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Abstract
Fibre interferometer configurations such as the Michelson and Fabry-Perot (FP) have
been formed using uniformed and chirped Fibre Bragg Gratings (FBG) acting as
partial reflectors. As well as increasing the dynamic range of the interferometer,
chirped FBGs are dispersive elements which can allow tuning of the response of the
interferometers to measurements such as strain and temperature. In a chirped FBG,
the resonance condition of the FBG varies along the FBG’s length. Each wavelength
is reflected from different portion of the FBG, which imparts a different group delay
to the different components of the incident light. The implication of the wavelength
dependence resonance position is that there is a large movement of the resonance
position when the incident wavelength is changed. A chirped FBG FP can be
configured in which the large movement of the reflection positions in the respective
FBGs forming the cavity changes in such a way that the sensitivity of the cavity can
be enhanced or reduced. The FP filter response can be tailored through the extent of
chirp.
In this project a theoretical model of the in fibre interferometers formed using chirped
FBGs is presented. The model indicates that it is possible to form FP cavities with
varying sensitivity to strain and temperature by appropriate choice of chirp parameters
and cavity length. An experimental demonstration of a chirped FBG FP cavity with
reduced sensitivity to strain. This scheme offers flexibility in determining the
sensitivity of the FP sensor to strain, not only through the gauge length but also via
the parameters of the chirped FBG pairs, allowing the use of long or short gauge
length sensors. It is possible to configure the system to exhibit enhanced sensitivity to
strain or alternatively, to have reduced or even zero strain sensitivity. This ability to
tailor the sensitivity of the FP via the FBG parameters will enhance the capabilities of
FP sensor system.
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Figure 7.1
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Figure 7.2

the implementation of the strain rig with travelling stages Page 183
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Figure 7.3

A diagram illustrating the ring cavity configuration of the Page 184
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xvi

Figure 7.4
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cleaved fibre end and the mirror surface. It is attached onto an
adjacent moving stage, which shared the moving mechanism.
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shows the variation of the extension as a function of applied Page 188
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1

Introduction

Advances in laser and fibre optic technologies are having a significant impact on the
development of optical instrumentation systems for sensor and telecommunication
applications. For sensor systems, the main research interest areas have been concerned
with the production of a wide range of optical fibre based configurations and signal
processing techniques that may be used in a variety of sensing and control schemes [1, 2,
3, 4]. Fibre optic sensors and devices have several advantages over their conventional
electrical counterpart in that they are compact in size, robust, chemically inert, nonconductive and are immune to electromagnetic interference (EMI).
In general, fibre sensor schemes are based on an interaction of the measurand with the
fibre that changes the intensity, frequency, phase, wavelength, modal distribution, or
polarisation of the light propagating within the fibre. Fibre optic sensors have been shown
to offer performance that compares well with those of well-established conventional
sensors. However commercial exploitation of fibre optic sensors has largely been limited
to low volume markets, and they are still perceived to be costly to implement and
difficult to handle. Consequently, fibre sensors are generally exploited in niche areas
where their attributes are most needed. Examples include the Sagnac configuration for
optical gyroscopes [5] for sensitive rotation measurement, optical fibre hydrophones [6]
for applications in high sensitivity measurement for the detection of weak acoustic fields
and applications in hazardous and hostile environments such as encountered in the oil and
gas industries and other specialised areas where there is the need for passive and very
light weight device with minimal intrusion for tackling difficult measurement situations.
One clear advantage of fibre sensors is the relative ease with which elements can be
multiplexed into arrays using a common input and output fibre, offering the possibility of
quasi-distributed sensing [7] and remote monitoring. Multiplexing allows the sharing of
the light source, detection and signal processing system, which can reduce the cost of the
sensor system.
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Fibre optic technology is finding increasing use in the field of distributed and embedded
sensors in applications in the civil and aerospace industries [8]. Much of the work in
embedded sensors has been in the development of the fibre Bragg grating (FBG). FBGs
are simple sensing elements, which can be photo-inscribed into a silica fibre by UV
irradiation [9]. This process creates periodic refractive modulation directly into the fibre
core, forming a highly resonant device. In addition they are compatible with the
telecommunications and optoelectronics industries which are driving the development of
new optoelectronic devices and forcing prices down.
FBG based sensors provide absolute wavelength encoding of information and their
performance may be configured to be independent of the overall system light levels. The
wavelength is dependent upon measurands such as strain and temperature. The
wavelength selectivity of the FBGs allows arrays of FBGs to be encoded at different
wavelengths to be addressed in serial or in parallel using Wavelength Division Multiplex
technique (WDM) or having the FBGs array sharing a common wavelength and located
at different vicinities, to be addressed using Time Division Multiplex (TDM) techniques
or a combination of both techniques can be used with different multiplex architectures
[10]. Their usage has been demonstrated for a wide range of sensing applications
providing measurements of physical quantities such as pressure [11], ultrasound [12],
acceleration [13] and magnetic field. Their small size, light weight and flexibility of
deployment are attributes commensurate with embedded and surface mounted sensing
schemes, making them the ideal candidate for use in quasi-distributed sensing. Embedded
fibre sensors can be used for a variety of applications. One of the most important
potential applications of FBG sensors is as the sensory elements in Smart Structures for
self monitoring. A significant limitation to their mass exploitation is the requirement for
temperature compensation of strain measurement errors caused by thermal fluctuations.
A large number of techniques for demodulating the wavelength have been demonstrated
and reported, eg scanning filters such as the tuneable FP [14] and acoustic-optic tuneable
filter (AOTF)[15], using passive filters such as band-edge of a spectral filter[16] and
wavelength division couplers[10], matched gratings pair [17]. All of these techniques
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have their advantages and limitations. For high sensitivity measurement, fibre-optical
interferometric sensors based on the optical phase change detection offer much higher
resolution. Fibre equivalent interferometers such as the Michelson and Fabry-Perot have
been formed using FBGs acting as mirrors.
The Fabry-Perot (FP) interferometer is a key component for optical applications. It has
already been demonstrated in the all fibre Fabry-Perot filter [18], which could be used as
filters and sensors. The fabrication of such a device in the fibre form requires the
introduction of highly reflective mirrors inside the fibre or terminating the ends with
highly reflective materials, to form the cavity. The FBG inscription technique allows the
creation of intrinsic reflectors without the need to physically intrude into the core and
compromise the physical integrity and light guiding properties of the fibre. A pair of
uniform period FBGs has been used to form the narrow band reflectors in the Fabry-Perot
configuration [19]. The optical frequency response of in-fibre FBG Fabry-Perot filters
have been studied theoretically and compared with experimentally measured data [20].
Such configurations have been demonstrated in the measurement of strain, temperature
and vibration [21]. The inherent cross sensitivity between strain and temperature still
exist for FBGs in the FP configuration. Many schemes have been reported to separate the
strain and temperature responses, the most popular of which is to multiplex one or more
reference FBGs in the system. The reference FBGs are kept isolated from strain but
experience the same thermal environment as the active FBG sensor elements.
Furthermore, it is difficult to distinguish between strain and temperature-induced
wavelength shifts for which various techniques have been explored [22] which
compromise the simplicity of multiplexed sensor arrays.
To ensure good spectral overlap between these two gratings it is necessary to make the
FBG as broadband as possible, hence the use of chirped FBG. Chirped FBGs are
dispersive elements and they have been used as dispersion compensation elements [23] in
communications systems. With this type of structure, the pitch of the grating is varied
along the grating length, and a different wavelength is reflected from different portions of
the gratings. They offer a wider bandwidth than uniform FBGs, as well as imparting
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different group delay to different components of the light. In order to increase the
dynamic range and bandwidth, FPs were formed using identical chirped FBGs with chirp
oriented the same way [24, 25, 26]. Improvement in the fabrication technique increased
the reflectivity of the chirped FBGs to the effect of achieving high Finesse and contrast
for WDM applications in communication systems [24]. A broadband FBG FP with the
chirps of the 2 FBGs oriented the same way has the same characteristics as that of the
uniform FBG FP, and they have been employed in sensing purposes. The sensitivity of
sensors based on such a cavity configuration depends on the separation of the FBGs in
the FP arrangement. FBG FP sensors with arbitrary gauge length can be made by writing
two FBGs in an optical fibre with a separation equal to the desired gauge length.
However there will be restrictions on the difference in the strain and temperature
experienced at the two grating locations. Long gauge length sensors have a greater
likelihood of encountering changes in material of structural behaviour than a number of
small strain gauges. Long gauge length sensors tend to average local strain
concentrations. Small gauge length sensors are suited to point sensing and quasidistributed sensing and in the context of the FBG FP, small gauge length ensured that the
two gratings can be located in close proximity to each other thereby ensuring they are
exposed to the same local strain and temperature with little difference in the environment
they are measuring.
As well as providing a wider bandwidth than uniform FBGs, chirped FBG imparts
different group delay to different components of the light. The implication of the
wavelength dependence of the reflection positions is that when a chirped FBG is
subjected to axial strain, the reflection point for a particular wavelength changes within
the grating length. Depending on the chirp rate, the application of strain to a typically
chirped FBG of length of orders mm can induce a large path length change for the
reflected light, which is equivalent to straining a piece of fibre of centimetres in length
[27]. Given the ability of the chirped FBG to form partial broadband reflectors and
utilising the large movement of the reflection position with wavelength in chirped FBG, a
chirped FBG FP can be configured in which the large movement of the reflection
positions in the respective FBGs forming the cavity, changes in such a way that the
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sensitivity of the cavity can have an enhanced or reduced nature. The sensitivity of the
chirped FBG FP depends on the chirping parameters of the FBGs. The sensor and filter
response can be tailored through the extent of chirp. Variable strain sensitised chirped FP
with long or short gauge length would be a great asset. The novel configurations of using
chirped FBG FP produce very interesting properties.
In this thesis a novel configuration involving the use of chirped FBG pairs in the
formation of fibre Fabry-Perot is considered. The aim of this work is to realise chirped
FBG FP cavities with reduced or enhanced wavelength sensitivity which could be
determined by the chirped parameters of the FBG and not so much by the cavity length.
This scheme offers flexibility in determining the sensitivity of the sensor/filter to
wavelength, strain and temperature via the parameters of the chirped FBG pairs, for long
or short gauge length device. It is possible to configure the system to exhibit enhanced
sensitivity to strain or alternatively, to have reduced or even zero strain sensitivity. This
ability to tailor the sensitivity of the cavity to the effect of wavelength, strain and
temperature, within the scope of FBG configuration will enhance the capabilities of FBG
for use in structural monitoring, sensing and optical devices.

1.1

Scope of thesis

The large group delay experienced by the wavelengths which resulted in the reported
strain magnification [27] and in the observed large path-length scanning in the matched
path-length interferometric interrogation [28] involving the use of chirped FBGs are
evident of the dispersive effect of the chirped FBG. This effect attributed to dispersion in
the chirped FBG is not obvious in many of the reported literature on the use of chirped
FBGs in the interferometric configuration. Many of which behaved in a non dispersive
manner. The thesis will try to dispel the notion that the position dependent of the
resonance position of wavelengths inside the chirped FBGs does not automatically make
them dispersive when they are used in the interferometric configuration.
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In chapter 2, the methods with which uniformed period FBGs and chirped FBGs are
fabricated together with their physical difference will be outlined and the effect the chirp
has on the reflected grating spectrum is described. Besides providing a broadband
response, a chirped FBG imparts a wavelength dependent delay to the reflected signal
and this has implications on the performance of the interferometers involving the use of
these gratings. Chapter 3 attempts to provide a comprehensive review of the use of
chirped FBG in the interferometric configuration and their performance and
characteristics are explained.
The dispersion inside the cavity affects the performance of the bulk FP interferometer by
modifying the round trip phase shift(RTPS) of the cavity. When chirped FBGs are used
in the FP configuration, the effect of dispersion will change the characteristics of these
cavities. In order to gain more insight into the mechanism of the effect of dispersion has
on chirped FBG FP, a theoretical model is developed in chapter 4, by drawing on analogy
with the dispersive bulk FP interferometer, where the dispersion affects the cavity
characteristics, analysis of the RTPS will be performed on the chirped FBGs FP with the
aim of explaining the possibility of creating chirped FBG FP cavities with sensitivity
which could be altered by the chirp parameters of the FBG with a range sensitivities and
devices gauge lengths can be configured.
Chapter 5 will try to establish the strain and temperature sensitivity of the chirped FBG
FP to the wavelength sensitivity of the cavity. Dispersion in chirped FBG modifies the
FSR of the cavity response and because of the relationship between the wavelength
detuning with strain in FBGs, the strain sensitivity is also related to the wavelength
sensitivity of the dispersive chirped FBG FP. By looking at the movement of the
reflection point of the illuminating wavelength under the application of strain, the change
in the RTSP of the cavity will be presented to show a relationship between the chirp rate
and the length of the cavity required to configure a strain insensitive cavity.
The general aim of chapter 6 is to present the different modelling techniques that have
been applied to the FBG. Using the transfer matrix method (TMM), a model of FBGs and
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FBG FPs will be developed to simulate the cavities response to wavelength and strain
which will complement the theory put forward in chapter 4 and 5. Chapter 7 aims to
detail the experimental setup used in the characterisation of the FBG FP sensitivity to
wavelength, strain and temperature. A discussion of the operation and performance of the
devices used is presented and the implementation of the monitoring systems and their
calibration is discussed.
Chapter 8 will present the experimental characterization of the chirped FBG FP of
different configurations, formed with chirped FBGs fabricated via a range of techniques,
to verify the predictions made in chapter 4 and 5. The properties of the cavities are
investigated using a variety of methods including the application of axial strain, scanning
the wavelength of the illuminating source and varying the temperature. Finally, the
results are summarized, conclusions are drawn and future research directions discussed.
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The Fibre Bragg Gratings
Introduction

The discovery of photosensitivity in optical fibres [1] has had a large impact on
telecommunications and on sensor systems with the effect being used to develop
devices for many applications [2]. The formation of a Fibre Bragg Grating (FBG) is
generally based on the photo-sensitivity of silica fibre doped with germanium. When
illuminated by UV radiation, the fibre exhibits a permanent change in the refractive
index of the core. Meltz et al [3] demonstrated the first production of Bragg gratings
by the side exposure method, in which a spatially modulated intensity interference
pattern was used to photo-inscribe a periodic refractive index grating.
The side exposure of the fibre by the interference of two intersecting beams of UV
radiation allows fabrication of FBGs with user defined central wavelength,
independent of the wavelength of the writing laser, figure (2.1). This UV exposure of
the fibre imprints a regular structure of periodicity half the required Bragg wavelength
into the fibre core over lengths in the range of millimetres to centimetres. The
flexibility of this method allows Bragg wavelengths from the visible region to well
beyond the telecommunications wavelength of 1550nm to be written[1].
The FBG has a periodicity of the order of wavelength of length. FBG interacts with
the propagating wave in the core creating the diffraction phenomena analogous to that
of wave interaction with regular structures in crystals and bulk optical gratings. The
interaction with the propagating wave allows the coupling of the forward mode to the
backward mode with characteristics depending on the properties of the FBG. FBGs
have found applications in routing [4], filtering control and amplification of optical
signals [5], as the feedback element in fibre lasers [6], in dispersion compensation [7]
and in sensing applications [8].
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UV light

Fibre

Interference
pattern

Λ refractive index modulation
is imprinted in the core.
Figure 2.1 The formation of FBG by UV light.
For a FBG of typical length 5mm and period 0.5µm, the grating comprises of
thousands of periods. These highly regular and partially reflective modulation planes
reflect a set of waves, which then interfere. This interference is in general destructive
but for the wavelength that satisfies the Bragg condition, the reflected light will add
constructively. So the FBG acts as a mode coupler, coupling the forward propagating
mode to a backward propagating mode only when the resonant condition is satisfied.

2.2

Uniform FBG

For a uniform FBG, the period Λ remains constant throughout the length and the
reflection is the strongest at the Bragg wavelength, λB. The Bragg resonant
wavelength is a function of the period, Λ and the mode effective index (neff) which is
given by [9];

λ B = 2neff Λ

(2.1)

Light at the Bragg wavelength, λB, propagates in the fibre undergoes reflection and
the rest of the light is transmitted through the grating unimpeded. The spectral
characteristics depend on the grating’s parameters, such as the amplitude of the
refractive modulations, grating length, the coupling strength and the overlap integral
11
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of the forward and backward propagating modes. A typical reflection spectrum of a

transmission

reflectivity

uniform FBG is shown in figure (2.2)
typical bandwidth ~ 0.2nm

λB

λB

wavelength
Λ

wavelength

Periodicity of the refractive
index modulation

λB
grating length lg
Figure 2.2, Schematic diagram of a FBG illustrating that only the wavelength
of light, λB, that satisfies the Bragg condition, is reflected.

2.3

Linearly Chirped FBG

A chirped FBG has a Bragg condition, equation (2.2) which varies as a function of
position along the grating. This is achieved by ensuring that the periodicity, Λ, varies
as a function of position, or that the mode index, neff varies as a function of position
along the FBG [10, 11], or through a combination of both. The Bragg condition for
the chirp FBGs can be written as;

λ B ( z ) = 2neff ( z )Λ ( z )

(2.2)

where z is the position along the grating. With this type of structure, the resonance
condition is no longer localised but is position dependent. Each position has its’ own
resonance condition and reflects its own wavelength. This can also be interpreted as
each wavelength having a different reflection point along the grating. The chirp in the
FBG’s period gives rise to a broadened reflected spectrum as illustrated in figure
(2.3).
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a)

typical bandwidth ~ nm

Reflectivity

Chapter 2

λ1

λ2

chirp is created by the
variation of period, Λ with
positon, z.

λ

Λ(z)

λ1

b)
λ2
Λ1

Λ2

The resonance condition for λ1
and λ2 are satisfied at their
perspective positions,
λ1 = 2n Λ1 and λ2 = 2n Λ2
Figure 2.3 Response of chirped Bragg grating where:
a) Illustration of the spectral response of the chirped grating.
b) the variation of the resonance condition with grating length.
The wider bandwidth offered by chirp FBGs provides a larger spectral range to
operate within. In a linearly periodic chirped FBG, the dependence of the period of
the refractive modulation upon the axial position along the FBG can be expressed as
[12];

Λ( z ) = Λ o +

(Λ lg − Λ o )
lg

z

(2.3)

where Λo is the period at the start of the grating, Λlg is the period at the end of the
grating and lg is the grating length. The equation (2.3) describing the dependence of
periodicity upon position is illustrated in figure (2.4a). This provides a varying Bragg
condition along the length of the grating.
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Period, Λ

a)

Λlg
Λ2

grating length lg

Λ1
Λ0

λ1
λ2

z(Λ1)
Λ1

Λ2

lg

z

mode index, neff

Bragg condition: λB(z) = 2n0. Λ(z),
and λ1, λ2 is given by;
and

z(Λ2)

n0
z

lg

λ1 = 2n0 Λ1
λ2 = 2n0 Λ2
Period, Λ

b)

grating length lg

Λ0

uniform Λ0
λ1
λ2
mode index, n1

lg
mode index, neff

n2

nlg
n2

Bragg condition: λB(z) = 2neff(z).Λ0
and λ1, λ2 is given by;
and

λ1 = 2n1 Λ0
λ2 = 2n2 Λ0

z

n1
n0
z(n1)

z(n2)

lg

z

Figure 2.4, illustration of the chirped FBG with position detuned Bragg
wavelength where the detuning is, a) driven by the position dependence
periodicity, Λ(z) and b) is driven by the varying mode index with position neff(z).
The resonance condition is also dependent on the mode index. This provision of chirp
in the FBG can also be realised by creating a varying mode index along the length of
the FBG. Figure (2.4b), demonstrates how a variation in Bragg wavelength with
position is possible by introducing a mode index variation with grating length while
keeping the periodicity constant. The dependence of the mode refractive index upon
the axial position along the FBG can be written similarly to equation (2.3);
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n( z ) = n o +

(nlg − no )
lg

z

where no is the mode index at the start of the grating, nlg is the mode index at the end
of the grating. The practical methods of generating a chirped FBG using these two
means are discussed in the chirp fabrication section (2.4.3).

2.4

Fabrication of Fibre Bragg Grating

This section discusses the methods used to generate a periodic modulation of the
optical properties of the fibre and evaluates their merits and disadvantages. In
particular, the methods used to fabricate the FBGs exploited in this thesis are detailed.

2.4.1

Holographic method

The fabrication of FBGs relies upon the introduction of a periodic modulation of the
refractive index in the core of the fibre. The resulting regular structure acts as a means
for coupling between modes. The change in the refractive index when exposed to UV
radiation is made possible by the nonlinear effect, termed ‘photosensitivity’, occurring
in the germanium doped fibre, which was first observed in the ‘Hill gratings’[1]. This
permanent index modulation is imprinted in the core of the fibre by a standing wave
formed within the core between counter-propagating modes of light in the blue-green,
~488nm, region of the optical spectrum. This intensity dependent refractive index
change of the fibre core is a result of the absorption feature associated with germaniarelated defects @240nm, which is a 2 photon process for illumination at 488nm. This
method produced FBG of restricted use, as the resulting FBGs were limited to
operation at the wavelength of the laser used to fabricate them. As the fibres do not
exhibit photosensitivity in the near IR region of the spectrum, this fabrication process
is not suitable for producing FBGs for telecom applications.
The current level of interest in FBGs was initiated by the work of Meltz et al [3], who
developed a side exposure holographic technique, in which the optical fibre is side
exposed to the spatially structured illumination pattern formed by 2 interfering UV
laser beams at a wavelength of approximately 240nm. The photosensitivity is based
15
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upon the absorption peak of the germania-related defects of the fibre centred at
220nm. At these wavelengths, the refractive index change is a single photon process,
making this approach more efficient.
The Bragg wavelength of FBGs fabricated using this technique is determined by the
geometry of the interfering beams, providing flexibility in the characteristics of the
FBG allowing a wide range of Bragg wavelengths to be produced. This technique
allows the fabrication of FBGs with characteristics suitable for telecom and sensor
applications. The interferometric setup for the side exposure technique is shown in
Figure (2.5).

UV radiation

Compensation plate
mirror

50% beam
splitter
fibre

θ

Interference pattern produces
the refractive modulation in
the core of he fibre

mirror

Figure 2.5 Two beam transverse interferometer.
A typical fabrication system is shown in figure (2.5). The UV beam is split into two at
the 50/50 beam splitter. The two beams are brought together to interfere at the
location of the fibre using mirrors, allowing control over the intercepting beams
mutual angle θ. The Bragg wavelength of the FBG produced in the side exposure
method is given by [9];

λ Bragg =

neff λuv
θ 
nuv sin  
2

(2.4)
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where λBragg is the Bragg wavelength, neff is the effective mode index of the fibre, nuv
is the refractive index of the silica when exposed to the UV light at λuv and θ is the
mutual angle as seen in Figure (2.5). Variation of θ, or of the writing λuv, allows a
wide range of Bragg wavelength to be written. The interference pattern produced at
the intersection of the two beams imprints a regular pattern into the fibre. When using
a low coherence UV source, the path difference between the two beams must be
matched to produce a high visibility fringe pattern. Vibration and temperature changes
that occur during exposure of the fibre, which may be as high as ±1oC, can influence
the path length difference and ultimately deteriorate the quality of the interferogram.
Operating the writing light source with short exposure time (10s of seconds) will
minimises the effect.
In writing FBGs, accurate placement of the fibre is critical to avoid the production of
slanted FBGs which can couple light into other modes. Whilst the holographic side
exposure technique is capable of producing Bragg wavelengths of arbitrary value by
appropriate selection of the mutual angle between the converging beams, an
alternative method based on the phase mask is commonly used. The use of phase
mask allow highly repeatable fabrication of FBGs with a given Bragg wavelength
defined by properties of the phase mask, however, this wavelength properties can not
be tuned significantly.

2.4.2

Phase Mask technique

Phase masks are fabricated using lithography techniques. A silica plate is exposed to
electron beams, and using techniques such as plasma etching, a one-dimensional
periodic surface relief pattern is produced with well defined spacing and etched depth.
The phase mask works in transmission. When a UV beam is incident normally to the
phase masks surface, the beam is diffracted into the -1, 0 and +1 orders. Appropriate
choice of etch depth allows the intensity of the zero order to be as low as < 5%, such
that up to 40% of the UV energy is diverted in the ±1 orders [9]. The operation of the
phase mask is shown in figure (2.6). The overlap between the ±1 orders close to the
phase mask, produces the interference pattern that is inscribed into the fibre, as
illustrated in figure (2.6).
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Fused silica phase mask

Incident UV
light beam

Fibre
-1 st order

Zero order

1 st order
Interferogram created in
the core of the fibre

Figure 2.6, Illustration of the fabrication of FBGs using a phase mask.
Using the phase mask in close proximity to the fibre as shown, the inscribed period is
equal to half of the period of the phase mask. The use of the phase mask allows highly
reproducible fabrication of FBGs with fixed characteristics determined by the phase
mask properties. The disadvantages of this method include the fact that a particular
phase mask fabricated is use with a specific writing UV wavelength. When used at
UV wavelengths other than the design wavelength, the diffraction efficiency is
reduced and thus the zero order can influence the final Bragg wavelength. A different
phase mask is required for each different Bragg wavelength. The phase mask
technique offers easier alignment and imposes a less stringent requirement on the
coherence of the writing source. A degree of flexibility in varying the Bragg
wavelength can be achieved by application of strain to the optical fibre before the
FBG is fabricated. The phase mask can also be used as a component of a 2 beam the
interferometric set up as illustrated in figure (2.7).
The phase mask can be used in a way similar to a beam splitter as shown in figure
(2.7). The use of a phase mask in this way simplifies the alignment of the fabrication
system. In figure (2.7a), the Bragg wavelength can be varied by tuning of the mutual
angle, or by varying the UV writing wavelength. Whereas the prism used in the
configuration shown in figure (2.7b) can be very compact and stable. Variations of the
above scheme have been used to write FBGs.
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UV
light

UV
light
Phase mask

-1

+1 order

mirror

mirror

prism

Fibre
Fibre
Interference pattern of the
refractive modulation
Figure 2.7, Holographic writing technique using a phase mask as a beam splitter a)
using mirror and b) using a prism to vary the angle between the two interfering
beams.

2.4.3

Chirped FBG fabrication

The previous section dealt with the formation of uniform period FBGs, in which an
interferogram of uniform period is created by the intersection of two UV beams.
Chirped FBGs require a variation of the period or a variation of the effective
refractive index along the length of the grating. Period chirped FBGs may be
fabricated by bending [13] the fibre with respect to the interferogram, figure (2.8),
where the projection of the interference pattern onto the curved fibre creates a
variation in the period. Bending the fibre creates a functional dependence of the
grating period upon the radius of curvature, so that a linear or a quadratic chirp may
be created. FBGs with bandwidths from 7.5nm to 15nm, and reflectivity as high as
99% have been reported [13].
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UV beams in the
holographic methods

Inteferogram produced by
the holographic method

Fibre

Direction of increasing period
Figure 2.8, shows the configuration for writing linearly chirped FBG by bending
the optical fibre [13].
A more flexible technique for fabricating chirped FBGs, which is capable of
producing Braggs reflection with wide bandwidth, exploits the interference of beams
with dissimilar wavefronts [14]. The setup is shown in figure (2.9).

UV beam

Mirror

Beam
splitter

Mirror

Lens of different
focal lengths

Figure 2.9, writing chirped FBGs with interference of different wavefronts by
using lens of different focus at the respective beam paths [14].
By introducing lenses of different focal length into the paths of the 2 beams in the
holographic arrangement, the wavefront curvatures will differ at the fibre. When the
two beams are brought together to interfere, the resulting interferogram will no longer
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have constant period, the period varies as a function of distance along the axis of the
fibre. Using this technique, chirped FBGs with bandwidths of ~10nm [15] and 44nm
[14] and in excess of 140nm [16], with reflectivities as high as ~80% have been
reported.
Phase masks of constant period may also be used to impart chirp to an FBG, as is
shown in figure (2.10)[17]. When the fibre is placed parallel to a phase mask, a
constant period is inscribed into the core of the fibre. When the fibre is tilted, the
period inscribed is a function of the incident angle. The angle of incident of the
collimated UV beam can be changed by the introduction of a lens as shown in figure
(2.10). The method produces a varying periodicity with grating length and the chirp
imposed is determined by the mask’s period, the inclined angle α and the
characteristics of the lens. Using this technique, an FBG of bandwidth ~6nm has been
reported, and a theoretical value of bandwidth of 100nm is possible [17].

Incident UV
light beam
Lens with focus f
Working
distance d

phase mask
α
Fibre

Figure 2.10, shows the configuration for writing a linearly chirp FBG using a
uniform phase mask [17].
The phase mask technique is known for its repeatability and ease of use, but suffers
from a lack of tuneabilty of the Bragg wavelength when compared to the holographic
method. Chirped phase masks have also been used to inscribe a continuously chirped
period FBGs [18]. The chirp phase mask consists of a continuously varying mask
period, as is shown in figure (2.11). In this case, the writing process requires the fibre
to be in close proximity to the phase mask, but does not require that the fibre is tilted.
A bandwidth of ~ 2nm for a FBG length with length of 5cm has been reported [18].
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Incident UV
light beam
chirp phase mask

Fibre
-1 st order

Zero order

1 st order

Interferogram creating the chirp pattern
Figure 2.11, illustrations of writing a chirped FBG using a chirped phase mask.
Linearly and non-linearly chirped FBGs have been written using a stepped phase
masks [19]. This so called ‘stitched’ phase mask is composed of a series of sections of
uniform period, with each section having a different period to its neighbour (step
chirp) as shown in figure (2.12).

Stepped phase mask

Section length
Local Bragg
wavelength

dli-1

dli

dli+1

λi-1

λi

λi+1

dln

λn

The ith section with period Λi
Figure 2.12, an illustration of the stepped chirped FBG produced by using a
stepped phase mask. Each section consisted of constant period with a
progressively increasing period from section to section [19].
Using this method, gratings with bandwidths of between 0.5nm and 15nm have been
fabricated [19]. A stepped chirped grating can also be created by using a simple
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stretch and write technique [20]. A uniform phase mask is used with this technique
and by shifting the writing beam along the mask while applying a progressively
increasing strain to the fibre with every step, gratings with bandwidth of up to 10nm
have been demonstrated [20].
Limited tuning of the Bragg wavelength can be achieved in the holographic writing
method by pre-stretching the fibre prior to writing, and relaxing following fabrication.
This idea can also be used in the fabrication of chirp FBGs. By introducing a non
uniform strain profile such as a strain gradient along a uniform grating, chirped FBGs
can be created using the same principle. According to equation (2.2), the effect of
strain will modulate the effective refractive index and the period, the resonance
wavelength at the position along the grating, z is given by [21];

λ ( z ) = λ0 + λ0ξε ( z )

(2.5)

where λ0 is the Bragg wavelength, ξ is the strain responsitivity of the fibre and ε is
the local strain. A strain gradient can be imposed by mounting a uniform FBG in a
medium, such as an adhesive, with a variable degree of yielding when the adhesive
have cured. The two ends of the fibre are loaded with different tension [22], thereby
imposing a variation in period along the length of the grating. The central Bragg
wavelength shift, which is related to the average of the strain across the grating, is
determined by the strain response of the fibre used and the bandwidth is determined
by the strain gradient created by the loading and characteristics of the adhesive. A
Bragg wavelength shift of 7nm and bandwidths of 0.25nm to 2nm have been
demonstrated [22]. Encapsulating a uniform FBG in a tapered elastic plate [23] or
mounting on a tapered steel plate [24] where the area of the plate along its’ length
decreases gradually, will have the same effect when the plate is strained.
The strain gradient can also be achieved by straining a plate with a uniform FBG
attached near to a hole drilled in the plate [25]. The deformation due to pressure of a
circular diaphragm maybe used to impose a stain gradient [26], as may the use of a
the cantilever beam [27, 28, 29, 30 31 32]. By mounting the uniform or pre chirped
FBG to the surface of the cantilever, the effect of loading will create a non-linear
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change in shape of the cantilever, thus transferring a strain gradient onto the FBG
which modifies the period along the FBG’s length.
Previous sections have shown that a period chirp can be created by the inscription of a
refractive index of modulation of period that varies along the FBG. Chirped FBGs can
also be realised by varying the effective refractive index of the propagation mode
along the FBG. This may be achieved by changing the guiding properties along the
length of the grating such as varying the diameter of the cladding of the fibre to a
taper. This tapered fibre can be created by differential etching using a timed chemical
etching technique where the fibre becomes a tapered section as shown in figure
(2.13). The tapered fibre is designed at which there is a smooth change in the fibre
diameter from 125µm to a value of 50µm over a length of 10mm. By exposing this
gradual tapered region to an interferogram generated by the holographic method, a
uniform periodic refractive index modulation is imprinted onto the core of the tapered
region, thus forming a chirped FBG as shown in figure (2.13). The tapering of the
fibre creates a varying mode index along the FBG which together with the uniform
periodicity of the refractive index modulation establishes a varying Bragg condition
along the FBG’s length. Using this method a bandwidth of 2.7nm has been created in
a 10mm FBG [33].

UV beams in the
holographic methods
Inteferogram produced by
the holographic method

Tapered fibre with a
differential change in
the cross sectional area
Figure 2.13, chirped FBG created using a tapered fibre[33].

The taper can be created by chemical etching [34, 35] or by stretching the fibre when
exposure to the arc of a fusion splicer [36]. Writing a uniform periodic refractive
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index modulation in the core of the tapered section then creates the chirped FBG. By
stretching the fibre, the differential change in the cross sectional area of the tapered
fibre translates this strain to one of differential strain/strain gradient across the FBG,
thus modifying the period along the FBG’s length. This coupled with the changes to
the already varying mode index, via the strain optic effect changes the chirping
further. A tuneable total chirp of 4.5±4nm has been demonstrated in this way [36].
Etching the surface of the fibre surface can modify the refractive index of the mode
through the alteration to the propagating properties of the fibre. Etching can also be to
directly create a periodic refractive index modification in the core of the fibre.
Chirped FBGs have been fabricated with a bandwidth of 20nm over a grating length
of 1cm, using the electron-beam etching method [37].
Table 2.1
Methods of creating chirp in FBGs
method

bandwidth reported

bending the fibre[13]

7.5nm to 15nm

interference of different wavefront[14]

10nm, 44nm and in excess of 140nm

uniform period phase mask
tilting fibre [17]

6nm (theoretical 100nm)

chirped phase mask [18]

2nm, 10nm

stepped phase mask [19]

10nm

strain gradient

0.25-2nm

[22, 27,28,29,30,31,32]
temperature gradient [38] [39]

0.5nm

taper fibre[33]

2.7nm

direct writing using e-beam etching

20nm

[37]

Change in the local temperature changes the Bragg wavelength by modifying both the
physical period and the refractive index via the thermo-optic effect. Just as chirp can
be created by imposing a strain gradient along the FBG, chirp can also be established
by applying a temperature gradient along the grating length [38]. A thermal gradient
can be generated by using two peltier thermo-electric elements at either end of a
uniform period FBG [39], thus establishing a linear temperature gradient. Using this
method the spectral bandwidth of a uniform FBG 0.2nm of a uniform FBG has been
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shown to broaden from 0.2nm to 0.5nm with a temperature difference ~70oC between
the 2 ends of the grating.

2.5

Summary

A brief introduction to the formation of FBG has been provided. When a
photosensitive optical fibre is exposed to spatially allocated UV light, a refractive
index modulation is induced into the core of the fibre. The operation of a FBG as a
mode coupler, causing coupling between the forward and backward modes and
promotes the reflection of light which satisfies the Bragg condition. The difference
between uniform period FBGs and the chirped FBGs was outlined and their spectral
characteristics described. Methods used to inscribe FBGs have been detailed and
methods used for fabricating chirped FBGs have been tabulated, table 2.1.
In the theory section that follows, it can be seen that the exact chirp of the FBGs is not
so important for the observation of dispersive effect in the FP interferometric response
of the cavity. The specification of the chirped FBGs used in this work is mostly
constrained by what is practically achievable in the chirped FBG writing process in
our laboratory or limited by what is available commercially without incurring great
cost. Based upon the finding in the theory sections, low reflectivity in the FBG
reflectors in the formation of the FP will give a high visibility on reflections so low
reflectivity (~4%) is suffice for the gratings and it is also much more difficult to
achieve high reflectivity in chirped FBG in the writing process because of the wide
band response of the chirped FBGs.
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