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ABSTRACT
ADVANCED FIBRE GRATINGS AND THEIR APPLICATIONS

Yu LIU
Doctor of Philosophy
April 2001
ASTON UNIVERSITY

This thesis describes a detailed study of advanced fibre grating devices using Bragg (FBG) and
long-period (LPG) structures and their applications in optical communications and sensing. The
major contributions presented in this thesis are summarised below.

One of the most important contributions from the research work presented in this thesis is a
systematic theoretical study of many distinguishing structures of fibre gratings. Starting from the
Maxwell equations, the coupled-mode equations for both FBG and LPG were derived and the
mode-overlap factor was analytically discussed. Computing simulation programmes utilising
matrix transform method based on the models built upon the coupled-mode equations were
developed, enabling simulations of spectral response in terms of reflectivity, bandwidth, sidelobes
and dispersion of gratings of different structures including uniform and chirped, phase-shifted,
Moiré, sampled Bragg gratings, phase-shifted and cascaded long-period gratings. Although the
majority of these structures were modelled numerically, analytical expressions for some complex
structures were developed with a clear physical picture. Several apodisation functions were
proposed to improve sidelobe suppression, which guided effective production of practical devices
for demanding applications.

Fibre grating fabrication is the other major part involved in the Ph.D. programme. Both the
holographic and scan-phase-mask methods were employed to fabricate Bragg and long-period
gratings of standard and novel structures. Significant improvements were particularly made in the
scan-phase-mask method to enable the arbitrarily tailoring of the spectral response of grating
devices. Two specific techniques - slow-shifting and fast-dithering the phase-mask implemented
by a computer controlled piezo — were developed to write high quality phase-shifted, sampled and
apodised gratings. A large number of LabVIEW programmes were constructed to implement
standard and novel fabrication techniques. In addition, some fundamental studies of grating
growth in relating to the UV-exposure and hydrogenation induced index were carried out. In
particular, Type Ila gratings in non-hydrogenated B/Ge co-doped fibres and a re-generated
grating in hydrogenated B/Ge fibre were investigated, showing a significant observation of
thermal coefficient reduction.

Optical sensing applications utilising fibre grating devices form the third major part of the
research work presented in this thesis. Several experiments of novel sensing and sensing-
demodulating were implemented. For the first time, an intensity and wavelength dual-coding
interrogation technique was demonstrated showing significantly enhanced capacity of grating
sensor multiplexing. Based on the mode-splitting measurement, instead of using conventional
wavelength-shifting detection technique, successful demonstrations were also made for optical
load and bend sensing of ultra-high sensitivity employing LPG structures. In addition, edge-filters
and low-loss high-rejection bandpass filters of 50nm stop-band were fabricated for application in
optical sensing and high-speed telecommunication systems.

Key words: fibre Bragg grating, long-period grating, optical sensing.
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CHAPTER 1

Introduction

1.1 Perspective

Although dielectric guides have been studied since the early years of last century
(Hondros and Debye, 1910), the interest in optical applications only came about seventy
years later. During the last twenty years, single mode fibres have been developed to offer
the ultimate bandwidth for optical communications, less to mention their small size, low
loss and reduced susceptibility to electromagnetic interference and reliability in many
fields. In the passed ten years, fibre gratings as optical fibre devices have been developed
and commercialised in optical communications, signal processing, smart structure
sensing, fibre lasers and the dispersion compensation in long distance high-bit-rate fibre
transmission systems. The research on new kinds of gratings and their novel applications
such as long length and complex structure gratings for high-order dispersion
compensation, WDM systems and sensing applications is currently carried out worldwide

and is the main research emphasis covered in this thesis.

1.2 Thesis Overview

This thesis is mainly covers fibre grating simulations, fabrication techniques and their
novel applications. The major results are summarized as
e Four types of new devices: fibre Bragg grating edge filters, intensity and
wavelength division multiplexing systems, long-period fibre grating load
sensing and bend sensing;
e Systematic theory for modelling of fibre Bragg gratings and long-period fibre

gratings;
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e Simulation and fabrication programmes in LabVIEW for numerous grating
structures. They include apodised, chirped, wavelength-shifted, self-apodised,

Moiré, sampled, phase-shifted, cascaded and long length fibre Bragg gratings,

and phase-shifted and cascaded long-period fibre gratings.

The thesis overview and a review of relevant research are presented in the first two
chapters to provide background information on the subject of fibre gratings and introduce

the fundamental concepts. The main contents of the thesis can be grouped into three parts

as illustrated in the following table.

Table 1.1 List of contents

Chapter | Title

1 Thesis overview

2 Review
Part I 3 Coupled-mode theory

-+ Bragg Grating Fabrication Techniques
Part I1 5 Modelling of Fibre Bragg Gratings

6 Modelling of Long-Period Fibre Gratings
Part III 7 Applications of Fibre Gratings

8 Conclusions

9 References

Appendix | Publications, List of programmes

Part I details the coupled-mode theory. Using the Maxwell equations, the coupled-mode
equations for both long- and short-period fibre gratings are derived. The mode overlaps
between the fundamental core mode and the possible coupled-modes are discussed
analytically and calculated for up to 60-order cladding modes. The results directly reflect
mode coupling corresponding to the spatial distribution of mode fields. By solving the
coupled-mode equations for Bragg gratings, the peak reflectance is obtained by taking an
integration of the grating coupling coefficient with respect to the grating length. For a

weak grating, the reflectance is given by a Fourier transform of the coupling coefficient,
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which suggests a sinc profile coupling coefficient results in a square reflection shape. For
uniform gratings, the power distribution of the transmitted and reflected light along the
grating length, the characteristics of spectra and photon-induced refractive index are
investigated. For non-uniform gratings, the simulation technique utilising matrix
transforms is detailed. Furthermore, the analysis is also applied to long-period fibre

grating structures.

Part II consists of chapter 4, 5 and 6, containing grating fabrication and modelling.
Chapter 4 discusses a number of techniques for fabricating fibre Bragg gratings. Two
typical techniques, the two-beam holographic and the scanning phase mask techniques
were adopted experimentally. In the two-beam holographic technique, expressions for the
accurate computation of the central wavelength and chirp-rate are developed analytically,
which offer great convenience and guidance during grating fabrication. A main
contribution to the experimental system of this thesis is the fabrication of apodised
gratings as a kind of complex grating structures, where, two approaches - slow shifting
and fast dithering phase mask implemented by a computer controlled PZT stage are
employed experimentally. In the slow shifting phase mask technique, the relationship
between the phase mask shift and the grating coupling coefficient is an inverse cosine
transform, while this relationship is an inverse sinc transform in the fast dithering phase
mask technique. The shift regions of the phase mask in these two techniques are a quarter
and a grating period, respectively. This technique has been extended to the fabrication of
wavelength-shifted Bragg gratings, self-apodised chirped, phase-shifted, Moiré, sampled
and long-length fibre Bragg gratings. The respective fabrication programmes in
LabVIEW are implemented effectively with user-friendly interface controls for wider use

in the Photonics Research Group.

Chapter 5 details the modelling of fibre Bragg gratings, including apodised, chirped,
Moir€, sampled, phase-shifted and Type Ila gratings. In grating apodisation, simulation
results show that the small truncation in the gaussian profile limits its sidelobe
suppression. In order to overcome this limitation, an improved gaussian profile is

proposed, in which the gaussian profile is forced to zero at the ends of the grating. This
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apodisation profile produces a 15dB improvement in the sidelobe suppression compared
with the gaussian profile. Simulation results also show this improved gaussian profile
apodisation provides more sidelobe suppression and smoother reflection profile
compared with the well-known Blackman profile apodisation. Fabrication programmes in
LabVIEW are constructed and 20dB-reflectivity gratings with more than 30dB sidelobe
suppression are successfully fabricated experimentally. Meanwhile, gratings with square
reflection profile are also covered, where a sinc apodisation profile is used. This grating
is a desirable filter for WDM systems. For chirped Bragg gratings, simulation results
show a strong background reflection that can be suppressed by apodisation techniques.
This section also discusses how to design the reflection profiles of chirped Bragg gratings
with specific reflection shape for the application of the EDFA gain flattening. Simulation
shows a high-order gaussian profile apodisation results in a quasi-square reflection
profile. Chirped Moiré gratings are explored theoretically and experimentally as a kind of
comb filters. The number of transmission peaks depends on the difference of the central
wavelength of the two chirped gratings in modulus of the FSR of the grating Fabry-Perot
cavity, which is equivalent to the nodes of the Moiré period. Another kind of comb filters
is proposed based on sampled fibre Bragg grating structures. When a composite cosine
sampling profile is applied to sample a uniform Bragg grating, a comb filter with
equivalent reflectivity and wavelength spacing is obtained. For a rectangular sampling
profile introduced by a shutter blocking the UV beam, sampled gratings were fabricated
experimentally exhibiting dual-characteristics of Bragg and long-period gratings. Another
useful grating structure is the phase-shifted fibre Bragg grating. An analytical expression
with clear physical picture described by complex Fabry-Perot cavity is proposed, which
extends to the cases of two and three phase shifts. By pumping a high concentration
Er**/Yb*-doped fibre containing a m phase-shifted grating, a 1 kHz line-width single
mode and single polarisation distributed feedback fibre laser (DFB) was realised

experimentally.

Additionally, Type Ila gratings were observed by the UV holographically overexposure
of non-hydrogenated B/Ge-doped fibres. However, in hydrogenated B/Ge-doped fibres,

up to 18nm red shift and 16dB-reflectivity re-generated grating was obtained
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experimentally. Further investigation showed that these re-generated gratings have a

reduced temperature coefficient compared with the Type I gratings in the same fibres.

Chapter 6 contains the modelling of long-period fibre gratings. The spectral evolution of
a long-period grating against the UV exposure was examined experimentally and
theoretically, showing up to 100nm red shift and a periodical power coupling between the
fibre core and cladding. The processes of hydrogen out- and in-diffusion from a fibre
core and cladding were investigated by measuring the shift of a long-period fibre grating
resonance. Up to 150nm wavelength shift was observed experimentally when hydrogen
out-diffused from long-period fibre gratings. As complex grating structures, phase-shifted
and cascaded long-period fibre gratings are detailed in this chapter. An expression with
physical meaning of Mach-Zehnder interferometer is proposed. The transmission spectra
with flattened, raised and sunken loss shape, or multi-peak transmission are obtained

theoretically and experimentally.

Part III mainly consists of Chapter 7, with six sections to present novel applications using
grating structures. They include:

1. Grating edge filters: details the first reported grating filter based on tilted
chirped fibre Bragg gratings. These grating edge filters are stable to the ambient
temperature and their slope, spectral range, loss depth, and central wavelength can
be controlled effectively during grating fabrication;

2. Wide stop-band narrow transmission filters: presents a kind of high rejection,
wide stop-band and narrow transmission filters by cascading four chirped Bragg
gratings;

3. IWDM system: discusses the improvement to the capability of the Bragg grating
sensors, involving an intensity and wavelength division multiplexing (IWDM)
system first demonstrated experimentally;

4. Long-period fibre grating index sensing: describes theoretical and experimental
results of the cladding modes of a long-period fibre grating shifting to short
wavelengths with increasing the ambient refractive index.

5. Long-period fibre grating transverse pressure sensing: details the first
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reported long-period grating resonance splitting into two sets of orthogonal
polarisation states by as much as 20.5nm when a 0.08kg/mm transverse pressure
of weight load is applied. The sensitivity is several hundred times higher than the
results reported using fibre Bragg gratings;

6. Long-period fibre grating bend sensing: details the mode splitting of long-
period fibre gratings by bending, where up to 85nm mode splitting was observed
experimentally and exhibiting a near linear relationship between the mode

splitting and the applied bend curvature, which is remarkable result in this field.
Lastly, overall conclusions of the thesis are drawn and suggestions for future work are

presented in Chapter 8. A listing of 25 publications, tens of simulation and fabrication

programmes in LabVIEW are contained in Appendix.
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CHAPTER 2

Review

By exposing the core of germanium-doped silica optical fibre with a UV laser
interference pattern, the refractive index of the fibre core is changed periodically
according to the power distribution of the UV beam along the fibre axis, thereby
producing a fibre Bragg grating. The grating period is of the order of the UV wavelength
and the grating shows strong resonant reflection at a certain wavelength, called the Bragg
wavelength, which is determined by a phase matching condition in which the ambient
temperature and strain are encoded. This device is widely used in strain and temperature
sensing. It is also used in optical communications for dispersion compensation and

channel adding/dropping in WDM systems [1].

2.1 Background

The first fibre Bragg grating was made and used as a narrow-band reflector in 1978 by
Hill and co-workers [2]. However, it did not receive great attention as the grating was
formed by the standing-wave interference pattern, set up by counter-propagating beams
of light at 488nm or 514.5nm from an argon-ion laser. The grating resonance is at the
wavelength of the writing laser, which greatly limited its application. Subsequent
investigations revealed that the photoinduced index depended on the square of the writing
power, which suggested a two-photon process at the blue/green writing wavelength [3].
The grating became a popular device starting from the work of Meltz ez al. in 1989 [4],
dramatically improving the writing efficiency by demonstrating the possibility for
producing gratings with an arbitrarily selected Bragg wavelength, simply by adjusting the
angle between the exposure beams. Since then, interest and activity in the field has

increased rapidly to the point where fabrication methods have been significantly refined;
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many different fibre types have been used for grating fabrication, including several non-
germanosilicate compositions. Many applications have been identified and demonstrated,

and ranges of gratings are now available commercially from several suppliers.

Analysis techniques are based on expressing the grating coupling coefficient and phase as
a function of the propagation direction z in the coupled-mode equations, which can be
solved numerically [5, 6, 7, 8, 9, 10, 11, 12, 13]. One popular method replaces the non-
uniform grating by a series of short uniform structures, each of which can be
characterized by a transfer matrix. The response of the overall structure is obtained by

numerical matrix multiplication [14, 15].

Photosensitive
optical fiber A

Interference fringes

= ;Lw
sin (¢ )+ sin (B)

Figure 2.1 Inscription of a periodic grating in the core of a photosensitive optical fibre
by two interfering UV beams of wavelength A,

The inscription of a periodic grating into the core of an optical fibre by transverse two-

beam interference is shown in Figure 2.1. The grating is photoinduced as a spatial

modulation of the core refractive index with a period A=A, /(sinc+sin ),

determined by the angle o and f between the UV writing beams. The index distribution

along the fibre axis given by n(z)=na+dn0[1+cos(2ﬂ:z//1)], with ny being the
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unexposed core refractive index and An, the amplitude of the photoinduced index. The

oo

Bragg resonance is therefore A, =2n, A, where n,, is the index of LFj’ core mode

commonly called the effective index. For a 10mm long uniform grating, the full width
half maximum (FWHM) is about 0.20nm theoretically. When one beam is slightly
diverged or converged by inserting a cylindrical lens in just one arm, then the
corresponding beam angle (o) exhibits a variable z-dependence and, thus, variation of the
grating pitch is obtained as A(z):/'\.w f[sina(z)+ sin ﬁ] Near-linear pitch variation

results in wide-band chirped gratings.

2.2 Mechanism of Fibre Photosensitivity

Although the mechanism of photosensitivity still remains unclear and the details of the
processes are not yet full resolved, the origin of the photosensitivity of Ge-doped silica
fibre is understood to be linked with the UV absorption band resulting from oxygen
deficiencies in the chemical structure of the fibre [16]. A strong absorption band was
measured at the central wavelength 240.3nm, with FWHM of 25nm in a germanium-
doped fibre [17]. The oxygen-vacancy bond is easily broken by absorbing one UV photon
at about 240nm, or by two-photon absorption at 480nm, and creates a GeE' centre,
characterized by a singly charged oxygen-vacancy. The formation of the GeE' centre was
monitored by electron spin resonance techniques and was reported to have a strong
correlation with the photosensitive grating inscription phenomenon [16, 18, 19]. The
electrons released by the bleaching procedure are believed to form new absorption
centres [20, 21, 22, 23]. The resultant colour centres are responsible for changes in the
UV absorption spectrum of the glass, and the refractive index change follows from the

Kramers-Kronig relationship [24].

|_pf Ao() . @1
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where P is the principal part of the integral, and A is the net absorption change of the

fibre core, confirmed with Ge-doped fibres in the IR region [25] and in the visible ranges
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[23].

The support for the GeE' centre model for the photosensitivity derives from many
experiments [16, 20, 21, 22, 26, 27], and it has now become clear that the mechanism
responsible for the original Hill gratings [2] was two-photon absorption in the 480nm
band. However, there is also evidence which suggests that the colour-centre model does
not provide the complete explanation for all experimentally supported observations [28,
29, 30], and an alternative model based on glass densification induced by photoionization
of the GeO defects has been suggested [31] which also has experimental support [32]. It
is likely that more than one mechanism is in fact involved and that the relative influence
of each is dependent on the parameters of individual fibre types, as well as the writing

power and wavelength.

Measurements of the spectral changes accompanying the UV irradiation and grating
inscription have shown bleaching of the 240nm band and the growth of the absorption
feature at shorter wavelengths [20, 21, 22]. The new absorption bands created by the UV
irradiation were reported at centres around 280nm and 215nm, both in fibres [22, 23, 33]
and also in preforms [33, 34]. In particular, the measurements reported by Atkins et al.
[20] have revealed the presence of an absorption peak at ~195nm and Kramers-Kronig
analysis of their data yields values for the refractive index changes in very close
agreement with those inferred from measurements on photoinduced gratings, providing
support for the colour-centre model. It is also consistent with the same model that the
bleaching of the 240nm band can be reversed subsequently by heating to 900°C [20].
Malo et al. have shown [35], however, that annealing standard germanosilicate

telecommunications fibre in air at 1200°C can remove its photosensitivity irrecoverably.

To enhance the photosensitivity of a Ge-doped fibre Williams er al. [36] introduced
Boron as a codopant and achieved an index change up to 10”. With hydrogen loaded
optical fibres, 107 refractive index variation was observed [37, 38]. Both enhancements
of the UV-induced refractive index changes are believed to be different from the

bleaching phenomenon related to the germanium-oxygen deficiency-centre. Wong et al.

26



[21] proposed a stress relief model, where the index change arises from relaxation of the
thermoelastic stress in the core of the fibre. They postulated that the wrong bonds, broken
during the UV irradiation, allowed the tensioned glass network to relax and hence to

increase the refractive index via the elastic-optic effect [39, 40].

Lemaire et al. first described a very effective photosensitisation method based on high-
pressure hydrogen loading that is now widely used with GeO;-containing fibres. In this
method, the fibres are soaked in hydrogen at a pressure in the range 20-750 atmospheres
(~ 150atm is typical) in the temperature range 20-75°C (room temperature is commonly
used) for a period of several days. Fibres treated in this way exhibit very large values of
photoinduced An, typically two orders of magnitude greater than in the same, non-
hydrogen-loaded fibre and easily exceeding 10” [41]. The dissolved hydrogen does not
produce any marked increase in the fibre absorption at 240nm, and it appears that the
mechanism underlying the increase in photosensitivity stems from UV-initiated reactions
of the hydrogen with the doped glass matrix forming Si-OH groups and oxygen-deficient
Ge defects, both of which contribute to the observed An. These reactions can occur at
every Ge site, and are not dependent on the presence of defects. Deuterium has been
substituted for the hydrogen in some experiments to avoid the loss associated with the

OH overtone at 1.39um [42].

Archambault et al. [43] succeeded in inducing index changes of as much as 6x10~ from
single-pulse exposure and the resulting grating spectrum behavior is similar to that
obtained with surface-relief gratings [44]. Microscopic examination of this kind of
grating revealed the presence of a periodic damage track at the core-cladding interface
[43]. Observation of periodic surface damage on the outer cladding surface has also been
reported [45]. Archambault er al. also revealed the existence of a threshold pulse energy
below which the normally encountered photorefractive response prevailed, and above
which the new damage-like behavior was observed: these two regimes of grating
formation are designed Type I and Type II, respectively [43]. Type II gratings were found
to exhibit superior thermal stability compared with Type I, showing no degradation after

prolonged periods at 800°C. Later research revealed the existence of another kind of
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grating different from Type I and Type II with a negative photoinduced index [46, 47,
48]. This type of grating has a good thermal stability, similar to Type II and has been
named Type Ila. It is believed that the photosensitivity is related to the UV photo-
bleaching of a germanium oxygen defect centre absorption band near 5eV, although the
exact mechanism has not been fully clarified and the microscopic origins of Type Ila

grating spectrum formation are not well understood [49].

2.3 Fabrication Techniques

Gratings may be conveniently classified as short-period gratings (Bragg gratings) and
long-period gratings, depending on whether the grating period is the order, or much
larger than the propagating wavelength, respectively. The pitch of long-period gratings is
normally in the range of tens to hundreds of pum, while it is typically 0.5um for Bragg
gratings. Thus, long-period gratings may be fabricated using a relatively inexpensive

amplitude mask or by point-by-point side writing.

The usual experimental arrangement for writing uniform fibre Bragg gratings into optical
fibres by transverse UV two-beam interferometric exposure is shown in Figure 2.1, either
holographic or phase mask methods are adopted experimentally. In order to enhance the
UV intensity, the beams are focused on to the fibre core in one dimension only by means
of cylindrical lenses. An aperture is used to select the central portion of the gaussian
beam profile to produce a near-uniform intensity profile, which precludes undesired self-
chirping, resulting from the spatially non-uniform UV exposure. Although free-space
holographic exposure has shown it is capable of producing gratings of the highest
performance, with the Bragg wavelength arbitrarily selectable by the angle between the
interfering beams, an alternative method based on near-contact exposure through a phase
mask has significant advantages and has rapidly become the method of choice for
reproducible grating fabrication. The phase mask is produced as a one-dimensional
periodic surface relief pattern with period Apv. The exposing UV beam is incident

normal to the phase mask and diffracted by the periodic relief pattern. Generally, most of
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the light is contained in the 0, +1 and -1 diffracted orders. The phase mask corrugations
are designed so that the zero-order diffraction is suppressed, typically less that 5%, with

approximately 40% of the total light intensity in each of the +1 and -1 orders. The grating
is written with half the period of the phase mask (A = A,,, /2) by interference between
the *1-order diffraction, independent of the wavelength of the UV writing beam, shown

in Figure 2.2.

Fused-silica
phase mask

Figure 2.2 Fibre grating inscription by the UV exposure through a phase mask

A disadvantage of the phase mask method stems from the need to have a different phase
mask pattern for each Bragg wavelength required. It has been demonstrated, however,
that a magnifying lens placed before the mask permits variation of A, by almost 2nm
from the unmagnified value [50]. Furthermore, it has been shown that stretching the fibre
during the writing process provides a means of changing the Bragg wavelength when the
fibre is relaxed following exposure [51, 52]. Further advantageous properties of phase
mask writing have been demonstrated by Martin et al. [53] and Rourke et al. [54], and
I5mm and 50mm long gratings have been written by the UV beam scanning across a
phase mask. This writing technique has been greatly extended and 1m and longer gratings

have now been fabricated [55].
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Real-time monitoring of grating growth is carried out during the writing process by
illuminating the grating with a broadband light source covering the grating reflection
spectrum and displaying the reflected signal on an optical spectrum analyser. Limited by
most optical spectrum analyser resolution (~0.1nm), an accurate grating line-width is
normally obtained from higher resolution characterization, such as with a tunable laser

with 0.001nm resolution.

There are many applications for which the reflection bandwidth of a uniform grating,
typically <0.5nm, is too narrow. Strong uniform gratings can provide wider bandwidth
but are then inevitably accompanied by substantial, unavoidable losses on the short-
wavelength side of Bragg wavelength and a significant overall UV-induced loss. An
alternative approach to realizing wider reflection bandwidths is to produce a grating in
which the Bragg condition varies continuously or quasi-continuously along its length,

with the Bragg condition given by A, (z)=2n of (z)A(z), which amounts to making either
Ny (z) or A(z) (or both) vary with position z along the grating length. Clearly, different

wavelengths reflected from different positions have correspondingly different time
delays, as shown in Figure 2.3; this property is widely used to compensate for standard

fibre dispersion in high-bit-rate optical communication systems and in laser cavities.

?"BI

Figure 2.3 Schematic diagram of a chirped fibre Bragg grating showing longer
wavelengths travel further in the grating than shorter ones

By writing a uniform grating in a tapered length of photosensitive fibres, chirped gratings

were achieved with an approximately linear variation of the fibre n,, (z) [56]. By post

UV exposure of a uniform grating to the UV beam of constant intensity but with variable

velocity scanning, known as the dual scanning method, gratings of up to 2nm bandwidth
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have been obtained in experiments. By bending a uniform-period grating, resulting in an
effective fringe separation that varies continuously along the exposure length, a chirped
grating capable of >99% reflectivity over a 7.5nm reflection bandwidth was obtained in
hydrogenated, high-germanium fibre without incurring short-wavelength loss [57]. A UV
beam scanning a phase-mask with continuous stretching of the fibre, allowed gratings of
up to 10nm bandwidth to be achieved [58]. A chirped phase-mask has also been used in
making chirped fibre gratings with the chirp in the range Inm to 60nm [59]. A much
more flexible and controllable approach to chirped grating fabrication using the two-
beam interference is based on the use of dissimilar curvatures in the interfering
wavefronts [60]. This technique has been used to produce chirped gratings across a wider
parameter range than any other methods. Gratings with ~100% reflectivity have been
produced with reflection bandwidth throughout the range from less than 1nm to greater

than 100nm.

2.4 Grating Applications

Fibre gratings have been widely used in fibre optics. Amongst numerous applications are:
sensing for axial strain, transverse pressure, bending, temperature, and chemical
concentration and refractive index; filtering in signal processing, tunable microwave
signal filtering; channel adding/dropping in WDM systems; tunable single frequency
fibre lasers, multi-wavelength fibre lasers, mode-locked lasers and soliton lasers;
dispersion compensation for high-bit-rate long-distance communications, higher-order
dispersion compensation; fibre amplifier gain flattening; wavelength stabilization of
semiconductor lasers; optical switching based on grating nonlinear effects; and so on. A

few of the more important applications are introduced below.

2.4.1 Fibre grating sensors

Fibre Bragg gratings have been pursued as sensor elements for measurements of

parameters including strain, vibration, temperature, pressure, and composite material cure
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and response [61, 62]. A principal advantage derives from the absolute nature of the
information-encoding in measurable wavelength which, in contrast to an alternative
intensity-based detection approach, renders the sensor effectively independent of
fluctuating light levels, source power, or connector losses. Arrays of sensor elements may
be formatted in several architectures [63] and addressed by wavelength- or time-division
multiplexing, or a combination of both. Wavelength-multiplexed grating sensors with up
to 60 grating elements have been achieved in experiments [64]. With an applied strain €

and the ambient temperature 7, the shift of the Bragg wavelength is given by

B (1-p, )+ E+aMT )
Ap
on . ; i
where p, =——— s the photo-elastic constant; p, =0.22 for pure silica glass, and

n oe

doping the glass with germanium or other irons results in an increase of p, of up to 0.26.

o= Jan ~0.5%107 is the coefficient of linear expansion, &= L o ~7x107° is the
A dT n oT

thermo-optic coefficient, and dT is the temperature change [65, 66]. For a grating at

1550nm wavelength, the wavelength shifts are typically of order ~1 pm/pe for strain,

and 10 pm/°C for temperature.

2.4.2 Fibre grating filters

Bandpass filters using phase-shifted, Moiré or cascaded chirped grating configurations
[67, 68], are capable of great wavelength selectivity and can produce a narrow passband
within either a relatively narrow, or a very wide stop-band, outside of which the filter
returns to essentially total transmission. Further variations have been achieved using
Milchelson and Mach-Zehnder interferometric approaches, which are employed in
wavelength adding/dropping multiplexing systems [69, 70]. Comb filters based on Fabry-
Perot resonance and sampled grating structures have been produced with very high values

of finesse and have been used in a series of fibre laser demonstrations [71, 72, 73].

32



2.4.3 Fibre grating lasers

Use of in-fibre gratings as reflectors in fibre lasers is a natural and powerful application
with not only robustness and low-cost advantages associated with integration, but also
several performance-enhancing features. Gratings have been applied to silica fibres with
a range of active dopants including erbium [24, 74, 75, 76, 77], neodymium [78, 79],
praseodymium [80], ytterbium [81], erbium-ytterbium [82, 83, 84], and thulium [85].

Single mode Er-doped fibre lasers have been developed to the point where stable
operation has been demonstrated in a 5Gbit/s system with 10"'° BER [86]. Sampled fibre
gratings have been used to generate 101 wavelengths over a 44nm range with
simultaneous output frequencies from a single laser [87]. Continuous wavelength tuning
of a single-mode out of a 20mm long fibre laser has been demonstrated over a 32nm
range without mode-hopping by mounting the cavity in a motor-driven precision ferrule
arrangement which permitted the application of compressive stress [77]. In actively
mode-locked fibre lasers, a 4mm-long chirped grating with ~100% reflectivity and 3.5nm
bandwidth centred on wavelength 1556nm, giving a dispersion of £ 11ps/nm, was used to
give stable mode-locked operation with 25ps output pulses [88]. In passively mode-
locked fibre lasers, an output power of 170mW from near bandwidth-limited 4ps pulses
with up to 10nJ pulse energy has been obtained directly from a fibre oscillator [89].
60GHz trains of 2.2ps soliton pulses have been produced by amplifying the beat signal
output of dual-frequency fibre grating lasers [90].

2.44 Dispersion compensation

Of the many applications envisaged for in-fibre gratings, their use as dispersion
compensating elements has attracted particularly widespread interest, notably in
amplified high-bit-rate fibre transmission systems where cancellation of the
~17ps/nm/km dispersion of standard telecommunication fibre is increasingly important as

data rates progress to 10Gb/s and beyond.
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When light propagates along a fibre, the group velocity is dependent on the light
wavelength and this variation is described by the dispersion. The propagation constant 3

may be expressed as

B(w) = B(ay) + B(y ) (@~ @) +%B"(coo)(co— )’ +%B‘-"(mo Yo-a,) + @D

erntﬁ.(l)

where f§ = is the propagation constant, (0=2-:—C— is the angle frequency while

o is the reference angle frequency, c is the light velocity in vacuum and

(n) _QLB_
B (@)= 2

is the n-order derivative at wavelength A,. The phase and group
W=y

velocity of the light in the fibre are given by

Y phase = O/ B (24)
v.l;ﬂ!ﬂf! = dmde
where v, is the phase velocity while v, . is the group velocity. The dispersion

coefficient is defined as the time delay (ps) for a unit wavelength spacing (nm)
propagating in a unit distance (km): D =dt/(LdA), where L is the fibre length. Using

eqn. (2.4), the dispersion is then expressed in terms of the propagation constant when

only the lowest dispersion, i.e. linear dispersion is considered [91]

pod[ 1 _ 2mcd’B (2.5)
T dA|v B A, 0w’

group w=ay

where the time delay r=L/v has been used. B”<0, D>0 indicates negative

group
dispersion (shorter wavelengths travel faster than the longer wavelengths) while " >0
indicates positive dispersion. For a silica fibre, the zero-dispersion wavelength is located
at 1.27um, the dispersion of 1550nm wavelength is about +17ps/nm/km, which leads the

pulse to be stretched and expanded spatially as the shorter-wavelengths have a relatively

faster propagation velocity. For a chirped grating with length L, and bandwidth AA, the

time delay between wavelengths reflected from the respective ends of the grating is
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2n . L
At = My g , and the total dispersion is thus [1]
c
_2n,L, (2.6)
o=
cAM

cior

where n,, is the effective refractive index (LF; mode index); AA is the difference in

wavelengths reflected from the two ends of the grating. Here the intrinsic fibre dispersion
is neglected for very shorter grating length, L,. It is apparent that by inverting the

orientation of the chirped grating, dispersion of the opposite sign is realised simply.

In principle, through introducing a dispersive element that has an opposite sign and the
same magnitude, dispersion-induced pulse broadening can be eliminated completely. For

a pulse with bandwidth AA propagating in a linear dispersion fibre, the time delay

pulse *

for the same wavelength spacing is the same, and can be compensated completely by a
linearly chirped grating. The optimum fibre length for which the dispersion is

compensated

1 2n, L, (2.7)
D cAL

where D (ps/nm/km) is the fibre dispersion coefficient and AL = A\ ¢» L, and AM ;

pulse

are the linearly chirped grating length and bandwidth, respectively [92, 93].

First practical demonstrations of dispersion compensation used 2ps pulses at 908nm
wavelength in 200m long of fibre with -100ps/nm/km dispersion and a Smm long linearly
chirped grating [94], and 400fs pulses at 1560nm in 320m long of fibre with ~17-
18ps/nm/km dispersion and an 8mm-long grating [95]. The experimental arrangement
described by Williams et al. [94] is typical of those used in experiments. Subsequent
dispersion-compensated system measurements have been reported at 20Gbit/s [96, 97]
and the highest bit-rate-distance product reported is 2.7Tbitkm/s using a 12cm-long
grating [97].
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In very long-distance, high-bit-rate transmission systems and femtosecond-pulse lasers,
in order to obtain a perfect dispersion compensation, higher-levels of nonlinear

dispersion, the cubic dispersion term becomes significant, which is expressed as

_275(‘ azﬁ' +a_1ﬁ| (2.8)

D, = 2 szl% aws|%(“"“’o)

Clearly, in this case, the dispersion depends on the absolute wavelength rather than the
relative wavelength as in linear dispersion case. By using complex grating structures or

combinations of gratings, higher levels of compensation may be achieved [98, 99].

2.5 Long-period Fibre Gratings

Long-period gratings, as a counterpart of fibre Bragg gratings, have become increasingly
popular as fibre-optic devices for applications in fibre optic communication and sensing.
Long-period gratings have been demonstrated as band-rejection and gain-flattening filters
for improving Er-doped fibre amplifier systems [100, 101], and also used as
temperature/strain sensors [102, 103] as well as sensing demodulators [104, 105]. One of
their most useful properties - the sensitivity to the ambient refractive index of the
cladding modes - has led to a unique application of long-period grating sensing to
measuring different concentrations of chemical solutions [106, 107, 108]. Furthermore,
long-period gratings fabricated in high-birefringence fibres have exhibited high
polarisation extinction ratio and low loss, showing considerable potential as fibre

polarisers for optical signal processing [109, 110].

Long-period gratings are easy and inexpensive to fabricate as the grating period is
typically a few hundred micrometers, compared to 0.5um in fibre Bragg gratings. The
large period enables the UV writing of long-period gratings using amplitude masks,
which are significantly less expensive and less critical than the phase masks generally
used in fabricating fibre Bragg gratings. The large period also permits long-period

gratings to be produced using point-by-point writing technique, which removes the need
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for amplitude masks, and offers the added advantage of arbitrary periods and profiles
[111, 112]. Recently, several non-UV-writing techniques have been reported, showing
that long-period gratings can even be produced using only a CO; laser or a fusion splicer

[113, 114].

2.6 Chapter Summary

To summarise, this chapter has presented briefly an overview of the most fundamental
concepts, which concern with fibre gratings: the history, the mechanism of
photosensitivity, the fabrication techniques, the reported grating structures, and the

achieved applications.
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CHAPTER 3

Coupled-Mode Theory

This chapter presents the derivation of the coupled-mode equations for both long- and
short-period fibre gratings from the Maxwell equations. The overlap factors between the
fundamental core mode and the possible coupled-modes are analysed and calculated. By
solving the coupled-mode equations for fibre Bragg gratings, the peak reflection, the
weak grating approximation and the simulation technique utilising transform matrix for
non-uniform gratings are investigated. For uniform Bragg gratings, the analytical
solutions, calculated spectra, sidelobes, line-width, dispersion and the photoinduced
refractive index are discussed. For the purpose of comparison, the analysis of long-period

fibre gratings is involved in the last section.

3.1 Coupled-Mode Theory

Coupled-mode theory is one approach to obtaining an approximate solution for the
propagation of electromagnetic wave in a periodic layered medium. As such, it is a useful
tool for modelling how grating refractive index fringes affect a light propagation in an

optical fibre. The Maxwell equation for electric field is given by [115,116]

d*D(7,1) (3.1)

VX VXE(F,t)=—u, 5

where E(F,t) and D(7,t) are the electric field and its flux densities, respectively, 1, is

the vacuum permeability. Using the identity
VxVxEF,1)=V(V-EF,1)-VEF,1) (3.2)
and the relationship between electric flux densities and electric field
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D(F,t) = ,e,(F)E(F,1) (3.3)
Eqn. (3.1) becomes

Z(r)b‘ E(F,1) (3.4)
¢? o’

VIE(F,1) =

where €, is the vacuum permittivity, ¢ =1/./14,€, is the velocity of light in vacuum,

£(7F)= n’(7), n(F) is the fibre index, €.(7) is the relative dielective constant. The loss
and the chromatic dispersion are ignored since the grating length is only tens of
millimeters. V&(7) is taken to be orthogonal to D(F,t) as the perturbation is very weak
(An/n~107). Additionally, since the longitudinal part of the electric field in a fibre is

much weaker than the transverse part, the transverse part of the field is selected to

represent the full field as an approximation. Then, eqn. (3.4) reduces to a scalar form

ny ' ’E,(F,1) ,10°E,(F,1) (3.5)

L ¢ ani
VZE: r,t &2 _cz[n (!‘)—nn ] X

where E, (7,t) is the transverse part of the electric field, n, is the fibre core index prior

to the perturbation of the UV beam exposure. The RHS of eqn. (3.5) describes the
perturbation. In a single mode fibre, the electric field with perturbations can be expressed
as the superposition of the modes of the ideal fibre, a series of cladding and core eigen-

modes [117]. Hence, the total electric field is the sum of the input fundamental core

mode LRy’ and all possible coupled-modes LF, given by

E (7,1)= c"(Z)E:cg](F't)+ Z Z (Z) tip 3.6)

i=concl Ip

where

E}, =Up(F)exp|~ j(or - Bi2)] 3.7

where i=co, cl indicates the core and cladding modes, respectively. / and p are integers

and extend to all discrete set confined cladding modes and core modes except the
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launched core mode LFR). E;,(7,t) and A, are the field of the launched core mode

and its amplitude, respectively. E,, (7,¢) and B, (z) are the coupled-mode LP, fields

1, h In
and their amplitudes. U ;}(F)exp[— jot - B,;,z)] and U, (F) are the fields of the eigen-
modes and their amplitudes. For a fibre grating, the distribution of the fibre core
refractive index along the grating length is given normally in the form of

(3.8)

n(F):no+An(z)cos[ AG ) ]F(r)

where An(z)<<n,, An(z) and A(z) are the amplitude of the grating index fringes and
its spatial period, respectively. F(7) describes the distribution of the photoinduced

refractive index in the fibre cross-section.

Substituting eqn. (3.6), eqn. (3.7), and eqn. (3.8) into eqn. (3.5) yields

co h ; (3.9)
2 B ﬂl E.'Oi + Z 22 pr ﬂ': tip
i=co.cl Ip
2n
ZZMGEDHDMCOS(TZ]G( { (z) 1.0 + z an'p :.Fp:|
i=cocl Ip
o . dZB‘ dB,,
where “slow” variation approximation is used so that E<c o , and the Ej

obeys the unperturbed wave equation used. Multiplying both sides of eqn. (3.9) by

(E”P) followed by integrating and making use of the normalized orthogonality

relationship [6, 11]

.[IE"’.G rqmdxdy 6,0 (3.10)

g™ pm

Eqn. (3.9) becomes
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dB! | i Be--2E i Boo-p+2E e o 2=, 2, (3.11)
dz"." =ij%{c;p c.;;{e"[ g +e[ L4 J‘\] +B.:p BJA i }A

o % M | Jusi @, Ehisdy

where Bj, =+n, ®/c has been used. Bj, is LP, mode propagation constant given by

21, (3.12)
A

By =

where i=co, cl. + and - represent the forward and the backward directions, corresponding

to the codirectional and contradirectional coupling, respectively. nfp is Lﬂ; mode index.

C,’;, is the mode overlap factor given by

| .,., _ 3.13
C =j _[F(F)U('{]’(F)U,',,(?)dxd}’ o

ca

where Cé,, describes the overlap between the core mode LPF;’ and the coupled-mode

LP, , determined by the distribution of the mode fields.

Although, in practise, an infinite number of modes are involved, strong coupling will

occur dominantly at the wavelength such that f;’ — [3;;, —2n /A =0, which is known as

the phase matching condition or resonance. Thus, only this synchronous term needs to be

considered and eqn. (3.11) reduces to eqn. (3.14) (b), describing the coupling from input

LP;’ core mode to LP, coupled-modes. The coupling is for both sides as the Lp,
coupled-modes re-couple to LF;’ mode at the same time. In order to examine those

coupling, multiplying (Ef'(’],) to both sides of eqn. (3.11), integrating and keeping the

synchronous terms with S — ﬁ;{, -2n/A =0, eqn. (3.14) (a) is then obtained. Finally,

the coupled-mode equations are given by [118, 119, 120]
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f:a(z) . ﬂ:An i —jza':;_z i (3_14)
C}z =] 1 C,pe B.’p (Z)
dB;,(Z) .TtAn i 205t aeo
C;Z = ij l Cfpe i (Z)
where
i 1 co i 2r (315)
agpza( o1 _ﬁfp_x]

where i=co, cl indicates core and cladding modes, respectively, I=0, 1, 2, ..., p=1, 2, 3,...

i

indicates the order of the coupled-modes LF,,

5,;, is the detuning from the Bragg

resonance. The upper and lower signs of eqns. (3.14) correspond, respectively, to forward

coupling and backward coupling. At resonance condition, 6,;', =0 gives

D= r:nz—'- i (3]6)
Ry, t 1y,

ca

ng, and n, are the mode indexes of LPF,’ core mode and LR;, coupled-modes,

respectively. Clearly, the grating with contradirectional coupling requires

A ~——-;!'——~.~—< A which is termed as short-period gratings or fibre Bragg gratings

co i
Ny +ny,

(FBGs) while the codirectional coupling requires A =——>> 4 which is named as

o1 — 1y,

long-period gratings (LPGs).

Rearranging eqn. (3.16), the resonance conditions for long-period fibre gratings and

Bragg gratings are given by

s -npA  (LPG 3.17)
Ay = (”5‘1’ + "fp )1\ =42ng A Bragg reflection in FBG
(n;;‘l’ +nj, )A Cladding mode in FBG
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Note that the dominant coupling in long-period grating is between LF;" core mode and

LR;; cladding modes. Simplifying eqn. (3.14) yields the following identities

@l
dz

Very clearly, Eqns. (3.18) expresses the conservation of energy along the grating length

oo 2 i 2 -1
1 (z)| T |B,,,(z)| ] =0 (3.18)
in both long-period fibre gratings and fibre Bragg gratings.

To summarise, the coupled-mode theory treats the period variation of the fibre core index
as a perturbation that couples the unperturbed normal modes of the structure. This type of
analysis usually assumes that the fibre is weakly-guiding; the difference between the
refractive index of the fibre core and cladding is very small. Also the absorption,
radiation mode coupling, dispersion of the fibre, nonlinear effect are neglected. Then the
coupled-mode equations are obtained by solving the Maxwell equations. One useful
factor of mode overlaps, describing possible mode coupling determined by spatial
distributions of the mode fields have been introduced, which will be further discussed in

the next section.
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3.2 Mode Overlap and Mode Index

As stated in eqn. (3.13), the coupling from one mode to others results from the interaction
of the mode-fields, determined by the distributions of the spatial mode-fields and
described by mode overlap factors. For a weakly-guiding fibre, the eigenvalue equation

for a core mode and low-order cladding modes is given by [115]

L) K) (3.19)
ui-}m(uj) WiKnl(wj)

where i=co, cl indicates the core and cladding modes respectively, [=0, 1, 2, ... indicates

the order of modes, ' and w' are propagation parameters for the core and cladding
modes, respectively, (u‘ )2 +(w*‘)2 :(Vf)z, 4 ,(uf), K :(Wi) are l-order Bessel function

and l-order modified Hankel function. V' is normalized propagation frequency, defined

as

e _2Wr, T3 (3.20)
l co ol
2R-r.
Vd - 1. 4 dz _nambz

where n_, n, and n,, are the indexes of the fibre core, cladding and ambient,
respectively. r,, and r, are the radiuses of the fibre core and cladding, respectively. For

oo L&

an l-order mode, eqn. (3.19) has P roots u,‘P (p=1,2,3, ..., P), each root corresponds to

the mode named by LB;. The normalized frequency for each mode is given by

(af, J + o, Y = 0') (321)

For a single mode fibre, eqn. (3.19) has only one root u, corresponding to the
fundamental core mode LF;’. In general, for a multiple mode fibre, the fields of Lﬂ;,

modes are given by [115, 116]



e i . 3.22)
-2AB-r, J"(u"’ifn)cos(m) (rS r;) (
U;P a5 ) { 'Ip
~ Kiw rlr
—2AB-r, ;(w,pri n)cos(le) (r>r)
L ! ip

where i=co, cl indicates the core and cladding modes, /=0, 1, 2,..., p=1, 2, 3,..., [ and p

indicate the order of LH;, modes. Eqn. (3.22) describes the field distributions in a fibre

core and cladding, respectively. It should be noted that the fibre cladding is no longer a
weakly-guiding, the low-order modes of the hundreds modes it supports still follow this

approximation 115, 116].
In general case, the mode fields are not normalized, the overlap factors between LP,;"
core and LP,, coupled-modes are thus expressed as

U, (F) U,,(F) s (3.23)

8 w=] :fF(?) - =
- JJ’ [uy @w; )dxdy \/ [ [u,. ., #dxdy

1 r<

0 | taking the grating fringes to be confined to the fibre core and

cer

where F(7)= {

uniformly distributed in its cross-section. Substituting eqn. (3.22) into egn. (3.23), the

overlap factors are thus obtained. One useful observation is the following relationship

2n 2r (I=4=0) (3.24)
Icos(!@)cos(qﬁ)dﬁ ={n (I=q#0)
¢ 0 (I+#q)

It is clear that the dominant coupling is limited to identical azimuthal modes (I =gq),

where the mode fields have the same axis symmetry. However, for practical gratings due
to some asymmetrical effects, there are always some weak couplings between the modes

with [ # g. In order to develop analytical expressions, eqn. (3.23) is discussed for two

special cases, the coupling between LF;’ core modes and LP,’ core mode and LF{]":,
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cladding modes, respectively.

Cf)

3.2.1 Overlap factor between LF;" core modes

For a single mode fibre, there is only one core mode LF,’, hence, /=0, p=1, then, eqn.

(3.23) reduces to

Ty e (3.25)
ij (r)Uﬁl (F)rdr

o __
Cﬂl -

JU"“(r)U“’(r)rdr

cir

where C represents Cy/ , in eqn. (3.23). Clearly, eqn. (3.25) describes the ratio of the
power distributed in a fibre core to the total mode power as
g, . dgy (3.26)
ol P(]T) + P(_]‘f
where Py’ and Py are the power distributed in a fibre core and cladding, respectively. It

is well known that around 80% total power is limited in the core of a single mode fibre,
which is the maximum overlap factor between the core mode and all possible coupled-
modes. In order to obtain a clear analytical expression, substituting eqn. (3.22) into

eqn.(3.25) yields

TJ; (usir/r,) (3.27)
0

_JU’O (umr!rc)dr_'_jKo (Wm”'r )rdr

Ky (i
where ug, is the root of eqn. (3.19). Using identities

Ty 7 . _ . 3.28
Ja.2itr i, Jrdr =5 )= 1, it s ) o

0

and
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3.29
[K,. (e K, G ) K, w2 s

J& wipr ) ="

o

to obtain
Jgd_[”)] 330)
0 "row(“{cn) Jo (um)

and
fRlirln) r.:f[Kf(WST)_l] (331)
v Ko (wi) 2 | K (wg)

where the relationship J,(ug;’)=~—.!_,(ugf) and K,(w;',’):K_l(w;‘,’) have been used.

Substituting eqn. (3.29), eqn. (3.30) and eqn. (3.31) into eqn. (3.27) and using eqn. (3.19),

finally, the overlap factor for core modes becomes

(wee ¥ ) (3.32)
Co: =

RAR3i [l ")

It is very clear that the calculation of the overlap factor reduces to solving the root ug;

from eqn. (3.19).

Alternatively, a geometric-optics approximation can be applied to a weakly-guiding step-

index fibre, an eigenvalue equation corresponding to eqn. (3.19) is given by [115]

Y _p (3.33)
21,(‘“;;)1 -’ —2larccos(u4]-—(p—%]2n = 2arccos ﬁ’j}—

ip

where i=co, cl indicates the core and cladding modes. It should be noted that eqn. (3.33)
has a physical picture: the LHS gives the phase of the transverse component in modulus
of 2 for a light propagating along the fibre core or cladding, and the RHS represents the

phase delays due to the total internal reflection (TIR) at the interface between fibre core
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and cladding, or fibre cladding and the environment. For LF;’ core mode (/=0, p=1),

eqn. (3.33) reduces to

ci u{‘;;’ ( 1 ] (334)
Uy, = Arccos| — ~ |+| — |
|4 -4

Obviously, for a given V, two overlap factors are obtained by solving the roots (i )
from the two eigenvalue equations, eqn. (3.34) and eqn. (3.19), respectively. The overlap
factors against the normalized propagation frequency V' are contained in Table 3.1.
Comparing the two sets of overlap factors, the values calculated from the approximation
of geometric optics are slightly larger than that from mode theory. It can be understood
that the power of the core mode is relatively more confined within the fibre core in the
geometric profile, rather than gradually extending to the fibre cladding in the mode

theory. A good approximation is given by [1, 116]

Co ~1 1 (3.35)

1Ri

is normalized propagation frequency. For a single mode fibre, V< ~2 (V

(1]

where, V

must be less than 2.404), the mode overlap is thus around 0.8.

Table 3.1 Calculated overlap factors between forward and backward LP,’ modes

against the normalized propagation frequency at wavelength 1500nm for a fibre with
NA=0.12, r,,=4um and r,=62.5um

Ve C,/ (Geometric optics) | Cg’ (Mode theory) -]
1.702541 0.691536 0.638216 0.6550
1.945761 0.779261 0.72506 0.7359
2.188981 0.840084 0.787021 0.7913
2.404829 0.878996 0.827581 0.8271
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3.2.2 Overlap factors between LF,’ core and LPG‘; cladding modes

For the coupling between LP,;’ core mode and LF; claddlng modes, the overlap factors

expressed in eqn. (3.23) becomes

N (3.36)
[RGUAGE
cel = 0

JTU;;’(F)U;;’(F)rdr JTug;(?)U;;(F)rdr
0 0

where cgj, represents C;{_op in eqn. (3.23). Using identities of eqn. (3.28) and (3.29) to

obtain
T 7 2 w 1 2(. co 2 (yeo\? 72,0 (3.37)
j‘ JO u?-m 4 ! r ) rar-r j Ko (“:m rci rcn) = rff’ (Vcr; )2 le(“(:’)
o Jo “01) r n(wol) 2 (Wl) Jo (uol)
and
rj"-}roz (Ligirr:( rd)rdr+ ]ﬂ K, (‘“:’;jvrf r“)rdr = J"c.'z (‘Vd)2 J,Z(u;";,) (3:38)
0 J “’ Tt KO w(rip 2 (w;)‘;,)z ‘}0 (ul;fu)
where V¢ = (ug‘,’)z Jr(w;‘,’)2 o V= (f,«:[‘,";))2 + (w('fp)2 and eigenvalue equations for the

K co co J co
fibre core and cladding modes given by eqn. (3.19) as 1((“’01) 2o ,(um)

o co d
Ko(wey) ~ wey To(u)

K ch ucf J ud
K—;(G;?f% = w%f J—'((%% have been used. Substituting eqn. (3.37) and eqn. (3.38) into eqn.

p Yoo,

(3.36), the overlap factors are obtained as

I Tolugirtr, Wolug,ri v, Jdr (3.39)

coyprol
mrd VeV J (um)] (ucl' )
co_ ol 101 A 1X%0p

2 o1 Wop

Cd -
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Obviously, the calculation of the overlap factors also reduces to solving the roots u, and
u;’p from the eigenvalue equation eqn. (3.19). For a fibre with NA=0.12, r, =4um and
r,=62.5um at wavelength 1500nm, the overlap factors against the order of the cladding

modes is shown in Figure 3.1 and the first 10 overlaps are contained in Table 3.2. Note

that Cg; = 0.2358 is referred in Chapter 6 and matched experimental results.

Table 3.2 Overlap factors between LPF,’ core mode and Lﬁf; cladding modes at
wavelength 1500nm for a fibre with NA=0.12, r.,=4um and r,=62.5um

Order | 2 3 4 5 6 7 8 9 10
Overlap 0.1036 | 0.1563 | 0.1921 | 0.2178 | 0.2358 | 0.2472 | 0.2526 | 0.2525 | 0.2475 | 0.2380

0.25 1

0.2 1

0151 [

0.1 1"

Overlapping factor

0.05 -

(o4

Figure 3.1 Calculated overlap factors between LPF,’ core mode and LR}“; cladding

modes at wavelength 1500nm showing a slow varying profile with multiple minimums for
a fibre with NA=0.12, r.,=4um and r,, =62.51m

It can be observed from Figure 3.1 that for the mode order lower than 7, a higher-order
cladding mode has a relatively larger overlap factor compared with the lower one. The
overall overlap factors are a slow varying profile with multiple minimums against the

mode order, which are consistent with experimental observation discussed in section 4.1.
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Note that the overlap factor between LP;" core and LP,;" (1#0) cladding modes may only

be calculated from eqn. (3.23) numerically.

3.2.3 Fibre material index and mode index

For a pure silica glass, when the light wavelength is far from the material resonance, the

refractive index n(w) is well approximated by the Sellmerier equation as [115, 116]

B (3.40)
2}
i

M w.?
w)= |1+ ) —1—
na (@)= 1+ Y5

m_

where @; is the resonance frequency and B, is the oscillator strength: B, = 0.6961663,
B, =04079426, B, =0.8974794, A, =0.0684043um, A, =01162414um ,
A, =9896161um. The composition of a fibre cladding is almost a pure glass, but the

fibre core normally dopes with B/Ge for raising the refractive index to produce a
waveguide. The index of the fibre core is also given by eqn. (3.40) with slightly different

coefficients and resonance [115, 116]. For simplicity, the index of a fibre core is given by

x/["‘!d(%)]2 +[NA(w,)]" (3.41)

n,(w,)

n, (@)= nd(m)

oo

where NA(w,) = \/ [Mw(wo)]Z - [nd(wo)]2 , NA(w,) is the numerical aperture of a fibre at

w, wavelength, normally 0.6328um He-Ne laser wavelength.
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Figure 3.2 Refractive indexes of a fibre core and cladding against the operating
wavelength, where NA=0.12 at wavelength 0.6328m

For LI-}; mode, when the eigenvalues u;P (i=co, cl) are derived from the mode eigenvalue

eqn. (3.19) or the geometric optics approximation eqn. (3.33), the mode index is then

given by

2

i 2 uj, (3.42)
)= . —

where i = co,cl indicates the core and cladding modes, respectively, /=0, 1, 2,..., p=1, 2,

3,..., l and p indicate the order of L q", modes.

To summarise, the overlap factors between core modes as well as between core and
cladding modes have been investigated analytically and up to 60 overlap factors have
been calculated. For the Bragg coupling, the overlap factor indicates the ratio of the
power confined within the fibre core to the total power. For the coupling between the
core and cladding modes, the calculation shows a slow varying profile with multiple
minimums against the order of cladding modes. In addition, the index of a fibre material

and mode indexes have been discussed.
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3.3 Coupled-Mode Solution for Bragg gratings

This section is designed to solve the coupled-mode equations for the case of
contradirectional coupling in Bragg gratings. Since the coupled-mode equations can be
expressed in the form of Schrodinger equation, a series of approximation methods which
was developed for solving Schrodinger equation may be used to solve the coupled-mode
equations. For uniform Bragg gratings, the analytical expressions, calculated spectra,
sidelobes, line-width, dispersion are discussed. In addition, the modelling technique

utilising matrix transforms is detailed for non-uniform Bragg gratings.

3.3.1 Coupled-mode equations

As discussed in section 3.1, for Bragg gratings the coupled-mode equations are given by
eqn. (3.14) as

CO(Z) NS | —'25;;,(z)z i (343)
—T'Z = jki,(z)e” """ B} (2)
dB! (7) . 281 ()2 xco
— ===, (e A ()

where Aj(z) and B;;,( z) are the amplitudes of the forward and backward core modes
with absolute phases. i =co,cl, =0, 1, 2, ..., p=1, 2, 3, ... indicate the order of LP,;,

coupled modes, K‘;}, (z) is the coupling coefficient given by

[ ()= (3.44)

where C;p is mode overlap factor discussed in section 3.2. For core mode coupling, the

i
ip

Bragg coupling Cj, =08 is given in Table 3.1. §,,(z) is the local detuning from the

Bragg resonance given by
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. 3.45
6,(2) =—l—[ -B;, - } 75(”0| +nfp) T (3.45)
2 A(z) AMz) A(2)

o

where [, is LF; mode propagation constant. The local Bragg resonance A,p(z) is

given by
%,(2) = Iy +n, (@A) (3.46)

The dominant coupling in Bragg gratings is between the forward and backward core

modes, i =co, [ =0, p=1. In order to simplify eqns. (3.43), the following discussions

focus on only the Bragg coupling, but the results are suitable for the coupling of
backward cladding modes when corresponding coupling coefficient and resonance are
used. For Bragg coupling, the electric field of the propagating light is expressed in the

form of
E(z)=[A*(2)e 0@ Je iz [ A~ (g)e ()2 |g-iAiie (3.47)

where &, is used to represent &;, A*(z) and A™(z) are the amplitudes of the forward

and backward core modes with relative phases. Then the following relationships are

obtained as

c;a(z) = A+(Z)e—jﬁm(z]z (348)
B;;,(Z)= A"(Z)efﬁm(z)z

Substituting eqns. (3.48) into eqns. (3.43) yields

MdZ(Z) = j[501 (Z)'A+(Z)+K'01 (Z)'A_(Z)] -
LD u0) 4@+ xale) 42

[wd]

where K, is used to represent Kk, . Substituting eqns. (3.49) into each other yields
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d A’;(Z) _ _Lsmz(z)_ K012(Z)14+(Z) (3.50)
dz
2 -

d°A 2(Z) = mz(z)_ sz(z)]A"(z.)
dz

where the approximation of slow varying quantities about the local detuning &, (z) and

the local coupling coefficient x,,(z) have been used [118].

In general, the calculated spectrum of Bragg gratings is achieved by solving eqns. (3.50)
numerically. An interesting observation is that the eqns. (3.50) is a typical form of
Schrodinger equation in quantum theory and thus many approximation methods such as

WKB method may be used to solve eqn. (3.50) for Bragg gratings [119].

3.3.2 Riccati differential equation

Although the two second-order differential equations expressed in eqns. (3.50) are of the
same forms, they have different boundary conditions. In order to find a relatively simple

differential equation, the index distribution along the fibre axis is given by [121]

3.51
n(z) = no{l+0(z)+h(z)cos[i—nz+¢(z)]} e

0

Comparing with eqn. (3.8) yields

LR o (3.52)
2=—2+0(2)
Alz) A
and the detuning is given by
50] (Z) = 0 i — -— M (3.53)

(1] _A(Z) 0 2z

where &, is the average detuning defined as
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e 2mn,, (3.54)
8= _I =~ —TZ‘”A}L

When the amplitude of the electric field is given by the following form, slightly different
from eqns. (3.48), as

ATy = T(z)e e (3.55)
Bji (2) = R(2)e™

where T(z) and R(z) represent the amplitudes of the forward and backward propagating

electric fields, respectively. Substituting eqns. (3.55) into eqns. (3.43) and using eqn.
(3.53), the coupled-mode equations become

%Z) = /18,7 (2) + Ko (D)€ R(2)] @0)
d’;‘;’ = —jl6.R@) + Kk, (e T ()]

L L
where Y win SE indicates the locations of the grating; L is the grating length. The

boundary conditions are normally given by

T(-L/2)=1 (3.57)
R(L/2)=0

Define the coefficient of the local reflection p(z)as

(Z)=_R(_Z)ej¢ (3.58)
T(z)

By taking logarithms and differentiating eqn. (3.58) yields

p'z) RG) T'()

o)~ Ke) 1) o

Substituting eqns. (3.56) into eqn. (3.59), the Riccati differential equation is given by [13]
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p'=—j(28,-9")p — jKo (X1 +p?) (3.60)

The boundary condition now becomes p(L/2)=0. Clearly, by solving eqn. (3.60)
numerically, the amplitude reflectance of the entire grating structure p(—L/2) is

obtained. It should be noted that eqn. (3.60) is equivalent to eqns. (3.50) in modelling.

For a special case, the grating with ¢'(z)=0 at the Bragg resonance (6, =0), eqn. (3.60)

reduces to

d ; 3.61
1+22 =~ jKo (2)dz (80
Integrating eqn. (3.61) yields
Li2
; (3.62)
p(-L/2)= j tanh[ [ %o (z)dz}
-LI2

where the boundary condition p(L/2)=0 has been used. Obviously, eqn. (3.62) is a
useful expression for calculating the peak reflection of non-uniform gratings. For uniform

Bragg gratings, k,,(z)= x,, eqn. (3.62) reduces to

lp(~L/2)|" = tanh® (i, L) (3.63)

Eqn. (3.62) and eqn. (3.63) are the well-known relationships for fibre Bragg gratings.

3.3.3 Weak grating approximation

In order to find possible analytical solutions from eqn. (3.60) with some approximations,

define the reflectance with a new variable ¢ for a weak grating as
p=gug o) (3.64)
where o << 1. Substituting eqn. (3.64) into eqn. (3.60) yields
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"= — jKo (e’ ®? + 527720 | (3.65)

Clearly, the term ©® can be neglected as 6 <<1 for a weak grating. Integrating eqn.

(3.65) and substituting into eqn. (3.64) yields

; . Le . i 3.66
,O(—Lf 2)= je_![fsof-ﬂ‘) (-L12)] IKDI (Z)e}(zﬁnz—ﬁ )dz ( )

—-L/2
Eqn. (3.66) describes the amplitude reflectance of a weak grating. Further, for a grating
with ¢'=0, eqn. (3.66) reduces to

lp(-L12) =| [ Ky (2)e ™ dz

~Lf2

LI2 lz (3.67)

Eqn. (3.67) exhibits a Fourier transform of the coupling coefficient with respect to the

detuning. Thus, a sinc profiled k,,(z) results in a square reflection spectrum since the

inverse Fourier transform of a rectangle function is the sinc profile.

3.3.4 Characteristics of uniform fibre Bragg gratings

In general, no analytical solution can be derived from the coupled-mode equations for
Bragg gratings except the case of a simple structure like a uniform Bragg grating. For a

uniform Bragg grating, the period (A), phase (¢), and the coupling coefficient (k) are z-

independent. Hence, ¢'=0, §,,(z)=§,, eqn. (3.60) reduces to

- =—jK {p2+—2§£p+1] o
e~ 0 K

0

Rearranging and taking integration operation to eqn. (3.68) yields
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K o) (3.69)
u "{?"(P*ﬁﬂ u
0 — i d

S=ii-& 670
2mng AL : ; ;
0y = —T is the detuning, AA=A-A4, is the wavelength detuning, and
A, =2ng A is the Bragg resonance. Integrating eqn. (3.69) yields
S K (3.71)
arctan|:% [p(L! 2) + K'_Z]] - arctan[—sg(p(— L/2)+ %]] =—jSL

Rearranging eqn. (3.71) yields

p(-L12) =itan[arctan(%]+ jSL]_i (3.72)

K K,
where, the boundary condition p(L/2)=0 has been used. Using the identity
tan(jSL) = j tanh(SL) and simplifying eqn. (3.72), the amplitude reflectance is given by

[1,5]

HA) = JK, tanh(SL) (3.73)
~ §— j§, tanh(SL)

where r(1)=p(—L/2) describes the amplitude reflectance of the entire grating

structure.

For the wavelength at the Bragg resonance, 8, =0 yields § =k, = C;mAn/ A,, then

eqn. (3.73) reduces to eqn. (3.62), the power reflectance at the resonance is thus,
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R = tanh?(CS/mANL/ A, (3.74)

2 » i n
where R =|r(?u[,] represents the power reflection, C;/ is core mode overlap factor.

An is the amplitude of the grating index fringes. Note that, eqn. (3.74) is equivalent to
eqn. (3.63).

In order to describe the coupling process along the grating length, the amplitudes for both
forward and backward directions require to be detailed rather than the response of the

entire structure only. For this purpose, eqns. (3.50) are solved directly and give

A*(2) S cosh[S(z— L/2)]+ j&sinh[S(z=L/2)] _is i) (3.75)
= €

< S cosh(SL) — jAB sinh(SL)

A ()= — Vo SIOISE =L/ D] jscuany

S cosh(SL) — j&, sinh(SL)

where the boundary conditions A*(~L/2)=1 and A" (L/2)=0 have been used. In this
case the amplitude reflectance and transmittance are given by r(A)=A"(-L/2),

t(\)=A"(L/2) as

()= s (3.76)
S cosh(SL)~- j&, sinh(SL)
0)= j¥, sinh(SL)

~ Scosh(SL)- jb, sinh(SL)

Eqns. (3.76) are important expressions for fibre Bragg gratings [122,123, 124].

Figure 3.3 shows the incident power drops off exponentially along the grating region; the

d(T-R) _
dz N

relationship of 0 exhibits the conservation of energy. For a 99% reflectivity

grating, more than 90% power is reflected before the grating centre as illustrated in
Figure 3.3 (a). The average reflection depth rapidly decreases with increasing grating

reflectivity. This will be discussed in section 5.5.
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Figure 3.3 The distribution of transmitted and reflected power against the grating length
in a 10mm Bragg grating, indicating a shorter reflection depth in a stronger grating
compared with that in a weaker grating: (a) 99% reflectivity; (b) 50 % reflectivity

3.3.4.1 Spectral sidelobes

As expressed in eqn. (3.70), with increasing the wavelength detuning |A?u|, K‘02 —502

decreases rapidly to zero and then k,” —8,” <0, so that the effective detuning S goes

into its imaginary regime. In this case a new effective detuning W is defined as

S=i8, ~K," =jW 10

Using identities sinh(jWL)= jsin(WL), cosh(jWL)=cos(WL), the power reflectivity is

obtained

Ky sinhz(;s'L) ( 2 575 0) (3.78)
O] = 5 coshz(le)-l;So‘ sinh®(SL)
Y IR
Clearly when
e (3.79)
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where N=1, 2, 3, ... indicates the order of the zero reflections, exhibiting many sidelobes
since between two zero reflections there is a sub-peak reflection. In order to describe the
locations of the sidelobes, substituting eqn. (3.79) into eqn. (3.77), the wavelengths of

zero-reflections are given by

2 2 (3.80)

PP W, LA O
2ng L T

where [r(?uh, )|2 =0. The wavelength spacing between two symmetric zero reflections is

thus given by

B 2 (3.81)
AlN i :l_u (KLL} .|.N2
' ncﬁL T

where n,, is used instead of ng for convenience, and referred to as the effective index.

By plotting eqn. (3.78), the reflection spectrum of a uniform Bragg grating is illustrated

in Figure 3.4, showing many sidelobes.

£ 0.8 - K,L=3 (R=99%)

2

]

© 0.6 -

/)]

S

= 0.4 -

o

2

g 0.2 4 l" 7\'| 1"‘
Y ATV

1549 1549.5 1550 1550.5 1551
Wavelength (nm)

Figure 3.4 Calculated reflection spectrum of a typical fibre Bragg grating of Smm long
and 20dB-reflectivity, indicating many sidelobes
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For a 10mm long uniform Bragg grating with 20dB-reflectivity at 1.55um, eqn. (3.81)
yields AA,_, =0.23nm, A4, , =0.37nm, AA,_,=0.52nm. Increasing the values of

coupling strength (x,L), the reflectivity of the grating increases and the line-width

broadens, as shown in Figure 3.5. It is clear that for a strong grating the raised and down

edges of the reflection spectrum are very sharp and FWHM is thus almost AA, _,. For a

weak grating the spectral behavior between the Bragg resonance and the first zero-

reflection is a near linear relationship and thus FWHM = AA, /2. In general, the

FWHM of a uniform grating is given by [1]

m K,L=3 (R=99%)
0.8 - /

0.6 A KoL=0.88 (R=50%)

i
r’d

Reflection Spectrum

1549 1549.5 1550 1550.5 1551
Wavelength (nm)

Figure 3.5 Calculated reflection spectra of 5mm long Bragg gratings with different
values of reflectivities: 99% and 50%

: 2 (3.82)
FWHM = 122 {KLL] +1

where 0.5< u <1 reflects the coupling strength: u =0.5 for a weak grating and u =1

for a strong grating. For a very weak grating k,L — 0, eqn. (3.82) reduces to the free
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spectrum range (FSR) of the grating length Fabry-Perot cavity as

7 iy (3.83)
2n

FWHM —
off

Eqn. (3.82) also shows a long length grating results in a narrower line-width when the
coupling strength remains unchanged. The grating line-width (FWHM) against the
grating length for several values of the coupling strength is shown in Figure 3.6. For a
10mm long uniform Bragg grating of 20dB peak reflectivity (99%), calculation shows
FWHM=0.19nm, corresponding to 11=0.826 in eqn. (3.82), where n =1.446 is used.

10 g

FWHM (nm)

0.1 F

0.01
0 10 20 30 40

Grating Length (mm)

Figure 3.6 Calculated line-width of Bragg gratings against the grating length for
different values of reflectivities: 30dB, 20dB and 10dB

One very useful observation from eqn. (3.81) and Figure 3.5 is that the magnitudes and
locations of the sidelobes are coupling coefficient related. This suggests that sidelobes
can be suppressed by tapering the grating coefficient to a specific profile, which is known

as grating apodisation.

3.3.4.2 Dispersion
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Using eqn. (2.5), the dispersion of Bragg gratings may be written as [91, 124]

2c 3 (3.84)
LA} o

where B="¥/L has been used, L is the grating length, ¢ is the speed of the light in
vacuum, 4, is the Bragg wavelength, @ is the light circle frequency. ¥ is the phase of

the reflected light, which can be derived from eqn. (3.76) as

8, tanh(SL)] T (3.85)
g

Y= arctan[
S

Substituting eqn. (3.85) into eqn. (3.84), the dispersion is obtained as illustrated by Figure

3.7 (a) and (b). Very strong positive and negative dispersions are located at the edges of

the spectrum while a much weak dispersion is found around the Bragg resonance. The

maximum time delay is the light reflected from respective ends of the grating as
¢

At » where L, is the grating length, n,, ~1.446 is LF}’ mode index, c is the

light velocity in vacuum. As shown in Figure 3.7 (b), for a Smm long grating, this

maximum time delay is about 48ps.
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() (b)

Figure 3.7 Modelled dispersion and reflection spectrum of a Smm long 20dB-reflectivity
uniform Bragg grating: (a) reflection and dispersion coefficient; (b) reflection and time
delay.
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3.3.4.3 Photoinduced refractive index

The distribution of the refractive index is given by eqn. (3.51), which may be simplified

for a uniform structure as

(3.86)
n(z) = no{l + Ano[l +7y- cos{i—x 4 H}
0

where, 0<y<1 indicates the visibility of the grating index fringes. In this case, the
amplitude of the index fringes and the average photoinduced index are y-An, and An,,

respectively. Since the Bragg wavelength and the peak reflection are measurable using an
optical spectrum analyser (OSA), the coupling strength of the grating is thus derivable
using eqn. (3.74) as

k,L = tanh™ (VR) (3.87)
Using eqn. (3.44), the total photoinduced index is given by

__ KL-A (3.88)
° ®my-L-Cy
Clearly, An, and y-An, correspond to the shift of the Bragg wavelength and the

reflectivity, respectively.

3.3.5 Modelling technique utilising matrix transforms

In general, for non-uniform gratings, the coupling coefficient %(z) and the Bragg

resonance A,(z) are slow varying along the grating length. One calculation technique

used replaces the grating by a series of short length sections, each of which can be
characterized by a uniform structure. In order to obtain the overall spectral response,

eqns. (3.50) has to be re-solved for arbitrary boundary conditions and yields
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@)y TA @) (3.89)
A(z) A (z)

where, z,, <z <z, z indicates the locations of the sub-grating G;, which is treated as

approximately a short length uniform structure; i=1, 2, 3, ..., N, N is the total number of

the sub-gratings. M; is the matrix describing the uniform sub-grating G; given by

M {ms -(r..n,.)'] (390

i

-t 1%
with
5 (3.91)
t, ()= :
) S, cosh(S,L,)- j, sinh(S,L,)
)= jx, sinh(SL, )

" S, cosh(S, L, )- j8. sinh(S.L,)

where L, =L/N is the length of the sub-grating G;. Note that solving eqns. (3.50) is

very tedious, but it is necessary as the matrix expression given in eqn. (3.90) in terms of
the sub-grating amplitude reflectance and transmittance is obtained. This results in an
analytical solution with clear physical picture for the structure of phase-shifted fibre

Bragg gratings.

Consider that the sub-grating G, is short enough to be treated as a uniform structure, the

values of the coupling coefficient and the local Bragg wavelength at its central position
Z., x(z,) and A,(z,) are used to represent this sub-grating. The central position of G, is

given by

2 L _Lf. 1 (3.92)
Z,=——t—| ==
2 N 2

where, i=123,.,N, z; indicates the central position of the sub-grating G.. The

detuning and the effective detuning are given by
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. 1 1 (3.93)
5(@)= 2, [i A,G )}
B i

S, (Ei )= '\/KZ(Zf )_ 8:'2 (Zf )

The matrix M, for each sub-grating is given by substituting eqn. (3.91) into egn. (3.90)

using eqn. (3.92) and eqn. (3.93), supposing the profiles of the grating coupling

coefficient x(z) and the Bragg wavelength A, (z) are given, respectively.

For a typical linearly chirped grating structure, the local Bragg wavelength of the sub-

grating G, is given by
Mz )=hy +- A0 639

where 4, and AA are the central wavelength and chirp of the linearly chirped grating,

respectively, Z; is the central position of sub-grating G,, given by eqn. (3.92).

Fori=1,2,3, ..., N, using eqn. (3.89) yields

AW|_, [A7O (3.95)
A (L) A™(0)
where
(Mt w2y (3.96)
TlM21 m22|T NN

Consider the usual boundary conditions A"(-L,/2)=1, A™(L,/2)=0, the amplitude

reflectance () and transmittance (f) of the entire grating structure are thus

t=1/M22 (3.97)
r=—-M21/M22

In this way, the simulation of Bragg gratings reduces to the calculation of the transform-
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matrix for the entire grating structure, which is the main simulation model used in this

thesis.

It should be noted that the accuracy depends on the number of the sub-gratings (N). One

2
useful observation is that the minimum N can be given by the FSR LN of the sub-

2‘%}

grating length (L/N) Fabry-Perot cavity, since it must be wider than the total observed

spectral region. Hence

N> span (3.98)
Ao f'iZneﬁL)

where the span is the total observed spectral region. For a 10mm long Bragg grating at

wavelength of 1550nm and the total observed spectral region span =10nm, eqn. (3.98)

yields N>120. In this case, N=200 is enough for modelling the spectrum.

For a special case, where there are no grating fringes, i.e. K, =0, eqn. (3.70) reduces to
S = j&, and thus eqns. (3.91) reduces to r =0 and ¢ = exp(jd,L, ), eqn. (3.90) becomes

M. =

i

e ] (3.99)
O e_jﬁlle'J

Clearly, matrix eqn. (3.99) describes the propagation of the light in a fibre with no grating
fringes, where 28,L, is relative propagation phase. Comparing with eqn. (3.99), the
matrix for a pure phase shift (¢) is thus given by

Mq[e“‘” 0 ] (3.100)

0 e—j@!ﬁ

It should be noted that eqn. (3.99) and eqn. (3.100) are not only restricted to the backward
coupling in Bragg gratings, but also applies to the forward coupling in long-period fibre

gratings.
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To summarise, the coupled-mode equations for Bragg gratings in the form of Schrodinger
equation and Riccati differentiating equation have been discussed. The peak reflectivity
depends on the integration of the coupling coefficient with respect to the grating length
expressed in eqn. (3.62). For a weak Bragg grating, the reflected spectrum is a Fourier

transform of the coupling coefficient with respect to the detuning &, given by egn.

(3.67), hence suggesting that a sinc profiled coupling coefficient will yield a square
reflection spectrum. For a uniform Bragg grating, the analytical solution, the peak
reflectivity, line-width, sidelobes, dispersion, and the photoinduced index have been
investigated. The modelling technique utilising matrix transforms for non-uniform Bragg
gratings has been discussed. In addition, the free spectrum range (FSR) of a Fabry-Perot

cavity is found a very basic element in spectrum of Bragg gratings.
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3.4 Coupled-Mode Solution for Long-period Fibre Gratings

This section discusses the codirectional coupling in long-period fibre gratings. The
modelling technique utilising transform matrix, the spectral response of uniform long-

period fibre gratings and the photoinduced refractive index are discussed.

3.4.1 Coupled-mode equations

The coupled-mode equations for codirectional coupling in long-period fibre gratings are

derived from eqn. (3.14) and follow

22 3.101
(Z)_ K‘fp J25:p Br.f( ) ( )

dBd(z) _}' {,l ;?_3,,, ()

where —L/2<z<L/2, z indicates the locations of the grating, L is grating length,

o1 (z) and Bf; (z) are the amplitudes of the forward core mode and coupled cladding

modes with absolute phases. k|, is the coupling coefficient given by

ip

nAn C;;f 2 (3.102)

T

[.'f

Ky, = 1

Ip

where C)' is the overlap factors between LP;’ core and LP,' cladding modes, =
T

accounts for the rectangular shape transformation into cosine shape of the refractive

index profile induced by the UV exposure on white/black amplitude mask. Kf; L is the

coupling strength, 5,;" is the detuning from the resonance of a long-period fibre grating

and given by

a1l g i (3.103)
% = [ =By - ] & ”’P{ao A(z))

where f; and ﬁq‘: are propagation constants of the light in a fibre core and cladding,
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0

respectively. A is the grating period, n; and n are the indexes of the core mode LF,’
and cladding modes LP;" , respectively, as discussed in section 3.2. 4, is the resonance

wavelength given by 5,3 =0 as [101]

Ay = & —n A (3.104)

where =0, 1, 2, ... and m=1, 2, 3, ... indicate the order of the LP,:* cladding modes.

Similar to eqn. (3.47), the electric field may be written in the form [6]

E(e)= @) P + [, el G5
where A(z) and B, (z) are the amplitudes of the input core mode LPF;’ and the coupled

cladding modes LH: with relative phases, respectively. The coupled-mode equations of

long-period fibre gratings are then given by

dA(Z) [5 - A(2) + K, -B,,,(z)] (3:400)
dB, (z :
ﬁ [ 5;)1 B,(2)+ K-;: -A(z)]
dz
Substituting eqns. (3.106) into each other yields
d’A(z) _ [(s. (3.107)
A2 foy + (i Tho
d’B, (z) y
dzPE = _[ I K-ip )2 ]pr (2)

where the approximation of slow varying quantities about the detuning 6,;’ (z) and the

coupling strength Icfp’ (z) have been used. Eqn. (3.107) is the basic equation for modelling

of long-period fibre gratings.

3.4.2 Modelling technique utilising matrix transforms
As discussed in section 3.3.5, a non-uniform grating can be replaced by a series of short
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length uniform structures; each of them can be characterized analytically. For this

purpose, solving eqn. (3.107) for a uniform sub-grating LPG; with arbitrary boundary

[;(())]M[;(() )} o

where i=1, 2, 3 ..., N, z,, £z<gz,, z indicates the locations of the sub-grating LPG;.

l

conditions yields

L;=L/N is its length, N is the number of the total sub-gratings, M, is the matrix

describing the uniform sub-grating LPG; and given by

{rf r, } (3.109)
M, = "
L &
with
S _ (3.110)
1, =cos(SYL )+ j%sin(S,ﬂLE)
1y S;’
) Kc‘f
n=Jj—=g Sin(sf,fo)
Sp
where

s =T + @) ety

where § ,f: is the effective detuning. The matrix for the entire grating structure is obtained

in the same forms of eqn. (3.96) as

M1l  MI12 (3.112)
S maT My MMy M,
The amplitude transmittance (f) and coupling ratio (r) are given by
t=MIl1 (3.113)
r=M21
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where the usual boundary conditions A(z,)=1 and B, (z,)=0 have been used. In this

way, similar to Bragg gratings, the modelling of long-period gratings also reduces to the
calculation of the transform matrix. As a simple case like a uniform long-period grating,
the amplitude transmission and cladding mode coupling-ratio are given by eqn. (3.110),

instead of the L; by L.

As stated previously, for a fibre with no grating fringes, i.e. Kf; =0, eqn. (3.110) yields

r,=0and ¢, = exp(i5 !;" L ) Eqn. (3.109) then reduces to egn. (3.99) and hence the matrix

of a pure phase shift for a long-period fibre grating is also given by eqn. (3.100).

3.4.3 Characteristics of uniform long-period fibre gratings

In general, no analytical solution can be derived from the coupled-mode equations for a

long-period fibre grating except the simplest case of a uniform structure. For a uniform

long-period grating, the dominant coupling is between LF; core and LR)‘; cladding

modes. The amplitude transmittance is given by eqn. (3.110) (replacing the length L; by

L) and the power transmission is thus

. - 4 3 3.114
smz|:xoi,L1Il + (50:, !KUL)Z] ( )

1+(68 /5

T,,(A)=1-

Clearly, the spectral response of long-period gratings and Bragg gratings is different

intrinsically. For the wavelength at the resonance, 55‘; =0, the power transmission

becomes

Ty, (4,) =1 —sinz(x‘;:,L) (3.115)

Eqn. (3.115) shows that the power coupling between the LF,’ core mode and LH}";

cladding modes against the coupling strength changes periodically.
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3.4.4 Photoinduced refractive index

Similar to the case of Bragg gratings, the peak loss of a long-period fibre grating is

measurable. The coupling coefficient is thus derivable using eqn. (3.115) and given by

KDPL=m-7risin"',fl—Top(Anp) (3.116)

where m=0, 1, 2, .... indicates the region of the coupling coefficient. The amplitude of the
grating index fringes is obtained using eqn. (3.102). The increase of the average index is

thus

ol
k2125, (3.117)
Op

where 0<duty <1, dury indicates the duty cycle of the rectangular profile index fringes.
Clearly, this An, is the increase of the average fibre core index, resulting in the shifting

of the resonance wavelength. Up to 100nm shift was observed experimentally.

To summarise, this section discussed the analysis of a long-period fibre grating. A
modelling technique utilising matrix transforms for a non-uniform long-period fibre
grating has been proposed. For a uniform long-period fibre grating, the analytical

solution, the photoinduced refractive index have been discussed.
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3.5 Chapter Summary

This chapter has given details on the theory for both fibre Bragg gratings and long-period
fibre gratings. Starting from the Maxwell equations, the coupled-mode equations for the
two kinds of gratings have been discussed. The mode overlap factor for describing
possible mode coupling has been introduced and discussed analytically. The strongest
coupling between the launched core mode and the possible coupled-modes is the Bragg
coupling; the overlap factor indicates the ratio of the power confined within the fibre core
to the total power. Up to 60 overlap factors between the core mode and cladding modes
have been calculated. Results show a slow varying profile with multiple minimums

against the order of the cladding modes, which are consistent with experimental results.

The coupled-mode equations for fibre Bragg gratings can be expressed in the form of
Schrodinger equation and approximation methods which were developed for solving
Schrodinger equation can be used to solve the coupled equations for fibre Bragg gratings.
The coupled-mode equations can also be reduced to a single second-order Riccati
differential equation, from which the peak reflectance as an integration of the coupling
coefficient with respect to the grating length and a weak grating approximation in a form
of Fourier transform have been obtained. For uniform Bragg gratings, the analytical
expressions, calculated spectra, sidelobes, line-width, dispersion and photoinduced
refractive index have been investigated. In addition, a modelling technique utilising

matrix transforms has been discussed for non-uniform gratings.

For a codirectional coupling in long-period fibre gratings, as in the case of Bragg
gratings, the modelling technique utilising matrix transforms has been proposed. The
characteristics of a uniform long-period grating have been discussed, showing a periodic
power coupling between the core and cladding modes against the coupling strength,

which is in good agreement with experimental results.
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CHAPTER 4

Bragg Grating Fabrication Techniques

This chapter discusses the fabrication of fibre Bragg gratings. Two typical fabrication
techniques - holographic and scanning phase mask methods - are adopted experimentally.
For the fabrication using the two-beam holographic method, analytical expressions for
predicting the central wavelengths and chirps have been developed. This chapter further
discusses the theory behind the fabrication of complex structure gratings using the
method of scanning the UV beam across a phase mask, where a computer controlled
piezoelectric transducer (PZT) stage is used to dither the phase mask to introduce a
varying coupling coefficient along the grating length. Based on this fabrication technique,
grating structures like apodised, wavelength-shifted, self-apodised chirped, phase-shifted,
Moir€ and sampled gratings can be fabricated experimentally. This fabrication technique
also extends to the fabrication of long length gratings. In addition, the dependence of the

UV beam parameters, such as the beam width and its polarisation are also discussed.

4.1 Two-Beam Holographic Fabrication Technique

This section details the theory behind the two-beam holographic technique for fabricating
fibre Bragg gratings. The analytical expressions for predicting the Bragg wavelengths and

chirps are proposed, which are very useful in guiding the grating fabrication.

4.1.1 Introduction

There are many techniques used to fabricate fibre Bragg gratings and a widely used one
is the two-beam holographic method. Gratings fabricated in this manner were found to be

much more efficient and were not limited in designing the Bragg wavelength and chirp.
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A disadvantage of this technique is that the total length of each grating fabricated is
limited by the size of the two interfering beams. Also, inherent with this system is the
‘'self-chirping’ of the gratings which occurs due to the beam profile producing a non-
uniform exposure over the length of the grating, exhibiting some oscillations located at

the short wavelength side of the Bragg resonance.

The experimental arrangement is shown in Figure 4.1. The UV beam is split into two
with equivalent power (50%) at mirror C (6, = / 4). The two beams are then reflected
by highly reflective mirrors A and B to meet on the photosensitive fibre to produce the
interfering fringes. In order to introduce chirp into the gratings, dissimilar wavefront
implemented by inserting two cylindrical lenses D and E into the one arm of the
holographic system is adopted [60]. Through setting the off-focus df = DE - (f, + f; ), a
convergent or divergent beam is thus obtained. The cylindrical lens F is used to focus the

two UV beams on the photosensitive fibre to enhance the power intensity.

Aotosensitive fiber

Figure 4.1 Schematic diagram of the two-beam holographic interferometric fabrication
technique
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4.1.2 Uniform-period Bragg gratings

When df =0, (DE = f,, + f.) or without the lenses D and E, each of the two interfering

UV beams are parallel lights and produce a uniform-period grating. As illustrated in
Figure 4.1, defining the two meeting angles of the two UV beams (AO and BO) with

respect to the x-axis in the XZ Cartesian coordinate system as & and f3, respectively, the

vector propagation constants 8, and [3, are then given by

B, :fn (sina-Zo—costx-i“) )
uv

Bz = f“ (—sinB-Zn —cosB-iO)
uv

where x° and z° indicate the unit vectors of the x-axis and z-axis, respectively.
A,y =244nm is the wavelength of the UV writing beam. When the UV beam is s-
polarised or y-orientated, the composed amplitude of the two UV beams at the meeting

point 7 = x-%° +z-z° is obtained as

Alx,z)=eP" 4 o7 (4.2)
o : .21 .
:exp[J (z-sm(x—x—cosa):|+cxp[j (—z-smB—x-cosB)]
l’UV Kuv

where A(x,z) is the composed amplitude. The intensity distribution along the

photosensitive fibre is thus

I1(z)= IA(O, le =2+ 2005[%7\3] (4.3)
with
sin @ +sin

where A is the fibre Bragg grating period. The Bragg wavelength is thus given by
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. Ay (4.5)
? ¥ siner +sin B

where n, is the LF; mode index. For a non-slanted grating, the axis of the

photosensitive fibre is perpendicular to the bisector of the two UV writing beams, hence,

o= with

o= arctan[ L,sin(8,) i| ()

L~ L, cos(6,)
_ . neﬂ'z’UV
arcsnl(il ]

B

For a grating at 1.55um wavelength, eqn. (4.6) and eqn. (4.4) yield ¢ = =13.16" and
A =0.540 um, respectively. In order to express the Bragg wavelength in terms of the

interferometer arm-lengths L_, using eqn. (4.6), eqn. (4.5) becomes

1 - Mg Ay 47
T L, sin6,
sin| arctan| ————2—
L,- L, cos@,

where non-slanted condition o= 8 has been used. By plotting eqn. (4.7), the Bragg

wavelength against the arm-length (L,) is shown in Figure 4.2.

The accuracy of eqn. (4.7) depends on the measurement of L_ since L, is fixed. For a

measurement error AL, differentiating eqn. (4.7) the wavelength error is given by

Ah, AL, 2L -L, (4.8)

% &y APL DI,

where 6, =7 /4 has been used. The problem lies in measuring the arm-length L,

between the two reflection points on the mirrors A, B and C with error <1%. For
Ly=522mm and L,=142mm, this 1% error yields AA,=20nm given by eqn. (4.8).

Obviously, this is far from predicting grating wavelengths.
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Figure 4.2 Calculated Bragg wavelength against the arm-length L, for Ly=522mm,
neﬂ=1 .446, 90=45 °and Auv=244nm

Since Ly is fixed, the grating wavelength changes according to the arm-length L. This

suggests a way to predict the grating wavelength by using a reference grating. The arm-

length L, may be roughly measured with relative errors of 1% or more; a reference

grating is made with measured wavelength 4, . Rearranging eqn. (4.7) yields

L, (4.9)

L= o
V2 2 tan[arcsin(n'ml;lw H

A

reff
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Figure 4.3 Schematic diagram of optical set-up for changing the Bragg wavelength in the
holographic method

As shown in Figure 4.3, when moving the mirrors A and B to new positions A’ and B’

with the new arm-lengths L =L, +x, where x is the displacement measured with

accuracy of 0.0lmm by using a micrometer-driver. The new grating wavelength is then

given by

2, = Moy Ay (4.10)

sin{arctanl Lo + }}
JELD - (Lre_,l‘f + x)

where Lo is given by eqn. (4.9). Rewriting eqn. (4.8) with respect to the reference grating

yields

Ay A WaL, - (L., +x)| @.11)

A - L,;+x V21, —2(L,eﬁ, + x)

For Ax=0.0lmm, L,=522mm and L,=142mm, eqn. (4.11) yields AA, =0.2nm.

Obviously, it is enough for predicting grating wavelengths in guiding grating fabrication.

As stated, the two-beam holographic method is flexible in designing the grating

wavelength. Limited by the range of the optical spectrum analyser and the light source in
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the experiment, the gratings fabricated are normally in the range of 800nm and 1700nm.
The transmission spectra of the gratings are shown in Figure 4.4 (a) and (b). Note that
eqn. (4.10) offers great convenience in predicting the new grating wavelength during

fabrication.

° e | i 0 R
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g s | 2 20
: -
: 5
[ = .30
-
.25 - G
30 -40 r s
835 839 843 1535 1540 1545 1550

Wavelength (nm) Wavelength (nm)

(a) (b)

Figure 4.4 Typical transmission spectra of Bragg gratings fabricated using the two-beam
holographic method at wavelengths of: (a) 800nm band; (b) 1550nm band

For a strong grating, shown in Figure 4.5 (a) and (b), the coupling of the cladding modes
and radiation mode will become significant, exhibiting a loss and oscillations
superimposed at the short wavelength side of the Bragg resonance. One useful
observation is that the relative coupling strength of the cladding modes against the mode
order is a slow varying profile with multiple minimums, consistent with the calculation of
the overlap factors discussed in section 3.2. The other result is that the coupling between

LP;’ core and LP;, cladding modes is no longer forbidden when the grating fringes are

tilted. Weak peaks appear between two neighbourly cladding modes as shown in Figure
4.5 (b).
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Figure 4.5 Typical transmission spectra of Smm long strong Bragg gratings fabricated
using the two-beam holographic method, showing radiation mode loss and cladding
mode coupling: (a) a non-tilted strong grating; (b) a tilted strong grating

4.1.3 Chirped Bragg gratings

In the case of chirped fibre Bragg gratings, the length DE will not be equal to f, + f.
As illustrated by Figure 4.1, one of the two interfering UV beams is no longer parallel
instead of converging when DE > f), + f, or diverging when DE < f, + f,. Using

matrix optics, the expression for describing the parallel beam through the two lenses D

u, 1%10 1-fl—0 (ele)
d |~ “l1-DE 1 Pl x
=110 1 0 1

and E is given by

where the last matrix on the RHS of eqn. (4.12) describes the light incident on lens D
with deviation to the light axis by height x (—d/2<x<d/2) and angle 0; d is the
width of the UV beam. The other three matrixes describe the transform of the lenses D

and E and the free space propagation between the lenses D and E, respectively. u, and
d.on the LHS of eqn. (4.12) indicates the height and the angle of the light at lens E,
respectively. Simplifying eqn. (4.12) yields
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( T DE] (4.13)
U —l——~ X

fo fe fofe

DE
d =|1-—
: ( fo)x

As illustrated by Figure 4.6, the light with height x and angle O is incident on lens D, the
height and the angle of this light at lens E is given by eqn. (4.13) as d, and angle u,.

This light crosses the photosensitive fibre on the z-axis and yields

x (4.14)

0
where —d/2<x<d/2, z indicates the locations of the light [ } crossing the
x

photosensitive fibre, d is the UV beam width, o is given by eqn. (4.6). The angle of this

light with respect to the x-axis is thus o —u, . Substituting eqn. (4.13) and eqn. (4.14)
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into eqn. (4.5), the Bragg wavelength is obtained as

2n, Ay (4.15)

sin| arctan . - 225 COS - Z .+si arctan . |
V2L, -L ) \f F° 2L, - L,

where f = f, = f; has been used as normally two identical cylindrical lenses are used.

A=

Obviously, eqn. (4.15) shows that the grating wavelength is varying along z-axis, i.e. a

chirped Bragg grating. In order to see the structure of the chirp, simplifying eqn. (4.15)

yields
a=af1+ LPE=2] (4.16)
2 f! sina
with
B ”ef’luv “4.17)
sino
o = arctan L
V2L - L,

where, linear approximations, sin(ux)zu cos(ux)zl and =1-u_ have been

?

X

used, A, and o are the grating central wavelength and one beam angle with respect to the

x-axis, respectively. Clearly, eqn. (4.16) exhibits a linearly chirped grating structure and
the chirp is given by
1df| d (4.18)

chirp =——
4 2 f*sina

where df =DE-2f. For L,=522mm, L =142mm, n,=1.446, A4, =244nm,

f=100mm and d= 6mm, eqn. (4.18) reduces to
chirp = 2.04- |df| (4.19)

where df and chirp are in the units of millimetre and nanometre, respectively. For
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df =5mm, eqn. (4.19) yields chirp =10nm.

By plotting eqn. (4.15), the Bragg wavelengths along the grating length is shown in
Figure 4.7 (a). By changing the spacing of the two lenses DE around 2f, the grating
chirps against df is shown in Figure 4.7 (b), where the negative chirp means that the
grating wavelength decreases along the grating length. Experimental transmission and

reflection spectra are shown in Figure 4.8, where the short wavelength loss results from

the coupling of the radiation mode.
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Figure 4.7 Graphs showing: (a) local Bragg wavelengths along the grating length; (b)
chirps of the grating against df for Ly=523mm, L, =I142mm, n, =1.446, A, =244nm,

fp = fe =100mm and d= 6mm

When slightly shifting the lens D in the direction perpendicular to the axis of the UV
beam, the grating central wavelength shifts to long or short wavelengths by several
nanometres, in addition, the grating length decreases due to reduced overlap part of the
two UV beams. This is a useful technique to control the central wavelength accurately

during grating fabrication.
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Figure 4.8 Typical transmitted and reflected spectra of a chirped Bragg grating
fabricated using the two-beam holographic method

To summarise, this section discussed the computation used in predicting the Bragg
wavelength and chirp using the holographic fabrication technique. Analytical expressions

have been proposed, exhibiting a good linear profile for a chirped grating.
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4.2 Phase Mask Fabrication Technique

This section discusses the technique using translated UV beam across a phase mask for
the fabrication of complex gratings, such as apodised, wavelength-shifted, self-apodised
chirped, phase-shifted, chirped Moiré and sampled gratings. This technique can be
extended to the fabrication of long length gratings.

Based on the investigation contained within this section, the fabrication programmes in
computer language LabVIEW have been developed for applications to the gratings

described in this thesis and for wider use in the Photonics Research Group.

4.2.1 Introduction

Although the holographic fabrication technique is particularly flexible, an alternative
technique based on the exposure of the fibre through a phase mask, placed in near-contact
to the fibre has been widely used. As detailed in Chapter 2, this technique has now
proved itself to be the preferred method of grating fabrication due to the simplicity and
reproducibility. Meanwhile, the phase mask technique offers a number of advantages
over the holographic technique. The fabrication process allows the spatial and temporal
coherence of the UV-source to be less crucial. This technique has been extended by the
use of a number of ‘step-chirped’ phase masks to increase the overall length and thus the
bandwidth of the grating [125]. The main advantage of this fabrication technique is
capable of making high quality complex grating structures, including grating array,

chirped, apodised, phase-shifted, Moiré, sampled and long length gratings.

4.2.2 The fabrication of apodised Bragg gratings

It is well known that in addition to the central reflection peak, standard fibre Bragg
gratings exhibit a series of sidelobes on either side of the main peak as discussed in
section 3.3.4. These sidelobes are inherent in Bragg gratings and are highly undesirable
for most grating applications. In wavelength division multiplexing (WDM) systems these

sidelobes induce cross talk between adjacent channels and in dispersion compensating
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systems they induce ripples in the dispersion characteristic of a chirped Bragg grating,
degrading the system performance [126]. The suppression of grating sidelobes, apodised

gratings are thus particularly important.

Although one can achieve apodisation simply by varying the intensity of the UV beam
along the grating length, the accompanying variation in the average refractive index
induces an undesired chirp, which produces a lot of oscillations resulting from the
distributed Fabry-Perot effect. In this technique another exposure to an amplitude mask
must be applied for the UV intensity compensation [127, 128] which makes the grating
fabrication inconvenient and of a low repeatability. Alternatively, a complex phase mask
with variable diffraction efficiency has been used to produce pure apodisation [129], but
the need to have a different phase mask pattern for each Bragg wavelength required

makes it uneconomical.

This section presents a technique for grating apodisation by dithering phase mask during
the UV writing [130]. Two approaches, slow shifting and fast dithering phase mask
methods are adopted experimentally [99, 130]. The experimental arrangement is shown
in Figure 4.9, the phase mask is mounted on a computer-controlled piezoelectric
transducer (PZT) stage, it can be moved relative to the photosensitive fibre, permitting
phase shifts to be incorporated into the fibre grating during the UV writing. Thus it is
capable of introducing a profiled coupling coefficient into a grating for the fabrication of

complex grating structures.

During the UV writing, the phase mask is dithering relative to the photosensitive fibre,
introducing a phase shift ¢(z,7) into the grating. The coupling coefficient of the grating
is thus profiled while the average index remains a constant along the grating length
because of the uniform intensity UV exposure. In this case, the index distribution along

the grating length given by eqn. (3.51) becomes

n(z, t) =n, + An, cos[i—n z+ ¢(z, ;)] (4.20)
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where ¢(z,t) indicates the introduced phase shift, slow varying along the grating axis

co

compared with the propagation phase Bgjz, A is the grating period.

Shutter L1 Filter H
L2

Translation stage

Function
Generator

: ....lShaking MONitONasnnnnnans

L3

Phase mask

clamps
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GPIB connection solil:e fibre

DAQ connection

OSA

Figure 4.9 Experimental arrangement for fabricating complex structure gratings using
the UV beam scanning across a phase mask and a PZT dithering phase mask

Consider that the phase shift ¢(z,f) is varying between —m/2 and m/2, substituting

eqn. (4.20) into the coupled-mode equation eqns. (3.9), the coupling coefficient is

obtained as

K(z,t) =K, cos[zn a(i’t)] 4.21)

where ¥, = TAn,CS /A, is the maximum coupling coefficient, ¢(z,7)= 2n%”‘) is the

phase shift, a(z,z) is the shift of the phase mask relative to the photosensitive fibre.

Clearly, it is capable of introducing a specific profile into the grating coefficient x(z).
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Depending on whether the phase shift is time dependent or independent, the apodisation
profile can be realised by two different approaches, slow shifting or fast dithering phase

mask techniques [131].
4.2.2.1 Slow shifting phase mask technique

One technique used for producing an apodisation profile into a grating is by introducing a
time independent phase shift through the slow shifting the phase mask during the UV
writing. When the shift of the phase mask is defined as

a(z) = —j—\wcos_' [Fun(z )] (422
2n
where 0< Fun(z)<1 is a normalized apodisation profile. The coupling coefficient is
given by substituting eqn. (4.22) into eqn. (4.21) as
x(z)=x,Fun(z) (4.23)

Obviously, a profiled coupling coefficient, grating apodisation is realised. The shift of the

phase mask is thus in the range of
OSa(z)S A4 (4.24)

As an example, for a cosine profile apodisation given by
Fun(z)= cos(n—; ] (4.25)

Substituting into eqn. (4.22) a triangle profile is obtained as

_Al4 (4.26)
ale)= 2 L

where —L/2 < z< L/2 indicates the locations of the grating.
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Figure 4.10 Schematic diagram for fabricating apodised fibre gratings: (up) connections
of the fabrication system; (down) the control panel of LabVIEW programme, solid line
indicates the shift of the phase mask; the circles indicate the measured shift of the phase
mask in mV showing a good agreement

The control panel in LabVIEW for this kind of grating fabrication is shown in Figure
4.10. The DAQ card I/O terminators are used to write a triangle profiled voltage to and
read the sensing signal of the phase mask shift from the PZT stage, respectively. As
shown in Figure 4.10 (down), the PZT sensing signal (dots) is close to the triangle profile
(straight line). In this technique, a feedback may be needed to eliminate the DC shifting
of the PZT stage.
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4.2.2.2 Fast dithering phase mask technique

The other technique used to produce an apodisation profile is by introducing a time
dependent phase shift during the UV writing, using a periodical triangle wave to dither
the phase mask to erase the grating fringes partly or completely. In this case, the shift of

the phase mask is given by
a(z,t)=a,(z)- triangle(f - 1) (4.27)

where 0 < triangle(f -t)<1 is a normalized periodical triangle wave; f is its frequency,

a, (z) is the amplitude: slow varying along the z-axis.

Since the fast dithering phase mask results in the fast dithering grating index fringes, the
real coupling coefficient is thus the integration of the coupling coefficient with respect to
the time. Using eqn. (4.27) and taking integration operation to eqn. (4.21), the coupling

coefficient is expressed as
Ty/2 TI4
’ 1 2na,(z) t } (4.28)
K(z)= K(Z,t)Jdt =Xy —— | cos| ———~——|dt
(2) _Jn(z Mr=x,—— | OS[

1
T, ; -TI4 A T12

k. : : : : .
where T'=— is the time period of the triangle function, T, =d /v, , T, is total average

time, d is the UV beam width and v_,, is the scanning velocity. Simplifying eqn. (4.28)

yields,
K(Z): Ky M =X, Sincl:ao_(z)] 4.29)
na,(z)/ A A

Clearly, if an apodisation profile Fun(z) is required, the profile of the phase mask shift is

thus given by
ay(z)= A -sinc™ [Fun(z)] (4.30)

where Fun(z) is a normalized apodisation profile. In this case, the relationship between
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the amplitude profile and the apodisation profile is an inverse sinc transform, rather than
an inverse cosine transform given by eqn. (4.22). The maximum shift of the phase mask

is thus in the region of
0<a,(z)<A (4.31)

Comparing eqn. (4.31) with eqn. (4.24), it is clear that the region of the shift in the
technique of fast dithering phase mask is four times of that slow shifting phase mask
case. The resolution for controlling the PZT stage is thus improved four times. In
addition, the DC shifting of the PZT stage in this case of fast dithering phase mask is no

longer a problem.

As an example, if a apodisation profile is a gaussian function given by

Fun(z):exp[_ 4( z ﬂ (4.32)

L/2

Taking inversinc operation to eqn. (4.30), the profile of the dithering amplitude of the
phase mask is shown in Figure 4.11. This dithering amplitude decreases from the grating
ends to centre gradually until there is no dithering at the grating centre. Using this
technique, apodised gratings with more than 30dB extinction and 20dB-reflectivity have

been obtained experimentally.
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Figure 4.11 A graph showing a normalized gaussian profile and inverse sinc transform
along the grating length

As illustrated by Figure 4.9, through the GPIB and DAQ connections, 25Hz triangle
wave with maximum peak-peak voltage around 0.9V was used to drive the PZT stage.
The DAQ card output a normalized apodisation profile to modulate the function
generator (FG) during the UV writing and read the signals from the function generator
and the dithering sensor of the PZT stage to computer. The normalized apodisation
function, the amplitude profile, the modulated function generator output, and the shift of
the phase mask are shown in Figure 4.12 (a), (b), (c), and (d). Clearly, in the middle of
the grating, the dithering amplitude is zero a,(0)=0and the coupling coefficient thus
reaches its maximum. When the load of the PZT is not very heavy, up to 100Hz dithering
frequency may be used to drive the PZT stage experimentally. It should be noted that it is
required to confirm non-dithering in the grating centre as a, (0)=0 by DAQ 1O

waveform or an oscilloscope during experiment.
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Figure 4.12 Graphs for illustrating the fabrication of apodised gratings using DAQ I/O:
(a) the apodisation profile Fun(z)=exp[-— 4[_3_)2]; (b) the profile of dithering amplitude
L2

of the phase mask sinc™ (Fun); (c) 25Hz triangle wave used to drive the PZT; (d) the
shift of the phase mask in mV

For a cosine apodised profile, the LabVIEW control panel is shown in Figure 4.13. The
evolution of the triangle function (broken line) is sinc™[cos(z)], which is slightly

deviating from the straight line illustrated in Figure 4.10, the case of slow shifting phase

mask technique.
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Figure 4.13 Schematic diagram for fabricating apodised gratings: (up) the connections
of the fabrication system; (down) the control panel of LabVIEW programme indicates the
25Hz triangle-wave PZT driving signal and the dithering of the phase mask, showing a
good agreement, the envelope is inverse sinc transform of the cosine profile
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4.2.3 Wavelength-shifted Bragg gratings

As mentioned in Chapter 2, a disadvantage of the fabrication method using a phase mask
stems from the need to have a different phase mask pattern for each Bragg wavelength
required. The technique of stretching the fibre during the writing process provides a
means of changing the Bragg wavelength when the fibre is relaxed following the UV
exposure. Here an alternative technique is presented to change the Bragg wavelength by

means of moving the phase mask slowly during the UV writing.

When the phase mask is moving with a uniform velocity v, relative to the

photosensitive fibre during the UV writing, a gradual phase shift is thus to be added to
the grating. In this case eqn. (4.20) becomes

£ k - 4.33
n(z)=n, + An, cos —Eziz_}r.KM (4.33)
AG AO v

scan

where, the upper and lower signs indicate, respectively, the codirectional and

contradirectional moving of the phase mask with respect to the UV beam scanning

direction, v, << V.. V.. and v, are the velocity of the phase mask and the UV

beam scanning, respectively, A, is the grating period when the phase mask is not moved.

Rearranging eqn. (4.33) yields

4.
n(z)=n, + An, cos[ el } )

AO (l $ vmmrk ivxcun )

where approximation 1+ x =

has been used for x << 1. It is clear that the grating
- X

period is changed and thus the Bragg wavelength is shifted by AL as [132]

AL = ;:m_ai Al (4.35)

Jcan

Obviously, it is a valuable technique to adjust the Bragg wavelength. For

Woask |/ Vecan ~ 0.1% , eqn. (4.35) exhibits +1.5nm tunable range at 1550nm band. In this
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case, the coupling coefficient given by eqn. (4.21) becomes

4.36
K(Z)=1{0 005[21:,"»:\&,_2__] 6

Vv

xoan

The average coefficient is thus given by taking integration operation to eqn. (4.36) as

/2 di2
b o) 4,37
F=L Txu=x, [ Cos[m.i]ﬁ (447
TO =Ty/2 -d /2 A vsmn d

where d is the width of the UV beam, T,=d/v_,, T, indicates the average time.

Rearranging eqn. (4.37) yields

sin(2m,, dAL/ 4,?) (438)
(e, dAA 1 2,2)

Ko

where eqn. (4.35) and the Bragg resonance A, = 2n,, A have been used. Clearly, when

AL =0, the coupling coefficient has its maximum x(z)=x,, which is the normal UV

beam scanning standing phase mask case. When the shift of the Bragg wavelength is

equivalent to the FSR of the UV beam width Fabry-Perot cavity given by

2
ek (4.39)
2n.d

where d is the UV beam width. Substituting eqn. (4.39) into eqn. (4.38), the coupling
coefficient becomes (z)=0. This means the grating fringes vanish. Obviously, the shift

of the Bragg wavelength is at the price of decreasing the grating coupling strength. The

maximum shift is thus given by

2

A3 = 1V st | A < A (4.40)
2n

scan eff

d

It is clear that the maximum shift strongly depends on the UV writing beam width; a
small beam width results in a large range in the shift of the Bragg wavelength. For a

given UV beam width d, the moving velocity of the phase mask must be in the region of

100



Woiel My /2, (4.41)

% 2n.d

foean

/v <0.1% and +1.5nm

fodn

For a 0.5mm width UV writing beam, eqn. (4.41) yields |v

mask

shift range. By reducing the size of the UV beam to around 0.1~0.2mm, a Snm

wavelength shift has been obtained experimentaliy [132].

4.2.4 Chirped Bragg gratings

As discussed above, moving the phase mask slowly relative to the photosensitive fibre

results in a Bragg wavelength shift, thus this can be utilised to fabricate chirped gratings.

Supposing the phase mask is moving with a linearly varying velocity, form 0 to Vst » thE
acceleration of the phase mask is simply given by
vma.:k = v.rcwx (442)

acc =

Lk

where acc indicates the acceleration of the phase mask. Since acc is very small and the
width of the UV beam is narrow (d <0.5mm), the velocity of the phase mask is

considered a uniform during a short time period, 7, =d /v, . Then a square phase shift

scan

with respect to the fibre axis is introduced and egn. (4.20) becomes

2
(4.43)
n(z)=n0+mucos[i—xz+2£-acc-( : ]}

0 0 vscan

Substituting eqn. (4.42) into eqn. (4.43) yields

(4.44)

2nz
Au[l o vr.-m.vt E]
v.\'l’.'ﬂﬂ L

where —L/2 <z < L/2 indicates the locations of the grating. It is clear that the grating

n(z) =n, + An, cos

period is varying linearly along the grating axis: a linearly chirped grating with chirp of
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A?&=v‘"—““"‘lﬂ is achieved. When the velocity of the phase mask is linearly varying
1%

soan

between * ;"v"“" during the UV beam scanning through the entire phase mask, a grating
neﬁ,
2,02
with total chirp is thus obtained. In this case, the local Bragg wavelength is given
n
off
by
2
(4.45)
A= bt 2
&)=4, 2n,,d L/2

where —L/2<z<L/2. Using eqn. (4.45), the coupling coefficient given by eqn. (4.38)

reduces to

sin(2nz/L 4.46
()= KGT(ML_) (4.46)

Obviously, it is a sinc apodisation profile, which gives self-apodised gratings.

4.2.5 Phase-shifted Bragg gratings

As discussed in section 4.2.2.1, this technique can easily extend to the fabrication of
phase-shifted Bragg gratings. When the introduced phase shift along the grating length is
given by

0 -L/2<z<0 (4.47)
o(z)=
T 0<z<L/2

a phase-shifted Bragg grating is fabricated with a narrow transmission peak located in the
Bragg stop-band. It should be noted that when introducing a profile into the coupling
coefficient of a chirped or uniform grating with multiple zeros and = phase shifts,
corresponding to a long-period modulation, this technique is then extended to the

fabrication of chirped Moiré and sampled gratings, respectively.

The experimental arrangement for fabricating phase-shifted gratings is also shown in
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Figure 4.9. About 0.5V DC voltage was output from a DAQ AO terminator to shift the
phase mask by half a grating period through a PZT stage when the UV beam reaches the
centre of the mask. As illustrated in Figure 4.14, the phase mask is shifted by a half

grating period, corresponding to 26mV sensor voltage.

% oo g

Figure 4.14 Schematic diagram of LabVIEW control panel for fabricating phase-shifted
gratings, showing the phase mask moves half a grating period when the UV beam
reaches the centre of the phase mask, corresponding to the change of 26mV sensing
voltage

In general, three methods are employed in the fabrication of phase-shifted Bragg
gratings: using a phase-shifted phase mask [133], post-exposure a uniform grating [134,
135, 136, 137], and shifting the phase mask during the UV writing. The phase-shifted
phase mask is expensive and the wavelength is fixed. The post-exposure method has a
poor repeatability as the phase is determined by An introduced by the extra UV exposure
in the grating, which has uncontrolled changes during annealing. Thus, the third
fabrication method presented in this section compares favourably with high repeatability.

Further theoretical and experimental investigation is contained in section 5.5.

4.2.6 Long length fibre Bragg gratings

In the fabrication technique of scanning the UV beam across a phase mask, the length of
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the phase mask limits the grating length. An improved approach is translating a phase
mask and the modulated UV beam across a photosensitive fibre and 1m length Bragg

gratings have been fabricated experimentally [55].

The experimental arrangement is shown in Figure 4.15, one difference from the set-up
illustrated in Figure 4.9 is that the lens L; and the phase mask are mounted on the motion
stage, translating the phase mask across a photosensitive fibre. In this case, the refractive

index distribution along the fibre length given by eqn. (4.20) becomes

Translation stage

Phase mask
clamps vl
. )
Tigh \ .
so:icl fibre OSA

Figure 4.15 Experimental arrangement of a phase mask scanning across a photosensitive
fibre for fabricating long length gratings

27T 448
)=+ dngcos 240,20, e
0
2ry, -t . . : .
where ¢, (z)= % is the phase shift resulting from the moving of the phase mask

0

relative to the fibre, 0,(z)= 213:;&) is the phase shift introduced by the extra moving of
0

the phase mask through a PZT stage. The total phase shift ¢(z)= 0, (z)+ ¢, (z) must be a

constant or varying slowly between —7/2 and n/2 along the grating length and the

coupling coefficient is given by eqn. (4.21).
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Clearly, it can be realised by applying a periodical ramp function to the PZT stage. The
physical picture is that the PZT stage drives the phase mask moving in the opposite
direction while the motion stage moves. Then the phase mask and grating fringes remain

stationary temporarily when the two opposite velocities v, and v, are equivalent.

When the motion stage travels one grating periodicity (~0.5um) in the time period of the
ramp wave, all grating fringes will remain quasi stationary. Thus, the relationship
between the velocity of the motion stage and the frequency of the ramp wave is obtained

as

Viean = A f (4.49)

where, f = % , [ is the frequency of the ramp wave and T is its time period. A ~ 0.5 um

is the grating period. The total scanning time is thus given by

(4.50)

Time = ——

where L is the grating length. The limitation of this technique is the low response of the

PZT stage. For a relatively high frequency f =100Hz, eqn. (4.50) yields approximately

5.5 hours to fabricate a Im long grating, which is not practical. Increasing the frequency

of the PZT stage to S00Hz it would still take 1 hour for a Im long scan.

A practical approach is using the Acoustic Optical Modulator (AOM) to modulate the
UV beam periodically with time period of 7 . Consider that the time of the motion stage
travelling one grating period is equivalent to a period of the AOM, the relationship
between the scanning velocity and the modulation frequency is also given by eqn. (4.49).

For a rectangular modulation profile, define the duty cycle as

15 (4.51)

T;m + ]:n_ﬁ’

q

where 0< g <1, g indicates the duty cycle of the modulation, T, is the time of the UV

bream transmitted while T

.y 18 the time blocked (T'=T, +T,). Clearly, in one
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modulation period of the AOM, the grating fringes move
ay=q-A (4.52)

As discussed in section 4.2.2.2, the technique of the dithering phase mask for grating
apodisation, the grating coupling coefficient is given by eqn. (4.29). Substituting eqn.
(4.52) into eqn. (4.29), the coupling coefficient is obtained as

__ sin(ng) (4.53)
=Kg——
nq

Clearly, when g =0.5, an optimum coupling coefficient as k = 0.637x, is obtained. The

grating coupling coefficient decreases due to the moving of the grating fringes compared
with the stationary case. In this case, there is no limitation for the grating writing rate
since the response of the AOM is fast. Using eqn. (4.50), it can estimated that when the
modulation frequency is about 2000Hz it will take only 17 minutes to write a 1m long

grating.

To summarise, the realisation of apodised gratings has been detailed and two techniques
have been adopted experimentally. In the slow shifting phase mask technique, the profile
of the phase mask shift is an inverse cosine transform of the apodisation profile and the
maximum shift of the phase mask is a quarter of a grating period. In the fast dithering
phase mask technique, the shift profile of the phase mask is an inverse sinc transform of
the apodisation profile and the maximum shift is a grating period. The fabrication of
wavelength-shifted, self-apodised chirped and phase-shifted gratings using a uniform
phase mask has been discussed. This technique is capable of fabricating chirped Moiré
and sampled gratings when the appropriate profiles are introduced into the grating
coupling coefficient. In addition, this section also discussed how this technique extends to
a long length grating fabrication using a phase mask scanning across a long

photosensitive fibre.
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4.3 Dependence of the UV Beam Parameters

This section discusses how the UV beam polarisation and beam-width affect the
formation of the grating fringes. In phase mask fabrication technique, the effective
grating length is less than the UV exposure region by an amount that depends on the
spacing between the phase mask and fibre axis. The polarisation of the UV writing beam

affects the visibility of the grating fringes.

4.3.1 The influence of the UV beam width

As discussed in the fabrication of complex gratings, a narrow UV writing beam is
normally required for introducing a precise apodisation profile into a grating. In the
fabrication of the wavelength-shifted and self-apodised chirped gratings, a narrow UV
beam is particularly important as detailed in section 4.2.3 and section 4.2.4. However, the

writing efficiency decreases significantly as a result.

The optical setup is shown in Figure 4.9. The spacing between the phase mask and the
fibre axis is the sum of the radius of the fibre cladding and the gap between the fibre
cladding and the phase mask, which is more than 62.5um. This spacing decreases the
overlap length of the two UV beam. As shown in Figure 4.16 (a), the overlap and non-

overlap lengths of the UV beam are indicated by L and L, as and given by

{LG =d-2(s+r,,)tanc (4.54)
L

‘total

=d+2(s+r,,)tanc

where, s indicates the spacing between the surfaces of the phase mask and the fibre

cladding, r,,, is the radius of the fibre cladding, normally 62.5um, d is the width of the

UV beam. Note that the far-filed approximation has been used to describe the interfering

along the fibre core. o is the diffraction angle of the phase mask and given by

A 4.55
o= arcsin(L%] 32

0
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For the Bragg wavelength at A,=1550nm, eqn. (4.55) yields the diffraction angle of the

phase mask as o ~13.2°. Since the non-overlap UV beam exposure decreases the fibre

photosensitive or erases the grating fringes, the writing efficiency is defined as
Efficiency =L;/L,,, (4.56)

Clearly, 0 < Efficiency < 1.

0.8 +-
-
2
o
T 0.6
E
-
z
= 04
=
0.2
0 ; :
0.01 0.1 1 10
The UV beam width (mm)
(a) (b)

Figure 4.16 (a) Schematic diagram showing the overlap of the *l-order diffraction
through a phase mask; (b) the writing efficiency versus the width of the UV beam for
different values of spacing of the fibre cladding and the phase mask: 0, 40um and 80um

For h = 0 or d>>h, eqn, (4.56) yields Efficiency =1. As an effectively writing, the
Efficiency 1is required to be large. The Efficiency against the width of the UV beam for

different values of spacing (s) is illustrated in Figure 4.16 (b), showing a significant

decrease for reducing the width of the UV beam. For s=80um and d=0.1mm, Efficiency

is only 0.2. When the fibre is placed close to the phase mask, this efficiency can be

improved but it will risk damaging the phase mask.

4.3.2 Dependence of UV beam polarisation

Since the two UV beams are interfering to produce the grating fringes, the polarisation

orientation of the UV beam affects the visibility of the grating fringes. The visibility is
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defined as

visibility = %"—

max min

(4.57)

As illustrated in Figure 4.17 (a), when the UV beam with s-polarisation or y-orientation is
incident on the phase mask, it is diffracted into two beams of *1-order maintaining the s-
polarisation. This is the case discussed in the section 4.1.2, the visibility of the interfering

fringes is given by substituting eqn. (4.3) into eqn. (4.57) as

visibility| =100% (4.58)

— polarised

However, when the UV beam with p-polarisation or z-orientation is incident on the phase
mask, the two diffracted beams of +1-orders are no longer with the same orientations in
the XZ-coordinate system as shown in Figure 4.17 (b). In this case, the resultant

amplitude at the meeting point is given by
A(x,z)=A,(x,2)- 72"+ A, (x,2) ° (4.59)
= (e"'ﬂ"F + el )cos o7+ (e""}"F — e )sin o-x°

where o is the phase mask diffraction angle, given by eqn. (4.55). The vector propagation
constant 8, and B, are given by eqn. (4.1). Rearranging eqn. (4.59), the distribution of

the UV intensity along the z-axis is obtained as

I(z)=|4, (fl,z}2 +[A, (0, zf (4.60)
=2+ 2COS(% Jcos(Za)
A
AUV ; 1 1 1 « sy ags . "
where A = e is the grating period given by eqn. (4.4) (o= ). The visibility in this
sinol

case is obtained as

4.61
VlSlblhlyl p-polarised = COS|:2 Sin_! {neff %'UL ]:| | )

B
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s-polarisation p-polarisation

(a) (b)

Figure 4.17 Schematic diagrams showing the polarisation orientations of the UV beam
before and after a phase mask diffraction: (a) s-polarisation; (b) p-polarisation

where, the Bragg condition A, =2n,,A has been used. For a grating with the Bragg

resonance at 1550nm, eqn. (4.61) yields visibilitylp . =~(0.90. This is seems not

—polarise
serious as only 10% less than the ideal case. However, for the Bragg wavelength at
980nm or 800nm, this visibility rapidly decreases to 0.74 and 0.61, respectively, as
shown in Figure 4.18. This significantly affects the formation of a strong grating at those
wavelengths and suggests that the UV beam with s-polarisation should be used. It should
be noted that the polarisation state of the writing UV beam affects the birefringence of

Bragg gratings.
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Figure 4.18 A graph showing the visibility of the grating fringes against the Bragg
wavelength using p-polarised UV beam for fabricating Bragg gratings

To summarise, the influence of the UV beam width and its polarisation for writing fibre
Bragg gratings has been discussed theoretically. Calculation shows that reducing the UV
beam size or increasing the spacing of the fibre and phase mask decreases the writing
efficiency in the phase mask fabrication technique. The polarisation of the UV beam
affects the visibility of the interfering fringes. Comparing with s-polarised UV writing
beam, calculation results show that the p-polarised UV writing beam results in the
decrease of the visibility about 10% and 40% at 1550nm and 800nm Bragg wavelengths,
respectively. This suggests s-polarised UV beam should be used in the fabrication of fibre

Bragg gratings.
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4.4 Chapter Summary

In this chapter, the theories behind the two common techniques for the fabrication of
fibre Bragg gratings - holographic and phase mask techniques — have been investigated in
detail. In holographic fabrication technique, analytical expressions for predicting Bragg
wavelengths and chirps have been developed. This fabrication technique is flexible in
designing grating wavelengths and chirps. Gratings in wavelength band of 800mm and

1500nm were fabricated experimentally.

The main contents within this chapter discuss the technique of scanning phase mask
technique for the fabrication of complex grating structures. Two techniques, slow shifting
and fast dithering phase mask through a PZT stage during the UV writing were adopted
experimentally. In the case of the slow shifting technique, the profile of the phase mask
shift is an inverse cosine transform of the apodisation profile and the maximum shift is a
quarter of a grating period. While in the case of the fast dithering technique, the profile of
the phase mask shift is an inverse sinc transform of the apodisation profile and the
maximum shift is a grating period. This section also discussed how this technique extends
to the fabrication of wavelength-shifted, self-apodised chirped, phase-shifted, Moiré and
sampled and long length fibre Bragg gratings.

Based on the investigation contained within this chapter, the fabrication programmes in

LabVIEW have been developed for wider use in the Photonics Research Group.
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CHAPTER 5

Modelling of Fibre Bragg Gratings

This chapter details the modelling of a number of complex grating structures, including
apodised, chirped, Moiré, sampled, phase-shifted gratings. In addition, the normal and

abnormal spectral evolutions and the formation of Type Ila gratings are also discussed.

The modelling theory has been discussed in section 3.3.5 for given profiles of the
coupling coefficient k(z) and the Bragg wavelength A(z). Based on the investigation

contained within this chapter, the simulation programmes in LabVIEW were constructed

for wider use in Photonics Research Group.

5.1 Apodised Fibre Bragg Gratings

As discussed in section 3.3.4, standard fibre Bragg gratings exhibit a series of sidelobes
on either side of the main peak. Their wavelength locations and magnitudes depend on
the grating coupling coefficient k(z), hence suggesting a method to suppress them by
tapering the coupling coefficient to a specific profile that continuously varies between 0
and x, from the grating ends to the centre symmetrically. The experimental realisation

has been discussed in section 4.2.2. This section focuses on the modelling of apodised
grating in order to find some useful apodisation profiles with high sidelobe suppression.

For convenience, the grating coupling coefficient is defined as
x(z)=x, - Fun(z) (5.1)

where, 0< Fun(z)<1, Fun(z) is a normalized apodisation profile, K, indicates the

maximum coupling coefficient and the corresponding coupling strength is then kL.
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5.1.1 Uniform Bragg gratings

For a 10mm long uniform grating ( Fun(z) =1) with x,L =3 at the wavelength 1.55um,

the amplitude of index fringes is about 2An=370x10" as shown in Figure 5.1 (a),
where the grating period is magnified by a factor of 500 times and Cj =080 has been
used. The reflection spectrum with 99% peak reflectivity is shown in Figure 5.1 (b),
exhibiting many sidelobes distributed at both sides of the Bragg wavelength [129, 138,

139]. The extinction between the Bragg resonance and the first sidelobe is only 5.2dB

theoretically, which heavily limits its applications.

1.4466 I ) 0

| |
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1.4454 - : ; : - | -50

5 .3 E | 3 5 1549 1549.5 1550 1550.5 1551

Grating axis (mm) Wavelength (nm)
@ (b)
Figure 5.1 Calculated index distribution and reflection spectrum of a 10mm long uniform

fibre grating of 20dB-reflectivity: (a) index distribution along the grating length; (b)
reflection spectrum exhibiting many sidelobes around the Bragg resonance ( KoL=3)

A comparison between theoretical and experimental results of a 30mm long uniform

Bragg grating shows a good agreement as illustrated in Figure 5.2.
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Figure 5.2 A comparison between theoretical and experimental spectra of a 30mm long

20dB-reflectivity uniform Bragg grating showing good agreement: (a) reflection
spectrum; (b) transmission spectrum

5.1.2 Gaussian profile apodisation
When a Bragg grating is apodised with a gaussian profile given by

ol 2Y (5.2)
Gauss(z,m)=e uz]

where —L/2 <z <L/2 indicates the locations of the grating; L is grating length, m >0

indicates the order of the gaussian function, Gauss(z,m) is the normalized apodisation
profile. For a 10mm long grating of 20dB-reflectivity apodised with Gauss(z,6), the
index distribution is shown in Figure 5.3 (a) and the reflection spectrum is shown in

Figure 5.3 (b), exhibiting sidelobe suppression up to 62.84dB, where k,L =8.36.

Simulation results also show that regardless the apodisation profile and the resulting

sidelobe suppression, the peak reflectance of gratings only depends on the integration of

Li2
the coupling coefficient with respect to the grating length XL = JK(z)tiz, which is in
~L12

agreement with eqn. (3.62).
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Figure 5.3 Calculated index distribution and reflection spectrum of a 10mm long grating
of 20dB-reflectivity apodised with gaussian profile: (a) Gauss(z,6) profiled index
distribution along the grating length; (b) reflection spectrum exhibiting 62.84dB sidelobe
suppression and 0.454nm line-width, (x,L =8.28)

A comparison between theoretical and experimental spectra for a 30mm long grating

apodised with Gauss(z,6) exhibits a good agreement as illustrated in Figure 5.4; results

show 30dB sidelobe suppression for a grating of 20dB-reflectivity.

l
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Figure 5.4 A comparison between theoretical and experimental spectrum of 30mm long
gratings of 20dB-reflectivity apodised with Gauss(z,6), showing 30dB extinction in
experiment, theoryl and theory2 indicate the simulations of the ideal case and the case

with 2.5% fluctuation of the scanning velocity: (a) reflection spectrum; (b) transmission
spectrum
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Note that due to various errors like stitch errors in the phase mask and optical
misalignment, it is not possible to obtain sidelobe suppression as high as the simulation

results.

5.1.3 Improved gaussian profile apodisation

It should be noted that the best normalized apodisation profile varies gradually from 0 to
1. However, the gaussian function is always truncated: non-zero at both ends of the
grating, which limits the sidelobe suppression. In order to overcome this problem, an

improved gaussian function is proposed given by

anfoz ¥ 4 (5.3)
ImGauss(z,m) = e [“2] -[1—( < ] ]

L/2

where —L/2<z<L/2, ImGauss(z,m) is the normalized apodisation profile, m >0
indicates the order of the improved gaussian function. Clearly, the gaussian function is
forced to zero at both ends of the grating x(+ L/2)=0. For the same line-width and
reflectivity compared with the grating illustrated in Figure 5.3 (b), the improved gaussian
profile ImGauss(z,5.739) produces 78.19dB sidelobe suppression. This is a 15.36dB

improvement in sidelobe suppression compared with the gaussian profile apodisation as

shown in Table 5.1 and Figure 5.5.

Table 5.1 A comparison of 10mm long 20dB-reflectivity gratings, showing 15.36dB
improvement in sidelobe suppression for apodisation profile ImGauss(z,5.739)

compared with Gauss(z,6), (x,L=8.2775)

Apodisation profiles FWHM Sidelobe suppression
(nm) (dB)
Gauss(z,6.000) 0.454 62.837
ImGauss(z,5.739) 0.455 78.192
Comparison 0.001 15.36
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Figure 5.5 A comparison of reflection spectra of 10mm long 20dB-reflectivity gratings
apodised with two types of profiles showing 15.36dB improvement in sidelobe
suppression for apodisation profile Gauss(z,6) compared with ImGauss(z,5.739),
(x,L=8.28)

5.1.4 Blackman profile apodisation

The Blackman apodisation profile has been reported to produce the best sidelobe

suppression given by [130]
Blackman(z)=|1.19cos & _140.19¢cos 252 /2.38 64
L/2 L/2

where — L/2 <z < L/2, Blackman(z)is the normalized apodisation profile. For a 10mm

long 20dB-reflectivity grating, a 58.2dB sidelobe suppression is obtained. This is 1.87dB
less compared with ImGauss(z,4.077) apodisation profile as shown in Table 5.2 and

Figure 5.6.
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Table 5.2 A comparison of 10mm long 20dB-reflectivity gratings, showing 1.87dB
improvement in sidelobe suppression and smoother reflection profile for apodisation

profile ImGauss(z,4.077) compared with the Blackman(z), ( KoL =7.1239)

Apodisation profiles FWHM Sidelobe suppression
(nm) (dB)
Blackman(z) 0.393 58.915
ImGauss(z,4.077) 0.393 60.786
Comparison 1.87
0 e

-60 - e

Reflection (dB)

-80

-100 = .
1548 1549 1550 1551 1552

Wavelength (nm)

Figure 5.6 A comparison of reflection spectra of 10mm long 20dB-reflectivity gratings
apodised with two types of profiles, showing 1.87dB improvement in sidelobe suppression
and smoother reflection profile for apodisation profile ImGauss(z,4.077) compared with

the Blackman(z), (xoL=7.124)

It can be seen that although ImGauss(z,4.077) profile produces a 1.87dB improvement
in sidelobe suppression compared with the Blackman(z) profile, the grating reflection
spectrum is smoother as there are two small stages in the Blackman(z) profiled grating
as shown in Figure 5.6. For 20dB-reflectivity 10mm long gratings, ImGauss(z,5) and
ImGauss(z,6) apodisation profiles result in 66dB and 80dB sidelobe suppression,

respectively. It should be noted that increasing the sidelobe suppression widens the

grating line-width due to the shortened effective grating length.
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5.1.5 Cosine profile apodisation

A cosine apodisation profile is given by
Fun(z)=cos(mz/L) (5.5)

where —L/2<z<L/2. As shown in Figure 5.7, only 20dB extinction is obtained
theoretically for 10mm long 20dB-reflectivity gratings, but the grating line-width is much
narrower compared with the case of the gaussian profile apodisation due to the longer
effective grating length. This kind of apodisation profile is normally not adopted
experimentally. However, when superimposing two linear gratings with wavelength

spacing of a FSR of the grating Fabry-Perot cavity, a cosine profile apodisation is then

obtained.
1.4464 —
1.4462 - =,
@
=
ﬁ c
o 1.446 =
c [
= o2
®
1.4458 - o
1.4456 T
-5 -3 -1 1 3 5 1548 1549 1550 1551 1552
Grating axis (mm) Wavelength (nm)
(a) (b)

Figure 5.7 Calculated index distribution and reflection spectrum of a 10mm long 21dB-
reflectivity grating apodised with cosine profile: (a) cosine profiled index distribution;
(b) reflection spectrum, (K,L=5)

5.1.6 Sinc profile apodisation

As discussed in section 3.3.3, the amplitude reflectance of a weak grating is a Fourier
transform of the coupling coefficient, given by eqn. (3.67). This suggests that a sinc
profiled coupling coefficient will result in a square reflection spectrum. For a sinc

apodisation profile given by
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sin(2Nnz/ L) (5.6)

sinc(z,N) =
( ) 2Nnz/ L

where —L/2<z<L/2 indicates the locations of the grating; L is the grating length

L]

sinc(z,N) in the normalized sinc profile. For a 50mm long grating apodised with a
sinc(z,lO) profile, the normalized apodisation profile is shown in Figure 5.8 (a). It should

be noted that when eqn. (5.6) gives negative values, the grating fringes have a m phase
shift compared with that of positive values. The grating reflection spectrum is illustrated

in Figure 5.8 (b), showing a square reflection profile.
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Figure 5.8 Calculated index distribution and reflection spectrum of a 50mm long grating
apodised with sinc profile: (a) sinc profiled index distribution Fun = sinc(202,! L(,); (b)
square shape reflection spectrum

To summarise, the modelling of grating apodisation with different profiles has been
investigated in this section. The gaussian profile is normally used to apodise a grating for
more than 60dB extinction in reflection. By forcing the gaussian function to zero at the
ends of the grating, an improved gaussian apodisation profile is formed to offer 15.36dB
improvement in sidelobe suppression compared with the gaussian apodisation.
Simulation results also show that this improved gaussian apodisation produces a
smoother reflection profile and improved sidelobe suppression compared with the well-
known Balckman profile. In addition, the investigation of a square reflection spectrum is

discussed by a sinc profile apodisation.
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5.2 Linearly Chirped Fibre Bragg Gratings

As mentioned in Chapter 2 and illustrated in Figure 2.3, a chirped Bragg grating with
such orientation that the long wavelengths are reflected first, at near end of the grating,
while the short wavelengths are reflected at the far end of the grating. Since the short
wavelengths travel further within the grating, they encounter a long delay relative to the
long wavelengths. These results can be used for dispersion compensation in high-bit-rate
transmission in standard fibre systems. This section discusses the modelling of linearly

chirped fibre Bragg gratings.

5.2.1 Uniform strength gratings

For a 10mm long linearly chirped grating with AA=7.8nm and kL =20, the local Bragg
wavelength is given by eqn. (3.94). In the simplest case of a uniform strength linearly
chirped grating, the simulation and experimental results are as shown in Figure 5.9,

where the chirped Bragg grating was fabricated using the two-beam holographic method.

10
Simulation
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© mode loss
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Figure 5.9 A comparison of theoretical and experimental transmission spectra of a Smm
long 7.8nm bandwidth chirped fibre grating centred at wavelength 1549.2nm, (xL =20)
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The radiation mode loss at short wavelengths becomes significant for a strong grating,
and this effect is not included in the coupled-mode equations in this thesis. The loss band

is shifted to an even shorter wavelength with a square transmission spectrum when

depressed cladding fibre is used [140].

5.2.2 Sinc profile apodisation

As discussed in section 3.3.5, a non-uniform grating can be regarded as a composition of
a series of short length uniform sub-gratings. The superimposed sidelobes of all sub-
gratings thus produce a continuous reflection background. Apodisation is used to
suppress the sidelobes of a uniform grating, and hence is capable of suppressing the
background reflection of a chirped grating to achieve a high extinction. In addition,

apodisation will also smooth or remove the ripple effect on dispersion.

Figure 5.10 (a) shows the grating profile for a uniform and sinc-type apodisation,
respectively. The corresponding reflection spectra are shown in Figure 5.10 (b), where
sinc(z,1) function is given by eqn. (5.6). Obviously, the background reflection is

suppressed and more than 60dB extinction is obtained theoretically.

z 0 1
. _ | !
Uniform
il _ -20 ~a M
niform o , )
S o iy
® e ;
2 0.6 4 e
2 -
= 0.4 - e 60
2
sinc(z,1) 921 80 sim:(z,l)/
a - -100 - 1 — T =
10 i5 0 5 10 1540 1545 1550 1555 1560

Grating axis (mm) Wavelength (nm)

(@) (b)

Figure 5.10 Normalized apodisation profiles and reflection spectra of 20mm long chirped
fibre gratings with 5nm bandwidth 20dB-reflectivity: (a) uniform and sinc-type

apodisation; (b) reflection spectra showing suppressed background reflection for
apodisation
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5.2.3 High-order gaussian profile apodisation

The reflection shape of a chirped grating depends on the apodisation profile. For a high-

order gaussian apodisation profile given by

)=, exp{_ 6{&” )

A quasi-square reflection spectrum compared with the sinc(z,1) apodisation profile is
obtained theoretically. Figure 5.11 (a) shows two profiles, sinc(z,1) and high-order

gaussian profile given by eqn. (5.6) and eqn. (5.7), respectively. The corresponding

reflection spectra are illustrated in Figure 5.11 (b).

In order to achieve a square reflection shape or to design a specific reflection profile, it is
necessary to find a mathematical method to derive the apodisation profile from the
reflection spectrum. An effective method based on inverse-scatting has been described by

Feced et al [141], but utilisation lies outside the scope of this thesis.
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Figure 5.11 Normalized apodisation profiles and reflection spectra of 10mm long chirped
Bragg gratings with 5nm bandwidth 20dB-reflectivity: (a) apodisation profiles; (b)
reflection spectra

To summarise, the modelling of a linearly chirped fibre Bragg grating has been
discussed. An apodisation profile can be used to suppress the background reflection and a

high-order apodisation profile results in a quasi-square shape reflection spectrum.
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5.3 Chirped Moiré Bragg Gratings

This section presents the modelling of chirped Moiré Bragg gratings. This kind of grating
structure provides grating filters with wide stop-bands, narrow passbands and high-

rejection levels.

5.3.1 Introduction

Currently, there is a high level of interest in the fabrication of filters for providing
wavelength selectivity and noise filtering in WDM systems [142, 143], quasi-distributed
point sensing systems [144], and multiple wavelengths fibre lasers [87]. In-fibre filters,
using properly designed Bragg gratings have the potential to provide wide stop-bands,
narrow passbands and high-rejection levels and have the further advantages of fibre-

compatibility and potentially low-cost.

A grating resonator consists of two closely spaced gratings separated by a phase shift,
resulting in the formation of one or more narrow passband in the grating spectrum. The
Moiré technique is one of many techniques used to fabricate Bragg grating resonators.
The fabrication of narrowband transmission filters using this technique was originally
described by Reid et al [145], where a modified holographic technique was used to form
two surface relief gratings, each having a slightly different period, in the fibre core. This
‘double exposure' formed an interference pattern in the fibre, introducing phase shifts at
various points along the length of the fibre. The first report of the extension of the
technique to accommodate chirped grating were used to fabricate high finesse
transmission filters and these filters were then concatenated to other standard broadband

reflection gratings to obtain a narrow passband within a very wide stop-band.

5.3.2 Moiré Theory

As described above, chirped Moiré gratings are fabricated by superimposing two linearly
chirped gratings. The two linearly chirped gratings have the same chirps and lengths but a

slightly different central wavelength. The index distribution along the grating axis is thus
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expressed as

n=n +An°cos & z +An°co'§ s z+Q 5
2 AR 2 AR

where ¢ is the phase of the second grating with respect to the first. A,(z) and A,(z) are

the periods of two gratings, respectively, [AA(’ ()ZJ)F_;C(Z ()Z]T! 5 <<1,-L/2<z<L/2, and
1\Z 2\Z

L is the grating length. The Bragg resonance for the two linearly chirped gratings are
given by

A@)=20,4E)= 4 + 222 (59)

A (2)= 2neﬁ'A2(Z): Aoz +_A'§Z

where AA is the bandwidth of the two chirped gratings. Using eqn. (3.45), the detunings

for the two chirped gratings are given by

{6. ()=By -n/Az) (5.10)
8,(z)=Bs; -7/ A,(2)

where &, and 6, are the detuning of the two gratings. Rearranging eqn. (5.8) gives

2n

n=n, +M(Z)COS[X(z)Z+(M2] (5.1D

where A(z) and An(z) are the average grating period and index amplitude, respectively,

given by

T i 2A2(Z)A|(Z) :
T o

and
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(5.13)
An(z)= An, cos z2—¢/2
bea: (z)
where the period of the beat frequency A, (z), or the Moiré period is given by
20, @A G) _ 1A (5.14)

Abm:(z)z IAZ(Z)_AI(Z] = n,, a”

where the Bragg condition has been used and A, = (4, + 4,,)/2 is the average central

wavelength of the two chirped gratings while 8\ = |km —Agy| is their spacing.
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Figure 5.12 The index distribution illustrating a Smm long chirped Moiré grating: (a)
and (b) two chirped gratings centred at wavelengths 1550nm and 1550.5nm with 5nm
bandwidth; (c) the index distribution by superimposing the two chirped gratings showing
Moiré fringes, (K, L=x3L =7.5)

The respective fringe patterns of two chirped gratings each with 5nm chirp, 5mm long,

and coupling strength x,L=x,L=7.5, centred at A, =1550nm and A, =1550.5nm,

respectively, are shown in Figure 5.12 (a) and (b). The Snm chirps in the grating fringes
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are indistinguishable to eye. However, superimposing the two chirped gratings produces
the Moiré fringes as shown in Figure 5.12 (c). Note that the grating period (~0.5um) is
magnified here by a factor of 200.

Substituting eqn. (5.13) into eqn. (3.44) and using eqn. (5.9), the slow varying coupling

coefficient is obtained as

2mn,, - O (5.15)
= f ..
x(z)=1x, COS[(KO AN/ LT 2 2}
where ¥, :%{Cﬂ" Ao = (Ao +2,)12 Slzllm _)anl'
0

5.3.3 Simulation spectra

For a 5mm long linearly chirped Moiré grating with AA=5nm, A,=1550nm,
Ay, =1550.5nm and x,L=1,L=7.5, the calculated spectrum showing three transmissions in

the stop-band is shown in Figure 5.13.

Moire grating transmission

L L

0 ; ; . :
1544 1546 1548 1550 1552 1554 1556

Wavelength (nm)

Figure 5.13 Calculated transmission spectrum of a 10mm long 5nm bandwidth chirped
Moiré grating centred at wavelength 1550.25nm showing three transmission peaks for
O\ =0.5nm, (x;L=K;L=7.5)
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Simulation result shows that the number of the transmission peaks depends on the
spacing (A ) of the central wavelengths of the two chirped gratings. An experiment was
carried out by overwriting two identical chirped gratings with one slightly shifted
(6d mm) along the grating axis with respect to the other. The schematic diagram of the
structure is shown in Figure 5.14 (a). Sub-grating G2 consists of the Moiré structure and

the spacing of the two central wavelengths is thus given by

_ A\ - 0d (5.16)
L

oA

Changing 0A by adjusting the shift 8d , the desirable number of transmission peaks is

realised within the chirped grating stop-band.
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Figure 5.14 (a) Schematic diagram of a 5mm long 11nm bandwidth chirped Moiré fibre
grating centred at 1535.5nm fabricated by superimposing two chirped gratings; (b) A
comparison of theoretical and experimental transmission spectra showing 6 transmission
peaks, dot line: experimental spectrum; solid line: calculated result (8d =5001m)

As discussed in section 4.1, the two-beam holographic fabrication technique, chirped
Moiré gratings were fabricated by superimposing two 5mm long identical chirped
gratings with AA=11nm but one having 500um shift with respect to the other. The
experimental spectrum (dot line) and calculated result (solid line) are shown in Figure
5.14 (b). Note that the two 8d long non-overlapped sub-gratings G1 and G3 as shown in
Figure 5.14 (a), are considered in simulation, corresponding to the small ripples at the

both edges of the grating stop-band as shown in Figure 5.14 (b).
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5.3.4 Other characteristics

It is clear that when 8A =0, eqn. (5.15) reduces to k(z)=x,, as for a uniform strength
chirped grating. However, when AA =0, ¢ =0, and the wavelength spacing is the FSR of
the grating Fabry-Perot cavity given by

A (5.17)

where L is the grating length. Substituting eqn. (5.17) into eqn. (5.15) yields eqn. (5.5) as
k(z)=x,cos(nz/L). This is a cosine profile apodised grating as discussed in section

313,

One useful result obtained from the simulation is that the number of transmission peaks
depends on the wavelength spacing (64) in modulus of the FSR of the grating Fabry-

Perot cavity given by

oA 2L (5.18)

N p—rt 2 =
21] / (2n'eﬁ’ L j A heat

where A,,, is the Moiré period given by eqn. (5.14). Clearly, the number of transmission

peaks is twice the Moiré periodicity or the number of nodes. For two Smm long chirped
gratings with the central wavelengths separated by 0.5nm and 1.1nm as illustrated by
Figure 5.13 and Figure 5.14, respectively, eqn (5.18) yields N=3 and N=6, respectively.
This is in good agreement with the theoretical and experimental results, where

My = 1.446 is used.

To summarise, the fabrication and modelling of chirped Moiré fibre Bragg gratings as
multiple transmission filters has been investigated. The simulation spectrum and the
experimental result are in good agreement. The number of the transmission peaks is given
by the separation of the two chirped grating central wavelengths in modulus of the FSR

of the grating Fabry-Perot cavity, which is equivalent to the number of the Moiré nodes.
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5.4 Sampled Fibre Bragg Gratings

This section presents the modelling of sampled fibre Bragg gratings as multiple reflection
filters. The calculated spectrum and the wavelength spacing are discussed for rectangular
and composite cosine sampling profiles. The cladding mode coupling due to the long

period sampling profile was observed experimentally.

5.4.1 Rectangular sampling profile

When a uniform Bragg grating is modulated or sampled with a longer periodical profile
compared with the Bragg period, a sampled Bragg grating results. The main Bragg
coupling in this case will be coupled to a series of side-peaks located at the both sides of
the Bragg resonance. The principle is similar to the amplitude modulation of radio wave,

where a series of harmonics frequencies around carrier frequency is produced.

For a rectangular sampling profile introduced experimentally by using a shutter to block
the UV beam periodically, the configuration of the grating structure is illustrated in
Figure 5.15 (a), (b) and (c), showing a long-period periodic modulation or sampling
profile superimposed in the Bragg gratings. In general, the sampling profile is expressed
in the form [72]

= im2X 5.19
profile(z) = Zame! A (13)

For a rectangular sampling profile, eqn. (5.19) becomes

. 21 2mm
w1 2R ) 2 (5.20)
rofile,, () = l—e 9 p'Lim
profile,..(2) m;.zmn{ }
where M=1, 2, 3, ..., refers to the number of modulation periods along the grating length

(L) while g is the ratio of the exposed to unexposed lengths in one such period, i.e. the
duty cycle. Thus, g=1 indicates 50% duty cycle. The index distribution of the grating is
given by
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Figure 5.15 The index distribution for illustrating the configuration of a 10mm long
sampled fibre grating: (a) rectangular sampling profile; (b) index distribution of a
uniform Bragg grating; (c) index distribution of the sampled grating

1 & 2 .| 2(2m+1) 27 (5.21)
—_ An =t R
n(z) =n,+ 0{ - ME_ ( 3 sm[ - z]}cos{ - zJ

where Ay is the period of the uniform grating. The normalized rectangular sampling
profile is shown in Figure 5.15 (a). With this modulation, the uniform grating as shown in
Figure 5.15 (b) becomes the sampled grating structure as illustrated by Figure 5.15(c).
L/M is the sample length or the sub-grating length.

Substituting eqn. (5.21) into eqn.(3.9) and using the phase matching condition, it is clear
that each term on the RHS of eqn. (5.21) corresponds to one sub-coupled-mode equation

and has one resonance condition. Then, a series of grating periods is given by

(3.22)

LIM

>[= =

A,
i+2m+l
A

where m=0, 1, 2, 3,... is the order of the resonance. Using eqn. (5.22) and the Bragg
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resonance A, = 2n,, A yields

A=A, (5.23)
A=Ay F(2m+1)AN
with
A (5.24)
2n,LIM

|
1+2m+1)MA/L

where the approximation ~1F(2m+1)MA/L has been used as

(2m+1)MA/L<<1. AL is the FSR of one sample length (L/M ) Fabry-Perot cavity.

For a 10mm long grating at 1550nm wavelength sampled with M=10 periods (50% duty
cycle), eqn. (5.24) yields AA =0.83nm. The wavelengths for the coupling of different
orders are thus A, 4, =4, £ AAnm, A, =4, £344 ....

If the coupling between different orders is neglected, the coefficient of each term on the

RHS of eqn. (5.21) corresponds the coupling strength of the respective orders as

1 Co wAnL (5.25)
2 A
1 Co'mAnL
KI; = 01
( )"" 2m+ ])n' A

(Ki*)o =

where m=0, 1,2, ..., and the overlap factor Cj; =0.8.

Taking the sampling profile as an apodisation profile, the simulation programme for
grating apodisation is suitable for the modelling of sampled Bragg gratings and the

calculated spectrum is shown in Figure 5.16.
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Figure 5.16 Calculated reflection spectrum of a 10mm long sampled Bragg grating with
10 samples, (kKL =5, 50% duty cycle)

5.4.2 Composite cosine sampling profile

As shown in Figure 5.16, a higher-order coupling has a relatively weaker reflectivity
compared with a lower-order. In order to obtain the same reflectivity and wavelength
spacing for all predictable reflection peaks, the normalized sampling profile is designed

as

m=1

1 1 & 2mm (5.26)
F ,M,N)= —+
wi ) N+0.5[2 ZCOS(LIMZ]]

where 0< Fun(z,M,N)<1, Fun(z,M,N) indicates the normalized sampling profile, A

and L are the grating period and length, respectively. Simulation shows that there are

2N+1 reflection peaks with equivalent reflectivities and a constant wavelength spacing,

ADZ

= , the FSR of L/M length Fabry-Perot cavity. For a 10mm long grating
2n,LIM

profiled with Fun(z,2,2), the normalized sampling profile, the index fringes of the

uniform and sampled gratings are as shown in Figure 5.17 (a), (b), and (c).
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Figure 5.17 The index distribution for illustrating a composite cosine profile sampled
fibre grating: (a) composite cosine sampling profile Fun(z,2,2); (b) index fringes of a
uniform grating; (c) the index distribution of the sampled grating
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Figure 5.18 Calculated reflection spectrum of a 10mm long sampled fibre grating with a
composite cosine sampling profile Fun(z,104), showing a equivalent reflectivity

(95.7%) and a constant wavelength spacing (0.84nm), (kL =20 )

For a 10mm long grating with kL =20 profiled with Fun(z,10,4), the calculated

reflection spectrum is shown in Figure 5.18, showing nine reflection peaks with

equivalent reflectivity (95.7%) and a constant wavelength spacing ( AA = 0.84 nm).
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5.4.3 Cladding mode coupling

One interesting observation in sampled gratings is the coupling of cladding modes as
shown in Figure 5.19. This is due to the period of the sampling profile is around hundreds
micrometer. Actually, it is a typical point-by-point writing method in fabricating a long-
period fibre grating using a shutter blocking the UV beam. The fabrication and modelling

of long-period fibre gratings will be discussed in next chapter.

Sampled FBG

T
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/

Cladding mode coupling

|
|
-25 —
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Figure 5.19 Experimental transmission spectrum of a 50mm long sampled fibre Bragg

grating with rectangular sampling profile and 100 samples, exhibiting the coupling of
cladding modes

To summarise, multiple reflection filters based on the structure of sampled fibre Bragg
gratings have been discussed in this section. The calculated reflection spectrum shows
multiple reflection peaks and the wavelength spacing depends on the FSR of one sample
length Fabry-Perot cavity. When a composite cosine sampling profile is applied to a
uniform Bragg grating, multiple peak reflection filters with equivalent reflectivities and
constant wavelength spacing have been obtained theoretically. In addition, the dual-
characteristics of the Bragg and long-period gratings have been observed experimentally

in the sampled fibre Bragg gratings.
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5.5 Phase-Shifted Fibre Bragg Gratings

The fabrication technique of phase-shifted fibre Bragg gratings has been discussed in
section 4.2.5. This section is designed to present a theoretical and experimental
investigation of a phase-shifted fibre Bragg grating and its application as DFB fibre

lasers.

5.5.1 Introduction

In addition to the Moiré technique and sampled gratings, there are a number of other
methods for fabricating multi-passband devices. These include the introduction of a phase
shift into the grating structure. Alferness et al [146] originally demonstrated that the
introduction of a quarter-wave shift at the centre of a waveguide opens up a transmission
peak within its stop-band. There have been many reports on different techniques to
introduce phase shifts into a grating, which has been discussed previously. For the
requirement of broader transmission, it can be realised by introducing multiple phase
shifts into a grating [147,148]. Due to the very narrow line-width and easy tunability by
applied strain or temperature, phase-shifted fibre gratings have many applications in

optical communications and fibre sensors [68, 149, 150].

As presented in section 3.3.5, the grating matrix expressed in the form of eqn. (3.90)
results in an analytical solution with a clear physical picture named as complex Fabry-
Perot cavity. This expression extends to the case of the gratings with two or three phase
shifts, composed by possible Fabry-Perot sub-cavities. The conventional modelling
technique utilising matrix transforms is a numerical calculation without any analytical

expression [151].

5.5.2 Theory

Consider that a phase shift (¢) is located at z = L, along the grating length, the grating is

thus divided into two uniform sub-gratings (G; and G,) with length L, and L,. The
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matrix of the entire grating structure given by eqn. (3.96) reduces to [148]

M—{”t; —(rzfrz)‘}{emz 0 }[l!r,‘ —(rl!t,)'] (5.27)

—nl/t, 1Ut, O e *?*|—nit, 1/t

where ¢, and r, (i=1, 2) are the amplitude transmittance and reflectance of the two sub-

gratings (G; and Gy) given by eqn. (3.91), the three matrixes on the RHS of eqn. (5.27)
indicate the matrixes of two sub-gratings and the phase shift between of them,
respectively. The phase shift ¢ is given with respect to the grating period: 1 phase shift
means missing a half of the grating period. Simplifying eqn. (5.27) and using eqn. (3.97),
the transmittance and reflectance of a phase-shifted Bragg grating are obtained as (see

Appendix A.3)

e (5.28)
1-e”rr,
o h +ewrz (tl /1, )e~j¢u’2
1—e’nr,

2 2 »
where |1;| +|tl.| =1 (i=1, 2) and the relationship (;;. / ti) =—r, / t, for uniform gratings

has been used. Eqn. (5.28) is similar to the expression for a Fabry-Perot resonator that
consists of two mirrors with complex reflectance (r; and r;) and complex transmittance

(t; and 1;). Rewriting the transmittance in eqn. (5.28) yields

j[¢f2+arclnn[%lanh(rnl1 }i—%mnh(xﬂf_q}]]lr (5.29)

1||‘2|
||

where K, is the grating coupling coefficient. In the vicinity of Bragg resonance (3§, =0),

€

i {ia j[aﬂrctan[%lanh (xgly k% tanh (L, })]

eqn. (5.29) reduces to
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1 1

(5.30)
lrlz _ ‘ cosh(x,L, ) cosh(x,L, )

1
4, id
il 6— eff’

1+et X Jtanh(KGLl)tanh(K'oLz)’

with

;- tanh(c,L) L, | tanh(k,L, ) L, (531)
b 2 KL, 2

where the approximation arctan(x)= x has been used for small values of the variable x,
and d is the average cavity length. Eqn. (5.30) is equivalent to a conventional Fabry-Perot

with cavity length d and two mirrors with amplitude reflectance tanh(k,L,) and
tanh(k, L, ), respectively. Clearly, it suggests that the grating with coupling strength L
may be treated as a mirror with the power reflectivity R, and the average reflection depth

D, in the vicinity of the Bragg resonance and given by

R, = tanh’ (kL) (5.32)
b= tanh(ic,L) L
Kl 2

where L is grating length. Eqn. (5.32) is useful for estimating the average reflection depth

in a Bragg grating.

For two special cases, very weak (k,L — 0) and very strong gratings (x,L >>1), eqn.

(5.32) yields

_L (5.33)

0 Kgl—0 - 2
and

_L 1 (5.34)
Do Kpl>>1 - E ’ KDL
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Clearly that for strong gratings, this average reflection depth decreases rapidly, which has

been discussed in section 3.3.4 and graphically illustrated in Figure 3.3.

In order to describe the locations of the phase shift, define g as

q=zI/L (5.35)

where —L/2<z<L/2, g indicates the location of the phase shift. For a phase with a

gap d,,, in a grating, one more matrix given by eqn. (3.99) needs to be included in eqn.

(5.27) and the result is simply replace “¢” wherever it appears in eqn. (5.28) by

(13 l 1 ”
Q) +47meﬁdm(1 —Z] .

For a multiple phase-shifted grating, the matrix for entire grating structure is given in the
form of eqn. (5.27) but with more terms for phase shifts and sub-gratings. For N -1
phase shifts, the grating is divided into N sub-gratings. The transmittance of the grating
with two and three phase shifts are given by a composite Fabry-Perot resonators as (see

Appendix A.3)

o+, )12
i i j 2*arg(12
0t |— ‘,v,mr]i,.2 _ emzr2r3 _ eJ{¢|+¢z+ arg(1 )]m.3
and
tl _ e Je+0,+05)/2 t] 51334 (537)
010200 o jé i jloy+¢,+2arg(r2)] ilos+05+2are(r3))
G 1-nne™ —nre™ —nre™ —nre™™ —nre >
_ ﬁr4eJ[¢|+¢z+¢3+21rg(.'2)+2arg(r3)] i (_ Pl nr, I_ ej¢_‘r3r4)

where 7, and ¢, (i=1, 2, 3,4) describe L, length sub-gratings G,. Each term except the

first in the denominators of eqn (5.36) and eqn. (5.37) represents a round trip resonance
in each Fabry-Perot sub-resonator, consisting of the two sub-gratings at both sides of one

phase shift. The last term in the denominator of eqn. (5.37) is the resonance between two
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Fabry-Perot sub-cavities. The term 2arg(z,) is the phase shift of a round trip of light

through the sub-grating G, .

5.5.3 Simulation spectra

For 10mm long gratings with kL=3 and 7 phase shift in the centre of the grating length,
the simulation shows that the line-width of the transmission and stop bandwidth are
0.017nm and 0.28nm, respectively. The theoretical transmission spectra for different

coupling strengths are shown in Figure 5.20 (a), showing a centrally located transmission

peak.
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Figure 5.20 Calculated transmission spectrum of a 10mm long phase-shifted Bragg
grating at wavelength 1.55ium (g=0): (a) with © phase shift but different values of
coupling strength: 1.18, 1.82 and 3.0; (b) with the same coupling strength (kL=3) but
different values of phase-shift: w4, n/2, 3n/4, ©

With increasing phase shift, the simulation shows that the transmission peak moves to the
long wavelength side in the Bragg stop-band and the line-width remains unchanged,
which is in agreement with experimental results. The transmission spectra for the phase
shifts of n/4, n/2, 3n/4, and & are shown in Figure 5.20 (b). However, when the & phase
shift deviates from the centre of the grating length, located at one side of the grating,

specified by g #0, a transmission peak with loss appears at the stop-band of the Bragg
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resonance, shown in Figure 5.21 (a).

Figure 5.21 (b) shows the reflection depth against the coupling strength, a strong grating
has a short average reflective depth. For a 10mm long grating with xL =3, eqn. (5.32)
yields average reflection depth as 1.66mm. For a 10mm long grating with kL =3 andan

phase shift at the grating centre, the average cavity length is thus 3.02mm.
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Figure 5.21 (a) Calculated transmission spectra of 10mm long T phase-shifted Bragg
gratings with different phase locations indicated by q=0.1 and 0.25 at wavelength

1.55um (xL=3); (b) calculated average reflection depth of a Bragg grating in the unit of
the grating length versus the coupling strength

For 10mm long gratings with xL=3, the calculated transmission spectra of the gratings

with two m-phase shifts (L, :L,:L,=1:2:1) and the three n-phase shifts

(L :Ly:L,:L,=1:2:2:1) are shown in Figure 5.22 (a) and (b), respectively.
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Figure 5.22 Calculated transmission spectra of 10mm long multiple m phase-shifted
Bragg gratings at wavelength 1.55um (kL=3), showing a square transmission profiles:
(a) two ® phase shifts with the locations of L, :L,:L,=1:2:1; (b) three & phase shifts

with the locations of L, : L, : L, : L,=1:2:2:1

5.5.4 Experimental results

The experimental arrangement is illustrated in Figure 4.9 and discussed in section 4.2.5.
When the UV beam scans to the centre of the phase mask, the computer outputs a voltage
(~0.5V) through a Data Acquisition Card (DAQ 1/O) to the PZT stage. The phase mask is
shifted half a grating period as a result as shown in Figure 4.14. Clearly, in this technique
it needs to know exactly how much the PZT control voltage results in the phase mask
shift of half a grating period. The voltage of V=0.3, 0.4, 0.5, and 0.6V was applied to
drive the PZT stage to shift the phase mask and 43mm long gratings were fabricated. The

transmission spectra of phase-shifted gratings are shown in Figure 5.23 (a) and (b).

When the control voltage is 0.5V, the phase shift is around 7t as the transmission peak is
almost located at the centre of the grating stop-band. Note that the positive voltage makes
the phase mask shift back relative to the scan direction and the phase shift is thus counted
in a negative as -¢ in experiment. Then, a larger shift of the phase mask leads to a smaller
phase shift and the transmission peak is thus located at the short wavelength side while a

small shift of the phase mask makes the transmission peak at the long wavelength side.
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This is in good agreement with the simulation as shown in Figure 5.20 (b).
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Figure 5.23 Experimental spectra of 43mm long phase-shifted Bragg gratings fabricated
using the UV beam scanning across a phase mask technique under different values of
PZT control voltages: (a) V=0.6 and 0.5V, (b); V=0.4 and 0.3V

It is clear that the two sub-peaks consist of the transmission peak, separated by between
0.88 and 1.2GHz as shown in Figure 5.23 (a) and (b), which have been confirmed
resulting from the birefringence of the grating, relating to the polarisation states of the

writing UV beam.
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Figure 5.24 Comparison of theoretical and experimental transmission spectra of 43mm
long phase-shifted Bragg gratings ( XL =5.9) with different PZT control voltages - dot
line indicates the experimental obtained while the solid line indicates the calculated
results: (a) 0. 5V; (b) 0.4V, corresponding to —180° and -165° phase shifts, respectively
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For a 43mm long grating with kL =5.9, when the applied voltage are 0.3, 0.4, 0.5 and
0.6V, corresponding to the phase of -115, -165, -180, and -235 degree, respectively, the
simulated transmission spectra are in good agreement with the experimental results, as
shown in Figure 5.24 (a) and (b). Note that the birefringence is not included in

simulation.

5.5.5 Application - DFB lasers

As an application, a phase-shifted fibre Bragg grating was fabricated in a highly Er/Yb
codoped fibre to form a DFB fibre laser. The absorption of this fibre at wavelengths
980nm and 1535nm are about 2500dB/m and 28dB/m, respectively. In order to avoid the
unnecessary absorption, two sections of standard fibre were spliced to the ends of a
50mm long Er/Yb codoped fibre. The fibre was placed in a 150atm hydrogen tube for one
week to enhance its photosensitivity and 43mm long phase-shifted gratings were

fabricated. The typical transmission spectrum is shown in Figure 5.25 (a).
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Figure 5.25 (a) Experimental transmission spectrum of a 43mm long m phase-shifted
Bragg grating fabricated in Er/Yb co-doped fibre; (b) DFB laser spectrum pumped by
60mW 980nm LD

The two sub-peaks in Figure 5.25 (a) originate from the grating birefringence. The
transmission peak has very large loss in this case due to the Fabry-Perot resonant

absorption at this wavelength. In contrast, for the B/Ge-doped photosensitive fibre, there
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is low loss at the transmission peak, as shown in Figure 5.23 (a) and (b). Using a 60mW
980nm LD laser to pump the Er/Yb codoped fibre containing a phase-shifted Bragg
grating, a ImW output single mode laser was obtained experimentally with the outputs in
two orthogonal polarisations. The DFB laser has outputs from both sides of the phase-
shifted grating: one polarisation was selected and feedback into the DFB to enhance that
polarisation and suppress the other. Thus single mode (~1 kHz line-width) and single
polarised output from the DFB laser was achieved experimentally. The laser spectrum is

shown in Figure 5.25 (b).

To summarise, a useful analytical expression for phase-shifted fibre Bragg gratings with
clear physical meaning describing the complex Fabry-Perot cavity has been presented.
This expression extends to the multiple phase-shifted gratings, exhibiting a square
transmission profile. By pumping the Er/Yb codoped fibre containing a phase-shifted
grating, a single mode and single polarisation DFB laser has been realised

experimentally.
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5.6 Normal Spectral Evolution of Fibre Bragg Gratings

This section discusses the normal spectral evolution of fibre Bragg gratings fabricated
using holographic method. With increasing UV exposure, the grating growth in
reflectivity is accompanied by a Bragg wavelength shift due to the increase in the UV-
induced average refractive index. The distributed Fabry-Perot effect results from the non-

uniform power distribution of the UV beam is also discussed.

5.6.1 Fabry-Perot oscillations

As detailed previously, the two-beam holographic technique is widely used to fabricate
fibre Bragg gratings. The grating profile depends on the power distribution of the UV
beam and thus the grating has some degree of apodisation. The disadvantage of this
fabrication technique is the ‘self-chirping’ resulting from the varying average index
corresponding to the power distribution of the UV beam. Since the Bragg wavelength is
proportional to the effective index of the grating, the non-uniform UV exposure induces a
variation in the Bragg wavelength along the grating length, which is longer in the centre
than at the edges of the grating. Consequently, the gratings act as a distributed Fabry-
Perot resonator, producing resonances on the short wavelength side of the Bragg

resonance.

For a 8mm long grating with XKL=4.28 (30dB peak reflectivity), the profile of the

coupling coefficient and the photoinduced average index resulting from a non-uniform

8 ] (5.38)

where, — L/2 <z < L/2, indicates the grating locations, L is the grating length. Clearly,

UV exposure is given by

2

rofile = exp| — 2|——
profile p( 773

this profile for the coupling coefficient of the grating produces some degree of

apodisation.
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Figure 5.26 (a) Normalized profile of a 8mm long grating of 30dB-reflectivity; (b)
calculated transmission spectrum showing oscillations

However, the profiled average index makes a chirping structure: the short wavelength is
located at the ends of the grating. This produces a distributed Fabry-Perot cavity. The
simulated transmission spectrum is shown in Figure 5.26 (b), exhibiting oscillations
superimposed in the grating spectrum located at the shorter wavelength side of the Bragg

resonance.

5.6.2 Normal spectral evolution

In order to investigate the spectral evolution, the grating transmission is captured from an
Optical Spectrum Analyser (OSA) every three seconds during the UV beam exposure as
shown in Figure 5.27 (a). It can be seen that with the growth of the grating reflectivity,
the Bragg wavelength shifts to long wavelengths.

As discussed in section 3.3.4.3, the UV exposure increases the average index of the fibre

core ( Any ), the shift of the Bragg wavelength is thus given by

Ay = An, Ag (5.39)
eff
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Figure 5.27 (a) A selection of transmission spectra for one 8mm long grating fabricated
using holographic method, illustrating a normal evolution of the transmission profile
with increasing UV exposure; (b) A comparison of the Bragg wavelength shifts of
experimental results and calculated values using egn. (5.39) against the coupling
strength

KoL - A

where M{) =—m
'E"Y'L'Cm

is the average photoinduced index given by eqn. (3.88), the

approximation An, = An, has been used; Cj' =0.8 and y=0.75 indicate the mode
overlap and the visibility of the interfering fringes, respectively, L=8mm is the grating
length. A comparison of the shifts of the Bragg wavelength against the average coupling
strength K,L exhibits good agreement as shown in Figure 5.27 (b), where K,L is given

by eqn. (3.87), dots indicate the experimental results while the solid line indicates the

calculation using eqn. (5.39).

As illustrated in Figure 5.28 (a), (b), (c) and (d), the comparison between the calculated
transmission spectra (thin line) and the experimental results (thick line) show excellent

agreement both in the transmission profiles and the red shifts (AA,,, ). The slopes at short

wavelengths in the experimental transmission spectra correspond to the evolution of the
oscillations of the distributed Fabry-Perot effect. But this is not directly observed due to

the limitation of the 0.1nm resolution of the optical spectrum analyser.
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Figure 5.28 The comparison of theoretical and experimental transmission spectra of
Bragg gratings with different values of the coupling strengths: (a) xL=0.81; (b)
KL=2.63; (c) xL=5.85; (d) xkL=6.98, showing good agreement both in the transmission
profiles and the red-shifts

To summarise, the normal spectral evolution of Bragg gratings fabricated using the two-
beam holographic method has been discussed. With increasing UV exposure, the Bragg
wavelength shifts to long wavelengths, and offers a way to measure the photoinduced
refractive index by measuring the peak reflectivity and the red shift. In addition, the
distributed Fabry-Perot effect resulting from the non-uniform UV exposure producing
oscillations superimposed in the short wavelength side of the Bragg resonance has been
discussed theoretically and experimentally. For the UV overexposure gratings, abnormal

spectral evolution of Bragg gratings will be discussed in the following section.
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5.7 Type lla Gratings and Abnormal Spectral Evolution

As mentioned in Chapter 2, positive index fringes exist in Type I and Type II gratings
while negative index fringes exist in Type Ila gratings. This section discusses the grating
formation with the UV overexposure in the B/Ge-doped fibre with and without hydrogen

loading, respectively.

5.7.1 Type Ila gratings

As discussed in section 5.6.2, during the grating fabrication, it was observed that the
central wavelength of the grating increases with the UV exposure, indicating that a
positive refractive index change was being induced. These gratings are known as ‘Type I
gratings. Such gratings are the most commonly fabricated, using both the holographic and

the phase mask techniques, but are the least stable at high temperature.

With increasing UV exposure, the grating grows in reflectivity with a positive index
change corresponding to a red shift of the Bragg wavelength before reaching its
saturation. After the saturation of the Type I gratings then the growth of a ‘Type Ila’
grating commences, basically formed by the overexposure of a conventional grating. The
initial grating decreases in reflectivity to almost zero before growing in reflectivity again.
During the final stage of the growth process, the central wavelength of the grating
decreases, indicating a negative induced refractive index change. The growth eventually

saturates, producing what is known as a ‘Type Ila’ grating.

Type Ila gratings are normally inscribed by 193nm UV beam [152], reported by Xie et al.
1993 [28] and Douay et al. 1997 [153]; up to 27dB-reflectivity Type Ila gratings were
achieved by Canning et al. [47]. Dong et al. 1996 [48] explained the higher temperature
stability of the Type Ila compared with Type I gratings by three-energy-level system
[47]. Though the exact mechanism is still not very clear, it is believed to be linked with
stress and (or) defect concentrations with evidence of the formation of Type Ila in Ge-

doped fibre but not in the same material preform [49].
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The gratings were fabricated using the holographic method and the 244nm CW UV beam
with 60mW power and 8mm beam-width. The computer captured the spectrum from an
optical spectrum analyser. The formation of a 2.2dB-reflectivity Type I grating after
about 2 minutes the UV exposure in non-hydrogenated B/Ge-doped fibre was obtained as
shown in Figure 5.29 (a). After the maximum reflectivity reached (2.2dB), the grating
reflectivity decreases with further UV exposure. The Type I grating is erased completely
after 7 minutes of exposure with a maximum red shift of about 2nm. Maintaining the UV
exposure, the Type Ila grating grows in reflectivity accompanied by a blue shift of the
Bragg wavelength, indicating a negative refractive formation. Limited by the UV beam
wavelength (244nm) and its power (~60mW), only a 8.7dB-reflectivity Type Ila grating
and 0.66nm blue shift was observed after 37 minutes the UV exposure. After 12 hours
70°C annealing, a 0.55nm blue shift resulting from the relaxation of the positive photon-
induced refractive index was observed. The grating reflectivity is remained unchanged

exhibiting thermal stability, as shown in Figure 5.29 (b).

Reflection (dB)
Wavelength shift (nm)
Transmission (dB)

Annealed

542 1543 1544 1545

Exposure time (minutes)

Wavelength (nm)

(a) (b)

Figure 5.29 (a) The formation of a Type Illa grating of 8mm long in non-hydrogenated
B/Ge-doped fibre fabricated using holographic method: (a) the grating reflectivities and

wavelength shifts against the exposure time; (b) transmission spectra before and after
annealing

5.7.2 Abnormal spectral evolution

For the UV overexposure gratings fabricated in hydrogenated B/Ge-doped fibres, the

Type I grating formation and complete erasure were observed. However, under further
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UV exposure an abnormal grating spectrum is formed with a red shift as shown in Figure
5.30, Figure 5.31 (a) and (b). Four gratings (Gl to G4) have very similar behaviors
against the UV exposure: after about 15 minutes, Type I gratings are erased completely;
after about 60 minutes, the formation of the new spectra, the re-generated gratings reach

their maximum with about 16dB-reflectivities and 18nm red shifts.
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Figure 5.30 A selection of transmission spectra for one 8mm long grating fabricated
using holographic method in hydrogenated B/Ge-doped fibre, illustrating an abnormal
spectral evolution of transmission profiles with increasing UV exposure - the arrow
direction
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Figure 5.31 The formation of four 8mm long gratings (G1-G4) fabricated using
holographic method in hydrogenated B/Ge-doped fibre: (a) reflectivities in dB against
the exposure time; (b) the Bragg wavelength shifts against the exposure time
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There are no significant changes in the grating reflectivity and the shift for longer than an
hour UV exposure, where four hours and six hours and a half were used experimentally.
Using eqn. (5.39), 18nm observed red shift corresponds to the photoinduced refractive
index as An=1.68x10". Note that such a large photoinduced refractive index was

produced only by around 60mW power 8mm beam-width 244nm wavelength UV beam.

It is noticeable that the numerical aperture of the grating fibre increases about 2.6 times
because of the increase of the fibre core index resulting from the photoinduced refractive
index. As shown in Figure 5.32, the ghost mode with 5.9nm wavelength spacing and 6dB
strength relative to the 16dB-reflectivity Bragg resonance was obtained. After 70 °C 12
hours annealing, the Bragg wavelengths of these re-generated gratings shift to shorter
wavelengths about 2 to 3nm and the grating coupling strengths are decreased

significantly as shown in Figure 5.32 as ‘annealed’.
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Figure 5.32 Reflection and transmission spectra of 8mm long gratings fabricated using
holographic method in hydrogenated B/Ge-doped fibre for an hour UV exposure: (a) re-
re-generated grating G2; (a) re-generated grating G3;

As shown in Figure 5.32 (a) and (b), the background reflection of these re-generated
gratings have two raised stages, the first covering Type I grating region starting at A,
(~1544nm) and the second covering the new spectrum formation starting from A,

(~1550nm). Meanwhile, the ghost mode resulting from the cladding mode coupling is

clearly indicated in background reflection at A,.
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In hydrogenated standard fibre, the formation of Type I grating and its erasure after 33
minutes the UV exposure and followed by the formation of an abnormal spectral
evolution have been also observed experimentally. After 95 minutes the UV exposure as
shown in Figure 5.33, a grating with 25.1dB-reflectivity and 23.2dB ghost mode coupling
separated to the Bragg wavelength by 2.77nm was obtained. The total shift of the Bragg

wavelength is up to 8.07nm.
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Figure 5.33 A selection of transmission spectra for one 8mm long grating fabricated
using holographic method in hydrogenated standard fibre, showing an abnormal
evolution of the transmission profiles with increasing UV exposure - narrow direction

5.7.3 Temperature coefficient

A changed temperature coefficient was observed experimentally for the two kinds of
gratings. Type I gratings in hydrogenated B/Ge-doped fibre showed the temperature
coefficient as 8.9pm/°C while the re-generated gratings were measured as 6.4pm/°C as

shown in Figure 5.34.
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Figure 5.34 A graph showing the Bragg wavelength shift of the Type I and re-generated
gratings fabricated in hydrogenated Be/Ge-doped fibre versus the temperatures: dots
indicate the experimental results; solid line indicates the fitted of the experimental results

To summarise, gratings under the UV overexposure in B/Ge-doped fibres and standard
fibres have been investigated experimentally in this section. The formation of Type Ila
grating in non-hydrogenated fibre has been observed showing thermal stability. In
hydrogenated B/Ge-doped fibre, followed by the erasure of the Type I grating, an
abnormal spectral evolution of a re-generated grating with up to 18nm positive
wavelength shift and 16dB-reflectivity has been obtained. This re-generated grating

exhibits a reduced temperature coefficient.
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5.8 Chapter Summary

This chapter detailed the modelling of numerous useful Bragg grating structures,

including apodised, chirped, Moiré, sampled and phase-shifted Bragg gratings.

The modelling technique utilising matrix transforms discussed in Chapter 3 has been
used. In grating apodisation, simulation results show gaussian profile apodisation

Gauss(z,6) produces 62.8dB sidelobe suppression theoretically, but the small truncation

affects the results. In order to overcome this limit, the gaussian function is forced to zero

at the ends of the grating, an improved gaussian profile ImGauss(z,m) has been
proposed. The simulation shows ImGauss(z,5.739) profile apodisation produces a

15.36dB improvement in the sidelobe suppression compared with the gaussian

apodisation profile Gauss(z,6). Furthermore, in comparison with the well-known
Blackman apodisation profile, the improved gaussian profile ImGauss(z,4.077) results

in a 1.78dB improvement in sidelobe suppression and a smoother reflection profile. For

apodisation profiles ImGauss(z,5) and ImGauss(z,6), the sidelobe suppression up to

66dB and 80dB, respectively, are obtained theoretically. For 30mm long 20dB-
reflectivity gratings, more than 30dB sidelobe suppression have been obtained
experimentally while it reaches 40dB suppression for 10dB-reflectivity gratings. The
modelling has also demonstrated that a sinc profile apodisation results in a square shape

reflection spectrum, which is a desirable filter to be used in WDM system.

For chirped Bragg gratings, simulation shows a strong background reflection in a uniform
strength chirped Bragg grating. This can also be suppressed using an apodisation
technique. The reflection profile of chirped Bragg gratings can be tailored by apodisation

techniques and a higher-order gaussian profile offers a quasi-square reflection spectrum.

As a comb filter, chirped Moiré grating has been discussed. The theoretical spectrum and
experimental results are in good agreement. The number of the transmission peaks
depends on the central wavelength spacing of the two chirped gratings in modulus of the

FSR of the grating Fabry-Perot cavity. This is equivalent to the nodes of the Moiré
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period. Another kind of comb filters based on sampled fibre Bragg gratings have been
discussed in this chapter. The wavelength spacing of the reflection peaks depends on the
FSR of one sample length Fabry-Perot cavity. When a composite cosine sampling profile
is applied to a uniform Bragg grating, a comb filter of multiple reflection peaks with
equivalent reflectivities and wavelength spacing has been obtained theoretically. Due to
the long-period sampling profile, the dual-characteristics of Bragg and long-period

gratings have been observed in the sampled gratings.

The other useful transmission filter is a phase-shifted fibre Bragg grating. An analytical
expression with clear physical picture described by complex Fabry-Perot cavity has been
proposed. This expression extends to the cases of the two and three phase shifts with
square transmitted profile. By pumping a highly Er**/Yb* doped fibre containing a
phase-shifted grating, a distributed feed back fibre laser (DFB) with 1 kHz line-width

single mode and single polarisation fibre laser has been achieved experimentally.

Additionally, the normal spectral evolution of Bragg gratings against the UV exposure
has been examined experimentally and theoretically, where a visibility describing the
quality of the interfering fringes has been introduced and the oscillations resulting from
the distributed Fabry-Perot cavity has been investigated. For 8mm long gratings
fabricated using holographic method and a 60mW UV beam overexposure B/Ge-doped
non-hydrogenated fibres, the complete erasure of the Type I grating and followed by the
formation of Type Ila gratings were observed. However, in the same experiment an
abnormal spectral evolution of a re-generated grating was obtained in hydrogenated
B/Ge-doped fibres. The red shift is up to 18nm shift and the reflectivity is around 16dB.
The further investigation showed that these re-generated gratings have a reduced

temperature coefficient compared with the Type I gratings.
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CHAPTER 6

Long-Period Fibre Gratings

This chapter presents a theoretical and experimental investigation of long-period fibre
gratings. The fabrication technique using the UV beam scanning across an amplitude
mask was adopted experimentally. The calculated spectrum, the spectral evolution and
the influence of the hydrogen out- and in-diffusion from the fibre core and cladding are
discussed. As complex grating structures, phase-shifted and cascaded long-period fibre

gratings are also studied.

6.1 Characteristics of Long-period Fibre Gratings

There have been numerous techniques reported for the fabrication of long period gratings
[112, 154, 155, 156, 157]. The most widely used are the point-by-point writing and the
UV beam scanning across the amplitude mask methods. These two fabrication techniques
were adopted experimentally and the first was used in fabricating sampled Bragg gratings
using a shutter blocking the UV beam as discussed in section 5.4. The long-period fibre
gratings discussed within this chapter were fabricated using the technique of the
amplitude mask. One significant difference from the Bragg grating fabrication as
illustrated in Figure 4.9 is that a multiple-scan technique is used to control the UV

€xposure.
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Figure 6.1 A typical transmission spectrum of a 40mm long 490um periodicity long-
period fibre grating: dot lines indicate calculated transmission; solid lines indicate

experimental results; (a) full spectrum; (b) LPy mode transmission

For a 40mm long 490um periodicity long-period grating, the full transmission spectrum
is shown in Figure 6.1 (a). For the Sth-order cladding-mode LP;; , the transmission is

given by eqn. (3.114) as shown in Figure 6.1 (b). The calculation of the mode overlap

factors Cg,, mode indexes ng, and n(‘,";, (p=1, 2, ..) have been discussed in section 3.2,

exhibiting C& <Co <...<C& and thus kiL<xGL<.<x&GL. For xGL<m/2, the

resonance loss of cladding modes increases with the mode order as shown in Figure 6.1

(a). The calculated spectrum is in excellent agreement with the experimental results.

The coupling strength of long-period gratings is proportional to the number of scans
when the scan velocity and the UV power remain unchanged. The spectral transmission is
captured for different values of the UV exposure with further scanning. The resonance
wavelengths shift to long wavelengths while the shape of transmission spectrum changes.
The spectral evolution of a 40mm long-period fibre grating is shown in Figure 6.2 (a),
(b), (c) and (d). At beginning, the resonance loss is in the order as illustrated by Figure
6.2 (a).
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Figure 6.2 A selection of transmission spectra for one long-period grating, illustrating
the change in transmission profile with increasing UV exposure: (a) kKGL<m/2; (b)

KoL>m/2 and kGL<m/2; (¢) kGL>m/2; (d) xGL<m/2, xGL>m/2, and

KiL=m

With the increase in UV exposure, k5L increases, reaches 7 /2 and thus T (Ay) =0.
This means that the core mode at resonance wavelength ( A,) is wholly coupled to the
fibre cladding, which results in the largest resonance loss. A further UV exposure, kL

coming to the regime of kL >m/2, LP; mode is coupled back to the fibre core from
the cladding and thus this resonance loss is getting small while the resonance loss of

LP{ mode becomes the largest one as shown in Figure 6.2 (b). When «{L=r, eqn.
(3.115) yields T5(Ay,s) =1 as shown in Figure 6.2 (d). This means that all power at the
resonance (Ay) is coupled back to the fibre core from cladding. However, for the

wavelength off this resonance, there is still power coupling and the transmission
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spectrum appears as two peaks. Further increasing UV exposure, the core mode is re-

coupled to the cladding modes showing a periodic behavior.

Looking at LPy; mode coupling as shown in Figure 6.2 (a) to (d), 50nm wavelength shift

is obtained with the UV exposure and the total shift is up to 100nm. This shift is only
0.5nm in fibre Bragg gratings as discussed previously in section 5.5. In order to examine
the resonance shifts with the coupling strength, the average photoinduced refractive index

may be treated approximately as the increase of the mode index given by eqn. (3.117).

The coupling strength (rc;f,,L) is thus derivable from eqn. (3.116) by measuring of the
power transmission at the resonance. The resonance shift of LPD‘; mode is obtained by
differentiating eqn. (3.104) as A4,, = Ang/A and given by

_ (o, LYo, A 6.1)

A, 4C;LL

where, duty =0.5 has been used, Cgi =0.23 is given in Table 3.2, K{j’pL is given by

eqn. (3.116). Note that the approximation of Ang = An, and non-photosensitive cladding
have been used. The comparison between the theoretical and experimental spectra for

LP;,‘;* mode shows excellent agreement both in the spectral profiles and the red shifts as

shown in Figure 6.3 (a), (b) and (c).

Figure 6.3 (a)-(c) depicts LPU‘; mode shifts of 98nm (from 1525.23nm to 1623.24nm)
when the coupling strength varies from xL=0.12 (0.05dB) to k{L=4.9. The shift of

the LPS mode plotted against the coupling strength is shown in Figure 6.3 (d). The

experimental results (dots) and the calculated results using eqn. (6.1) (solid line) are in

good agreement, exhibiting a good liner relationship.

162



'
w
L

o o
= =
§ 5 time8
g -10 g 10 e
- = time7
E -15 | § -15 - ime6
s @ time
" 20 = «4—— timeS
-25 . i -25 =z > (b)
1.5 1.55 1.6 1.5 1.55 1.6 1.65
Wavelength (um) Wavelength (um)
5 __ 120
[
=
0 £ 100
o ]
T 5 £ 80 -
s &
g -10 < 60 -
bt >
E 454 lime9 $ 40
s .
© timel0 o
(=
(=]
204 Gme1l — ¥ E 20+
(c) 8 (d)
-25 R . e 0 — - - :
1.5 1.55 1.6 1.65 1.7 0 1 2 3 4 5
Wavelength (um) Coupling strength (kL)
Figure 6.3 The Comparison between theoretical (—) and experimental (......)

transmission spectra for one 40mm long 490um periodicity long-period grating with
different values of: (a) kgL =0.41, 0.96, 1.17, and 1.50; (b) x$iL=1.65, 1.93, 2.17, and

2.87: (¢c) K‘;;L =3.92, 4.30 and 4.62; (d) A comparison of experimental and calculated

shifts of the LPy; mode against the coupling strength: dots indicate the experimental
results and solid line is the calculated using egn. (6.1)

To summarise, the fabrication of the long-period fibre gratings, the characteristics of the
calculated spectrum, the spectral evolution have been discussed in this section. The

comparison between theoretical and experimental spectra shows excellent agreement.

The shift of LPy -mode against the coupling strength exhibits a good linear characteristic

and up to 100nm positive shift was observed experimentally.

163



6.2 Hydrogen out- and in-diffusion

This section discusses the investigation of hydrogen out- and in-diffusion from long-
period fibre gratings. More than 150nm of wavelength shifts were observed

experimentally when the hydrogen diffused out from the long-period gratings.

6.2.1 Introduction

Hydrogen-loading is an established technique to photosensitive fibres for fabricating fibre
Bragg gratings and long-period gratings. The hydrogen-diffusion into the fibre cladding
and core increases their refractive indexes and thus shifts the grating resonance. This
effect is very small in Bragg grating and annealing for 12 hours at 70°C shifts the Bragg
resonance about 0.5nm as mentioned in section 5.7.1. However, it is more than 150nm

shifts in long-period fibre gratings.

6.2.2 Hydrogen out-diffusion

Long-period fibre gratings were fabricated in a B/Ge-doped non-hydrogenated
photosensitive fibre. Then the gratings were put into a high pressure (150bar) hydrogen
tube for hydrogen-loading for two days before taken out for a hydrogen out-diffusion
monitoring. The transmission spectra before and after hydrogen-loading are shown in

Figure 6.4 as LF;, and LP,, , respectively. It is clear that the resonance wavelengths of

the long-period grating have a blue shift during the two days hydrogen-loading. A higher-
order mode has a relatively larger blue shift. After removed out from the hydrogen tube,
the transmission of long-period gratings was measured using an LED wide-band light
source and an optical spectrum analyser (OSA). The monitoring was carried out every

few minutes to start with, continuing every few hours, eventually every few days.
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Figure 6.5 A graph showing shifts of cladding modes against the hydrogen out-diffusion
time for a long-period grating fabricated in none-hydrogenated B/Ge-doped fibre and
followed 2 days 150atm hydrogen-loading
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Figure 6.5 shows a plot of the wavelength shifts against the diffusion time when the long-
period grating was removed out from the high-pressure hydrogen tube. Two distinct
trends are identifiable in the hydrogen out-diffusion process. The first trend, which is
dominated by the hydrogen out-diffusion from the cladding, shows a rapid (~4nm/hour)

and a massive red shift for all the modes of the long-period grating, typically 150nm for

LPy; . The second trend was a gradual blue shift towards their initial wavelengths after ~

250 hours. In this trend, the hydrogen out-diffusion from the core played a major role.
The residual hydrogen out-diffusion completely ceased after 550 hours. The three

cladding modes have almost the same varying behaviors against the diffusion time.

When the gratings were hydrogenated at high pressure (150bar) for only two hours before
being taken out for hydrogen out-diffusion monitoring, the LPS mode shift versus the
time of hydrogen out-diffusion is shown in Figure 6.6. The varying behavior of the LP;

mode is significantly different from the case as shown in Figure 6.5, resulting from
hydrogen only diffusing out from cladding because hydrogen has only diffused into the
cladding during the shorter hydrogen-loading time (2 hours).

W avelength shift (nm)

0 T ) T

0 500 1000 1500
Time (hour)

Figure 6.6 A graph showing LI{,“S" mode wavelength shifts of a long-period fibre grating

fabricated in non-hydrogen B/Ge-doped fibre and followed by two hours 150atm
hydrogen-loading against the time of the hydrogen out-diffusion
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6.2.3 Hydrogen in-diffusion

To investigate the process of the hydrogen in-diffusion, the same long-period grating
which was fabricated in the B/Ge fibre without hydrogen-loading was placed into a lower
pressure (2~3 bar) hydrogen tube. Both sides of the long-period grating fibre were
extended out of the hydrogen tube for measurement. In this case the, the blue shift is
much smaller than that of the high-pressure case. In this experiment, a cascaded long-
period grating structure was used to improve the spectral resolution. The transmission
spectrum of the cascaded long-period grating is shown in Figure 6.7 (a). The wavelength
shifts against the diffusion time is shown in Figure 6.7 (b). The maximum blue shift is

recorded about 2nm.
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Figure 6.7 The measurement of low pressure hydrogen in-diffusion a fibre: (a)
transmission spectrum of a cascaded long-period fibre grating; (b) LPS -mode blue shift
versus the hydrogen in-diffusion time (3 bar hydrogen pressure)

To summarise, the process of the hydrogen out- and in-diffusion of the fibre has been
investigated experimentally. Two distinct trends are identifiable in the hydrogen out-
diffusion process. The first trend exhibits the hydrogen out-diffusion from the cladding is
dominated. The resonance of long-period gratings shifts to longer wavelengths. Up to
150nm shifts were observed. The second trend was a gradual blue shift towards their
initial wavelengths after ~ 250 hours. In this trend, the hydrogen out-diffusion from the

fibre core played a major role.
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6.3 Phase-shifted and Cascaded Long-Period Fibre Gratings

This section details the characteristics of phase-shifted and cascaded long-period gratings
theoretically and experimentally. A wider and flattened or multipeak narrow transmission

is achieved in the long-period grating stop-band.

6.3.1 Introduction

Photoinduced long-period fibre gratings have a broad stop-band (~20nm) and no guided
mode reflection and have been demonstrated for communication applications such as
gain spectrum flattening of Er-doped fibre amplifiers (EDFA) and for removing
amplified spontaneous emission [100, 158]. The resonance wavelengths can be chosen in
accordance with the application requirements, but the bandwidth can not be controlled
effectively during grating fabrication. The loss peak of long-period gratings is typically
too sharp to be used as a filter in EDFA gain flattening [101, 159]. It is necessary to find
a way to design a precise long-period grating spectral shape to match the EDFA gain
spectrum. For other applications such as long-period grating sensing, the grating
spectrum is too wide to get a good resolution and signal/noise ratio though they are more

sensitive to the strain, temperature, and ambient refractive index compared with Bragg
gratings [102, 103].

6.3.2 Theory

The structure of phase-shifted and cascaded long-period gratings is treated simply as two
sub-gratings (LPG; and LPG,) separated by a phase shift (¢) and a length of fibre (d), as
shown in Figure 6.8. For the structure with d=0 and ¢+0, it is named as a phase-shifted
long-period grating while for d#0, a cascaded long-period grating. The matrix transforms
for a long-period grating is given in eqn. (3.112) and eqn. (3.113) and the matrix for d
length fibre and the phase shift are given in eqn. (3.99) and eqn. (3.100), respectively.
Then, the eqn. (3.112) becomes
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Figure 6.8 Schematic diagram showing the structure of phase-shifted and cascaded long-
period fibre gratings
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where the last matrix on the RHS of eqn. (6.2) indicates the boundary conditions as

A(0)=1, B,,(0)=0, t and r are the amplitude transmittance and the coupling ratio of
LP;! cladding mode, while #; and r; (i=1, 2) describe the sub-grating LPG; transmittance

and cladding mode coupling ratio given by egn. (3.110). §,, is the detuning given by
eqn. (3.103). Simplifying eqn. (6.2) yields [160]

{I — ej[amnd*'ofz]tltz Ly e_.f-iénnrd"'@"z]r' ?'2 (6'3}

(80, d+672 — il8,,d+012] .
il8gd+o ]t,r2+e il8gnd+e ]rI

r=e 1t

where energy is conserved as |1r-|2 + |r|2 = 1. The power transmission (7) is gibe by

2

. ef[zﬂ'*ﬁ?-"éi-}‘[i'z'; ]«u]tltz - 6.4)

In the study of phase-shifted long-period gratings (d=0), LPG; and LPG; are treated as

one grating with a length L;+L,. In this case, define the location of the phase shift as

__z 6.5)
L +1L,

q

where L/2<z<L/2, -05<¢<0.5, g indicates the location of the phase shift inside

the long-period fibre grating, where ¢=0 indicates the phase shift located in the centre

169



while g=10.5 indicates at one of the ends.

For cascaded long-period gratings, the phase delay is from the light propagating along the
core and the cladding of the fibre along the length d separating the two sub-gratings. The
phase delay is wavelength dependent and the transmission spectrum is modulated with
multiple peaks. This device is similar to a Mach-Zehnder interferometer where the two
gratings act as two couplers and the guided and cladding modes in the fibre between them
acting as the two arms in the interferometer. The wavelength spacing (AX ) between two

neighbouring transmission peaks is obtained using eqn. (6.4) and given by

A A+ AN

[M(n::; —ng,) _ 2n{ngy —ng, )] e (6.6)

Rearranging eqn. (6.6) yields

1 (6.7)

The beat length, the distance for a 2r phase delay between the guide and cladding modes
is given by

¥ ©6.8)

el
oy — Moy

For a fibre with NA=0.12 at wavelength A=1.5um, the beat length is around 0.3mm.
Thus, if the fibre between two sub-gratings is strained by this beat length, the wavelength
of the transmission peaks will shift by AA thus offers the possibility of an enhanced

spectral resolution if this device is used in sensing applications.

6.3.3 Phase-shifted long-period fibre gratings

For a 30mm long 475um-period phase-shifted long-period grating (d=0) with varying
phase shifts ¢ centrally placed (¢=0), the calculated spectra are shown in Figure 6.9. As

the phase shift increases the peak wavelength shifts to longer wavelengths, the bandwidth
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remains fairly constant (11nm) and the maximum transmission loss in the main peak
decreases while the loss in the single sidelobe increases. For m phase shift centrally
located long-period gratings, the simulation shows that two peaks 20.7nm apart appearing
symmetrically about a central wavelength are obtained and the grating becomes

transmissive at the central wavelength as shown in Figure 6.9 [161].
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Figure 6.9 Calculated transmission spectra of a 30mm long-period fibre grating ( LPj;
mode, K,L=1.471) with central located different values of phase shift: ¢=0, /4, /2,
3nd,

Figure 6.10 (a) shows the calculated spectra for the introduction of a 7 phase shift off
centre with varying values of g of +0.30, £0.32, and *+0.35. This leads to a broad
spectrum with a sunken, flat or raised central region, which may be tailored for specific
applications. With q=10.32, the grating has a broad flattened region of 4.6+0.1dB loss
over a spectral width of 7.9nm and a 3dB bandwidth of 23nm, twice the bandwidth of a

conventional long-period grating.
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Figure 6.10 Calculated transmission spectra of a 30mm long-period fibre grating
(Ko, L =1.471) with the phase locations indicated by q and different values of phase

shifts: (a) $=180°, (b) =190°
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Figure 6.11 A graph showing the EDFA gain flattening using a phase-shifted long-period
fibre grating: (a) indicates the transmission spectrum of a phase-shifted long-period
grating; (b) indicates a EDFA gain spectrum pumped by 1.48um LD; (c) indicates the
flattened EDFA gain spectrum, ( K,, L =1.67, g=10.33, w0=1530.3nm)

m

If the phase shift is deviated slightly away from w, the calculation shows that the

symmetry of the grating is broken and the spectrum deviates to longer wavelengths for
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phase shifts less than m and to shorter wavelengths for phase shifts greater than 7. In
Figure 6.10 (b) it shows how the spectrum of the grating with a 190° phase shift varies
with g. Thus, further tailoring of the long-period grating spectrum is possible. A potential
application of such a device would be in erbium doped fibre amplifier (EDFA) gain
flattening. To illustrate this we show, in Figure 6.11, the effect that such a device would
have on a typical EDFA gain spectrum. Such an application requires careful adjustment

of the grating wavelength and peak loss.

6.3.4 Cascaded long-period fibre gratings

Figure 6.12 and Figure 6.13 show the calculated and experimentally obtained spectra for
cascaded long-period gratings with d=50mm and 190mm respectively. The slight
differences are due to slight mismatches in terms of central wavelengths and coupling
strengths in the gratings. For d=50mm (Figure 6.12) the wavelength spacing between
neighbouring transmission peaks is 7.9nm. As the distance between two sub-gratings
increases a transmission spectrum with narrower transmission peaks close together is
obtained. Typical for d=190mm (Figure 6.13) there are 17 transmission peaks with more
than 3dB extinction spaced by 2.5nm. The line-width of the transmission peaks depends
on the separation of the two sub-gratings and the fibre NA so it is possible to control them

effectively for different applications.

The overall spectral width of the cascaded long-period grating device is still limited by
the two sub-grating bandwidths. An effective approach to increase this is to decrease the
two sub gratings length while keeping a coupling strength of /4. If the two cascaded
long-period gratings are reduced to the length of Smm and separated by 200mm, the
simulation results show that more than forty transmission peaks in a 100nm wide spectral

region are obtained.
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Figure 6.12 A comparison of theoretical and experimental transmission spectra of a
cascaded long-period fibre grating, (K,, L =m/4, Li=10mm, d=50mm)
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Figure 6.13 A comparison of theoretical and experimental transmission spectra of a
cascaded long-period fibre grating, (K, L, =m/4, Li=10mm, d=190mm)

174



To summarise, a simple analytical expression with clear physical meaning described by
Mach-Zehnder interferometer for the transmission spectra of both phase-shifted and
cascaded long period grating devices has been derived. By selecting different phase shifts
and their locations, a tailored spectral response can be obtained suitable for many
applications such as EDFA gain flattening. With cascaded long-period gratings, multiple
peak transmission spectra have been obtained both in simulation and experiment. These
have sharper spectral features than single long-period grating making them more suitable

for use in sensing applications.
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6.4 Chapter Summary

The theoretical and experimental investigation of long-period fibre gratings has been
discussed in this chapter. The fabrication technique using the UV beam multiple scanning
across an amplitude mask was adopted experimentally. With the increase in UV
exposure, the resonance of long-period fibre gratings shifts to longer wavelength side. Up
to 100nm shift has been observed and the resonance loss exhibits periodic changes. A
comparison between calculated shifts and experimental results exhibits a good linear
characteristic against the coupling strength. The calculated and experimental spectra are
in excellent agreement. During the process of the hydrogen out- and in-diffusion from the
fibre core and cladding, the resonance of long period gratings shift significantly,
indicating two dominated processes of the hydrogen out-diffused from the fibre cladding

and core, respectively. Up to 150nm shift was observed experimentally.

As complex structures, phase-shifted and cascaded long-period fibre gratings have been
discussed. A simple analytical expression for the transmission spectra of both phase-
shifted and cascaded long period grating devices has been presented. This allows for
visualizing the physical picture as Mach-Zehnder interferometer. Calculated results show
that by selecting different phase shifts and their locations, a tailored spectral response is
obtained which maybe suitable for many applications like EDFA gain flattening. By
cascading two 3dB long-period fibre gratings, multiple peak transmission spectra have
been obtained both in simulation and experiment. These have sharper spectral features
than normal long-period fibre grating, making them more suitable for use in sensing

applications with enhanced spectral resolution.
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CHAPTER 7

APPLICATIONS OF FIBRE GRATINGS

This chapter is the third part of this thesis, containing six relatively independent sections
to present novel applications using fibre Bragg grating and long-period fibre grating
structures. These applications are:

(1) Bragg grating edge filters based on tilted chirped gratings;

(2) Bragg grating intensity and wavelength division multiplexing sensing;

(3) Bragg grating based wide stop-band narrow transmission filters;

(4) Long-period fibre grating index sensing;

(5) Long-period fibre grating transverse pressure sensing;

(6) Long-period fibre grating bend sensing

The last section of this chapter is the summary.

7.1 Fibre Edge filters - Tilted Chirped Bragg Gratings

This section discusses a new technique for fabricating fibre edge filters with arbitrary
spectral response based on tilted chirped fibre Bragg grating structures. The dependence
of the spectral response on the tilting angle, chirp-rate, fibre type and the coupling
strength are discussed. The near-linear wavelength response with tailorable slope
efficiency is demonstrated over the filtering ranges from 2nm to 20nm. To demonstrate
the application, the tilted chirped fibre grating edge filter was successfully used in fibre
Bragg grating strain/temperature sensing for interrogating the Bragg wavelength shift by

measuring the power intensity.
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7.1.1 Introduction

Optical edge-filters have been used for interrogating fibre Bragg grating sensors based on
the principle of converting the detection of a Bragg wavelength shift into optical intensity
measurement [162, 163, 164, 165]. This interrogation technique has advantages of low-
cost, fast response and ease of use. However, the majority of the edge-filters, which have
been used so far are, either of the bulk configurations [162, 163] which offer suitable
spectral performance, but suffer from fibre incompatibility, introducing high insertion
loss, or of the wavelength-selective fibre devices, e.g. WDM fibre coupler [164, 166,
167], which do not provide high slope-efficiency and broad filtering-range. Recently,
long-period gratings have been employed as edge-filters for interrogating fibre Bragg
grating sensors [100, 168, 169]. Despite the low insertion loss and relatively high slope-
efficiency they provide, long-period gratings are too sensitive to bending and
environmental conditions. Furthermore, their spectral response cannot be tailored freely
during fabrication. The suitability and availability of long-period gratings as edge-filters

are, thus, limited for many applications.

Tilted uniform-period Bragg gratings have been used to flatten the gain-band of Er-doped
fibre amplifiers by out-taping the light around 1530nm-region. This optical power out-
tapping function results from the enhanced coupling between the guided light in the fibre
core and the radiation mode field in a counter-propagating direction [170]. The radiation
mode out-coupling, proportional to the tilting angle, generates a transmission loss peak at
the short wavelength side of the Bragg resonance. The Bragg resonance also shifts to the
long wavelength side as the fringes are tilted. The band-gap between the transmission
loss peak and the Bragg resonance is determined by the NA of the fibre, typically a few

nm for B/Ge co-doped and standard telecom fibres.

In the case of a tilted broadly chirped grating, the loss peak induced from radiation mode
out-coupling is spectrally superimposed on the broad Bragg resonance, therefore,
resulting in one broad transmission loss peak. The spectral response of this loss peak

depends on the tilting angle, chirp rate and coupling strength. It is this dependence which
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provides a basis for designing and fabricating fibre edge-filters.

7.1.2 Coupled-mode equation for tilted fibre Bragg gratings

The coupled-mode equation for radiation mode is given by [121, 170, 171, 172]

da” — 7.1
a (Z)z—ﬁ(ﬂf(z) (7.1)

dz

where
()= QX L 0l a3
e P
nce 1 = 2T . ) (7.3)
Vo = - 0 PP Jan (x,y)xexp[— 2rxxsm5 u.q.(x,y)dxdy

where § is the tilting angle of the grating index fringes. Clearly, when & #0, the

coupling of the radiation mode and cladding modes are significantly enhanced.

7.1.3 Fabrication of tilted fibre Bragg gratings

Tilted fibre Bragg gratings were fabricated holographically, as illustrated in Figure 4.1. In
order to introduce a tilting angle into the grating fringes, the photosensitive fibre was

mounted on a rotation stage for fibre-tilting operation and the fibre is slanted with angle

(6), as shown in Figure 7.1.
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Figure 7.1 Schematic diagram of the optical set-up for fabricating titled fibre Bragg
gratings using the two-beam holographic method

Due to the refraction of the UV beam at the interfaces of, air and the fibre cladding, the
fibre cladding and fibre core, the tilting angle () of the grating fringes is less than the
slanting angle (6). As illustrated in Figure 7.1, the meeting angle of the two UV beams is

2¢ symmetrical to the x-axis. In the new X’'-Z’ coordinates system, the incident angles of

the UV beams with respect to the new x’-axis are given by

a=¢p-0 (7.4)
B=¢p+6

where 6 = %(ﬁ — o) is the slanting angle of the fibre; 6 =0 is the case of a non-slanted
grating. The refraction of the UV light through air, the fibre cladding and core, yield

{sin((x) =n, sin(a”) = n,, sin(a*) (7.5)
sin(B) =n,, sin(ﬁ“") =n, sin(ﬁ“’)

where n® and n“ are the refractive indexes of the UV beam in the fibre core and

cladding, respectively. Using eqn. (7.5), the tilting angle of grating fringes is obtained as,

= % {arcsin|i———5in((p Ll )} - arcsin[mSi“(‘P -6 )}} (7.6)

n n

co co
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where :ﬁ% indicates the tilting angle of grating fringes. In experiment,

0 << ¢ << 30", with an approximation, eqn. (7.6) reduces to
§=0/n, (1.7)

Clearly, the tilting angle is less than the slanting angle, § <6 . Using eqn. (4.6), the

Bragg wavelength of a slanted grating is given by

A (7.8)
A=2 w
e sin(¢ —0)+sin(p+6)

Rearranging eqn. (7.8), the shift of the Bragg wavelength relative to the non-slanted

grating is given by

;L_AU :AD[CO:(Q)_I] (79)

R Ay
sin(p)

the increase of the slanting angle the grating wavelength shifts to long wavelengths.

where 4, = is the Bragg wavelength of the non-slanted grating. Obviously, with

7.1.4 Tilted uniform fibre Bragg gratings

The configuration of the tilted linear grating is shown in Figure 7.2 (a) and the
experimental transmission spectrum is shown in Figure 7.2 (b). It can be seen clearly the
enhanced cladding modes and the radiation mode located at the short wavelength side of
the Bragg resonance. The coupling of the cladding modes disappears immediately when

grating is immersed in index matching liquid, exhibiting a smooth profile as shown in
Figure 7.2 (b).
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Figure 7.2 (a) Structure of tilted linear fibre Bragg gratings, (b) Transmission spectra of
the tilted grating in air (with oscillations) and in the index matching liquid (smooth line),
showing radiation mode loss and the removed cladding modes
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Figure 7.3 (a) Transmission spectra of the Bragg grating with different slanting angles:
6=0, 2° 4° 6° 8% 10° (b) Solid line indicates the calculated shifts using egn. (7.9),
round and triangle points indicate the experimental measurements.

A series of tilted linear gratings for different values of slanting angle were fabricated and
the transmission spectra were measured with the index matching liquid to remove the
coupling of cladding modes. As shown in Figure 7.3 (a), the Bragg wavelength shifts to a

longer wavelengths. Using eqn. (7.9), the calculated and the experimental wavelength
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shifts are in good agreement as shown in Figure 7.3 (b).

7.1.5 Tilted chirped fibre Bragg gratings

Clearly, tilting grating fringes results in degrading the grating level because of the
enhanced coupling of cladding modes and the radiation mode. However, when tilting a
chirped grating, the coupling of the cladding modes is suppressed or removed

automatically and the tailing of the radiation mode produces a grating slope edge filter.

The configuration of a tilted chirped grating structure and experimental spectrum are
shown in Figure 7.4 (a) and (b). Note that, the spectrum is measured in air, exhibiting the

absence of the cladding modes.
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Figure 7.4 (a) Structure of a tilted chirped fibre Bragg grating; (b) Transmission spectra
of 18nm bandwidth tilted chirped gratings with different slanting angles: 0, 6° 8° 10°

Figure 7.4 (b) shows the transmission profiles of four tilted chirped gratings with 18nm
chirp-rate with slanting angles of 0°, 6°, 8° and 10°. The 0°-slanted chirped grating gives
a near-square-like transmission response. When tilting a chirped grating, a remarkably
broadened transmission loss peak with two edge slopes is formed, giving a typical edge-

filter profile. As the slanting angle increases, the loss peak broadens while its central
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wavelength shifts to long wavelengths. The slope-efficiency decreases as the grating
coupling strength decreases. For a set of slanting angles, the transmission spectra of the

chirped gratings with 13nm and 18nm bandwidths are shown in Figure 7.5 (a) and (b),

respectively.

0 6,810

1
i

Transmission (dB]

Transmission (dB

Figure 7.5 Transmission spectra of tilted chirped gratings with different slanting angles
and chirps: (a) 13nm chirp but slanting angles: 0, 4°, 6° 8° 10° (b) 8nm chirp but
slanting angles: 0, 6°, 8° 10°

Figure 7.6 shows the transmission profiles of three gratings with chirp rates of 8nm,
12nm and 16nm for an 8°-slanting angle. It shows that the bandwidths and the centres of
the loss peaks are very similar for three different chirp rates indicating they are only
slanting angle dependent, but the slope efficiency and the grating coupling strength
decrease with the increase of the chirp rate. The grating with smaller chirp has the smaller
dynamic spectrum region and deep slope while the grating with larger chirp has the larger
dynamic spectrum region but shallow slope. For the same slanting angles and chirps,

three grating spectra are illustrated in Figure 7.6 (b), illustrating good experimental

repeatability in making such a device.
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Figure 7.6 Transmission spectra of tilted chirped gratings, (a) 8° slanting angle but

different chirps: 8nm, 13nm, and 16nm; (b) 8° slanting angle and 16nm chirp illustrating
good experimental repeatability

The edge-filter-like spectral response of a tilted chirped grating formed by the
superimposition of the radiation mode out-coupling loss and the broad Bragg resonance
was experimentally confirmed by measuring the reflection from both short and long
wavelength sides of the chirped grating. Figure 7.7 shows the measured two reflections
and a transmission for a tilted grating with a 16nm chirp and an 8° slanting angle. The
reflection shows the full bandwidth of ~16nm when it is measured from the short-
wavelength side, whereas only ~2-3nm when measured from the long-wavelength side.
The latter suggests that the radiation mode out-coupling actually occurs at 2-3nm shorter
wavelength side from the longest Bragg resonance. Clearly, the broad transmission loss
peak of the tilted chirped grating originates from the ‘chirping’ radiation mode out-
coupling. The asymmetry of the loss peak is due to the fact that the slope edge at short
wavelength side arises only from the radiation mode out-coupling, whereas the long
wavelength side edge is the superimposition of this coupling loss and the Bragg
resonance. This was further confirmed by a computer-performed superimposition of the
transmission spectra of a succession set of 200 tilted uniform-period gratings as seen
from Figure 7.2 (b). The resultant final response is a broad transmission loss peak and the

ripples resulting from the cladding mode coupling are suppressed giving a smooth
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response. This peak is remarkably similar to the measured transmission spectrum of the

tilted chirped grating in Figure 7.5, Figure 7.6 and Figure 7.7.
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Figure 7.7 Typical spectra of a tilted chirped fibre Bragg grating: (a) and (b) indicate the
spectra reflected from the short and long wavelength sides, respectively; (c) indicates the

transmission spectrum

0

=10 -

-15 -

Transmission (dB)

-25 S—

e

1520

1530

1540 1550 1560 1570

Wavelength (nm)

Figure 7.8 A graph showing the cancellation of cladding modes resulting from the
average 200 linear gratings, which consist of the step chirped grating structure
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In cladding depressed fibre, which is designed for decreasing the radiation mode and
shifting the radiation mode to even short wavelength, the spectrum of the tilted linear
grating with different slanting angle is shown in Figure 7.9 (a). The radiation mode is
depressed even the slanting angle is 12°. This kind of fibre, therefore, is not suitable to
make such an edge filter. The transmission spectrum of the tilted chirped grating in this
kind of fibre is shown in Figure 7.9 (b). Clearly, the slope produced by radiation mode is
out of the Bragg wavelength.
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Figure 7.9 Transmission spectra of tilted fibre gratings fabricated in cladding depressed
fibre, showing the suppressed radiation mode: (a) tilted linear grating with different
slanting angles: 0°, 4°, 8°, 10° (b) 8nm bandwidth tilted chirped gratings with different
slanting angles: 4° and 6°

7.1.6 The application of the fibre edge filters

As an application, a tilted chirped fibre grating edge filter was used in a grating sensing
systems to interrogate the Bragg wavelength shifts of the sensor head grating induced by
the applied strain. As shown in Figure 7.10, the broad band light source is coupled into
the sensor head grating for strain measurement through 3dB coupler C;. The light
reflected by the sensor head grating encoded the unknown strain by Bragg wavelength

shifts is coupled to detector D; and D, through 3dB coupler C; and C; respectively. It is
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clear that the wavelength shift of the reflected light is converted into an intensity signal
measured by detector D;. The measurement of detector D; is only for normalization to

cancel out the fluctuation of the light source.

/\ Unknown strain
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4\ D2

Tilted chirped grating edge filter

Figure 7.10 Experimental arrangement of fibre Bragg grating sensing systems using a
tilted chirped fibre grating edge filter for interrogating the wavelength shifts

The spectrum after the tilted chirped grating edge filter is shown in Figure 7.11 (a). The
normalized output of detector D, against the applied strain is shown in Figure 7.11 (a),

exhibiting a good linearity.
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Figure 7.11 (a) The transmitted spectra of a tilted chirped grating edge filter; (b) the
normalized output of intense measurement against the applied strain

To summarise, a new technique for fabricating fibre edge filters with arbitrary spectral
response based on tilted chirped fibre Bragg gratings has been investigated. Experimental
results show that a small chirp-rate and slanting angle result in a high slope-efficiency
with a relatively small filtering range, and vice versa. The slope efficiency is also
dependent on the maximum obtainable grating coupling strength, which is higher in B/Ge
co-doped fibre than in standard telecom fibre. The central wavelength of the transmission
loss band depends on the original Bragg wavelength and the slanting angle. Clearly, fibre
edge-filters with arbitrary characteristics can be fabricated based on a tilted chirped
grating utilising all these controllable parameters. Experimentally slope efficiency from
0.5dB/nm to 10dB/nm and filtering range from 2nm to 20nm has been demonstrated. An
application in strain sensing using this kind of edge filters for interrogating the shift of

the Bragg wavelength has been demonstrated experimentally.
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7.2 Bandpass Filters

This section presents a high-rejection/low-loss bandpass filters theoretically and
experimentally by cascading four chirped fibre Bragg gratings. The bandpass filters with
50nm stop-band and Inm transmission located at wavelength 1555nm have been

achieved experimentally.

7.2.1 Introduction

Fibre Bragg gratings are increasingly becoming important devices for applications in
optical fibre telecommunications, signal processing and optical sensing. With advances in
these areas, non-standard gratings, such as chirped, array and bandpass structures, now
are especially in great demand. To date several methods have been demonstrated to
fabricate bandpass filters [133, 134, 135, 173]. However, the bandpass structure with
low-loss passband and high-rejection stop-band covering the entire ASE (amplified
spontaneous emission) spectral range of EDFA (Er-doped fibre amplifier) has proved
technically difficult. Although previously reported single-passband filters fabricated in
hydrogenated B/Ge photosensitive fibre by chirped grating concatenation method
achieved 30dB rejection for a 50nm stop-band, the loss in the passband was SdB which is
too high for applications [173]. Single bandpass filters by a post-UV exposure to
introduce a 7 phase shift also showed 2dB loss in passband but the maximum rejection of
the stop-band was only 9dB [135]. The low rejection of the stop-band and the high loss in
the passband were mainly due to the limited photosensitivity of the fibre and the intrinsic
cladding mode out-coupling loss. The spectral gaps between the Bragg resonance and the
nearest cladding mode resonance are, typically, ~2nm for the standard telecom and B/Ge
co-doped fibres and 6nm for high Ge doped fibre. Inevitably the cladding mode out-
coupling occurs inside the stop-band of the broadly chirped gratings, consequently

resulting in loss in the passband.

To tackle this problem, Dong et al. recently developed a cladding depressed
photosensitive fibre [174]. In this fibre a depressed cladding is added between the
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photosensitive core and the normal cladding. Such a depressed cladding effectively
reduces the cladding mode field strength over the core region and therefore reduces the
coupling strength between the guided mode to the cladding modes. We have carried out
the fabrication of single bandpass filters in this fibre by chirped grating concatenation
method. 50dB rejection has been achieved for 50nm wide stop-band and the loss in

passband has been significantly reduced to ~1dB.

7.2.2 Calculated spectrum

The wide-stop-band single bandpass filters were specified and requested for WDM
(wavelength-division-multiplexing)  application by the European PHOTOS
(PHOtosensitive Technology for Optical Systems) programme. The structure of the

bandpass filters is shown in Figure 7.12. The initial specifications were defined as:

Passband: central at 1555nm; FWHM 1-3nm; loss < 2dB.
Stop-band: 50nm from 1520nm to 1570nm; rejection >30dB.
Device length: grating length <25mm; stripped fibre length <44mm.
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1520 1533 1531 1544 1542 1555 1556 1570
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=~ 30
1520
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Figure 7.12 Schematic diagram showing the structure of bandpass filter by cascading
four chirped fibre Bragg gratings
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As detailed previously, the modelling of this kind of grating structure based on matrix

transforms, expressing each chirped grating G, (i=1, 2, 3, 4) and the gap between two

neighbouring gratings by corresponding matrix, the matrix for the whole grating structure

is obtained as
M=M*"S,-M*-S,-M*-S,-M' (7.10)
where
M =M, M, M, , M| (7.11)

where, M' (i=1, 2, 3, 4) indicates the matrix of chirped grating G,, Mj. (=1,2,.,N)is
the matrix for each short length sub-grating given by eqn. (3.90), L, and AA are the
length and chirp of grating G,. S; (i=1, 2, 3) is the matrix of the gaps between two

neighbouring chirped gratings given by eqn. (3.99). Finally, the amplitude transmittance
is given by eqn. (3.97) as t=M11-M12M21/M 22 and the calculated transmission
spectrum is shown in Figure 7.13, where the condition of a linearly chirped profile has

been used.
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Figure 7.13 Calculated transmission spectrum of a bandpass filter by cascading 4
chirped Bragg gratings of Smm long for xL=25, wg=1531.65nm, AX;=9.3nm,
wor=1540.65nm, AA;=9.3nm, wo3=1549.9nm, AX;=9.8nm, wp.=1560.75nm and
AAy=8.5nm
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7.2.3 Experimental fabrication

Figure 7.12 has shown the design concept of grating cascading method. Four chirped
gratings with a bandwidth of ~14nm were used. Three of them were centred at 1525nm,
1536nm and 1548nm respectively, ensuring the sufficient overlap in the spectra resulting
in a stop-band of 34nm. The fourth chirped grating was centred at 1563nm in order to
form a passband in the final structure. The overall spectrum from the concatenation gives
a ~2nm passband at 1555nm with a 50nm stop-band covering from 1520nm to 1570nm
[140].

The cladding depressed fibre used was hydrogenated prior to grating fabrication. The
chirped gratings were fabricated holographically using the dissimilar wavefront method
as shown in Figure 4.1. The stripped fibre was mounted on a translation stage. The length
of each grating was ~5mm, with Imm gap between each grating giving 24mm in length
for the final structure. The growth of the gratings was monitored in-situ using a 980nm
laser diode pumped EDFA and an optical spectrum analyser. The monitoring signal level
was about 40-50dB, which was high enough to ensure examination of the full growth of
the grating during the fabrication. Four chirped gratings were fabricated successively
from the long wavelength to the short wavelength. The UV exposure for each grating was
stopped when the rejection shown on the optical spectrum analyser reached 40-50dB.
Figure 7.14 shows that the recorded spectrum for each exposure indicating clearly the
sufficient spectral overlap between the three short wavelength chirped gratings and an
accurate separation between them. The spectral gap between the first and the second
grating is used to form a ~2nm passband at ~1554nm (slightly shorter than specified in
order to accommodate the stretching effect in the packaging process). The fabrication
process was repeatable as five spectrally identical filters were reproduced at the time. The
rejection achieved for the stop-band was around 50dB. The loss in the passbands was
about 1dB. This was confirmed by post fabrication re-measurement using the tunable

laser at high resolution.
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Figure 7.14 Transmission spectra for illustrating the forming process of the bandpass
filters cascaded by (a) One CFBG, (b) two CFBGs, (c) three CFBGs, (d) four CFBGs.

For comparison, the bandpass filters were also produced in hydrogenated B/Ge co-doped,
high Ge-doped and photosensitive cladding depressed fibres under identical conditions.
The transmission spectrum of single bandpass filters produced is shown in Figure 7.15
(a), (b) and (d). The rejections achieved in the former two fibres were considerably lower
(=30dB) and the loss in the passband was much higher (3-5dB). Figure 7.15 (c) shows the
transmission spectrum of a bandpass filter with a 50nm stop-band previously fabricated
using the post-fabrication UV exposure method. As the entire structure of this filter was
based on one broadly chirped grating, the rejection was only 9dB and the loss in the
passband was about 2dB. Even with such a low rejection, it has shown an effect of
suppression of ASE noise when used in a soliton transmission system to give Gordon-
Haus jitter reduction [175]. The high-rejection and low-loss filters being reported here are
expected to perform considerably better in WDM transmission testing system being

developed by PHOTOS programme.
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Figure 7.15 Transmission spectra of bandpass filters in different fibres, (a) B/Ge-doped
fibre, (b) Hi-Ge-doped fibre, (c) Post-exposure method B/Ge-doped fibre, (d) Cladding
depressed fibre

In summary, high-rejection/low-loss single bandpass filters have been successfully
fabricated using specially designed and produced cladding depressed photosensitive fibre.
For the first time, 50dB rejection has been achieved for 50nm wide stop-band covering
the entire ASE range of EDFA. The suppression of the cladding mode out-coupling

enables the formation of a low-loss passband within the broad stop-band.
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7.3 Intensity and Wavelength Division Multiplexing Systems (IWDM)

This section details a new intensity and wavelength division multiplexing (IWDM)
systems for addressing a fibre Bragg grating sensor array involving a novel concept of
intensity and wavelength division multiplexing (IWDM). Experimental investigation
shows IWDM can be used in fibre Bragg grating sensing to improve the capability in the

same spectral region.

7.3.1 Introduction

Owing to their multiplexing capability, fibre Bragg gratings have attracted considerable
interest as the most promising distributed sensing element for SMART structure
applications [176]. Grating multiplexing techniques have been demonstrated including
wavelength division multiplexing (WDM) [64, 177], time division multiplexing (TDM)
[178], spatial division multiplexing (SDM) and their combinations [179, 180].

In comparison with the conventional WDM method, the proposed IWDM technique has
an advantage of doubling the number of the fibre Bragg grating sensors to be multiplexed
while keeping the same dynamic-range for each sensor. In order to utilise the intensity
information, the sensor array addressed by the IWDM technique is formed from a set of
spectrally distributed fibre Bragg gratings with low reflectivity (low-R) and high
reflectivity (high-R) alternately placed along a fibre. It is this reflection-encoding that
provides a mechanism for increasing the number of the sensors in the array, and
consequently enhancing the multiplexing capacity of interrogation. In conjunction with
the TDM and SDM, this technique will enable monitoring a very large number of fibre

Bragg grating sensors.

7.3.2 The principle of IWDM

A schematic diagram of a fibre Bragg gratings multiplexing system using the proposed
IWDM technique is shown in Figure 7.16. Fibre Bragg gratings in the sensor array are

not just spectrally distributed but also reflection-encoded alternately with low-R and
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high-R. This differs from the WDM where the reflectivity information is totally
neglected. In WDM, the number of grating sensors (N) to be multiplexed is determined
by the required operation wavelength domain (AA) of each grating sensor and the total

useable bandwidth (AA) of the light source, i.e., N = AA/AA,. Therefore, the adjacent

gratings do not cross each other. In contrast, the reflectivity-encoding in IWDM allows
the adjacent gratings to cross each other without losing their identity, so that an extra set
of low-R gratings can be inserted alternately into the original high-R grating sensor array,
resulting in the spectral spacing between the adjacent gratings being 1/2 of the original

AA. Thus the total number of gratings can be multiplexed in the sensor array doubles,

ie., 2XAA/AA,.
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Figure 7.16 A schematic diagram showing the experimental arrangement of an INDM
system

However, as the grating has a certain bandwidth, the strain resolution in IDWM
technique is inevitably limited when the low-R and high-R gratings cross to each other.
The spectral crossing-behaviours and the achievable resolution using a 50% and a 95%
reflectivity (50%-R and 95%-R) gratings with different bandwidths were investigated
experimentally. In order to overcome the bandwidth-limited resolution, the dual-peak
grating structure was then adopted in the interrogation. Both configurations are analysed

in detail in the following sections.
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7.3.3 Interrogation using 50%-R and 95%-R gratings

The first experiment carried out to evaluate the IWDM principle was to examine the
spectral crossing behaviour of a 50%-R and a 95%-R gratings in an array with a 2nm
spectral spacing and a typical grating bandwidth of ~0.4nm. The 95%-R grating was kept
strain free while the 50%-R grating was strained in steps 80 pe up to 4000 pe, which is
equivalent to ~4nm of the wavelength shift. The spectral evolution of both gratings was

recorded using an EDFA light source and an optical spectrum analyser and is presented in

Figure 7.17.
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Figure 7.17 Schematic diagram of IWDM systems using low- and high- reflectivity
gratings: (a) reflection profiles evolution with the applied strain; (b) wavelength shift
against applied strain.

It clearly shows the 50%-R grating had crossed the 95%-R one in the strain process. The
wavelength shift against the strain is plotted in Figure 7.17 (b). Both the apparent gap in
the plot in Figure 7.17 (b) and the mono-peak position in Figure 7.17 (a) indicate that the
strain could not be measured when the two gratings are spectrally overlap. In theory this
gap can be minimised if the narrow spectral response gratings are used, but ultra narrow
gratings will reflect less light to be measured, degrading the signal-to-noise ratio and
resulting in inaccurate measurement. In order to reduce (or eliminate) this un-measurable
strain range without using ultra-narrow gratings in the IWDM technique, we used the

low-R grating with a dual-peak spectral response in the sensor array.
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7.3.4 Interrogation using 50%-R dual-peaks and 95%-R gratings

The un-measurable strain range can be eliminated using the dual-peak low-R grating if
the bandwidth of both peaks of the dual-peak grating is similar to that of the high-R
grating. When the dual-peak grating is under strain, both peaks shift at the same rate so
that the strain can still be measured from one peak when the other peak overlaps with the
high-R grating. In the experiment, a 50%-R grating with a dual-peak profile replaced the
original single-peak low-R grating and was then strained. The spectral response of both
dual-peak low-R and high-R gratings was recorded and presented in Figure 7.18 (a). It
shows that the strain-encoded wavelength shift can be measured from either peak of the
dual-peak sensor and nevertheless resolved when both gratings overlap. The wavelength
shifts of both peaks against the applied strain are plotted in Figure 7.18 (b) as cross-points
and circular-points respectively. Although the gap, which corresponds to the region
where strain cannot be accurately measured, still exists individually in each plot,
however, it is much smaller if the strain measurement is taken from the alternative plot in
the overlap region, suggesting the use of the dual-peak grating is effective. The remaining

small gap is due to the relatively broad bandwidth of the high-R grating.
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Figure 7.18 Schematic diagram of IWDM systems using dual-peak low-R grating and
single-peak high-R wider line-width (0.35nm) grating: (a) reflection profile evolution; (b)
wavelength shift of both peak against the applied strain
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Further improvements were made by using a narrow high-R grating, as shown in Figure
7.19 (a); the experiment was repeated with this grating and the gap virtually disappeared

indicating the resolution was not limited by using dual-peak grating in IWDM.

(@) n ®)
5.0

“ ” ’\ 0 1000 2000 3000 4000
15:19 1551 15.53 |s;s 1557
Wavelength {nm)

Figure 7.19 Schematic diagram of IWDM systems using dual-peak low-R grating and
single-peak high-R narrower line-width (0.1nm) grating: (a) reflection profile evolution;
(b) wavelength shift of both peaks against the applied strain

7.3.5 Realisation of a practical IWDM system
A practical system using the configuration of Figure 7.16 for implementing TWDM

technique was demonstrated experimentally. The reflectivity-encoded and spectrally

distributed grating arrays were fabricated using scanning phase mask technique.
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Figure 7.20 A graph showing the reflection spectrum of a grating array for IWDM
systems

The interrogation system employed a tunable fibre Fabry-Perot filter with a FSR of
40nm. The reflection spectra were captured from the Fabry-Perot filter and thus the peak
wavelengths are obtained by data processing of the peak-detection. The shifts of the
wavelengths and the corresponding strains are then achieved. Since the fibre Fabry-Perot
filter can work up to tens Hz, this system provides almost real time measurement. The

LabVIEW control panel for this IWDM system is shown in Figure 7.21.

To summarise, a novel concept of multiplexing fibre Bragg grating sensors using the
combination of reflection intensity and wavelength division multiplexing has been
proposed and evaluated. In contrast to WDM, by using the intensity information, the
IWDM permits the adjacent gratings crossing each other in the sensor array to multiplex
more gratings in a single fibre. Furthermore, the strain resolution in the grating overlap
region was remarkably improved by utilising the dual-peak reflection-encoded gratings
into the sensor array. It is believed that in conjunction with TDM and SDM, this new
technique will significantly enhance the multiplexing capacity of fibre grating strain

sensing for SMART structure applications.

201



Figure 7.21 Schematic diagram of LabVIEW control panel for the real time measurement
of IWDM systems
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7.4 Refractive Index Sensing Using Long-period Fibre Gratings

This section details theoretically and experimentally the index sensing using long-period
fibre gratings. With the increase of the ambient index, the resonance wavelengths of
long-period fibre gratings shift to short wavelengths. When the ambient index is equal or
larger than the cladding mode index, the maximum blue shift and the constant red shift

were observed, respectively.

7.4.1 Introduction

Long-period fibre gratings are widely used as filters or sensors [100, 101]. The
fundamental guided mode is coupled into forward propagating cladding modes through
long-period index modulation [158]. The peak wavelengths of cladding modes are
sensitive to the applied strain, ambient temperature, and index, which changes the
coupling condition and would be encoded into the wavelengths of the resonance peaks.
The wavelengths of cladding modes shift to short wavelengths by increasing the grating
ambient refractive index [102, 107, 181]. With further increase in the ambient index to
reach that of the cladding mode index, the shift of this cladding mode reaches its
maximum and disappears since there is no boundary for the fibre cladding. When the
ambient index is larger than the cladding mode index, this cladding mode reappears at the
position of a longer wavelength compared with the case of air ambient. The maximum
shift, the overall behaviors for different cladding modes and the positive shift are

discussed theoretically and experimentally in this section.
7.4.2 Theory
For a weakly-guiding step-index fibre, a geometric-optics approximation may be used

and the eigenvalue equation is given by eqn. (3.33), which is suitable for describing low-

order cladding modes LP;, as [115]
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2 ~lng (7.12)
2 : 3 P L
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where D, is the diameter of the cladding. ngi, is LPO?: -mode index, n, and n,,, are the

indexes of the fibre cladding and its ambient, respectively. The physical meanings of the
LHS of egn. (7.12) is the phase of the light transverse component in modulus of 27 for a
light beam propagating along the fibre cladding. The RHS represents the phase delay due
to the total internal reflection (TIR) at the interface between the cladding and the

ambient.

For LP}’ core mode, the internal reflection occurs at the interface between the fibre core

and cladding and the eigenvalue equation is given by eqn. (3.34) as

5o (7.13)
N ey . PPN el
Aon 2 n, —n

el

where D, is the diameter of the fibre core, ny is LP,"-mode index, n_, is the fibre core

index. Since the cladding modes distributed in the spectral region of several hundred nm,

the material dispersion given by eqn. (3.40) requires to be considered.

The phase matching condition of a long-period fibre grating is given by eqn. (3.104) as
Aop = (nf,‘l’ - n;’p )A , where A is the grating period in several hundred micrometers. The
calculation of a cladding mode wavelength reduces to the calculation of the mode indexes
n;i, and ng using eqn. (7.12) and eqn. (7.13). Simulation results show that the mode
wavelengths shift to short wavelengths with the increase of the ambient index as shown
in Figure 7.22. When the ambient index is equivalent to the mode index (n,,, = n;j, ), the
right side of eqn. (7.12) becomes zero and the spectral shift of this mode reaches its
maximum, but the boundary of cladding disappears in this case and thus the coupling of

this mode disappears as well. The higher-order cladding mode disappears first with the

increase the ambient index since a higher-order cladding mode has a smaller mode index.
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When the ambient index is greater than cladding mode index (n, > n;:, ), the boundary of
the fibre cladding is rebuilt and this cladding mode reappears. In this case there is no TIR
at the boundary of the fibre cladding and the phase delay is a constant of &, which is well
known. Replacing the RHS of eqn. (7.12) by m, the calculation shows that the mode
wavelength is longer than the case of air ambient, exhibiting a constant red shift, shown

in Figure 7.22. Since there is no TIR reflection, the poor reflectivity at the boundary of

the cladding makes a weak coupling.
7.4.3 [Experimental results

A 25mm long long-period fibre grating was made in a step-index single mode fibre by
using an amplitude mask with period of 400um. A series of Cargille refractive index oils
were dropped on the long-period grating, while the transmission spectra were measured

by an optical spectrum analyser. As illustrated as shown in Figure 7.22, the solid line is

the calculated spectral displacements of LPy, mode and circle points are experimental

results. The overall discrepancy between the data set and the curve in Figure 7.22 results
possibly from the dispersion of the refractive index of the oil since the indexes of the oils

are specified at wavelength of 589.3nm.

Figure 7.22 (b) shows a set of transmission spectra taken at several values of surrounding
indexes. When the long-period grating is surrounded by air, two cladding modes LPy
and LFy; were observed and the transmission spectrum was recorded as shown in Figure

7.22 (b) (a). For the ambient index near the LPM’ mode index, the spectral displacement

of the LP, mode was measured experimentally to be -48nm as depicted in Figure 7.22

(b) (b). This shift closes to the calculated result -55nm. With a little more increment of
the ambient index, this peak completely disappears while the LP, mode remains with a

further negative shift as shown in the spectrum depicted in Figure 7.22 (b) (c), and then

both peaks disappear as shown in Figure 7.22 (b) (d). When the ambient index is 1.64,

both peaks reappear with positive spectral displacements. The positive shift of LPe
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mode was measured to be +2nm, which is in agreement with the theoretical value of

1.95nm.

Wavelength shifts versus ambient index (nm)

-60 EllllIll-lI--allunuluuuunnuu.l W
. " s 1 L L L i

T 11 12 13 14 15 1. 1470 1570 1670
wavelength (nm)
Ambient index (n3)

(a) (b)

Figure 7.22 (a) A comparison of theoretical (solid line) and experimental shifts (triangle
dots) of a long-period fibre grating resonance (LPy, mode) against the ambient

refractive index, (b) Transmission spectra of a long-period fibre grating with different
values of ambient refractive index: (a) 1.0; (b) 1.456; (e) 1.64, the indexes of (c) and (d)
are between 1.456 and 1.46

To summarise, a long-period fibre grating index sensing has been investigated
theoretically and experimentally. With the increase of the ambient index, the resonance
wavelengths of long-period fibre gratings shift to short wavelengths, typically ~ -48nm
shift. When the ambient index is larger than the cladding mode index, a 2nm positive

shift was obtained compared with the case of air ambient.
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7.5 Transverse Pressure Sensing Using Long-period Fibre Gratings

This section presents a novel application of long-period gratings as fibre-optic load
sensors based on the measurement of polarisation-mode splitting induced by the

transverse pressure.

7.5.1 Introduction

Long-period gratings were fabricated in high-birefringence fibre (Hi-LPG) using the UV
beam scanning across the amplitude mask technique. Experimental spectrum exhibits that
there are two polarisation coupling separated by tens of nanometres with high extinction
ratio and low loss for the same order cladding mode, showing considerable potential for
use as fibre polarisers for optical signal processing [109, 110]. Hi-LPG is sensitive to
transverse stress and can be used in sensing, compared with a short-period Bragg grating.
High-birefringence fibre is made normally by introducing one direction transverse stress
to the fibre core during the fibre fabrication. In sensing the transverse pressure on the
fibre, the pressure will change the Hi-fibre inside pre-stress, depending on the direction
of the applied pressure and inside pre-stress, resulting in a complicated relationship,

which limit Hi-LPG applications.

This section reports a novel transverse pressure sensing using a long-period grating
fabricated only in a non-birefringent fibre. The mode splitting observed in the long-
period gratings hundreds of times higher than that in the previously reported fibre Bragg
gratings has been achieved experimentally [182]. This demonstrates an extremely high
transverse pressure sensitivity, which may lead to development of long-period gratings as
low-cost, high-efficiency and truly practical fibre-optic load sensor devices for some

applications.
7.5.2 Mode splitting in long-period and Bragg gratings

In single mode fibre, the core mode (LF;") and cladding mode (LP,}) consists of two
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orthogonal modes (LF,”*, LE;") and (LPOT,‘, P‘”) respectively, with the same

propagation constant S, = B,/ and ﬁ”“ = 0‘;;"', which are called two-fold

degeneracy. When a transverse pressure or a pre-stress is applied on a fibre, the two-fold

degenerate splits up. Using eqn. (3.104), the resonance condition of long-period gratings

for the two orthogonal modes are given by
(" = 5" A (7.14

A‘[x)f)
2, = (o5~ A

where x and y indicate the two orthogonal polarisation states, named x-polarisation

co; X y

LF;;" and y-polarisation L. , respectively. ny” and ng” are the mode indexes of

LP™* and LP;"” modes, respectively while ng* and ng,’ are the mode indexes of

LF;;* and LEj” modes, respectively. The mode coupling occurs only between the same

polarisation states, which requires a polarised light used to monitor the grating spectrum.
For the transverse loading in y-axis, the index profile of the fibre cross-section is shown

in Figure 7.23, resulting from a compress in y-axis direction and a strain in X-axis

direction. Thus LP;," mode shifts to short wavelengths while the LP)}” mode shifts to

long wavelengths with increasing the weight loading.

Figure 7.23 Schematic diagram showing the cross-section of the refractive index profile
in a high-birefringence fibre

Using eqn. (7.14), the splitting between the two polarisation states is given by
My, = [l — iy )= (o =iy I 1.15)

In the case of Bragg gratings, the resonance conditions of the two polarisation states are
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given by

A =202 A, (7.16)
J® =N
and the mode splitting is thus
Ady = 2ns* —nZ A, (7.17)

This splitting in Bragg gratings is normally less than 0.3nm, much smaller than the
splitting in long-period gratings. In order to compare the mode splitting in the two types

of gratings, using eqn. (7.15) and eqn. (7.17), the ratio of them is given by

A;“OPLPG — (n(;’”‘r = n;'lj'y )_ (ngi;x = n{jﬂ;-" ) AU,G l ALFG (7.18)

"0, X co, v - - 500
A;"Bl 2(‘"51‘ My ) Ay 2 A,

FBG

where, the approximation (ngi;’ —n;’p'-")<< (n;f‘x —ng]"") has been used. Obviously, eqn.

(7.18) shows that the mode splitting in long-period fibre gratings is hundreds of times

higher than that in fibre Bragg gratings.
7.5.3 High-birefringence fibre gratings

The high-birefringence fibre was immersed in 150atm hydrogen tube for two weeks to
enhance its photosensitivity. The Bragg gratings and long-period gratings were fabricated
in the same high-birefringence fibre by using the holographic and the UV beam scanning
across an amplitude mask methods, respectively. A fibre polarisation splitter and a fibre
polarisation controller were placed between the broadband light source and the gratings
to obtain the polarised light and to control its direction of the polarisation. The
transmission spectra were characterized by launching polarised light into the gratings
monitored by an optical spectrum analyser. The observed spectra are shown in Figure

7.24 (a), (b) and (c).
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Figure 7.24 Transmissions spectra of gratings in high-birefringence fibre: (a) fibre
Bragg grating showing 0.23nm modes splitting; (b) long-period fibre grating with 45°,
0° and 90° polarisation light

Figure 7.24 (a) and (b) show a 0.23nm mode splitting in a Bragg grating and tens of
nanometres in a long-period grating. When the light is randomly polarised (45°), two
pairs of <3dB loss peaks appear, shown in Figure 7.24 (b). When the light was polarised
at 0° (x-polarisation) or 90° (y-polarisation), two sets of stronger coupling modes with
respect to the two polarisation were obtained. The polarisation extinction ratio and the
birefringence induced splitting for the higher-order modes were about 15dB and 22nm
respectively, and for the lower-order modes were only 10dB and 12nm, respectively. The
polarisation extinction ratio could be further maximised by making stronger gratings.
However, the birefringence-induced polarisation splitting achieved in Bragg gratings was
only 0.23nm, which is only hundredth of what was achieved in long-period gratings,
described by eqn. (7.18). In the last few years, there have been many attempts to solve the
strain/temperature cross-sensitivity problem in grating sensors by utilising the differential
response to the strain and temperature of the two polarisation modes of a Bragg grating in
a hi-bi fibre, but the results have generally been poor [183]. In contrast, however, these
results demonstrate that the large mode splitting exhibited by a long-period grating in a

hi-bi fibre offers a potentially powerful solution to this problem.
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7.5.4 Load sensing using Long-period fibre gratings

Long-period gratings were made in B/Ge-doped photosensitive fibre [184]. The
experiment of the transverse loading was implemented by first laying a long-period
grating fibre and a dummy fibre of the same type between two flat surfaces, and then,
gradually increasing the weight on the fibres as shown in Figure 7.25 (a). The optical
setup for measuring the transmission spectrum is shown in Figure 7.25 (c). A 30mm
long-period grating was used and the maximum 8kg loading was applied to two 50mm

long fibres.
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Figure 7.25 (a) Schematic diagram of a long-period fibre grating load sensing; (b) a

typical transmission of a 30mm long 475um periodicity long-period grating; (c) set-up
for measurement

The transmission spectrum of the long-period grating without loading is shown in Figure
7.25 (b). When the weight load is 8kg, the full transmission spectrum of a long-period
grating is shown in Figure 7.26. The maximum resonance could not be obtained

simultaneously for all cladding modes resulting from the polarisation that depends on

211



wavelengths.
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Figure 7.26 Transmission spectra of a long-period fibre grating under 0.8 kg/cm y-axis
direction loading, LFy and LFj; modes corresponding to the 0° and 90° polarisation
states while LF,; is the state of 45°

The transverse-pressure induced birefringence was immediately observed as soon as the
long-period grating was subjected to loading. The devices exhibited an extremely high

transverse pressure sensitivity. The spacing of the two polarisation states is as much as
20.5nm for LPy -mode when 0.08 kg/mm loading is applied as shown in Figure 7.27 (b).
For 45° polarisation launched light, the transmission spectrum of the long-period grating
with and without loading is shown in Figure 7.27 (a). Clearly, there are two modes with
about 3dB sub-peaks loss when the light polarisation is 45°. The two orthogonal modes
are switched by adjusting the polarised state. LPy;” -mode shifts to longer wavelengths

while LFj"* -mode shifts to shorter wavelengths.
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Figure 7.27 LPS mode transmission spectra of a long-period fibre grating under 0.8
kg/cm transverse pressure monitored by light with different polarisation states: (a) 45°

polarisation; (b) 0° and 90° polarisation

A maximum polarisation extinction ratio of 11dB was achieved for LPy*-mode, but

only 5dB for LPy"-mode as shown in Figure 7.27 (b). The low value for the y-

polarisation was due to the out-coupling loss induced by the perturbations of the both

loading plate surfaces.
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Figure 7.28 (a) Wavelength shifts of the two orthogonal polarisation modes, LPS* and

LF;” against the load weight; (b) Mode splitting of the two orthogonal polarisation

modes against the load weight
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The wavelengths of the two orthogonal polarised modes against the loading weight is
shown in Figure 7.28 (a) with one exhibiting red shift and the other blue shift. The
separation of the two modes against the loading weight is illustrated in Figure 7.28 (b)
showing a good linear response and high sensitivity. Specifically, 20.5nm mode splitting
was obtained when 0.08kg/mm loading was applied, giving a transverse strain sensitivity
of 250nm/(kg/mm). This value is several hundred times higher than the previously report
using Bragg gratings [183, 185]. For comparison, the same loading experiment was
performed using a Bragg grating and no mode splitting effect was observed even for the

maximum loading of 8kg within 0.1nm optical spectrum analyser resolution.

To summarise, a novel application of long-period gratings as fibre-optic load sensors
fabricated in non-birefringent fibre has been reported in this section. The transverse strain
sensitivity exhibited by long-period gratings measured was several hundred times higher
than that demonstrated by the previously reported Bragg gratings fabricated in both non-
and high-birefringence fibres. It is anticipated that this very high transverse strain

sensitivity will lead to development of practical fibre-optic load sensor devices.
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7.6 Bend Sensing Using Long-period Fibre Gratings

This section discusses a new method of realising optical bend sensing based on the
measurement of bending-curvature encoded resonance mode splitting of a long-period
fibre grating. The bending induced mode splitting exhibits a near-linear response and the
bend sensitivity achieved by this method is nearly three times higher than the previously

reported using wavelength shift detection method.

7.6.1 Introduction

In single mode fibre, photoinduced long-period fibre gratings couple light from the

fundamental LP;’ core mode to LP, cladding modes. The diameter of the fibre

cladding is normally 125pm, which is much larger than the light wavelength propagating
along the cladding. Thus any small bending will introduce a large phase shift into the
cladding modes resulting in the resonance shifts. Several authors have demonstrated
long-period grating bend sensors measuring curvature by detecting bending induced
wavelength shifts [186, 187]. Recently, Rathje et al. have reported observation of
resonance mode splitting of long-period gratings produced in the fibre of large core
concentricity error [188]. The realisation of optical bend sensing based on the
measurement of bending induced resonance mode splitting of long-period gratings
produced in normal single mode B/Ge photosensitive fibre is presented in this section.
The new approach utilising the property of resonance mode splitting has achieved a
significantly higher bend sensitivity than the wavelength shift detection method [186].
The effect of the initial mode coupling strength on spectral response of the split modes

under bending for realising practical bend sensors is also discussed.

7.6.2 Bending model
The fabrication of long-period gratings used in the bending experiment has been detailed

in section 6.1. That is using the UV scanning across a 30mm-long 430pum-period

amplitude mask fabricated in non-hydrogenated B/Ge co-doped photosensitive fibre. A
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four-point bend system was designed for implementing a curvature measurement
experiment. The geometric configuration of this system is shown in Figure 7.29 (a). A
fibre containing a long-period grating in the centre was attached on a 0.5mm thick, 20mm
wide and 200mm long metal plate. In order to eliminate the axial strain, only the two
ends of a 10cm section of the fibre were fixed loosely on to the metal plate. As illustrated
in Figure 7.29 (a), depressing the centre micrometer driver with a depth (k) the fibre was

bent. The bend curvature (//R) has a near linear relationship with the depressing depth

(h).
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Figure 7.29 (a) Schematic diagram of the four-point bend system with a=120mm,
b=20mm and bend depth h=0~8mm; (b) Plots of bend curvature against the bend depth
calculated from equations eqn. (7.19) and eqn. (7.21).

According to the geometric configuration, the bend curvature of the fibre follows

R*=(R-h) +(a/2)’ (7.19)
(5/2) +[-h—(R-h,)] = R?

where the R is the bend radius, % is the bend depth which can be accurately read from the
micrometer driver, a and b are spacing of the two sets of forced points as shown in Figure

7.29 (a). Simplifying eqn. (7.19) yields
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(a!ﬁz—24R+h—JE;jﬁazf}%R+h—JE;j@Tﬁ?r=0 (7.20)

For R>>a, b and h and also a>>b and h, as an approximation, eqn. (7.20) reduces to

1 8h (7.21)
R a-b

Clearly, eqn. (7.21) exhibits a linear relationship between the bend curvature and the
bend depth. Figure 7.29 (b) plots the bend curvature (1/R) against the bend depth (k)
according to the linear approximation defined in eqn. (7.21) and the exact solution of eqn.

(7.19). The two curves nearly coincide in the curvature range between 0 and 5 m™.
7.6.3 Experimental results and discussion

Several long-period grating samples of various initial-coupling strengths were
investigated under bending tests. Before the long-period gratings were subjected to
bending, there were, as shown in Figure 7.30 (a), five single transmission loss peaks
corresponding to five coupled cladding modes (LP; to LP)) appearing in the
wavelength range between 1100nm and 1600nm. The mode splitting under bending was
inevitable as bending fibre broke up the symmetry between the two normally degenerated
spatial cladding modes thus introducing a refractive index difference between them [189].
However, this effect is not simply from the splitting of two orthogonal modes, as
experimental results show the split modes are polarisation insensitive. In the experiment,
the resonance splitting was not apparent until the applied curvature was 0.4 m™'. With
further bending, each individual single peak split into two visible peaks as illustrated in
Figure 7.30 (a), and they moved away in opposite direction. Figure 7.30 (b) shows the

mode splitting against the bend curvature for LP;] and LPS modes. It is clear that the

response of the mode splitting against the bend curvature is near-linearity with higher-

order mode exhibiting higher bend sensitivity. Up to 70nm mode splitting was measured
for LP; mode corresponding to a maximum bend curvature of 5 m”, giving a bend

sensitivity of 14nm/m™" which is nearly three times higher than the value demonstrated by
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the wavelength detection method [186].
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Figure 7.30 Transmission spectra of LPO? mode (a) with and without resonance mode

splitting; (b) Mode splitting against the bend curvature showing a near-linear response
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Figure 7.32 Transmission spectrum of Lﬂ,‘;f mode against the bend curvature with

different initial coupling strengths: (a) ks L<m /2, (b) kpsL =1 .

The transmission loss of the split modes in the bending tests decreased or increased with

the bend curvature depending on the initial mode coupling strengths of the grating. Figure

7.32 (a) and (b) illustrate the spectral evolution of LP;; mode of two gratings showing

opposite trends for the transmission loss. In the case of Grating A, which had a higher
loss peak originally, its split peak at the long wavelength side gradually decreased
whereas its other peak at the short wavelength side increased, both finally reaching a
similar value of ~3dB. By contrast, both loss peaks of Grating B which, although its
initial-coupling strength was higher than Grating A as it was overexposed to the UV,
originally had a lower transmission loss, which grew higher with bending, eventually
reaching a value of 10dB. In general, although the grating coupling strength increases
with the UV exposure, the change in transmission loss does not follow this pattern.

Figure 7.33 plots the transmission evolution of LP;; mode with five values of coupling

strengths, corresponding to different UV exposure time. The figure shows the
transmission loss grows initially with the UV exposure reaching a maximum, and then
decreases with further exposure. The dependence of transmission loss on the mode
coupling strength can be understood from the coupled-mode theory, according to which

the transmission of a long-period grating is expressed in eqn. (3.114) as
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effective indices of the core and the LP;:, cladding modes respectively, and ADP is the

resonance wavelength. At the phase match condition, 6;:, =0, eqn. (7.22) yields
T,, = 1—|sin(x§’PL]2, where K@LL is the coupling strength. Clearly, when the coupling
strength KSLL=7H 2, the light is completely coupled to the cladding resulting in a

maximum transmission loss whereas if K;’PL =1, all the light is coupled back to the core

from the cladding indicating no transmission loss.
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Figure 7.33 A graph illustrating the spectral evolution of the LR{: mode against the UV
exposure, showing the loss peak grows as k,,L from 0 to n/2 indicated by grating A,
then decreases from n/2 to mindicated by grating B (arrow pointing to the UV exposure)

The above analysis suggests that the original and the evolving transmission loss profiles
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of gratings A and B can be well explained in terms of their coupling strengths. We have
evaluated their initial coupling strength by modelling the measured spectra. Grating A
exhibited a higher original transmission loss (~10dB) since its initial-coupling strength of
1.47 is close to /2. When it was subjected to bending, the coupling strength decreased
from ~m/2 to O and the transmission loss was thus reduced. Grating B had a longer UV
exposure but exhibited a lower transmission loss, which suggests that its initial-coupling
strength is greater than 7/2. This agrees with the calculated value of 2.44. Under bending,

its coupling strength decayed from a value 2.44 to /2, hence resulting in an increase in

transmission loss.

Clearly, for practical sensing, sensors like Grating B that have a near-m initial-coupling
strength are more preferred because they facilitate high precision measurement since their
profiles are enhanced with bending. Such long-period grating sensors can be easily
realised by properly controlling the UV exposure condition in fabrication. The mode
splitting against the bend curvature is shown in Figure 7.34; two peaks with 65.6nm

wavelength spacing and 12.4dB and 13.8dB peak strength were obtained.
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Figure 7.34 (a) Transmission spectra of LPy, mode plotted against the bend curvature,

(arrow pointing to the larger bend curvature); (b) mode splitting against the bend
curvature: dash (...) is experimental data, the solid line is fitted with straight line
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7.6.4 Dependence of fibre types

The mode splitting is sensitive to the fibre type. In two types of B/Ge doped fibre with

slightly different B/Ge composition, which is almost not distinguished in making Bragg

gratings and long-period gratings, the splitting has almost the same linear relationship

against the bend curvature, but there is a constant shift as shown in Figure 7.35 (a).
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Figure 7.35 Mode splitting against the bend curvature in different types of fibres: (a) two
types of B-Ge-doped fibres showing the similar response; (b) in standard communication
fibre showing no bend response
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Figure 7.36 (a) Transmission spectra of a long-period fibre grating in standard fibre
(arrow pointing to the larger bend curvature); (b) Mode splitting against the bend
curvature showing no bend response
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In standard communication fibre, experiment shows that there is no mode splitting under
a smaller bend curvature and the mode splitting remains almost unchanged against the

bend curvature as shown in Figure 7.35 (b) and Figure 7.36.

7.6.5 Dependence of bend directions

In order to inspect the dependence of a bend direction, long-period gratings were marked
with a tape sticker to show the orientation and the gratings were rotated around its
longitudinal axes at 90°. The transmission spectra were recorded for different bend
curvature and the mode splitting versus the bend curvature is plotted as shown in Figure
7.37. The difference of the mode splitting between different bend directions is less than

5% and might result from the birefringence induced by UV exposing.
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Figure 7.37 A graph showing the mode splitting against the bend curvature of a long-
period fibre grating under four bend orientations: 0°, 90°, 180°, 270°

The cross-section of the B/Ge doped photosensitive fibre in which long-period gratings
were fabricated is shown in Figure 7.38, exhibiting the concentricity error within 1pm.

This results in the mode splitting direction independence.
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Figure 7.38 Schematic diagram showing the cross-section of B/Ge doped photosensitive
fibre (2um/division)

7.6.6 Model of the mode splitting

When an LPG is subjected to a gentle bend with an approximately uniform curvature

K, as shown in Figure 7.39, the induced asymmetry splits the degeneracy of the

cladding mode of the straight circular fibre. This effect results in two closely-separated
cladding modes with their fields predominantly on the outer and inner sides of the fibre
cladding relative to the centre of the bend, respectively [189]. Thus, with increasing bend
curvature, the two splitting cladding modes propagate in a stained and compressed fibre
cladding with a red and blue shifts, respectively. In order to calculate the splitting of the

cladding modes, the bend radii of inner and outer cladding as shown in Figure 7.39 are
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treated approximately as

-----

Rinner Rcuter

Figure 7.39 Schematic diagram of the bend fibre, showing a strain and compress to the
outer and inner side cladding

Rk kL2 (7.23)

V2
where D, is the diameter of the fibre cladding. D, / V2 s approximately the geometric
diameter of the cladding mode field for a high order cladding mode, such as LP; . Then,

the relative strain € between the outer and inner cladding is given by

e=Du g (7.24)

V2

Clearly, the relative stain € results in the relative changes of the density and thus the
refractive index. The relationship between the applied strain and the change of the

refractive index is given by

(7.25)

An
_=_p¢'.£
n

where, p, is the photo-elastic constant (for a pure bulk silica glass, p,=0.22), n is its

refractive index. Using LPG resonance condition 4,, = (né‘,"' —n§’p )A , the splitting of the
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resonance is obtained as

a D,
AL = An;’P ‘A=p, ! e K, A (7.26)

-nop -‘JE

where the approximation that the cladding mode index n[‘,";, follows the eqn. (7.25) has

been used while the core mode splitting is neglected as the diameter of the fibre core is
much smaller than the cladding; A is the period of the LPGs. For a lower order cladding
mode, the mode distribution is located closer to the fibre core compared with the higher
order cladding mode, thus the average diameter of the mode filed is a slight smaller than

D5/ V2 and the mode splitting is less than the higher order mode. Exact analysis of the

light propagation along a bend fibre taking account of the entire cross-section requires

extensive numerical calculation and is beyond the scope of this thesis.
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Figure 7.40 Mode splitting against the bend curvature, triangles: experimental results,
straight line: plotted by eqn. (7.26) for p,=0.23, ngi, =1.444, D,=125um and
A=500um

Consider that the photo-elastic constant of a fibre is a slight larger than that of the bulk
glass, for p,=0.23, ni=1.444, D,=125um, A=500um and K, ,=5.6/m, eqn. (7.26)
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yields 82.2nm, which is excellent agreement with experimental results for LFy; mode
[190]. As shown in Figure 7.40, experimental results of the mode splitting against the

bend curvature for LPS mode (triangles) are in good agreement with the values

calculated by eqn. (7.26) (straight line). Over 80 nm mode splitting was measured under
the bend curvature of 5.6 m™, giving a bend sensitivity of 14.5 nm/(m’"), which is the

largest mode splitting and the best sensitivity for obtained.

To summarise, a new optical bend sensing technique based on the measurement of
bending induced resonance mode splitting of long-period gratings has been presented.
The near-linear response and high sensitivity to bend curvature demonstrated by the
mode splitting technique are more attractive for optical bend sensing. In addition, the
study on effect of the initial mode coupling strength on transmission profile under
bending suggests long-period gratings with near-r initial-coupling strength are more
adequate for performing high precision measurement. A model of the split cladding
modes that propagate in a strained and compressed cladding has been proposed to
calculate the mode splitting showing a good agreement with the experimental results.
Over 80 nm mode splitting was measured under the bend curvature of 5.6 m™, giving a
bend sensitivity of 14.5 nm/(m™), which is the largest mode splitting and the best

sensitivity for obtained
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7.7 Chapter Summary

This chapter is the third part of this thesis, containing six relatively independent sections
to present novel applications using fibre Bragg gratings and long-period fibre gratings,
including Bragg grating edge filters, intensity and wavelength division multiplexing
sensing systems, wide stop-band narrow transmission filters; long-period fibre grating

index sensing, long-period fibre grating transverse pressure sensing and bend sensing.

In section 7.1, a new technique for fabricating grating edge filters with an arbitrary
spectral response based on tilted chirped fibre Bragg gratings have been presented.
Experimental results show that a small chirp-rate and slanting angle result in a high
slope-efficiency with a relatively small filtering range, and vice versa. The slope
efficiency is also dependent on the maximum obtainable grating coupling strength, which
is higher in B/Ge co-doped fibre than in standard telecom fibre. Experimentally slope
efficiencies from 0.5dB/nm to 10dB/nm and filtering range from 2nm to 20nm have been
realised. An application in strain sensing using this kind of filters for interrogating the

shift of the Bragg wavelength has been demonstrated experimentally.

The fabrication of high-rejection/low-loss single bandpass filters using specially designed
and produced cladding depressed photosensitive fibre have been discussed
experimentally and theoretically in section 7.2. For the first time, 50dB rejection has been
achieved for 50nm wide stop-band covering the entire ASE range of EDFA. The
suppression of the cladding mode out-coupling enables the formation of a low-loss

passband within the broad stop-band.

A novel concept of multiplexing fibre Bragg grating sensors using the combination of
reflection intensity and wavelength division multiplexing has been proposed and
evaluated in section 7.3. In contrast to WDM, by using the intensity information, the
IWDM permits the adjacent gratings crossing each other in the sensor array to multiplex
more gratings in a single fibre. Furthermore, the strain resolution in the grating overlap

region was remarkably improved by utilising the dual-peak reflection-encoded gratings
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into the sensor array. In conjunction with TDM and SDM, this new technique will
significantly enhance the multiplexing capacity of fibre Bragg grating strain sensing for

SMART structure applications.

Refractive index sensing using long-period fibre gratings has been investigated
theoretically and experimentally in section 7.4. The wavelengths of cladding modes shift
to short wavelengths with the increase of the ambient index. The maximum spectral shifts
for different cladding modes and the red shifts when the ambient index is larger than the

cladding mode indexes were observed and explained with clear physical picture. For
LP{ -mode, the calculated positive and the maximum negative shifts are +1.95nm and -

54nm, respectively, which are consistent with the experimental results.

A novel application of long-period fibre gratings as fibre-optic load sensors has been
presented in section 7.5. The transverse strain sensitivity exhibited by the long-period
gratings was several hundred times higher than that demonstrated by the previously
reported fibre Bragg gratings fabricated in both conventional and hi-bi fibres. It
anticipates that this very high transverse strain sensitivity will lead to development of

practical devices for fibre-optic load sensing.

A new optical bend sensing technique based on the measurement of bending induced
resonance mode splitting of long-period gratings has been presented in section 7.6. The
near-linear response and high sensitivity to bend curvature demonstrated by the mode
splitting technique are attractive for optical bend sensing. In addition, the study on effect
of the initial mode coupling strength on transmission profile under bending suggests
long-period gratings with near-m initial-coupling strength are adequate for performing
high precision measurement. A model of the split cladding modes that propagate in a
respective strained and compressed cladding has been proposed to calculate the mode
splitting showing a good agreement with the experimental results. Over 80 nm mode
splitting was measured under the bend curvature of 5.6 m™', giving a bend sensitivity of

14.5 nm/(m™), which is the largest mode splitting and the best sensitivity for obtained.
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CHAPTER 8

CONCLUSIONS AND SUGGESTED FUTURE WORK

8.1 Conclusions

This thesis has detailed a systematic coupled-mode theory, modelling, fabrication and a
number of novel applications of fibre Bragg gratings and long-period fibre gratings. The
main results are summarized as: four types of new devices, fibre Bragg grating edge
filters, intensity and wavelength division multiplexing systems, long-period fibre grating
load sensors and bend sensors; simulation and fabrication programmes in LabVIEW for
numerous grating structures including apodised, chirped, chirped Moiré, sampled, phase-
shifted, cascaded, wavelength-shifted, and long length Bragg gratings, phase-shifted and
cascaded long-period fibre gratings.

Starting from the Maxwell equations, the coupled-mode equations for both fibre Bragg
gratings and long-period gratings have been derived. The mode overlap factors have been
investigated analytically. Overlap factors for up to 60 cladding modes have been
calculated, showing a slow varying profile with multiple minimums against the order of
the cladding modes, which is in agreement with the experimental results. Simulation
technique utilising matrix transforms method by solving the coupled-mode equations has
been developed. This enables simulations of spectral response in terms of reflectivity,
bandwidth, sidelobes and dispersion of gratings of different structures including uniform-
and chirped, phase-shifted, apodised, Moiré and sampled fibre Bragg gratings, phase-
shifted and cascaded long-period gratings. Although the majority of these structures were
modelled numerically, analytical expressions with physical picture of complex Fabry-
Perot cavity for phase-shifted Bragg gratings and Mach-Zehnder interferometer for
phase-shifted and cascaded long-period gratings have been developed.
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From the modelling of grating apodisation, an improved gaussian profile has been
developed. Simulation results show that this improved gaussian profile apodisation
produces a significant improvement in sidelobe suppression compared with the gaussian
and the well-known Blackman apodisation profiles. The fabrication programmes in
LabVIEW have been constructed and 20dB-reflectivity gratings with more than 30dB
sidelobe suppression have been successfully fabricated experimentally. For chirped
Moiré gratings, the characteristics of spectra, the relationship of Moiré period and the
transmission peaks have been analysed theoretically and experimentally. For sampled
fibre Bragg gratings, in order to obtain multiple peaks with the same reflectivity and
constant wavelength spacing, a composite cosine sampling profile has been proposed.
The dual-characteristics of Bragg and long-period gratings have been observed
experimentally in sampled Bragg gratings. In addition, single mode and single
polarisation DFB fibre lasers based on phase-shifted fibre gratings have been realised.
Wide and flattened or multipeak transmission filters based on phase-shifted and cascaded
long-period gratings have been investigated experimentally and theoretically. This kind

of grating structures has been demonstrated in the application of EDFA gain flattening.

Some fundamental studies of grating growth and spectral evolution in relation to the UV-
exposure and hydrogenation induced photosensitivities have been carried out. In
particular, Type Ila gratings in non-hydrogenated B/Ge co-doped fibres and the formation
of re-generated gratings in hydrogenated B/Ge fibres have been discussed
experimentally. Up to 18nm red shift for the re-generated gratings with 16dB-reflectivity
were first observed. Experimental results show these re-generated gratings have a
reduced temperature coefficient (6.4pm/°C) compared with the Type I gratings
(8.9pm/°C) in the same B/Ge co-doped fibres.

Development and standardisation of fibre grating fabrication techniques are the another
major contribution of the research work presented in this thesis. Both the holographic and

the phase mask techniques have been employed to fabricate Bragg and long-period
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gratings of standard and novel structures. The operation principle of these two fabrication
techniques has been discussed in detail. The analytical expressions for predicting the
Bragg wavelength and chirp in the holographic fabrication technique have been proposed
and the LabVIEW programmes have been constructed for high precision and efficiency

grating fabrication. This study offers great convenience in guiding grating fabrication.

Significant improvements have been particularly made in the scanning phase mask
method to enable arbitrary tailoring of the spectral response of grating devices. Two
techniques — slow shifting and fast dithering phase-mask, were implemented by a
computer controlled piezo. An inverse cosine relationship between the profiles of the
grating coupling coefficient and the phase mask shift has been obtained in the slow
shifting technique, while this relationship is an inverse sinc transform in the fast dithering
technique. The shift regions of the phase mask in these two techniques are a quarter and a
grating period, respectively. These techniques have been developed to fabricate complex
grating structures including apodised, chirped Moiré, sampled, phase-shifted,
wavelength-shifted, self-apodised and long-length fibre Bragg gratings. A number of
LabVIEW programmes have been constructed to implement these grating structures and

widely used in Photonics Research Group.

Optical sensing applications utilising fibre gratings form the third major part of the
research work presented in this thesis. Several experiments of novel sensing and sensing-
demodulating have been implemented. For the first time, an intensity and wavelength
dual-coding interrogation technique has been demonstrated showing significantly
enhanced capacity of grating sensor multiplexing. Grating edge fibers based on tilted
chirped fibre Bragg gratings have been fabricated for the first time. These grating edge
filters are stable to the ambient temperature and their slope, spectral range, loss depth,
and the central wavelength are controlled effectively during grating fabrication. An
application in strain sensing using this grating edge filters has been successfully
demonstrated. For the refractive index sensing, the shifts of the cladding modes of long-

period gratings against the ambient index have been investigated theoretically and
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experimentally. By introducing a birefringence through a transverse pressure of weight
loading, the long-period grating modes split into two orthogonal polarisation states. Mode
splitting as much as 20.5nm has been presented for the first time and several hundred
times sensitivity has been realised experimentally compared with the reported using fibre
Bragg gratings. By bending long-period gratings, up to 85nm mode splitting has been
achieved experimentally. This is a significant result obtained in the field of fibre sensors.
In addition, high rejection (50dB) and wider stop-band (50nm) narrow transmission
(1nm) filters based on cascaded four chirped gratings have been successfully fabricated

experimentally. This kind of fibre transmission filters has been used in WDM systems.

8.2 Suggested Future Work

Although a systematic coupled-mode theory has been presented and numerous grating
structures have been discussed in detail within this thesis, it has highlighted several areas

that require further investigation.

The grating edge filters due to ‘chirping’ radiation mode presented in section 7.1 are very
useful devices for interrogating the shift of the Bragg wavelength in grating sensing.
Hence, this device highlights the requirement of the fibres with enhanced radiation mode
coupling and theoretical modelling is also required for optimizing the fabrication
parameters. The load sensing utilising the mode splitting of long-period fibre gratings
presented in section 7.5 provides several hundred times sensitivity compared with the
reported using Bragg gratings. For a practical application and commercial purpose, the
theoretical analysis and modelling of the mode splitting due to the birefringence
introduced by transverse weight loading is required. Section 7.6 reported a remarkable
bend sensing using long-period fibre gratings. A fibre type dependent sensitivity,
14nm/m™ splitting sensitivity for B/Ge-doped fibres and no bend-encoded for standard
fibres has been observed. Thus this result highlights the design of the fibres for high- and

low- bend sensitivity, respectively, for different applications.
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For given profiles of the local Bragg wavelength and the coupling coefficient, the
modelling of grating spectra has been discussed in Chapter 5. However, in order to obtain
some specific reflection and dispersion profiles, such as dispersion-less grating filters
with square reflection profile for WDM systems and chirped gratings for EDFA gain
flattening, the profile of the coupling coefficient is required during the grating
fabrication. This requirement highlights the techniques of modelling and fabrication of

complex structure gratings.

Of the many applications envisaged for fibre Bragg gratings, their use as dispersion
compensation elements has attracted particularly widespread interest, notably in high-bit-
rate fibre transmission systems wherein cancellation of the ~17ps/nm/km dispersion of
standard telecommunication fibres at 1550nm would enable its use in systems
incorporating erbium-doped fibre amplifiers. However, the dispersion capacity of a
normal chirped grating is limited by grating length. Furthermore, nonlinear dispersion
becomes significant for very high-bit-rate long distance transmission systems. To this,
very long length chirped gratings with arbitrary dispersion profile would be very

attractive devices.
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A.2 List of Programmes

1. Simulation program for holographic fabrication technique (in Matlab)

¢ Plot the real size optical setup

¢ Setting grating wavelength

¢ Setting grating chirp

¢ Setting the wavelength shift by shifting one cylindrical lens,

2. Simulation programme for phase mask fabrication technique (in Matlab)

+ Plot the real size optical setup
+ Plot the writing efficiency against the UV beam width
¢ Confirm a cylindrical lens cab be used to resize the UV beam-width

3. Simulation programme for holographic fabrication technique (in LabVIEW)

¢ Setting grating wavelength by changing the interfere-arm length
+ Setting gratings chirp
¢ Timer the shutter by computer.

4. Programmes for data capture and data processing (in LabVIEW)

Capture the data from different Optical Spectrum Analysers (OSAs)
Multiple sections capture to increase the spectral resolution
Auto capture for the study of spectral evolution
Transfer data as *.txt and *.xls file in three forms:
(a) One trace respect to one file
(b) Multiple traces to one file with format of [x1; y1, y2, y3..]
(c) Multiple traces to one file with format of [x1, y1; x2, y2; x3, y3:...]
Normalization one trace or multiple traces

* & & @

Re-scale and zoom the traces
Peak detection, Linewidth measurement

* & & o

Fitting, filtering and averaging a waveform,

5. IWDM system -real time strain measurement (in LabVIEW),

¢+ IWDM system for real time strain measurement using scanning Fabry-Perot
¢ Auto show the measurement for demonstration

6. Programmes for modelling of FBGs and LPGs (in LabVIEW)

¢ Uniform fibre Bragg gratings

One or multiple & phase-shifted fibre Bragg gratings

Chirped fiber Bragg gratings with apodisation

Band-pass filters by cascading a series of chirped Bragg gratings
Chirped Moire Bragg gratings, moire fringes

* & & o
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* & & & 4 o o

Apodisated Bragg gratings with more than ten kinds of apodisation profiles
Sampled Bragg grating with rectangular and composite cosine profiles
Fabry-Perot oscillations and spectral evolution of fibre Bragg gratings
Uniform long-period fibre gratings

Spectral evolution of long-period fibre gratings

Phase shifted and cascaded long-period fibre gratings

Refractive index sensing using Long-period fibre gratings

7. Motion stage (MM2000) fabrication system (in LabVIEW)

Simple grating fabrication
Apodised grating fabrication I

Dithering phase mask with a triangle wave using a PZT stage and DAQ I/O card
Apodised gratings fabrication II

Slow shifting phase mask using a PZT stage and DAQ I/O card
Phase shifted grating fabrication

Multiple 7 phase-shifted fibre Bragg gratings using PZT stage and DAQ I/O card
The fabrication of square reflection profile gratings
Sampled grating fabrication

* Rectangular profile sampled fiber Bragg gratings using a shutter to block the UV
beam on and off

* Composite cosine profile for multiple peaks reflection with the same reflectivity
Chirped Moiré grating fabrication
Chirping scan of the translation stage
Programmes for fibre alignment

Programme control

Hand control with an extra logic box

8. Motion stage (MM4005) fabrication system (in LabVIEW)

* & & <

Simple grating fabrication

Apodised grating fabrication
Gaussian apodisation profile
Improved gaussian apodisation profile
Blackman apodisation profile,

The fabrication of square reflection profile gratings
Sampled grating fabrication

Chirped Moiré grating fabrication

Long-length grating fabrication
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A.3 Expression of three phase-shifted Bragg gratings

Three phase shifts within a fibre Bragg grating separate the grating length into four sub-

gratings G, described by r, and t,, respectively. The transform matrix for the entire

grating structure is then given by
M=M,-P-M,-P,-M,-P-M, (A.1)

where, i=1, 2, 3, 4 indicates the four sub-gratings and three phase shifts, M, and P, are

the matrixes of the sub-grating G, and phase ¢, expressed in eqn. (3.96) and eqn.

(3.100). Substituting the corresponding matrix into eqn. (A.1) yields

L 1n 1 L g

M - t, oty [ 0 | ot [ 0 |z ot [ 0 | 4

_fo Lo ) n 10 ™) om0 e ) 51

t, t, ot t, t,
(A2)

where the relationship (r,/¢,) = —r. /¢, for uniform gratings has been used. Multiplying

every two matrixes of eqn. (A.2) yield

Joy /2 b, /2 612
1 njer B | € n iz || € | (A3)
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M= t, L Iy l I I L t
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Again, multiplying every two matrixes of eqn. (A.3) yields
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Then, the element M22 of the matrix is obtained as

—jo, 12
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Simplifying eqn. (A.S) yields
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Simplifying eqn. (A.6) yields
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Simplifying eqn. (A.8) yields
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The amplitude transmittance is thus given by
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where, the relationship 7, /(f,) =2arg(z,) has been used to describe the sub-grating
transmission phase.

It can be seen clearly that eqn. (A.9) reduces to the case of two phase-shifts for r, =0

3

t,=1,0r ¢, =0 as

ej(‘?z*%)"ztitzts (AlO)

= - , _
- rlrze.ﬂm — rzr‘zem; - ﬁﬁe;[@zmﬂarg(h )]

Furthermore, for r, =0, £, =1, or ¢, =0, eqn. (A.10) reduces to the case of one phase-

shift as

_ % (A11)

! 7t
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and eqn. (A.11) reduces to normal uniform gratings for r, =0, t, =1 or ¢, =0.
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