
once that the bending beam profile y(x) is explicitly given. The beam profile y(x) can be
obtained by direct scan of the photograph of the device and by subsequent numerical

interpolation of the point read on the curve, as shown in Fig. 5.9.

Beam deviation [mm]
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Figure 5.9 Examples of the method used 1o obtain the beam profile y(x) by photographic
scan: a) photograph of the device in false colours, b) best-fit curve of the points (six-order
polynomial).

In the specific case where the beam has been bended using the full range allowed by the
device, the interpolating function (best-fit) of the beam profile y(x) is a six-order

polynomial of the general form y(x)=A+ Bx?+Cx"+Dx° (in the case of the

maximum beam bending allowed by the rig, the coefficients are A =-0.0032mm,

B=0.00121mm~, C=-529701x10"* mm™, D =1.00709x10""> mm™). Once that the

beam profile has been found, the second step is to determine the axial strain €(x) and the
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fibre length z(x) according to (5.5.8) and (5.5.7), respectively. These two relations provide
a parametrically defined function €(z). Then, the time delay can be related to the
wavelength by using the Bragg resonance condition. The chromatic dispersion D (in
ps/nm) delivered by the strained chirped grating at each point of coordinate z is easily

calculated by using

D= 250 B_[LA_Q} B ! (5.5.10)
or m| dz n{ia0(1+s(z))+(A0+ocoz)dz(zz)}

One may notice that, in the case of unstrained grating (linearly chirped FBG), (5.5.10)
yields a constant dispersion D =B, /na,. The numerically calculated value of the axial
strain applied to the linearly chirped FBG by the bending of the beam, is never higher than
10*. On the other hand, the perturbative nature of the strain applied to the grating is clear
from (5.5.10): as a consequence of the applied strain, the initial chirp rate o of the grating

becomes o+ Aa, where

Aa:w(ao K(Z)+Au(2)d§(z)) (5.5.11)
zZ

The controllable applied axial distributed strain transforms the chirping of the FBG from
linear to nonlinear and the modulation refractive index period of the grating also becomes

nonlinear function of the fibre length, as shown in Fig. 5.10.
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Figure 5.10 Deviation from linearity of the period A(z) of an initially linearly chirped
FBG subjected to axial distributed strain. Because of the special configuration chosen, the
only wavelength shift induced by the strain is on the long wavelength side of the FBG, with
the very short wavelengths being practically unaffected by the strain.
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One last equation reflects the fact that both the chromatic dispersion D and the wavelength
X are parametrically defined via the position z along the grating

A (2)=2n(Ay+0,2z)-(1+e(2)) (5.5.12)

The dispersion slope of the nonlinearly strained chirped FBG can be determined from

2
20, dz(z) + (A +0 z)d 8(22)
S(z):@:— By z (5.5.13)
or  2n’ de(z) |
liao(l +e(z))+(Ay +ay2z) }
Z

Figure 5.11 shows a comparison between the values of dispersion and slope predicted by
the model and the experimentally determined ones. One can see, that the experimental and
theoretical curves match with an accuracy of 10% for the dispersion and 15% for the slope.
The data in Fig. 5.11 were obtained at the point of maximum strain of the grating, therefore

the accuracy of the model at any other point is better than that shown here.
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Figure 5.11 Comparison between the model prediction and the measurements in a
nonlinearly strained FBG. Measured (squares) and calculated (solid line) chromatic
dispersion D. Measured (circles) and calculated (dashed line) dispersion slope S. The
straight horizontal line shows the dispersion of the unstrained (linearly chirped) FBG.

5.5.2 The Inverse Problem

By using the same model, it is also possible to solve the inverse problem, i.e. to calculate
the beam bending profile y(x) required to obtain particular dispersion and slope. The

multipoint bending rig can be easily modified in order to obtain the necessary strain. An
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additional degree of tunability can be obtained by employing a varying beam thickness
(tapered beam) or a material with a different elasticity, as well as changing the number and
position of the supports in the bending rig with respect to the bar.

The inverse problem is solved assuming that the dispersion of the strained grating is given
as a function of wavelength. Then the time delay can be elementary recovered, which gives
a relation between the wavelength A and the travelling distance z (i.e., the wavelength can

be expressed as a function of z). By using (5.5.12), it is possible to write the strain € as

oy M M)

= = ~1 (5.5.14)
2n (Ag +og 2) Ao +2noz

We can recover z(x) and y(x) by integrating (5.5.7) and (5.5.8). The small deviation
approximation considerably simplifies this procedure, since it suffices to integrate (5.5.14)
twice to obtain the beam profile y(x). As an example, let us consider the practically
important problem of providing the dispersion profile with given chromatic dispersion Do
and slope S

D) =Dy +Sy(A—=2Xy) (5.5.15)

The relation between wavelength and travelling distance can be then written as
1
r(x):Do(x—x0)+-2-so(x—x0)2 =2B,z (5.5.16)
Equation (5.5.16) enables to express the wavelength A as a function of z

2 2 2
A(Z)=hg - 22 + Bi‘>—+ﬂ3‘—zzxo+2ﬁ'z—w‘ S (5507)
So 1s2 S, D, D}

where we have assumed S, (A—Ai,) << D, because of the smallness of the dispersion

slope. Substituting (5.5.17) in (5.5.14) yields

g(z):———i—tlz——+a+2b—b(i+'(}“0‘ZJ (5.5.18)
1+—22 0
0
2
A, S
where a = By —1andb=£’——5—9—50—.
nDga, nDjoag

The required final expression for the beam bending profile y(x) is then obtained from

(5.5.9):

A} o o
—w P20 =0 Bt U D
y(x)=w oc(z) { (a+Db) (1 + A, xJ{ln{l+ A, xj 1}

1 - ) (5.5.19)
@b 1+ 20 | 2120k | Liexteg
2 A J

0 6 Ao
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The integration constant cg is irrelevant due to the translation invariance of the problem,
whereas the integration constant c; should be determined from the boundary conditions
corresponding to a particular implementation of the bending profile. For instance, for the

bending rig described above: g(x =0) =0, which implies that c; has to be set to zero.

Notably, a zero strain corresponds to the dispersion Dg resulting from a linear chirp.

5.6 Spectral and Temporal Measurements on Nonlinearly Strained FBG

Before testing the performance of the mechanical tunable FBG on a real dispersion-
managed transmission system, we carried out a few measurements to understand how the
applied strain could affect the dispersion and reflection characteristics of the grating. A

first set of measurements is shown in Fig. 5.12.
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Figure 5.12 The effect of increasing distributed strain on a linearly chirped FBG: a)
nonlinear tuning of the time delay and b) wavelength shift in the long wavelength region.

The linearly chirped FBG, glued to a thin spring steel beam, was subjected to an increasing
curvature (i.e., an increasing nonlinear strain) by the multipoint bending rig. The transition
from a linear time delay (constant chromatic dispersion) to a nonlinear one (where the
chromatic dispersion depends on the wavelength), as a function of the distributed strain
applied to the grating is shown in Fig. 5.12.a. A translation of the metal beam along z
allows the application of the maximum strain on a precise region of the FBG. In the case
considered here, the tuning of the chromatic dispersion and dispersion slope at 1550 nm
was obtained by applying the maximum strain (asymmetrically) at approximately one third
of the grating length starting from the short wavelength side. The special geometry of the
bended beam enables to minimise the wavelength shift produced by the applied strain on
the short wavelength region. Actually, as shown in Fig. 5.12.b, only the longer

wavelengths within the grating bandwidth are shifted by the strain (by less than 2 nm).
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This behaviour guarantees that the operating wavelength never leaves the grating band-gap
and thus the device can work on the whole range of strain tunability. The tuning curves of
the device, i.e., the measured chromatic dispersion and dispersion slope at 1550 nm, as

functions of the distributed strain are shown in Fig. 5.13.
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Figure 5.13 Chromatic dispersion and dispersion slope versus applied strain, measured at
1550 nm.

One may see that the chromatic dispersion is tuned in a range between —130 and ~70 ps/nm
by the applied strain. The dispersion slope (zero for a linearly chirped FBG) is tuned up to

-13 ps/nmz.
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Figure 5.14 Measured group delay ripples of a linearly chirped FBG under strain: (solid
line) a moderate strain is applied, (dotted line) the maximum strain allowed by the device
is applied. The inset shows the group delay ripples in the vicinity of 1550 nm, for the two
different strains.
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We have also investigated the effect of the strain on the amplitude of the group delay
ripples of the grating. From the data shown in Fig. 5.14 it can be seen that, for a grating
subjected to a moderate strain, 68% of the group delay ripples has an amplitude of * 5.8 ps
or less. The corresponding average amplitude is estimated to be + 4.7 ps (value slightly
higher than for an unstrained apodised grating). When the maximum strain is applied, we
have that 68% of the ripples has an amplitude of + 7.3 ps or less (with an increase of ~
25%,), while the average amplitude is estimated to be + 5.1 ps. Despite the strain produces
an increase in the average value of the group delay ripples, in the region around the
operating wavelength of 1550 nm the ripples are only slightly affected by the strain, and

therefore the device can work very well at 1550 nm, as we show in the following section.

5.7 Pulse Recompression Experiments

We tested the performance of the mechanically tunable FBG by performing different pulse
recompression experiments. A linearly chirped FBG, embedded within a V-groove of a 30
cm long and 1 mm thick spring steel beam, was used in all the experiments. This FBG has
been fabricated by using the whole length of a 11 cm long holographic phase-mask (Lasiris
Technology) and apodised (by the dithering phase-mask technique with a broad truncated
cosine shaping function) to reduce the amplitude of the group delay ripples to less than 5
ps. The grating has a bandwidth of ~ 8nm and a linear chromatic dispersion of ~ 128.2
ps/nm (measured by the phase-shift modulation method). All the measurements were done
in a linear regime, because the nonlinear effects in the fibre were minimised by keeping the
optical power low. This because only the FBG should be responsible for the pulse

recompression and no contribution should come from the nonlinearity.
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Figure 5.15 Experimental set-up used for testing the tunable FBG.
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The fibre nonlinearity can be neglected whenever the condition
L
—B <1 (5.7.1)
N
is satisfied, where Lp and Lyp are the characteristic dispersion and nonlinear lengths,

respectively:

2 0.33T2 I
R e B T (5.7.2)

A*| D] TPy

Here, Py 1s the pulse peak power and y is the fibre nonlinear coefficient. Py can be

recovered from the average power Py, of a bit stream by using the relation

Py =2x——xP (5.7.3)

where T is the bit period.

We performed two experiments to test the ability of the mechanically tunable grating to
recompress broadened optical pulses under different conditions of applied strain and/or for
different repetition rates. The schema of the experimental set-up is shown in Fig. 5.15. A
mode-locked fibre laser (PriTel UOC-3) was used, providing 2.7 ps FWHM pulses at the
operating wavelength of 1550 nm. The time-bandwidth product was ~ 0.34, showing that
the laser output pulses were a good approximation to transform limited and sech?(t) in
profile. A 10 Gb/s pseudo-random binary sequence (PRBS) of length 2*'-1 is amplified by
using an EDFA, then injected into a 6.5 km-long SMF. Because of the dispersion induced
by the EDFA, the pulses at the output of the amplifier are slightly broader than at the
output of the laser, with a measured FWHM of 3.04 ps. The measured average power at the
beginning of the SMF is 16 mW, which gives a peak power of 1053 mW (see (5.7.3)).
Using these values of peak power and FWHM, and y = 2.57 (W km)' in (5.7.2) we obtain
Lo/Lni~ 0.38, which shows that we are operating reasonably below the nonlinearity power
threshold. The 6.5 km fibre acts as a dispersion reference, and intentionally broadens the
laser pulses to ~ 90 ps. The broadened pulses are then injected into the tunable grating via
a three-port optical circulator. As the measured chromatic dispersion of the unstrained
grating 18 -128.2 ps/nm, the FBG clearly overcompensates for the dispersion imposed by
the SMF. The pulses, detected at the grating output, are then ~ 40 ps in width.

The aim of the first experiment is the characterization of the dispersion delivered by the
device under different conditions of applied strain. A variable delay line, delivering
anomalous dispersion, was placed at the output of the circulator (after the grating). This
variable delay line was essentially used for drawing the dispersion characteristic curves

shown in Fig. 5.16.
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Figure 5.16 Experimental dispersion characteristic curves of the tunable FBG subjected
to three different strain conditions: (triangles) flat unbended beam, (squares) maximum
bending allowed by the rig, and (circles) intermediate bending.

The motivation for such measurements was to establish whether the application of a given
strain can deteriorate in any way the compression capability of the grating. The curves in
Fig. 5.16 refer to three different conditions of applied distributed strains. In each one of the
cases considered here the grating was set in such a way to deliver a dispersion in excess (so
that the pulses are broadened as a consequence of the unbalanced dispersion). Here the
tunable FBG 1s maintained at a fixed position (either straight or bended beam) and the
excess of dispersion is compensated by using the variable delay line only. It can be seen,
from Fig. 5.16, that the minimum pulse-width has approximately the same value of 3.6 ps
for all the strain conditions. We can then deduce that the strain does not affect the
compression capability of the grating in any way (despite of an average 25% increase in
the group delay ripples of the grating subjected to the maximum allowed strain with
respect to the unstrained case). The good performance of the device is mostly due to the
absence of phase-shifts within the grating structure because the strain applied is
continuously varying along the grating length.

A second experiment was performed by using a variant of the set-up pictured in Fig. 5.15.
This time we did not use the auxiliary delay line after the tunable FBG, but the
recompression of the broadened pulses was directly obtained by tuning the grating
dispersion. The same experiment was repeated at different pulse repetition rates (10 and 40

Gb/s). The 40 Gb/s pulse stream were obtained from the original 10 Gb/s stream by using a
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technique of time division multiplexing, using a double Mach-Zehnder inter-leaver,

including an adjustable fibre stretcher to give the required delay.
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Figure 5.17 Autocorrelation traces of the original pulses (dashed line) and of the
recompressed pulses (solid line), showing high quality of the signal after dispersion
compensation. Inset, the recompressed pulse stream at 40 Gbit/s.

Figure 5.17 shows the high quality of the recompressed pulses: a clear return-to-zero
recovered pulse stream can be seen. For what concerns the ability in recompressing
broaden pulses, the device seems to be equally effective at 10 and 40 Gb/s. The pulse-
width of the recompressed signal (measured by using an autocorrelator) is always very
close to 3.6 ps (i.e., the grating has a recompression ratio of ~ 80%). From the above
preliminary results we may infer that the device could be suitable for operation in high-bit
rate optical transmission. Figure 5.18 shows the recovered eye-diagrams of a 10 Gb/s 2’
PRBS data stream recompressed by the tunable grating, under different strain conditions,
after travelling 6.5 km of SMF. The eye-diagrams at the output of the laser (back-to-back)

and at the end of the span of fibre are also shown.
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Figure 5.18 Experimental eye diagrams of a 10 Gb/s pulse stream measured: (a) at the
laser output, (b) at the end of 6.5 km SMF, and at the circulator output, (c) with unstrained
grating, (d) with intermediate strain, (e) with optimal strain (3.6 ps pulse width).

As a next step we performed an experiment to test the device as a dispersion post-
compensator in a real dispersion-managed transmission line. The experimental set-up is
schematically shown in Fig. 5.19, while the dispersion-map of the recirculating loop used

for the experiment is detailed in Fig. 5.20.
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Figure 5.19 Schema of the experimental set-up used to test the tunable FBG as a
dispersion post-compensator.

128



Dispersion [ps/nm/km]}
&

17.4 42.2 25.0

17.0

Distance [km]

-70.2
9.8

-84.4

8.1

EDFA
/ SMF  SMF  SMF
25.0km 0.8km 0.4 km

8.1 km

SMF
16.0 km

NS

EDFA

DCF 2
9.8 km

JNS

Wy 09 w80 wy9(
dINS

EDFA

SMF
25.0 km

Figure 5.20 Schematic diagram of the dispersion map and recirculating loop used in the
dispersion post-compensation experiment.

A first set of measurements were done by injecting a 10 Gb/s pulse stream into the
recirculating loop. The 2*'-1 PRBS data stream propagates for the distance of one loop
only (corresponding to 102.5 km propagation distance). Then the measurement of the Bit
Error Rate (BER), to check the quality of the optical signal reaching the receiver, is
effectuated as a function of the input optical power. The results of the measurement are
shown in Fig. 5.21. From these results is clear that the use of the tunable dispersion post-
compensator enables error-free transmission for a wider range of input powers.

Specifically, we can see that without the use of the post-compensator, the BER drops to

2.93x1077 when the optical power is lower than —6 dB, while with the use of the tunable

FBG the region of free-error propagation becomes approximately three times larger (in
such a case the BER drops to 1.88x107 for a power of —21.5 dB).
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Figure 5.21 BER measurements versus inpul optical power: (circles) with tunable
dispersion post-compensation device, and (squares) without tunable dispersion post-
compensalor.

One may also notice that the signal degradation is more gradual in the case where the

tunable post-compensation is used than in the case where only the dispersion map is used.

These measurements clearly demonstrate the effectiveness of the device.

Number BER Measurement BER Measurement
of loops (Without Tunable FBG) (With Tunable FBG)
15 Error Free Error Free
18 1.1 x 105 Error Free
20 44x10 Error Free
22 3.8x10-5 52x10"8
24 1.5x 10! 58x 10

Table 5.2 Measured BER as a function of propagation distance with and without the
tunable grating post-compensalor.

A second set of measurements was carried out, again by using a 10 Gb/s pulse stream, but
this time allowing propagation for more than one recirculating loop (i.e., the pulses are
transmitted over a longer distance) and keeping the input optical power at a fixed value.
The results of these measurements are summarised in Table 5.2. In this case also, the

beneficial effect of the post-compensator is clearly visible as the error-free propagation
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distance is increased by the device. The signal can propagate error free (BER<10'9) over
1537.5 km (15 loops) when only the dispersion map is used to compensate for the
chromatic dispersion. The use of the mechanical tunable grating, placed at the end of the
recirculation loop, enables to extend the number of error free loops travelled by the signal
to 20, which corresponds to a propagation distance of 2050 km. The same experiment was
repeated by using a 40 Gb/s, 2*'-1 PRBS data stream and similar results were obtained
(even if the error free propagation distance is shorter than in the case of 10 Gb/s similarly
to what happens when the dispersion map only is used). We report below the recovered

eye-diagrams for the propagation at 10 and 40 Gb/s.
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Figure 5.22 Back-to-back eye-diagrams for a 2*'-1 PRBS at: (a) 10 Gb/s (y scale: 25
mV/div) and (b) 40 Gb/s (y scale: 2 mV/div).
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Figure 5.23 Recovered eye-diagrams of a 221 PRBS data stream propagating without
dynamic dispersion compensation through 1 loop of the dispersion-map (102.5 km) at: (c)
10 Gb/s (y scale 20 mV/div) and (d) 40 Gb/s (y scale 2 mV/div).
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Figure 5.24 Recovered eye-diagrams of a 10Gb/s, 2%'-1 PRBS data stream propagating
over 1845 km (18 loops): (e) with fixed dispersion compensation delivered by the
dispersion-map (y scale 10 mV/div), and (f) with dynamic compensation by tunable FBG (y
scale 2 mV/div).
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Figure 5.25 Recovered eye-diagrams of a 40Gb/s, 2°'-1 PRBS data stream propagating
over 1845 km (18 loops): (g) with fixed dispersion compensation delivered by the
dispersion-map (y scale 1 mV/div), and (h) with dynamic compensation by tunable FBG (y
scale I mVzdiv).

Figure 5.24 shows the eye-diagram of the 10 Gb/s 2°'-1 PRBS, after 18 loops propagation,
in the cases of tunable dispersion compensation and with fixed dispersion compensation
only. It can be seen that, in the case where dynamic dispersion compensation is used, the
eye-diagram results clearly open (error free propagation). From Fig. 5.25 we see that, for
the same propagation distance, an equivalent optical stream at 40 Gb/s is more affected by

errors. Nevertheless it is clear that the use of the tunable dispersion post-compensator

device improves the quality of the signal reaching the receiver.
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5.8 Pulse Tail Suppression by Tunable Filtering

The multipoint bending rig tuned FBGs have another useful application in the field of
optical filtering. We demonstrate an efficient method to suppress the relaxation oscillations
in the output signal of an overdriven gain-switched laser diode, based on spectral filtering
by a non-uniformly strained FBG. We used the four point bending rig depicted in Fig. 5.5
to apply a distributed strain onto an apodised, unchirped, two centimetres long FBG that
was glued on a side of a thin spring steel bar. The applied strain can provide adjustment of
the peak wavelength and the bandwidth of the grating. As a result, the grating acts as a
tunable notch filter that can be used to remove predefined components from the laser
transmitted signal. The filtering is achieved without significant loss of the useful pulsed

signal.
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Figure 5.26 Spectra of the laser output (dashed line) without applied strain and (solid
line) after filtering by using an optimised strain.

Pulsed operation of a laser diode in gain-switched or Q-switched regime is probably the
simplest way to generate ultrashort optical pulses at an arbitrary repetition rate. However,
the relatively low output power restricts the possible applications of pulsed laser diode
sources. Increasing the signal power by driving the laser with higher current would result
in a degradation of the pulse quality [38], as the useful laser signal carries only a small
fraction of the total output power, the main contribution arising from the relaxation
oscillation tail. In a gain-switched laser, the generation of an optical pulse starts at the
point where the carrier density is high. Subsequently, the growing pulse causes substantial

depletion of the carrier density. The relaxation oscillation sub-pulses, or tail, occur at the
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next stage, where the carrier density oscillates above or around the threshold level. Asa
result, the spectral component corresponding to the tail is very similar to the continuous-
wave (CW) spectrum of the same laser. The tail energy is confined in a narrow peak on the
red side of the gain-switched laser spectrum, as shown in Fig. 5.26. The suppression of the
pulse tail in the time domain is obtained by simply removing these spectral components
from the laser spectrum. Nevertheless, such a filtering needs a very precise tuning since the
spectral components involved are separated by a fraction of nanometer. In addition, the
transmission function of the filter should have sharp edges to ensure the low-loss
transmission of the useful signal and this can be done by suitable apodisation of the FBG.
Figure 5.27 shows the results on the laser output of filtering by the use of a mechanically

tunable FBG.
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Figure 5.27 Oscilloscope traces of the laser signal: (dotted line) laser driven by low
amplitude (0.5 A) electrical pulses, resulting in virtually tail-free output, (dashed line)
overdriven laser (3 A electrical pulses), (solid line) spectrally filtered signal from an
overdriven laser.

The experiment was performed by using a quantum-well DFB laser diode where the
electrical signal is supplied by an avalanche pulse generator with repetition rate of 10 kHz
and maximum current of 12 A. The electrical pulses have a rise-time of 150 ps and a fall-
time of 650 ps. The pulse amplitude is adjusted by inserting a fixed electrical attenuator.
No DC bias is used. When driven by electrical pulses, with a relatively low amplitude of
0.5 A, the laser produces single optical pulses with a duration between 30-40 ps and peak

power up to 6 mW. Increasing the driving current produces a greater optical pulse
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accompanied by the relaxation oscillation. At the pump level of 3 A, the peak optical
power exceeds 30 mW but the pulse tail carries 90% of the total output power.

The effect of the spectral trimming on pulsed laser diode output have been studied earlier.
For instance, the shaping of a gain-switched DFB laser pulse by means of the filtering has
been demonstrated [39], [40]. The advantage of our approach is that we apply a notch filter
instead of a bandpass filter, the signal then transmits through the filter with virtually zero
loss, while the pulse tail is rejected. There is no need to use an optical circulator since the
FBG operates in transmission regime. A grating with an arbitrary chirp could be used to
affect the output pulse. From comparison on the curves of Fig. 5.27 it can be seen that the
peak power of the tail-free pulse increases by a factor of 5 as a result of the spectral

filtering. The relaxation oscillation suppression is further illustrated in Fig. 5.28.
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Figure 5.28 Pulse-width and normalised relaxation tail energy Ei/Eww against grating
applied strain.

Open triangle in Fig. 5.28 show the “normalised pedestal energy”, i.e. the ratio of the
energy contained in the pulse tail, to the total energy, as a function of the applied strain.
The pedestal energy parameter changes from approximately 0.9, corresponding to the
unfiltered signal, to a value around 0.1, when the filtering is optimised (i.e. the undesired
spectral components are suppressed by approximately one order of magnitude). As well as
suppressing the tail, the filtering affects the duration and chirp of the main optical pulse. It
is well known that gain-switched laser diode pulses possess considerable chirp. Under the
large-signal modulation the linewidth enhancement changes during the pulse, and the chirp
is not linear. As a result, it is possible to obtain shorter pulses from the gain-switched laser

output by selecting only the linearly chirped components. In our case, the result is achieved
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by removing the long-wavelength components from the spectrum. The open circles in Fig.
5.28 show the output pulse-width as a function of the applied strain. As the nonlinearly
chirped components are removed, the pulse experiences significant narrowing. For the
optimal tuning, the output pulse is shortened to a duration of ~ 8 ps from the initial 25 ps.
Unfortunately, the optimum point for the pulse shortening does not coincide with the best
tail suppression, although the latter shorts the pulse-width to 10 ps. The loss experienced

by the main pulse because of the filtering is very low (between 10% and 20%).

5.9 Chapter Conclusions

In the present chapter we discussed the reasons that make tunable dispersion compensation
preferable to the fixed one (and even indispensable, in the case where the bit rate used is in
excess of 40 Gb/s). After reviewing the state of the art on tunable dispersion compensators
based on fibre grating technology (both thermally and mechanically tuned), we illustrated
the working principle of a completely new device, conceived for using a distributed
mechanical strain as tuning mechanism of the dispersion delivered by an initially linearly
chirped FBG. The proposed device proves to be more flexible and reliable than other
reported devices working on a similar principle. It clearly represents a step forward in the
field of tunable dispersion compensation as allows the tuning of both chromatic and high-
order dispersion. We formulated a detailed theoretical description that can be used to
predict the dispersion and slope delivered by the device, once that the strain (bending)
profile is given, or vice-versa, to calculate the beam bending profile to be used for a given
dispersion pattern. A complete set of measurements, for the characterisation of the device,
18 reported: the effect of the distributed strain on time delay, reflectivity and group delay
ripples of the FBG is investigated. Experiments for testing the performance of the
dispersion compensator in a real optical transmission system were performed by using
optical streams at different repetition rates. The device proves to be an useful tool for
extending the propagation distance of an optical bit stream where the chromatic dispersion
compensation is made by using a dispersion map. The use of the same rig, but this time
used to apply the distributed strain on a uniform FBG, proves to be also suitable for
realizing a tunable filter. The filter has a key role in the suppression of the pulse tails
generated in an overdriven gain-switched laser diode. The novelty in this approach is that a
notch filter, instead of a bandpass filter, is used that allows the useful part of signal to be
transmitted through the filter with virtually zero loss. Using this technique we were able to
generate short optical pulses and having higher power (with a power increase by a factor of

5 as a result of the spectral filtering).
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Chapter 6

METAL COATED FIBRE GRATING DEVICES

6.1 Chapter Overview

In this chapter the behaviour of fibre gratings coated with a metal is theoretically
investigated and experimentally characterised. Metal coated fibre devices prove to be
accurate sensors for detection of temperature, external medium refractive index and
bending. For a suitably chosen metal coating (silver), we demonstrate that it is possible to
write the grating directly through the metal, and this technique considerably simplifies the
fabrication process of such devices. We fully characterize the behaviour of a partially
silver coated double-section LPG sensor, having a period of 325 pm and recorded (through
the metal coating) in a single-mode Boron/Germanium co-doped fibre. The structure
generates two attenuation bands, associated with the 8™ and 9" cladding modes, that can be
used for sensing measurements as they are located spectrally close together. The
attenuation band associated with the silvered section proves to be unaffected by changes in

the surrounding medium refractive index and can be used to temperature compensate the

bare fibre section. The sensing device possesses a resolution of +1.0x 107> for refractive

index detection and +0.3°C for temperature detection. The effect of bending on the
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spectral characteristics of the two attenuation bands is found to be nonlinear, with the

silver coated section having the greater sensitivity.

6.2 Three-Layer Cylindrical Optical Waveguides

Apart from their use in optical communications (where they have been employed as filters
or dispersion compensators, just to give two examples), fibre gratings have been also
widely used in the field of sensors as precise detectors of temperature, strain/bending and
surrounding medium refractive index variations [1], [2]. In the usual fabrication process,
any polymer coating, put around the fibre cladding to protect it from the mechanical stress
and the attach of the air, must be stripped off and the fibre accurately cleaned with
methanol (or a similar property chemical) and dried before the writing process can start.
This is because the polymer absorbs the most part of the UV light focused on the fibre,
making the process of writing in the core difficult. Once the grating has been written, the
fibre is then recoated in order to preserve its mechanical strength. In recent years, special
UV-transparent polymers have been developed in the attempt to simplify the writing
process [3], which can be thus reduced to one single step. Also the use of a different
writing wavelength, that is less absorbed by the fibre jacket, has been proposed [4], but this
method 1s unpractical due to the fact that a specifically designed phase-mask is required in
order to work at a wavelength different from 244 nm. On the other hand, adding a third
layer to a conventional step index fibre, made of a material with a different refractive
index, or having a interesting physical characteristic such as high thermal expansion or
mechanical resistance, can be of advantage in some specific applications. Obvious
advantages of using a metal coating, for instance, are an improved strength of the fibre and
consequently a better long term resistance to the fatigue, or the ability to attach the fibre
reliably to a connector, either by soldering, or by thermal compression bonding [5]. The
disadvantage is an increased optical transmission loss due to the modified structure of the
waveguide. Nevertheless, the interaction of the surface plasma mode of the metal film with
the evanescent field of the mode guided by the core makes the metal coated waveguides a
very interesting subject of studies, largely compensating for the disadvantage of an
increased optical loss [6-8]. Recently, a variety of metal-coated fibre grating based devices
have been proposed as filters or sensors [9-12]. Typically, first the grating is written in the
core fibre (after stripping the fibre of its polymer coating), then the region containing the
grating 1s recoated by using a thin evaporated layer of a metal (or alternatively, the coating
layer is deposited by passing the fibre through a molten film of the liquid metal) [6], [10].

This simple technique produces a nonuniform metal coating on the fibre cladding, and can
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be used for the fabrication of sensors, where the mesurand changes the external refractive

index, tuneable spectral filters (e.g., for gain flattening or ASE removal in fibre amplifiers)
[13], [14], or chemical sensors based on a narrow cladding-moded taper with a metal

coating [15].
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Figure 6.1 Imaginary part of the refractive index and calculated skin depth of silver as
functions of the wavelength. The high value of the skin depth in the near-UV region is
responsible for the relative transparency of the metal at the wavelength used to write the
fibre grating.

A better accuracy in preserving the cylindrical geometry of the fibre (i.e., a symmetric
radial coating) and uniform thickness of the metal coating along the fibre length is obtained
by using a more sophisticated technique involving a DC magnetron-sputtering machine

(the uniform thickness of the metal coating is achieved by a mechanical rotational rig

placed within the sputtering machine). The devices used in our experiment were made in
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two steps. First a section (approximately 4 cm long) of Borum/Germanium co-doped step

index fibre is placed into the sputter machine. The section of fibre is uniformly coated with
a silver layer having a thickness of 1 pm. The second step consists in writing the grating.
The characterisation of the optical properties of metals has been the subject of extensive
studies for more than a century, since the electromagnetic theory of light was developed
[16]. Metals have a very high conductivity and for this reason they are practically opaque
in the visible window of wavelengths. In spite of this, metals play an important part n
optics, as the strong absorption is accompanied by a high reflectivity. The refractive index
of a metal is expressed by a complex number, where the imaginary part accounts for the
loss experienced by the electromagnetic wave that propagates inside the metallic medium.
As illustrated in Fig. 6.1.a, silver is relatively transparent to the near-UV radiation [17].
The silver skin depth, a quantity that expresses the efficiency of the radiation at a given
wavelength in penetrating the metal, and related to the imaginary part of the refractive
index, has a pick around 300 nm, that implies a higher transparency of the metal at this
specific wavelength. This special property of the silver allows to write a fibre grating
directly in the core fibre through the metal coating, as shown in Fig. 6.2. However, as
silver is not fully transparent to the 244 nm radiation, the inscription of the grating through
the metal is generally difficult and requires a multiple scan when using a laser output
average power of 110 mW (an higher power can not be used for not damaging the phase
mask). The fabrication technique consists in a two steps inscription of the FBG in the bare
fibre and in the metal coated section: the phase mask is positioned exactly in the middle of

the region between the fibre coated and the bare sections.
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Figure 6.2 Example of two-sections FBG device written partially through the silver metal
coating and in the bare single mode Ge doped fibre: a) the transmission spectrum shows
the appearance of a secondary peak with a shifted wavelength relative to the one written in
the bare fibre, b) a refractive index sensitivity saturation effect can be deduced by looking
at the reflectivity spectrum.
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The grating is first written by a single scan in the bare section of the fibre, then through the

silver by using multiple scans. Looking at the reflection spectrum in Fig. 6.2.a, it is clear
that the appearance of a secondary peak shifted in wavelength is due to a saturated index
sensitivity produced by an overexposure to UV light because of the multiple scan

technique used for the fabrication.

6.3 Component Fields of Normal Modes in a Three-Layer Waveguide

We analyse the behaviour of the normal modes in a cylindrical three layer waveguide, such
as the one schematically illustrated in Fig. 6.3. We consider a generic two medium step-
index dielectric waveguide surrounded by a third medium. The case where the third
medium is air corresponds to the description already given in the second chapter of this
thesis. We are interested now in studying the case where the external layer is a metal. In
such a case, as we already told, the refractive index nj of the metal coating is taken to be
complex. Because of the complex nature of the refractive index, the metal acts as a lossy
medium. We want to investigate the properties of confinement of the modes propagating in
the cladding, when a LPG has been written in the core of the metal coated waveguide. To
do so we will follow the approach in [18-20], and we will not take in account the
imaginary part of the refractive index. We omit the usual steps involving the solution of the
Maxwell equations and we directly begin with the choice of cylindrical functions
describing the dependencies of the longitudinal components of the field on the radial
coordinate r. Since the fields on the waveguide axis (r = 0) should be finite, the cylindrical
function in the first medium can be a Bessel function J (k,r). For the second medium the
cylindrical function can be in the form of a linear combination of a Bessel function
J, (k,r) and a Neuman function N, (k,r). The wave field in the third medium is supposed
to decrease monotonically with increasing r, therefore the cylindrical function for the third

medium can be a MacDonald function K (k;r) . Thus, the expressions for the longitudinal

components of the field in the three media of the dielectric waveguide are
Ezl = Aan(klr)Fc > Hzl = Bn‘]n(klr)Fs s
E,, =[C 1, (k,r)+ T,N, (k,n)]F,,
H,, =[D,J, (k,r) + M N, (k,n]F,,
E,=®,K, (kyr)F,, H,;=PK_ (kinF,

(6.3.1)

where A,, Bn, Cn, Dn, My, Po, Tn, and @, are the constants found from the boundary
conditions; F, = cos (n(p+9n)xexp[i(o)t~[32)], F = sin(n(p+8n)xexp[i (ot ~Bz)]; kizs

are the transverse wave numbers of the first, second and third medium of the waveguide,
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respectively: ki = kénf B2, k2 =k¢n3 B2, ki =P’ ~k¢n3; ko =2n/X is the wave
number in free space; B=2m/A, =w/V,, is the longitudinal wave number; ® is the
angular frequency, n is an positive integer number.

We shall introduce dimensionless parameters p; and pa, representing the relative magnitude
of the fields E, and H, in a mode [19]. We shall do this using the expressions in the system
(6.3.1)withr=r, and r=r,:

_ WO kO Bn _ WO kO D11Jn(CX2)+MnNn(CX2)
PTTRA, B CJLex)t TN, (ex,)

(6.3.2)

_WOkOPn _WOkO Dan(X2)+MnNI1(X2)
P2 B(Dn B Can(X2)+TnNn(X2)

, (6.3.3)

where x, =1, k, is the dimensionless wave number of the second medium in the
waveguide and ¢ =r, /1, is the ratio of the core radius to the radius of the first cladding.

The transverse components of the field can be expressed in terms of the longitudinal

components using well known formulae [18].

Figure 6.3 A generic three layers cylindrical waveguide as considered in the theoretical
description.

By using Egs. (6.3.1)-(6.3.3), it is possible to express the components of the field in the
following form (after some simplification) [19]. In the first medium of the waveguide, we

have
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i, =AY e U )T+ (6 U™ =P T (634
2W,
AU .
H(pl = [(slU 2+p1)Jn_1_(51U 2~pl)Jn+!]Fc’

) U
H 1 :lAanl W JnFs
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In (6.3.4) the argument of the Bessel functions is X;p, where p=r1/1, 1s the

dimensionless radial coordinate. For the second medium of the waveguide, we obtain
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where the argument of the function J,, andN,, is x,. In the third medium of the

waveguide, we find

O x
B,y ==L [(1+p) Ky + (=) Koy ]F
2%,
D x
E<P3:—H'iﬂ;—_l-[(l+p2)}<n—l—(l_p?_)KnH]Fs’
3
E,=iV® K (x3p) F.,
@ x,U 5 -3 ) (6.3.6)
=0 e, U+ K., —(e,U" = K. |Fes
r3 TW, x5 [( 3 py) K, — (& p2) 1]
O x,U
H.=—2X1 2 U2 +p, K, +(e,U —p) Koy |Fes
03 IW, x, [(3 py) K, + (25 p;) n+i] c

) U
H23 = 1(Dn P2 V_KH(XBD) Fs
WZ

where the argument of the functions K, is x3. The following notation is adopted in the

expressions for the fields components: X3 are dimensionless wave numbers, defined by
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x2 =12 (k2n? —p?), x3=r1,"(kgn3 B, x2 =12 (B* -k§n3), (63.7)

V=l = JeU?-1, (6.3.8)

Brcl
p'= p,F —p.F , p'= p,F —piFs ’ (6.3.9)
F -F F -K
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(63.11)

The component fields (6.3.4)-(6.3.6) are given for the positive values of xlz, x% and x%. If

xf <0 we have to make the following substitutions of the functions in Egs. (6.3.3)-(6.3.6)
whose argument contains X:

T, owith 15 T, with F14; Noowith Koo Ny with ¥ K (6.3.12)
The same substitution of the functions has to be made for X5 <0.1f X3 <0, the following

substitutions of the functions whose argument contains X3 have to be made:

K, with N, K., with FN4 (6.3.13)
The expressions (6.3.4)-(6.3.6), subject to the substitutions (6.3.12), (6.3.13) describe the
components of the electromagnetic field of any normal mode. Note that in the case

discussed in chapter two, ny <n, <n,. In the case under study, the refractive index of the
three media are related as n, <n; <n,, condition that corresponds to four possible
situations:

a) B>kyn,,kony, kens which gives x; <0,x3 <0,x3 >0

b) kon,, ken, < B <kon, which gives x7 <0,x3 <0, X3 <0

¢) kon, <B<ken,,kon, whichgives x] >0,x; <0, X3 <0

d) B<kyn,,kony,ken, whichgives x{ >0,x;>0, x2 <0
Cases a) and b) should be discarded as the field components in the core (combinations of
I,) and in the first cladding (combinations of I, and K,) would be monotonically increasing
functions of r. Case c) is also not acceptable because the fields in the cladding would

monotonically increase with r. The only remaining possible case is d). This case

corresponds to fields that are oscillating in the fibre core (combinations of Jy), the first
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cladding (combinations of J, and N;) and the metallic coating (combinations of Ny):

Dissimilarly to a step index fibre surrounded by air, case where the modes are confined in
the fibre core or can be guided in the fibre cladding (for instance, when the light is diverted
from the core to the cladding by a LPG written in the core fibre, as described in chapter
two), in the case of a metal coated fibre no confinement is achieved neither in the core (as

the condition n,k, < <nk; is not satisfied) nor in the cladding (as the condition
n;k, <P <n,k, is also not satisfied). The physical interpretation of these results can be

that the radiation, that is diverted to the cladding by the LPG, does not remain confined in
the cladding, but propagates through the metal. Here it will be absorbed, because of the
lossy nature of the material, therefore the waveguide is only suitable for all the purposes
that do not involve transmission of the light on the long distance. A suitable application of
such a metal coated waveguide is in the field of sensing as we want to show in the

following section.

6.4 Spectral Characterisation of a Two Sections Silver Coated LPG
Sensor

Fibre Long Period Gratings (LPGs) are axially periodic refractive index variations,
typically with a period of a few hundreds of microns, photoinscribed directly in the core
fibre. Over the last few years, LPGs have found numerous applications in the field of
sensing through their sensitivity to strain, temperature and refractive index of the
surrounding medium. The LPG sensitivity can manifest itself in two ways: firstly through
the spectral shift in the attenuation band, which here we refer to as spectral sensitivity, and
secondly through a change in the strength of the attenuation band. In general, problems can
arise when using a LPG that is written into a conventional step-index fibre, due to its
sensitivity to various external influences. One problem is that of distinguishing between
individual mesurands, and several papers have been published addressing this problem [21-
23]. Various discrimination schemes have been used to address this problem such as a pair
of FBGs [24-27], a LPG working in series with a FBG [28], a FBG working in conjunction
with a fibre Fabry-Perot device [29] or a sampled FBG [30].

Metal coated gratings show a higher temperature sensitivity because of the larger thermal
expansion coefficient of the metal in comparison with a bare fibre. We report below the
fabrication and characterisation of a new sensing device made by a two-sections LPG, that
can be used to distinguish between spectral variations due to changes in temperature and
those due to changes in the surrounding medium refractive index, using information from a

limited spectral region. Therefore, this LPG based fibre sensor can be used for
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simultaneous or separate measurements of temperature and refractive index by using a

single optical source.

B/Ge optical fibre Ag coating

LPG period A= 325 um, length = 8cm

4 4cm
< cm b >

Figure 6.4 Schematic of the two-sections LPG sensor for the simultaneous detection of
temperature and surrounding medium refractive index.

The LPGs were inscribed in the core of each of the 4 cm long section of the fibre, with a
continuous multiple scan, using a point-by-point writing technique (a computer controlled
shutter provides this facility). The grating period was set to 325 pm. The UV beam was
generated from a frequency doubled argon ion laser (Coherent 300C FreD), which was
focused to a size of approximately 10 um. First, LPG in the Ag coated fibre was fabricated
using a laser output power of 120 mW and a translation stage scan speed of 0.05 mm/s. For
the bare fibre section a power of 90 mW and a scan speed of 0.27 mm/s were used. During
the fabrication process the attenuation bands were monitored by using an internal
broadband light source optical spectrum analyser (HP 71451A). Figure 6.5 illustrates the
recording process in the coated section, with the strongest stop-band (~ 3 dB) occurring at
a wavelength of 1540 nm, and the subsequent inscription in the bare fibre section. It can be
seen from Fig. 6.5.b that, because of the different waveguide characteristics of the two
sections, the attenuation band corresponding to the g cladding mode in the bare fibre
section is spectrally located close to the gt cladding mode attenuation band in the silver
coated section (with a spectral separation of ~ 60 nm), which raises the interesting
possibility of using a single light source to interrogate the device. The evolution of the
attenuation bands in both sections during the fabrication shows a different behaviour as
expected due to the fact that the presence of a third metallic layer modifies the structure of
the optical waveguide (clearly the behaviour of the LPG cladding modes depend upon the
material used, its refractive index, as well as the waveguide geometry) [31]. The sensor
was subjected to three measurands: temperature, changes in the surrounding medium

refractive index, and mechanical bending. In each of the three cases the measurements

149



were performed using an optical spectrum analyser with an internal broadband light source

and with an accuracy of 0.04 nm.
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Figure 6.5 Transmission spectra of the device recorded during fabrication: a) in the silver
coated section only and b) after writing the LPG in the bare fibre section. Traces offset for
clarity.

6.4.1 Temperature Sensitivity Measurements

We investigated the temperature sensitivity of the device by placing the sensor on a hot-
plate under a thermally insulating cover. The measurement of the temperature of the hot-
plate was achieved by using a probe having an accuracy of 0.1°C. The spectral locations
of the central wavelengths of the attenuation bands associated with the 8" cladding mode
in the bare fibre section and the 9™ cladding mode in the silver coated section were

monitored as functions of the temperature.
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Figure 6.6 The effect of temperature on the transmission spectrum of the double-section
LPG fibre device over a range 20-80°C. The arrows show the direction of increasing
temperature.

Figure 6.6 shows the results of such measurements. It can be seen that the spectral
sensitivities of the two attenuation bands are dissimilar from each other even though they
are spectrally close. This is partly due to the fact that each attenuation band is associated
with a different cladding mode and partly due to the fact that the thermal expansion
coefficient of silver is higher than that of silica (which means that the coated section of the
device is subjected to a temperature induced strain in addition to the temperature induced
change of refractive index). Therefore the metal coated section proves to be more sensitive
than the bare fibre in detecting a temperature change. The spectral shift of the central

wavelength of the two attenuation bands as a function of the temperature change is

illustrated in Fig. 6.7.
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Figure 6.7 Spectral sensitivity of the two attenuation bands associated with each section of
the device as a function of the temperature change.
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As one may see from Fig. 6.7, the total wavelength shift over the temperature range from

20 °C to 80 °C is of —27.8 nm for the bare fibre section and of —45.4 nm for the silver

coated section. This gives a temperature sensitivity of d?a/dT =0458%x10~ nm°C™" for

the first section and dk/dT =0.728x10™* nm°C™"' for the second one. The temperature

resolution of the device, defined as the root mean square deviation from linearity, is

+0.4°C for the bare fibre attenuation band and + 0.3°C for the silver coated one.

6.4.2 Surrounding Medium Refractive Index Sensitivity Measurements

We performed the measurements of the dependency of the spectral characteristics of the
device on the external refractive index ns by using the experimental set up described above.
However, this time the LPG was placed into a V-groove and immersed in a certified
refractive index liquid (supplied by Cargille Laboratories Inc.), which has a quoted
accuracy of £0.0002 . Both the LPG and the V-groove were carefully cleaned, washed in
methanol, then in deionised water, and finally air dried before the immersion into a liquid
with refractive index ranging from n&=1.300 to n=1.452. The cleaning procedure was
adopted to minimise the amount of salts being deposited on the fibre by the chemicals. The
V-groove, made from an aluminium plate, was machined flat to reduce the bending on the
fibre. During the measurements the plate was on direct contact with the optical table,
which acted as a heat sink to maintain a constant temperature. The results of the
measurements are shown in Fig. 6.8. Inspecting Fig. 6.8.a, it can be seen that the
attenuation band associated with the silver coated section is essentially unaffected by the
refractive index change. This was confirmed by immersing the LPG device into a liquid
with a refractive index ng= 1.700, when again no shift was discernible.

This behaviour was to be expected since the penetration depth of silver at a wavelength of
1550 nm is = 10nm, which implies that the electric field of the cladding mode associated
with the attenuation band in the silver coated section is significantly attenuated in the 1 pm
thickness of the metal coating, and therefore the change in refractive index has a negligible
effect. The attenuation band associated with the bare fibre section demonstrates the usual
spectral characteristics of a LPG with regards to the refractive index change, as shown in
Fig. 6.8.b. Statistical techniques were employed on several sets of data for the spectral
response of the LPG device to changes in the refractive index of the surrounding medium.
The deviation in the experimental results yields a wavelength resolution of +0.066nm for

the 8" mode around a refractive index of 1.375. This translates to an approximate

refractive index resolution of +9.6x107.
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Figure 6.8 Surrounding refractive index medium sensitivity of a two-section LPG device:
a) the effect of an increasing refractive index on the transmission spectrum of both sections
of the sensor, b) spectral sensitivity of the attenuation band associated with the bare fibre

section of the device as a function of ny.

6.4.3 Bending Sensitivity Measurements

A final set of measurements was made to obtain the spectral sensitivity of the sensor to

mechanical bending, by using the experimental set-up shown in Fig. 6.9.
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stage LPG device
2L

&

Yo,
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Figure 6.9 Schematic of the experimental set-up used for testing the spectral sensitivity of

the LPG device to bending.
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The device was clamped between two towers, one of which can be moved inward by a

micrometer driver in such a way to induce a bend in the optical fibre. For such an
arrangement, where the LPG sensor is placed mid-way between the clamps, the curvature
p of the fibre is given by [32]

2d
(d* +1%)

where L is the half-distance between the edges of the two towers and 4 is the bending
displacement at the centre of the LPG. The central wavelength of the two attenuation bands
was monitored as a function of the bending applied to the fibre. The results are reported in
Fig. 6.9. The data reported in Fig. 6.10 show that the shift of the two attenuation bands is a
nonlinear function of the curvature. We found that a quadratic polynomial produces a
reasonable fit to the experimental data. The departure of the curves from the fitting

polynomial corresponds to a wavelength resolution of +0.2nm for the 8" mode and

+0.3nm for the 9™ mode, which translates to an approximate curvature resolution of

+0.037m™" and £0.04m™", respectively. It should be pointed out that the calculation of

the curvature assumes that the fibre possesses a uniform cross-section. In our case, the
silver coated section has a slightly higher rigidity than that of the bare fibre, and hence
possesses a slightly lower curvature. The larger values of wavelength shift exhibited by the
coated section are due to the fact that the attenuation band is associated with a higher order

cladding mode, which leads to a greater sensitivity.
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Figure 6.10 Experimental wavelength shifi of the attenuation bands for the silver coated
and for the bare fibre section of the device as a function of the applied curvature.
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6.5 Chapter Conclusion

We investigated the behaviour of metal coated step index waveguides through a theoretical

description based on propagation of normal modes. We also described and fully

characterized a new two-sections silver coated LPG device. This type of device may be

used to overcome the recoating problems associated with usual LPGs written in step-index

fibre. Also as a sensor, it can be used for simultaneous measurements of temperature and

surrounding medium refractive index. A clear advantage of such a device is that the it is

possible to find two attenuation bands spectrally close to each other, allowing a single light

source to be used to interrogate the device, thus reducing the cost.
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Chapter 7

THESIS CONCLUSIONS

This thesis has investigated many different theoretical and experimental aspects related to
the fibre grating technology with a special focus on the design, fabrication and
experimental characterisation of tunable FBGs, that have been used as dispersion
compensators or optical filters. A second issue was the fabrication and characterisation of
gratings inscribed in the core of a metal coated fibre. We tried to keep a reasonable balance
between experimental and theoretical investigation of the phenomena under study along
the whole length of the thesis. Actually, our intention was to give wherever possible, a
“physical” interpretation of the experimental results. In different occasions (as in the case
of apodised gratings, or nonlinearly strained gratings, for instance), the numerical
modelling took some efforts and a substantial number of pages in the thesis has been
dedicated to the numerical results and their comparison with experiments. The reason of
such a choice is that we strongly felt that the experimental results must find their “reason
d’étre” within the context of a more general theory. On the other hand, in some cases we
obtained the right understanding of how to improve the experimental results just by

comparing them with the theoretical predictions (a typical example is the simulation of
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apodised gratings, from which we derived the values of the practical parameters used for

the fabrication).

The first step in the formulation of any theory of fibre gratings is the coupled-mode theory,
that has been presented in Chapter 2. This theory describes with a good accuracy the
behaviour of modes propagating through the fibre core (or cladding) and being coupled
each other by the action of a periodical modulation of the core refractive index (fibre
grating). Our formulation of the theory describing the counter-directional coupling (FBGs)
or the codirectional coupling (LPGs) is the most general possible. This formulation has
some advantages as, for instance, the fact that it allows to calculate the coupling coefficient
x directly from the physical parameters of the real fibre (such as the core and cladding
diameters, and the core-cladding refractive index difference). The theory proves to be a
useful tool for the understanding of the features found in a real spectrum, and also enables
to make predictions on the effect of changes of the fabrication parameters (the strength of
the grating, its physical length and the shading apodisation function used, for instance).
The coupled-mode theory, formulated for uniform gratings, can be easily adapted to the
case of apodised gratings by using the transfer-matrix method (a numerical extension of
the theory, that considers the contribution of each section of the non-uniform grating as
locally uniform). The results of the numerical simulations, reported at the end of the third
chapter, have been successfully used to predict the experimental spectrum and to optimise

the experimental parameters in the fabrication of a real grating.

For many applications, it is important to spectrally shape the grating response and
eliminate possible sources of noise. In the thesis we presented a number of results on this
issue. A novel grating apodisation technique, working on a double exposure approach
(with the speed of the translation stage varying with the amplitude of the shading function)
has been detailed. The results obtained by use of this technique were compared to the
results obtained from the phase mask dither technique. The optimisation of all the physical
quantities (translation stage speed, laser average power, voltage applied to the piezoelectric
oscillator, etc.) has been discussed in detail. A systematic comparison of the numerical
with the experimental results enabled the production of apodised gratings of a very good
quality (i.e., with an efficient side lobes suppression and a suitable reflection profile
shaping). To find the dependence of the grating apodisation on the used parameters, we
performed a full numerical investigation on six different shading functions, and we

demonstrated that the kind of apodisation function to be used depends on the strength of
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the grating. More precisely, a Gaussian shading function should be used in the case of a

weak grating, whereas a Blackman function is more suitable for a strong grating.

Chirped FBGs have been widely used as dispersive elements, i.e., to contrast the pulse
broadening induced by the dispersion occurring in optical fibres. Recently, the accurate
measurement of the chromatic dispersion of each optical component has become a crucial
issue, mostly because of the increased bit rate used to operate the new generation of optical
transmission links. As a consequence of the high transmission speed, these transmission
links have a lower tolerance to any dispersion fluctuations. It is clear that the measurement
of the dispersion introduced by each optical component in the link should be evaluated
with the minimum possible error. We detailed the modulation phase-shift method, that is
one of the most reliable technique for the measurement of chromatic dispersion in both
fibres and FBGs. The experimental “uncertainty” associated to the measurement was
estimated and the effect produced by the modulation frequency on the measurement was

discussed as well.

The impact of the apodisation on the reduction of the group delay ripples has been
investigated by means of a statistical approach. By applying the apodisation techniques
detailed in Chapter 3, we were able to reduce the amplitude of the group delay ripples in a
chirped FBG, of 20% compared to the unapodised case. The magnitude of the group delay
ripples is a particularly important issue as it can compromise the transmission capability of
an optical link. A new characterisation of the group delay ripples, by a statistical approach
based on Fast Fourier Transform method, has been developed. The statistical approach is
especially useful for the detection of any hidden periodical regularity which may give
information on the quality of the phase mask, or the presence of stitching errors, for
instance. An investigation of the origin of two predominant imperfections in the spectrum
of a linearly chirped FBG has been carried on and practical solutions, implemented at the
time of the fabrication of the grating, have been detailed. Finally a method suitable for the
generation of ultra-high repetition rate optical pulses, based on the spatial Talbot effect,
has been reported. An experiment (performed with a linearly chirped FBG and an initial
10 Gb/s optical stream) demonstrated the possibility of multiplication of the bit rate of the

optical stream up to ten times.

The main body of the thesis is about the dynamic dispersion compensation, that is essential
when the transmission speed reaches or overcomes 40 Gb/s. An extensive theoretical and

experimental study was made on a new tunable dispersion compensator device, designed to
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work by application of a non-uniform strain onto a chirped FBG. A specially conceived

multipoint bending rig was used to apply the strain. We employed a mechanical tuning of
the grating dispersion because of the substantial advantages of this technique in
comparison with a thermal tuning (such as the possibility to compensate for higher order
dispersion, the passive nature of the technique, and the reduced impact on the group delay
ripples). We developed a theoretical model enabling to calculate the chromatic dispersion
and the dispersion slope delivered by the device as a consequence of the distributed strain
applied to the chirped FBG and we made an experimental investigation of the effect
produced by the non-uniform strain on the time delay, the reflectivity and the group delay
ripples of the FBG. Also, the performance of the dispersion compensator in a real optical
system, was tested by performing transmission experiments using optical streams at 10 and
40 Gb/s. The device proved to be a reliable, useful tool when used in combination with the
well-known technique of dispersion-management. The various experiments performed
showed that the device has a good recompression factor on broadened optical pulses,

which leads to a significant extension of the error-free transmission distance.

Pulsed operation of a laser diode in gain-switched or Q-switched regime is probably the
simplest way to generate ultrashort optical pulses at an arbitrary repetition rate.
Unfortunately, the useful laser signal carries only a small fraction of the total output power,
the main contribution arising from the relaxation oscillation tail. We developed a new
technique of spectral filtering that uses a uniform FBG in transmission, tuned by the same
multipoint rig used to implement the tunable dispersion compensator. The filtering,
allowed us to achieve more powerful and narrower pulses with a nearly complete
suppression of the unwanted relaxation tail (specifically the achieved increase in the

optical power was of a factor of five).

We fabricated and fully characterised a new two-section silver coated LPG device.
Because of its sensitivity this device has been used as strain, bending and external
refractive index sensor. We demonstrated for the first time that, because of the high value
of the skin depth of silver in the near UV region, it is possible to write the LPG directly
through the metal coating, thus considerably simplifying the fabrication process. A set of
measurements has been made to fully characterize the sensing behaviour, by using two
attenuation bands located closely together. This has the advantage that a single light source
can be used to interrogate the device. We proved that the attenuation band associated with
the silvered section is unaffected by the changes in the surrounding medium refractive

index and can be used to temperature compensate the bare fibre section. The sensing
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device possesses a resolution of +1.0x10™ for refractive index detection and +0.3°C for

temperature detection. The effect of bending on the spectral characteristics of the two
attenuation bands was found to be nonlinear, with the silver coated section having the
greater sensitivity. Moreover, the device can be used as a sensor for simultaneous

measurements of temperature and surrounding medium refractive index.

A number of issues remains still to be explored in future work. It would be Interesting, for
nstance, to perform the recompression experiments by using simultaneously a couple of
mechanical tunable dispersion compensators as the one described in Chapter 5. It is well
known that chirped gratings exhibit opposite sign chromatic dispersion on the two sides
(short and long wavelength sides). The use two tunable gratings could increase the range of
variability of the dispersion and also, for a given configuration in the bending profile,
compensate exactly for second order dispersion, thus allowing the tuning of a pure third

order dispersion.
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