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5.1 Introduction

The discovery of fibre optics has revolutionized the field of telecom-
munications making possible high-quality, high-capacity, long distance
telephone links. Over the past three decades the advancements in optical
fibre have undoubtedly improved and reshaped fibre optic technology so
that optical fibres plus related components have become synonymous with
“telecommunication”. In addition to applications in telecommunications,
optical fibres are also utilized in the rapidly growing field of fibre sensors.
Despite the improvements in optical fibre manufacturing and advancements
in the field in general, it has remained challenging to integrate basic optical
components such as mirrors, wavelength filters, and partial reflectors with
fibre optics. Recently, however, all this has changed with the ability to alter
the core index of refraction in a single-mode optical fibre by optical absorp-
tion of UV light. The photosensitivity of optical fibres allows the fabrica-
tion of phase structures directly into the fibre core, called fibre Bragg grat-
ings (FBG), Fig. 5.1. Photosensitivity refers to a permanent change in the
index of refraction of the fibre core when exposed to light with characteris-
tic wavelength and intensity that depend on the core material. The fibre
Bragg grating can perform many primary functions, such as reflection and
filtering for example, in a highly efficient, low loss manner. This versatility
has stimulated a number of significant innovations [1-3].

For a conventional fibre Bragg grating the periodicity of the index modu-
lation has a physical spacing that is one half of the wavelength of light
propagating in the waveguide (phase matching between the grating planes
and incident light results in coherent back reflection). Reflectivities ap-
proaching 100% are possible, with the grating bandwidth tailored from
typically 0.1 nm to more than tens of nanometres. These characteristics
make Bragg gratings suitable for telecommunications, where they are used
to reflect, filter or disperse light [1]. Fibre lasers capable of producing light
at telecommunications windows utilize Bragg gratings for forming both, the
high-reflectivity end mirror and output coupler to the laser cavity, resulting
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Fig. 5.1. Schematic representation of a Bragg grating inscribed into the core of an
optical fibre. The period of the index of refraction variation is represented by A.
A broadband light is coupled into the core of the fibre. Part of the input light is re-
flected (at the Bragg condition) and the rest is transmitted. The bandwidth of the re-
flected and transmitted light depends on the characteristics of the Bragg grating, its
length and modulation depth

in an efficient and inherently stable source. Moreover, the ability of gratings
with non-uniform periodicity to compress or expand pulses is particularly
important to high-bit-rate, long-haul communication systems. Grating-based
tuneable dispersion compensator devices can be used to alleviate non-linear
signal distortion resulting from optical power variations. A multitude of
grating-based transmission experiments has been reported [4], including
10 Gbit/s over 400 km of non-dispersion-shifted fibre with fixed dispersion
compensation using chirped fibre Bragg gratings [5]. Power penalties are
routinely less than 1dB [6, 7]. In optical systems with bit rates of 40 Gbit/s
and higher, tuneable dispersion compensation becomes necessary to main-
tain system performance. Tuneable chirp devices through uniform tuning of
nonlinearly chirped Bragg gratings [8], or a non-uniform gradient via tem-
perature [9] or strain gradients [10—12] along the grating length have been
demonstrated. Systems employing Bragg gratings have demonstrated in
excess of 100 km—40 Gbit/s transmission [4]. Given that future systems will
operate at bit rates of 160 Gbit/s accurate dispersion maps are required for
the fibre network, furthermore at this bit rate there are no electronic alterna-
tives and dispersion compensation must be all-optical and tuneable in nature.
There are demonstrations to 100 km at this repetition rate using tuneable,
chirped gratings [13]. Furthermore, the Bragg grating meets the demands of
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dense wavelength division multiplexing, which requires narrowband, wave-
length-selective components, offering very high extinction between differ-
ent information channels. Numerous applications exist for such low loss,
fibre optic filters, examples of which are ASE noise suppression in amplified
systems, pump recycling in fibre amplifiers, and soliton pulse control.

The grating planes are subject to temperature and strain perturbations, as
is the host glass material, modifying the phase matching condition and lead-
ing to wavelength dependent reflectivity. Typically, at 1.5 um, the wave-
length-strain responsivity is ~1 pm/pe, with a wavelength shift of about 10 to
15 pm/°C for temperature excursions (strain € defined as A-length/length).
Therefore by tracking the wavelength at which the Bragg reflection occurs
the magnitude of an external perturbation may be obtained. This func-
tionality approaches the ideal goal of optical fibre sensors: to have an intrin-
sic in-line, fibre-core structure that offers an absolute readout mechanism.
The reliable detection of sensor signals is critical and spectrally encoded
information is potentially the simplest approach, offering simple decoding
that may even be facilitated by another grating. An alternative approach is
to use the grating as a reflective marker, mapping out lengths of optical fi-
bre. Optical time domain measurements allow for accurate length or strain
monitoring.

The grating may be photo-imprinted into the fibre core during the fibre
manufacturing process, with no measurable loss to the mechanical strength
of the host material. This makes it possible to place a large number of
Bragg gratings at predetermined locations into the optical fibre to realize
a quasi-distributed sensor network for structural monitoring, with relative
ease and low cost. Importantly, the basic instrumentation applicable to
conventional optical fibre sensor arrays may also incorporate grating sen-
sors, permitting the combination of both sensor types. Bragg gratings are
ideal candidates for sensors, measuring dynamic strain to ne-resolution in
aerospace applications and as temperature sensors for medical applica-
tions. They also operate well in hostile environments such as high pres-
sure, borehole-drilling applications, principally as a result of the properties
of host glass material.

Fibre optic photosensitivity has indeed opened a new era in the field of
fibre optic based devices [1], with innovative new Bragg grating structures
finding their way into telecommunication and sensor applications. Devices
like fibre Fabry—Perot Bragg gratings for band-pass filters, chirped grat-
ings for dispersion compensation and pulse shaping in ultra-short work,
and blazed gratings for mode converters are becoming routine applica-
tions. Fibre optics sensing is an area that has embraced Bragg gratings
since the early days of their discovery, and most fibre optics sensor sys-
tems today make use of Bragg grating technology.
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Within a few years from the initial development, fibre Bragg gratings
have moved from laboratory interest and curiosity to implementation in
optical communication and sensor systems. In a few years, it may be as
difficult to think of fibre optic systems without fibre Bragg gratings as it is
to think of bulk optics without the familiar laboratory mirror.

5.2 Fundamentals of Fibre Bragg Gratings

In this section we will describe in detail the various properties that are
characteristic of fibre Bragg gratings and this will involve the discussion of
a diverse range of topics. We will begin by examining the measurable
wavelength-dependent properties, such as the reflection and transmission
spectral profiles, for a number of simple and complex grating structures.
The dependence of the grating wavelength response to externally applied
perturbations, such as temperature and strain, is also investigated.

5.2.1 Simple Bragg Grating

A fibre Bragg grating consists of a periodic modulation of the refractive
index in the core of a single-mode optical fibre. These types of uniform
fibre gratings, where the phase fronts are perpendicular to the fibre’s lon-
gitudinal axis with grating planes having constant period (Fig.5.2), are
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Fig. 5.2. Tllustration of a uniform Bragg grating with constant index of modulation
amplitude and period. Also shown are the incident, diffracted, and grating wave vec-
tors that have to be matched for momentum conservation



5.2 Fundamentals of Fibre Bragg Gratings 193

considered the fundamental building blocks for most Bragg grating struc-
tures. Light guided along the core of an optical fibre will be scattered by
each grating plane. If the Bragg condition is not satisfied, the reflected
light from each of the subsequent planes becomes progressively out of
phase and will eventually cancel out. Additionally, light that is not coinci-
dent with the Bragg wavelength resonance will experience very weak
reflection at each of the grating planes because of the index mismatch;
this reflection accumulates over the length of the grating. As an example,
a 1 mm grating at 1.5 um with a strong An of 10~ will reflect ~0.05% of
the off-resonance incident light at wavelengths sufficiently far from the
Bragg wavelength. Where the Bragg condition is satisfied the contribu-
tions of reflected light from each grating plane add constructively in the
backward direction to form a back-reflected peak with a centre wave-
length defined by the grating parameters.

The Bragg grating condition is simply the requirement that satisfies both
energy and momentum conservation. Energy conservation (ficw,=hw;)
requires that the frequency of the incident and the reflected radiation is the
same. Momentum conservation requires that the wavevector of the inci-
dent wave, k;, plus the grating wavevector, K, equal the wavevector of the
scattered radiation ky, which is simply stated as

k. +K=k, (5.1)

where the grating wavevector, K, has a direction normal to the grating
planes with a magnitude 27/A (A is the grating spacing shown in Fig. 5.2).
The diffracted wavevector is equal in magnitude, but opposite in direction,
to the incident wavevector. Hence the momentum conservation condition

becomes
21n . 2T
2 i = — 5.2
()2 52

B
which simplifies to the first order Bragg condition

Ay =2n,,A (5.3)

where the Bragg grating wavelength, A, is the free space centre wave-
length of the input light that will be back-reflected from the Bragg grating,
and n.y is the effective refractive index of the fibre core at the free space
centre wavelength.
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5.2.2 Uniform Bragg Grating

Consider a uniform Bragg grating formed within the core of an optical
fibre with an average refractive index ny. The index of the refractive pro-
file can be expressed as

n(z) =n, + Ancos (%) 5.4

where An is the amplitude of the induced refractive index perturbation
(typically 107 to 107°) and z is the distance along the fibre longitudinal
axis. Using coupled-mode theory [14] the reflectivity of a grating with con-
stant modulation amplitude and period is given by the following expression

K> sinh?(sl)
A7 sinh*(sl) + s* cosh® (sl)

where R(1, ) is the reflectivity, which is a function of the grating length [
and wavelength A. k is the coupling coefficient, Af=—n/A is the detun-
ing wavevector, f=2mny/A is the propagation constant and finally
s*=K>— AB*. For sinusoidal variations of the index perturbation the cou-
pling coefficient, , is given by

R(,A) = (5.5

TAn
K= TM power (5.6)
where M,,,,.., is the fraction of the fibre mode power contained by the fibre
core. In the case where the grating is uniformly written through the core,

M, can be approximated by 1-V 2, where V is the normalized frequency

of the fibre, given by
V= 27/ A)ayn>, —n’, (5.7)

where a is the core radius, and n., and n are the core and cladding indices,
respectively. At the centre wavelength of the Bragg grating the wavevector
detuning is Af =0, therefore the expression for the reflectivity becomes

R(I,A) = tanh* (k1) (5.8)

The reflectivity increases as the induced index of refraction change gets
larger. Similarly, as the length of the grating increases, so does the re-
sultant reflectivity. Figure 5.3 shows a calculated reflection spectrum as
a function of wavelength of a uniform Bragg grating. The side lobes of
the resonance are due to multiple reflections to and from opposite ends of
the grating region. The sinc spectrum arises mathematically through the
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Fig. 5.3. Typical wavelength-dependent reflection spectrum of a Bragg grating with
centre wavelength around 1550 nm

Fourier transform of a harmonic signal having finite extent, while an infi-
nitely long grating would transform to an ideal delta function response in
the wavelength domain.

A general expression for the approximate full-width-half maximum
bandwidth of a grating is given by [15]

2 2
A 1
AM=2,8[ 22| +| — (5.9)
2n, N
where N is the number of grating planes. For strong gratings (with near
100% reflection) S =1 holds, while S =0.5 for weak gratings.

5.2.3 Phase and Group Delay of Uniform Gratings

Figure 5.4 shows the phase response of two uniform-period Bragg gratings
(A around 1550 nm) as a function of wavelength. The two gratings have
the same length (1 cm), however, they have different index perturbation
change, namely a “strong” grating with Sngy=3 x 107 and a “weak” grat-
ing with dn4=5 x 1075, It appears that the phase change around the Bragg
wavelength decreases with higher index of refraction perturbation.

The group delay of the same two gratings is shown in Fig. 5.5. Strong
dispersion (change of group delay with wavelength) is clearly seen at the
edge of the stop band and it increases with increasing index perturbation
change, although it is limited to a small bandwidth. The group delay is
minimum at the centre of the band (see also Chap. 2).
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Fig. 5.4. Typical phase response in reflection from a uniform-period Bragg grating as
a function of wavelength. The strong grating (3n.;=3x 10" has almost constant
phase change in contrast to the characteristics of the weaker grating (8n,;=>5 x 107)
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Fig. 5.5. Typical group delay response in reflection from a uniform-period Bragg
grating as a function of wavelength. For the strong grating the group delay in the cen-
tre of the band is constant, while it increases rapidly at the band edges with increasing
bandwidth confinement

5.2.4 Strain and Temperature Sensitivity of Bragg Gratings

The Bragg grating resonance, which is the centre wavelength of back-
reflected light from a Bragg grating, depends on the effective index of
refraction of the core and the periodicity of the grating. The effective index
of refraction, as well as the periodic spacing between the grating planes,
will be affected by changes in strain and temperature. Using (5.3) the shift
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in the Bragg grating centre wavelength due to strain and temperature
changes is given by

d 9
iy =2| A2y O ol A% 4y O NAT (5.10)
a1 3l aT T 9T

The first term in (5.10) represents the strain effect on an optical fibre.
This corresponds to a change in the grating spacing and the strain-optic
induced change in the refractive index. The above strain effect term may
be expressed as [16]

2
Ady = /7'3[1_%[1712 —V(p“ + P )]:|gz (.11

where p;; and p;, are components of the strain optic tensor, v is the Pois-
son’sratio and €, = ol / [ . A typical germanosilicate fibre exhibits a 1.2 pm
shift in the centre wavelength of the grating as a result of applying 1 pe to
the Bragg grating. Experimental results of a Bragg centre wavelength shift
with applied stress on a 1555.1 nm grating are shown in Fig. 5.6.
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Fig. 5.6. Peak reflection from a Bragg grating under applied strain (square symbols)
and at different temperatures (open circles). The Bragg grating formed the output
coupler of an erbium-doped fibre laser



198 5 Fibre Bragg Gratings

The second term in (5.10) represents the effect of temperature on an op-
tical fibre. A shift in the Bragg wavelength due to thermal expansion
changes the grating spacing and the index of refraction. This fractional
wavelength shift for a temperature change AT may be written as [16]

Ady =2, (e, +,)AT (5.12)

where a, = (1/A)(OA/IT) is the thermal expansion coefficient for the fibre
(approximately 0.55 x 107° for silica). The quantity a,=(1/n)(dn/0T) repre-
sents the thermo-optic coefficient and its approximately equal to 8.6x 107
for a germanium-doped, silica-core fibre. Clearly the index change is by far
the dominant effect. From (5.12) the expected sensitivity for a ~1550 nm
Bragg grating is approximately 14 pm/°C, in close agreement with the data
shown in Fig. 5.6, which illustrate results of a Bragg grating centre wave-
length shift as a function of temperature. It is apparent that any change in
wavelength, associated with the action of an external perturbation to the
grating, is the sum of strain and temperature terms. Therefore, in sensing
applications where only one perturbation is of interest, the deconvolution of
temperature and strain becomes necessary.

5.2.5 Other Properties of Fibre Gratings

When a grating is formed under conditions for which the modulated index
change is saturated under UV exposure, then the effective length will be
reduced as the transmitted signal is depleted by reflection. As a result, the
spectrum will broaden appreciably and depart from a symmetric sinc or
Gaussian shape spectrum, whose width is inversely proportional to the
grating length. This is illustrated in Figs. 5.7 (a) and (b). In addition, the
cosine-like shape of the grating will change into a waveform with steeper
sides, and second-order Bragg lines (Fig. 5.7(c)) will appear due to the
new harmonics in the Fourier spatial spectrum of the grating [17].

The presence of higher order grating modes has been utilised as a means
of separating temperature and strain measurements using a single grating
device, as the grating response to external perturbations is wavelength de-
pendent [18]. Another interesting feature, which is observed in strongly
reflecting gratings with large index perturbations, is the small-shape spec-
tral resonance on the short wavelength side of the grating centre line. This
is due to self-chirping from An.g(z). Such features do not occur if the aver-
age index change is held constant or adjusted to be constant by a second
exposure of the grating. A Bragg grating will also couple dissimilar modes
in reflection and transmission, provided the following two conditions are
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Fig. 5.7. Transmission of standard Bragg grating (a) and of Bragg grating with large
index change due to saturation under UV exposure (b). The spectrum (b) broadens
under continuous exposure because the incident wave is completely reflected before
reaching the end of the grating. The strongly saturated grating is no longer sinusoidal,
and the peak index regions are flattened, whereas the valleys in the perturbation index
distribution are sharpened. As a result second order Bragg reflection lines (c¢) are ob-
served at about one-half the fundamental Bragg wavelength and at other shorter wave-
lengths for higher order modes (after [17])

satisfied, namely phase matching and sufficient mode overlap in the region
of the fibre that contains the grating. The phase matching condition, which
ensures a coherent exchange of energy between the modes, is given by [17]

ngy———=n, (5.13)

where n,; is the modal index of the incident wave and n, is the modal in-
dex of the grating-coupled reflected or transmitted wave. It should be
pointed out that the above equation allows for a tilted or blazed grating by
adjusting the grating pitch along the fibre axis 4,.

Normally Bragg gratings do not only reflect radiation into back-
travelling guided modes, but also into cladding and radiation modes at
wavelengths shorter than the Bragg wavelength. Since these modes are not
guided, they are not observed in reflection, but in transmission only.
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A schematic illustration of the combined effect of cladding and radiation
mode coupling is given in Fig. 5.8.
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Fig. 5.8. Transmission of strong fibre Bragg grating (schematic) showing loss to radia-
tion modes plus sharp lines due to coupling to distinct cladding modes

Such extra short-wavelength transmission structures are particularly
pronounced in highly photosensitive fibres or in hydrogenated ones. In
general these losses are unwanted and different methods have been devel-
oped in order to suppress them. One approach relies on having a uniform
photosensitive region all over the cross-section plane of the optical fibre
[19], an alternative variant is the use of fibres with high numerical aper-
ture. For more details including specific references see [1].

5.2.6 Bragg Grating Types

Bragg gratings grow differently in response to particular inscription condi-
tions and the laser used, in addition to the optical fibre type and photosensi-
tivity conditioning prior to inscription. The gratings are characterized by
four distinct dynamical regimes known as Type I, Type IA, Type IIA, and
Type II. The key differences are highlighted below, bearing in mind that
the mechanisms responsible for these types are different. The physical
properties of these grating types can be inferred through their growth dy-
namics and by measurement of thermally induced decay. Broadly speaking
Type IA are the least and Type II the most stable gratings with increasing
temperature. This is not surprising given that Type IA appears to be a true
colour centre grating and purely related to local electronic defects, Type I
has both a colour centre and densification element, Type IIA is related to
compaction, and Type Il is related to fusion of the glass matrix.



5.2 Fundamentals of Fibre Bragg Gratings 201

Type | Fibre Bragg Gratings

Type I Bragg gratings refer to gratings that are formed in normal photosen-
sitive fibres under moderate intensities. The growth dynamics of the Type I
grating is characterized by a power law with time of the form An o< * [20].
It is interesting to point out that the reflection spectra of the guided mode
are complementary to the transmission signal, implying that there is negli-
gible loss due to absorption or reflection into the cladding. This is a funda-
mental characteristic of a Type I Bragg grating. Furthermore, due to the
photosensitivity type of the Bragg grating, the grating itself has a character-
istic behaviour with respect to temperature erasure. Type I gratings can be
erased at relatively low temperatures, approximately 200°C. Nevertheless,
Type I gratings are the most utilized Bragg gratings and operate effectively
from —40 to +80°C, a temperature range that satisfactorily covers most
telecommunications and some sensor applications.

Type IA Fibre Bragg Gratings

Type IA fibre Bragg gratings are the most recently revealed grating type and
may be considered a subtype of Type I gratings. (The transmission and re-
flection spectra are complementary, thus this grating type is indistinguish-
able from Type I in a static situation.) They are typically formed after pro-
longed UV exposure of a standard grating in hydrogenated germanosilicate
fibre [21, 22], although recent improvements in their inscription have shown
that they can be readily inscribed in a suitably prepared optical fibre [23].
The spectral characteristics of Type IA gratings are unique; they are distinct
from other grating types as they exhibit a large increase in the mean core
index that is identifiable as a large red shift seen in the Bragg wavelength A
of the grating during inscription. The mean wavelength change is character-
ised by three distinct regimes, with the Type I grating growth being super-
seded by a quasi-linear region followed by saturation. This saturated red
shift is dependent on fibre type and hydrogenation conditions, but for
a highly doped fibre (either high Ge dopant or B/Ge co-doped fibre) is ty-
pically in the order of 15-20 nm, and 5—8 nm for SMF-28 fibre. The maxi-
mum wavelength shift translates to an increase in the mean index of up to
2% 107%. More importantly, IA gratings have been shown to exhibit the low-
est temperature coefficient of all grating types reported to date, which
makes them ideal for use in a temperature compensating, dual grating sen-
sor, as has recently been demonstrated by Kalli and co-workers [24,25].
Recent studies by Kalli etal. have also shown that their primary limitation
of having to work at low temperatures (80°C) can be greatly mitigated if
inscribed under strain (stability to 200°C) [26].



202 5 Fibre Bragg Gratings

Type IIA Fibre Bragg Gratings

Type IIA fibre Bragg gratings appear to have the same spectral characteris-
tics as Type I gratings. The transmission and reflection spectra are again
complementary, also rendering this type of grating indistinguishable from
Type I in a static situation. However, due to the different mechanism in-
volved in fabricating these gratings, there are some distinguishable features
that are noticeable under dynamic conditions either in the initial fabrication
or in the temperature erasure of the gratings. Type IIA gratings are in-
scribed through a long process, following Type I grating inscription [27].
After approximately 30 min of exposure (depending on the fibre type and
exposure fluence), the Type IIA grating is fully developed. Clearly, Type
ITA gratings are not very practical to fabricate. Although the mechanism of
the index change is different from Type I, occurring through compaction of
the glass matrix, the behaviour subject to external perturbations is the same
for both grating types. Irrespective of the subtleties of the index change on
a microscopic scale, the perturbations act macroscopically and, therefore,
the wavelength response remains the same. However, when the grating is
exposed to high ambient temperature, a noticeable erasure is observed only
at temperatures as high as 500°C. A clear advantage of the Type IIA grat-
ings over the Type I is the dramatically improved temperature stability of
the grating, which may prove very useful, if the system has to be exposed to
high ambient temperatures (as may be the case for sensor applications).

Type Il Fibre Bragg Gratings

A single excimer light pulse of fluence >0.5J/cm® can photoinduce large
refractive-index changes in small, localized regions at the core-cladding
boundary, resulting in the formation of the Type II grating [28]. This
change results from physical damage through localized fusion that is lim-
ited to the fibre core, and it produces very large refractive-index modula-
tions estimated to be close to 107>, The reflection spectrum is broad and
several features appear over the entire spectral profile due to non-
uniformities in the excimer beam profile that are strongly magnified by the
highly non-linear response mechanism of the glass core. Type II gratings
pass wavelengths longer than the Bragg wavelength, whereas shorter
wavelengths are strongly coupled into the cladding, as is observed for
etched or relief fibre gratings, permitting their use as effective wavelength-
selective taps. Results of stability tests have shown Type II gratings to be
extremely stable at elevated temperatures [28], surviving temperatures in
excess of 800°C for several hours; this superior temperature stability can
be utilized for sensing applications in hostile environments.
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5.3 Spectral Response from Bragg Gratings

Many models have been developed to describe the behaviour of Bragg grat-
ings in optical fibres [1]. The most widely used technique has been coupled-
mode theory, where the counter-propagating fields inside the grating struc-
ture, obtained by convenient perturbation of the fields in the unperturbed
waveguide, are related by coupled differential equations. Here a simple
T-Matrix formalism will be presented for solving the coupled-mode equa-
tions for a Bragg grating structure [1] thus obtaining its spectral response.

5.3.1 Coupled-mode Theory and the T-Matrix Formalism

The spectral characteristics of a Bragg grating structure may be simulated
using the T-Matrix formalism. For this analysis two counter-propagating
plane waves are considered confined to the core of an optical fibre, in
which a uniform intra-core Bragg grating of length / and uniform period A
exists. This is illustrated in Fig. 5.9. The electric fields of the backward-
and forward-propagating waves can be expressed as

E . (x,1) =A(x)expl[i(ar —fx)] and (5.14a)
Ey(x,1) = B(x)exp[i(wt + fx)] (5.14b)

respectively, where £ is the wave propagation constant. The complex am-
plitudes A(x) and B(x) of these electric fields obey the coupled-mode equa-
tions [29]

df;(x) =iKkB(x)exp[-i2(A8)x] O=xsh  (5.159)
X
aB(x) _ —-ix"A(x)exp[i2(Af)x] (O=x<l  (5.15b)

where AS =[—f,is the differential propagation constant (£,=7/A, and A
is the grating period) and x is the coupling coefficient. For uniform grat-
ings, K is constant and it is related to the index modulation depth. For
a sinusoidally-modulated refractive index the coupling coefficient is real
and it is given by (5.6).

Assuming that there are both, forward and backward inputs to the Bragg
grating, and boundary conditions B(0) =B, and A(/)=A,, closed-form solu-
tions for A(x) and B(x) are obtained from (5.15). Following these assump-
tions, the closed-form solutions for x-dependencies of the two waves are
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Fig. 5.9. Illustration of T-matrix model: (a) single uniform Bragg grating and (b) se-
ries of gratings with different periods back to back

a(x)=A(x)exp(-ifx) and b(x) = B(x)exp(ifx). Therefore, the backward out-
put (reflected wave), ay, and the forward output (transmitted wave), by,
from the grating can be expressed by means of the scattering matrix

“0 Sll S12 . “l (515)
bl S21 SZZ bo
with a;= A]CXp(lﬂl) and bo = Bo, and

isexp(-if,l)
—AQsinh(sl) +is cosh(sl)

S, =S, = (5.17a)

K sinh(sl)

; ; (5.17b)
—Afsinh(sl) + is cosh(sl)

S, =8,,expRif)l) =

where s = 1I|K|2 — A . Based on the scattering-matrix expression in
(5.17), the T-matrix for the Bragg grating is [30]:

|:a0:|:|:Tll T12:|.|:al:| (5.18)
b, L, T,]|b
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where

A sinh(sl) + is cosh(sl)
is

T, =T, =exp(-if,]) (5.19a)

Ksmh(sl) (5.19b)

T, =T, =exp(-if ) ———

The T-matrix relates the input and output of the Bragg grating and is

ideal for analyzing a cascade of gratings (Fig. 5.9). Figure 5.9(b) shows

a series of gratings back to back with a total length L. This grating struc-

ture is made up of “m” Bragg grating segments. Each segment has

a different period A,, and has its own T-matrix 7T, . The total grating struc-
ture may be expressed as

Cl Clm
[ } I Ty T, T, [ } (5:20
bO bm

and the spectral reflectivity of the grating structure is given by
|a (4)/b, (ﬂ)| From the phase information one may also obtain the delay
for the light reflected back from the grating [1]. It should be noted that this
model does not take into account cladding mode-coupling losses.

Grating-length Dependence

The reflection spectral response for uniform Bragg gratings is calculated
using the T-matrix formalism described above. The objective of this set of
simulations is to demonstrate how the spectral response of a grating is
affected as the length of the grating is altered. The index of refraction
change is assumed uniform over the grating length, however, the value of
the change is reduced with increasing grating length in such a way that the
maximum grating reflectivity remains constant. Figure 5.10 shows the
spectral profile of three uniform Bragg gratings.

The various plots clearly demonstrate that the bandwidth of the gratings
decreases with increasing length. The 1-cm long uniform grating has
a bandwidth of approximately 0.15nm, that of the 2-cm long grating is
0.074 nm and finally the 4-cm long grating exhibits 0.057 nm bandwidth.
Theoretically Bragg gratings may be constructed with extremely small
bandwidths by simply increasing the grating length. However, in practice
such devices are not easy to manufacture. The error associated with the
spacing between the periods of a grating (during manufacturing) is cumu-
lative, therefore, with increasing grating length the total error increases,
resulting in out-of-phase periods and leading to broadening of the Bragg
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Fig. 5.10. Spectral reflectivity response from uniform Bragg gratings. The various
spectral profiles correspond to different grating lengths: 1cm (solid-), 2 cm (dashed-),
and 4 cm (dotted curve)

grating reflection. Furthermore, if a long perfect Bragg grating is con-
structed, the effects of the environment have to be considered very care-
fully. For example, any strain or temperature fluctuations on any part of
the grating will cause the periods to move out of phase resulting in broad-
ening of the Bragg grating reflection.

Index of Refraction Dependence

Figure 5.11 shows a set of simulations assuming a uniform Bragg grating
of 2 cm length and different index of refraction changes. For the first grat-
ing with An=0.5x10"" the reflectivity is 90% and the bandwidth is ap-
proximately 0.074 nm. If the change of the index of refraction is reduced to
half the value of the first grating (An=0.25x 107", the reflectivity de-
creases to 59% and the bandwidth to 0.049 nm. A further decrease in the
index of refraction change (An=0.1x 107*) results in a reflectivity of 15%
and a bandwidth of 0.039 nm. It appears that the bandwidth approaches
a minimum value and remains constant for further reductions in the index
of refraction change.
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Fig. 5.11. Spectral reflectivity response from uniform Bragg grating 2 cm in length for
different refraction indices. The solid, dashed, and dotted lines correspond to
An=0.5%x10" An=0.25%10"", and An=0.1 x 10~ index of refraction change, respec-

tively

Time Delay Dependence

Figure 5.12 shows the delay 7 calculated from the derivative of the phase
with respect to the wavelength for a uniform grating length L of about
10 mm. The design wavelength for this grating was 1550 nm and the index
of refraction of the fibre was set at n,, =1.45. Figure 5.12 also shows
the reflectivity spectral response of the same Bragg grating. Clearly both,
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Fig. 5.12. Calculated group delay (solid line) and reflectivity (dotted line) for uniform
weak Bragg grating (v#din.z=1x 107 and L=10 mm). Design wavelength of the grat-

ing: 1550 nm, fringe visibility v =100%
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reflectivity and delay, are symmetric about the peak wavelength A,,,. The
dispersion is zero near A,,, for uniform gratings and becomes appreciable
near the band edges and side lobes of the reflection spectrum, where it
tends to vary rapidly with wavelength.

5.3.2 Chirped Bragg Gratings

One of the most interesting Bragg grating structures with immediate appli-
cations in telecommunications is the chirped Bragg grating. This grating
has a monotonically varying period, as illustrated schematically in
Fig. 5.13. There are certain characteristic properties offered by monotoni-
cally varying the period of gratings that are considered advantages for spe-
cific applications in telecommunication and sensor technology, such as
dispersion compensation and the stable synthesis of multiple-wavelength
sources. These types of gratings can be realized by axially varying either
the period of the grating A or the index of refraction of the core, or both.
From (5.3) we have

Ap(2) =21, (2) A(z) (5.21)
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Fig. 5.13. (a) Schematic diagram of a chirped grating with an aperiodic pitch. For
forward-propagating light as shown, long wavelengths travel further into the grating
than shorter wavelengths before being reflected. (b) Schematic diagram of a cascade of
several gratings with increasing period that are used to simulate long, chirped gratings
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The simplest type of chirped grating structure is one with a linear varia-
tion of the grating period

A(R)=A, + Az (5.22)

where /A, is the starting period and 4; is the linear change (slope) along the
length of the grating. One may consider such a grating structure made up
of a series of smaller length uniform Bragg gratings increasing in period. If
such a structure is designed properly one may realize a broadband reflec-
tor. Typically the linear chirped grating has associated with it a chirp
value/unit length (chirp,=2ny4;) and the starting period. For example,
achirped grating 2cm in length may have a starting wavelength at
1550 nm and a chirp value of 1nm/cm. This implies that the end of the
chirped grating will have a wavelength period corresponding to 1552 nm.
The simulation results shown in Fig. 5.14 illustrate the characteristics of
chirped Bragg grating structures. The three different reflection spectra in
the left part of Fig. 5.14 correspond to chirp values 0, 0.2, and 0.4 nm over
the entire length of the grating. In these calculations all gratings are as-
sumed to be 10mm long with a constant index of refraction change
Ongp=1x 107", With increasing chirp value the reflectivity response be-
comes broader and the reflection maximum decreases. In these simulations
the chirped gratings are approximated by a number of progressively in-
creasing period gratings, whose total length amounts to the length of the
chirped grating. The number of “steps” (the number of smaller gratings)
assumed in the calculations is 100 (simulations indicated that calculations
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Fig. 5.14. Spectral reflectivity response from different Bragg gratings showing the
effect of chirping. All gratings are 10 mm long and the index of refraction change is
assumed to be dngy=1x 10~ for all of them. Left part: The solid curve corresponds to
0 chirp, the dashed and dotted curves correspond to 0.2 and 0.4 nm chirp, respectively
(where the chirp value is over the length of the grating). Right part: Spectral reflectiv-
ity response from highly chirped Bragg gratings for chirp values of 1nm, 4nm, and
8 nm over the 10 mm length of the gratings
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with more than 20 steps will give approximately the same result). The
spectral response from Bragg gratings with very large chirp values (1, 4,
and 8 nm over the 10 mm length of the grating) is shown in the right part of
Fig. 5.14. As can be seen it is possible to span a very large spectral area
with increasing chirp value, however, with a reduction in the maximum
reflectivity of the grating. This problem may be overcome by increasing
the index of refraction modulation.

5.3.3 Apodisation of Spectral Response of Bragg Gratings

The reflection spectrum of a finite length Bragg grating with uniform modu-
lation of the index of refraction gives rise to a series of side lobes at adjacent
wavelengths (cf. Figs. 2.1 (log scale!), 5.3 or 5.12). It is very important to
minimize and if possible eliminate the reflectivity of these side lobes, (or
apodize the reflection spectrum of the grating) in devices where high rejec-
tion of the non-resonant light is required. An additional benefit of apodiza-
tion is the improvement of the dispersion compensation characteristics of
chirped Bragg gratings [31]. In practice apodization is accomplished by
varying the amplitude of the coupling coefficient along the length of the
grating. One method used to apodize an FBG consists in exposing the opti-
cal fibre with the interference pattern formed by two non-uniform ultravio-
let light beams [32]. In the phase mask technique, apodization can be
achieved by varying the exposure time along the length of the grating, either
from a double exposure, by scanning a small writing beam, or by using
a variable diffraction efficiency phase mask. In all these apodization tech-
niques, the variation in coupling coefficient along the length of the grating
comes from local changes in the intensity of the UV light reaching the fibre.

Figure 5.15 demonstrates the characteristics of apodized Bragg gratings,
to be compared for example with Figs. 2.1, 5.3, or 5.12, which illustrate
the typical side lobes of uniform Bragg gratings. For both gratings of
Fig. 5.15 the magnitude of the index variation and the extension of the
apodized regions are the same, but in the first case (left) the average re-
fractive index changes also along the apodized region, while it remains
constant for the second example (right part of Fig. 5.15). It is obvious that
the latter approach results in a significantly stronger side lobe suppression.

Apodization of the fibre Bragg grating spectral response has been re-
ported by Albert etal. using a phase mask with variable diffraction effi-
ciency [33]. Bragg gratings with side lobe levels 26 dB lower than the peak
reflectivity have been fabricated in standard telecommunication fibres
[34]. This represents a reduction of 14 dB in the side lobe levels compared
to uniform gratings with the same bandwidth and reflectivity.
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Fig. 5.15. Index variation and corresponding reflectivity and transmission of apodised
gratings with varying (left) and constant (right) average effective refractive index

A technique for cosine apodization that was obtained by repetitive,
symmetric longitudinal stretching of the fibre around the centre of the grat-
ing while the grating was written has also been demonstrated [35]. This
apodization scheme is applicable to all types of fibre gratings, written by
direct replication by a scanning or a static beam, or by use of any other
interferometer and is independent of length. The simplicity of this tech-
nique allows the rapid production of fibre gratings required for wavelength-
division-multiplex (WDM) systems and for dispersion compensation.

5.3.4 Fibre Bragg Gratings with Other Types of Mode Coupling

Tilting or blazing the Bragg grating at angles with respect to the fibre axis
can couple light out of the fibre core into cladding modes or to radiation
modes outside the fibre. This wavelength-selective tapping occurs over
a rather broad range of wavelengths that can be controlled by the grating
and waveguide design. One of the advantages is that the signals are not
reflected into the fibre core, and thus the tap forms an absorption type of
filter. An important application is gain flattening filters for erbium-doped
fibre amplifiers (cf. Sect. 5.5.5).

With a small tilt of the grating planes to the fibre axis (~1°), one can make
areflecting spatial mode coupler such that the grating reflects one guided
mode into another. It is interesting to point out that by making long period
gratings, one can perturb the fibre to couple to other forward going modes.
A wavelength filter based on this effect has been demonstrated by Hill et al.
[36]. The spatial mode-converting grating was written using the point-by-
point technique (cf. Sect. 5.4.4) with a period of 590 um over a length of
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60 cm. Using mode strippers before and after the grating makes a wavelength
filter. In a similar manner, a polarisation mode converter or rocking filter in
polarisation-maintaining fibre can be made. A rocking filter of this type, gen-
erated with the point-by-point technique, was also demonstrated by Hill and
co-workers [37]. In their work they demonstrated an 87 cm long, 85 step
rocking filter that had a bandwidth of 7.6 nm and a peak transmission of 89%.

5.4 Fabrication of Fibre Bragg Gratings

In the following section we will describe various techniques used in fabri-
cating standard and complex Bragg grating structures in optical fibres.
Depending on the fabrication technique Bragg gratings may be labelled as
internally or externally written. Although internally written Bragg gratings
may not be considered very practical or useful, nevertheless it is important
to consider them, thus obtaining a complete historical perspective. Exter-
nally written Bragg gratings, that is gratings inscribed using techniques
such as interferometric, point-by-point, and phase-mask overcome the
limitations of internally written gratings and are considered far more use-
ful. Although most of these inscription techniques were initially consid-
ered difficult due to the requirements of sub-micron resolution and thus
stability, they are well controlled today and the inscription of Bragg grat-
ings using these techniques is considered routine.

5.4.1 Internally Inscribed Bragg Gratings

Internally inscribed Bragg gratings were first demonstrated in 1978 by Hill
and co-workers [38,39] in a simple experimental set-up as shown in
Fig. 5.16. An argon ion laser was used as the source, oscillating on a single
longitudinal mode at 514.5nm (or 488 nm) exposing the photosensitive
fibre by coupling light into its core. Isolation of the argon ion laser from
the back-reflected beam was necessary to avoid instability. Furthermore,
the pump laser and the fibre were placed in a tube for thermal isolation.
The incident laser light interfered with the 4% reflection (from the cleaved
end of the fibre) to initially form a weak standing wave intensity pattern
within the core of the fibre. At the high intensity points the index of refrac-
tion in the photosensitive fibre changed permanently. Thus a refractive
index perturbation having the same spatial periodicity as the interference
pattern was formed. These types of gratings normally have a long length
(tens of centimetres) in order to achieve useful reflectivity values due to
the small index of refraction changes.
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Fig. 5.16. A typical apparatus used in generating self-induced Bragg gratings using an
argon ion laser. Typical reflection and transmission characteristics of these types of
gratings are shown in the graph

5.4.2 Interferometric Inscription of Bragg Gratings

Amplitude-splitting Interferometer

The interferometric fabrication technique, which is an external writing
approach for inscribing Bragg gratings in photosensitive fibres, was first
demonstrated by Meltz and coworkers [40], who used an amplitude-
splitting interferometer to fabricate fibre Bragg gratings in an experimental
arrangement similar to the one shown in Fig. 5.17. An excimer-pumped
dye laser operating at a wavelength in the range of 486—500 nm was fre-
quency doubled using a non-linear crystal. This provided a UV source in
the 244-nm band with adequate coherence length (a critical parameter in
this inscription technique). The UV radiation was split into two beams of
equal intensity that were recombined to produce an interference pattern,
normal to the fibre axis. A pair of cylindrical lenses focused the light onto
the fibre and the resulting focal line was approximately 4-mm long by
124-pym wide. A broadband source was also used in conjunction with
a high-resolution monochromator to monitor the reflection and transmis-
sion spectra of the grating. The graph in Fig. 5.17 shows the reflection and
complementary transmission spectra of the grating formed in a 2.6-pm
diameter core, 6.6-mol % GeO,-doped fibre after 5 minutes exposure to
a 244-nm interference pattern with an average power of 18.5mW. The
length of the exposed region was estimated to be between 4.2 and 4.6 mm.
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Fig. 5.17. An amplitude-splitting interferometer used by Meltz etal. [40], which dem-
onstrated the first externally fabricated Bragg grating in optical fibre. The reflection
and transmission spectra of a 4.4-mm long Bragg grating fabricated with this apparatus
are also shown
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Fig. 5.18. An improved version of the amplitude-splitting interferometer, where an
additional mirror is used to achieve an equal number of reflections, thus eliminating
the different lateral orientations of the interfering beams. This type of interferometer is
applicable to fabrication systems where the source spatial coherence is low, such as

with excimer lasers
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In a conventional interferometer such as the one shown in Fig. 5.17 the
UV writing laser light is split into equal intensity beams that subsequently
recombine after having undergone a different number of reflections in each
optical path. Therefore, the interfering beams (wave fronts) acquire differ-
ent (lateral) orientations. This results in a low quality fringe pattern for
laser beams having low spatial coherence. This problem is eliminated by
including a second mirror in one of the optical paths, as shown in
Fig. 5.18, which in effect compensates for the beam splitter reflection.
Since the total number of reflections is now the same in both optical arms,
the two beams interfering at the fibre are identical.

The interfering beams are normally focused to a fine line matching the
fibre core using a cylindrical lens placed outside the interferometer. This
results in higher intensities at the core of the fibre, thereby improving the
grating inscription. In interferometer systems as the ones shown in
Figs. 5.17 and 5.18 the interference fringe pattern period 4 depends on
both the irradiation wavelength A, and the half angle between the intersect-
ing UV beams ¢ (cf. Fig. 5.18). Since the Bragg grating period is identical
to the period of the interference fringe pattern, the fibre grating period is
given by

A

A=—7—, (5.23)
2sin@

Given the Bragg condition, Az=2n.;4, the Bragg resonance wavelength,
A, can be represented in terms of the UV writing wavelength and the half
angle between intersecting UV beams as

Ay = Py (5.24)
sing
where n,; is the effective core index. From (5.24) one can easily see that
the Bragg grating wavelength can be varied either by changing A, [41]
and/or @. The choice of 4, is limited to the UV photosensitivity region of
the fibre; however, there is no restriction for the choice of the angle ¢.

One of the advantages of the interferometric method is the ability to in-
troduce optical components within the arms of the interferometer, allowing
for the wavefronts of the interfering beams to be modified. In practice, in-
corporating one or more cylindrical lenses into one or both arms of the inter-
ferometer produces chirped gratings with a wide parameter range [2]. The
most important advantage offered by the amplitude-splitting interferometric
technique is the ability to inscribe Bragg gratings at any wavelength desired.
This is accomplished by changing the intersecting angle between the UV
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beams. This method also offers complete flexibility for producing gratings
of various lengths, which allows the fabrication of wavelength-narrowed or
broadened gratings. The main disadvantage of this approach is a susceptibil-
ity to mechanical vibrations. Sub-micron displacements in the position of
mirrors, the beam splitter, or other optical mounts in the interferometer dur-
ing UV irradiation will cause the fringe pattern to drift, washing out the
grating from the fibre. Furthermore, because the laser light travels long op-
tical distances, air currents, which affect the refractive index locally, can
become problematic, degrading the formation of a stable fringe pattern. In
addition to the above-mentioned shortcomings, quality gratings can only be
produced with a laser source that has good spatial and temporal coherence
and excellent wavelength and output power stability.

Wavefront-splitting Interferometers

Wavefront-splitting interferometers are not as popular as the amplitude-
splitting interferometers for grating fabrication, however, they offer some
useful advantages. Two examples of wavefront-splitting interferometers
used to fabricate Bragg gratings in optical fibres are the prism interferome-
ter [42,43] and the Lloyd interferometer [44]. The experimental set-up for
fabricating gratings with the Lloyd interferometer is shown in Fig. 5.19.
This interferometer consists of a dielectric mirror, which directs half of the
UV beam to a fibre that is perpendicular to the mirror. The writing beam is
centred at the intersection of the mirror surface and fibre. The overlap of
the direct and the deviated portions of the UV beam creates interference
fringes normal to the fibre axis. A cylindrical lens is usually placed in front
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Fig. 5.19. Schematic of the Lloyd wavefront-splitting interferometer
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of the system to focus the fringe pattern along the core of the fibre. Since
half of the incident beam is reflected, interference fringes appear in a re-
gion of length equal to half the width of the beam. Secondly, since half the
beam is folded onto the other half, interference occurs, but the fringes may
not be of high quality. In the Lloyd arrangement, the folding action of the
mirror limits what is possible. It requires a source with a coherence length
equal to at least the path difference introduced by the fold in the beam.
Ideally the coherence and intensity profile should be constant across the
writing beam, otherwise the fringe pattern and thus the inscribed grating
will not be uniform. Furthermore, diffraction effects at the edge of the
dielectric mirror may also cause problems with the fringe pattern.

A schematic of the prism interferometer is shown in Fig. 5.20. The prism
is made from high homogeneity, ultraviolet-grade, fused silica allowing for
good transmission characteristics. In this set-up the UV beam is spatially
bisected by the prism edge and half the beam is spatially reversed by total
internal reflection from the prism face. The two beam halves are then re-
combined at the output face of the prism, giving a fringe pattern parallel to
the photosensitive fibre core. A cylindrical lens placed just before the set-
up helps in forming the interference pattern on a line along the fibre core.
The interferometer is intrinsically stable as the path difference is generated
within the prism and remains unaffected by vibrations. Writing times of
over 8 hours have been reported with this type of interferometer. One dis-
advantage of this system is the geometry of the interference. Folding the
beam onto itself forms the interferogram; hence different parts of the beam
must interfere, which requires a UV source with good spatial coherence.
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Fig. 5.20. Schematics of the prism wavefront-splitting interferometer
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A key advantage of the wavefront-splitting interferometer is the re-
quirement for only one optical component, greatly reducing sensitivity to
mechanical vibrations. In addition, the short distance where the UV beams
are separated reduces the wavefront distortion induced by air currents and
temperature differences between the two interfering beams. Furthermore,
this assembly can be easily rotated to vary the angle of intersection of the
two beams for wavelength tuning. One disadvantage of this system is the
limitation on the grating length, which is restricted to half the beam width.
Another disadvantage is the range of Bragg wavelength tuneability, which
is restricted by the physical arrangement of the interferometers. As the in-
tersection angle increases, the difference between the beam path lengths
increases as well, therefore, the beam coherence length limits the Bragg
wavelength tuneability.

Laser Source Requirements

Laser sources used for inscribing Bragg gratings via the above interfer-
ometric techniques must have good temporal and spatial coherence. The
spatial coherence requirements can be relaxed in the case of the amplitude-
splitting interferometer by simply making sure that the total number of
reflections are the same in both arms. This is especially critical in the case
where a laser with low spatial coherence, like an excimer laser, is used as
the source of UV light. The temporal coherence should correspond to
a coherence length at least equal to the length of the grating in order for the
interfering beams to have a good contrast ratio thus resulting in good qual-
ity Bragg gratings. The above coherence requirement together with the UV
wavelength range needed (240-250 nm) forced researchers to initially use
very complicated laser systems.

One such system consists of an excimer pumped tuneable dye laser, oper-
ating in the range of 480 to 500 nm. The output from the dye laser is focused
onto a non-linear crystal to double the frequency of the fundamental light
(Fig. 5.21). Typically this arrangement provides approximately 3-5mlJ,
10—20nsec pulses (depending on the excimer pump laser) with excellent
temporal and spatial coherence. An alternative to this elaborate and often
troublesome set-up is a specially designed excimer laser that has a long
temporal coherence length. These spectrally narrow linewidth excimer
lasers may operate for extended periods of time on the same gas mixture
with little changes in their characteristics. Commercially available narrow
linewidth excimer systems are complicated oscillator amplifier configura-
tions, which make them extremely costly. Othonos and Lee [45] developed
a low cost simple technique, where existing KrF excimer lasers may be
retrofitted with a spectral narrowing system for inscribing Bragg gratings in
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Fig. 5.21. Experimental set-up of an excimer pump dye laser with a frequency-doubled
BBO crystal for generating UV light at 245 nm for inscribing Bragg gratings in an
interferometer

a side-written interferometric configuration. In that work a commercially
available KrF excimer laser (Lumonics Ex-600) was modified to produce
a spectrally narrow laser beam (Fig. 5.22) with a linewidth of approximately
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Fig. 5.22. Schematic of a narrow linewidth excimer laser system (KrF) consisting of
two air-spaced etalons and an intracavity aperture placed between the KrF excimer gas
chamber and the high reflector (after [45])
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4% 107> m. This system was used to successfully inscribe Bragg gratings in
photosensitive optical fibres [45]. An alternative to the above system, which
is becoming very popular, is the intracavity frequency-doubled argon ion
laser that uses Beta-Barium Borate (BBO). This system efficiently converts
high-power visible laser wavelengths into deep ultraviolet (244 and
248 nm). The characteristics of these lasers include unmatched spatial co-
herence, narrow linewidth and excellent beam pointing stability, which
make such systems very successful in inscribing Bragg gratings in optical
fibres [46].

5.4.3 Phase-mask Technique

One of the most effective methods for inscribing Bragg gratings in photo-
sensitive fibre is the phase-mask technique [47]. This method employs
a diffractive optical element (phase mask) to spatially modulate the UV
writing beam (Fig. 5.23). Phase masks may be formed holographically or
by electron-beam lithography. Holographically induced phase masks have
no stitch error, which is normally present in the electron-beam phase
masks. However, complicated patterns can be written into the electron
beam-fabricated masks (quadratic chirps, Moiré patterns etc.). The phase
mask grating has a one-dimensional surface-relief structure fabricated in
a high quality fused silica flat transparent to the UV writing beam. The
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Fiber
E— Fiber
I | Diffracted Beams
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(<3% of throughput)

Fig. 5.23. Phase-mask geometry for inscribing Bragg gratings in optical fibres (see
also Fig. 5.24)
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profile of the periodic surface-relief gratings is chosen such that when
a UV beam is incident on the phase mask, the zero-order diffracted beam
is suppressed to less than a few percent (typically less than 5%) of the
transmitted power. In addition, the diffracted plus and minus first orders
are maximized each containing typically more than 35% of the transmitted
power. A near field fringe pattern is produced by the interference of the
plus and minus first-order diffracted beams. The period of the fringes is
one half that of the mask. The interference pattern photo-imprints a refrac-
tive index modulation into the core of a photosensitive optical fibre placed
in contact with or in close proximity immediately behind the phase mask
(Fig. 5.23). A cylindrical lens may be used to focus the fringe pattern
along the fibre core.

The phase mask greatly reduces the complexity of the fibre grating fab-
rication system. The simplicity of using only one optical element provides
a robust and inherently stable method for reproducing fibre Bragg gratings.
Since the fibre is usually placed directly behind the phase mask in the near
field of the diffracting UV beams, sensitivity to mechanical vibrations and
therefore stability problems are minimized. Low temporal coherence does
not affect the writing capability (as opposed to the interferometric tech-
nique) due to the geometry of the problem.

KrF excimer lasers are the most common UV sources used to fabricate
Bragg gratings with a phase mask. The UV laser sources typically have
low spatial and temporal coherence. The low spatial coherence requires the
fibre to be placed in near contact to the grating corrugations on the phase
mask in order to induce maximum modulation in the index of refraction.
The further the fibre is placed from the phase mask, the lower the induced
index modulation, resulting in lower reflectivity Bragg gratings. Clearly,
the separation of the fibre from the phase mask is a critical parameter in
producing high quality gratings. However, placing the fibre in contact with
the fine grating corrugations is not desirable due to possible damage to the
phase mask. Othonos and Lee [48] demonstrated the importance of spatial
coherence of UV sources used in writing Bragg gratings using the phase-
mask technique. Improving the spatial coherence of the UV writing beam
does not only improve the strength and quality of the gratings inscribed by
the phase-mask technique, it also relaxes the requirement that the fibre has
to be in contact with the phase mask.

To understand the significance of spatial coherence in the fabrication of
Bragg gratings using the phase-mask technique it is helpful to consider
a simple schematic diagram (Fig. 5.24). Consider the fibre core to be at
a distance & from the phase mask. The transmitted plus and minus first or-
ders that interfere to form the fringe pattern on the fibre emanate from dif-
ferent parts of the mask (referred to as distance d in Fig. 5.24). Since the
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Fig. 5.24. Simple schematic of phase-mask geometry for inscribing Bragg gratings in
optical fibres. The plus and minus first-order diffracted beams interfere at the fibre
core, placed at distance 4 from the mask

distance of the fibre from the phase mask is identical for the two interfering
beams, the requirement for temporal coherence is not critical for the forma-
tion of a high contrast fringe pattern. On the other hand, as the distance /
increases, the separation d between the two interfering beams emerging
from the mask, increases as well. In this case, the requirement for good spa-
tial coherence is critical for the formation of a high contrast fringe pattern.
As the distance & extends beyond the spatial coherence of the incident UV
beam, the interference fringe contrast will deteriorate, eventually resulting
in no interference at all. The importance of spatial coherence was also dem-
onstrated by Dyer et al. [49], who used a KrF laser irradiated phase mask to
form gratings in polyimide films. It should also be noted that if the zeroth
order beam is not significantly suppressed, interference will occur between
0™ and 1*-order diffracted beams; in this case the interference pattern will
change as a function of the fibre-phase mask separation resulting in fringes
that vary from half the phase-mask period to one period of the mask.

5.4.4 Point-by-point Fabrication of Bragg Gratings

The point-by-point technique [50] for fabricating Bragg gratings is accom-
plished by inducing a change in the index of refraction a step at a time



5.4 Fabrication of Fibre Bragg Gratings 223

along the core of the fibre. A focused single pulse from an excimer laser
produces each grating plane separately. A single pulse of UV light from an
excimer laser passes through a mask containing a slit. A focusing lens
images the slit onto the core of the optical fibre from the side as shown in
Fig. 5.25, and the refractive index of the core increases locally in the irra-
diated fibre section. The fibre is then translated through a distance A corre-
sponding to the grating pitch in a direction parallel to the fibre axis, and
the process is repeated to form the grating structure in the fibre core. Es-
sential to the point-by-point fabrication technique is a very stable and pre-
cise submicron translational system.

The main advantage of the point-by-point writing technique lies in its
flexibility to alter the Bragg grating parameters. Because the grating struc-
ture is built up a point at a time, variations in grating length, grating pitch,
and spectral response can easily be incorporated. Chirped gratings can be
produced accurately simply by increasing the amount of fibre translation
each time the fibre is irradiated. The point-by-point method allows the
fabrication of spatial mode converters [51] and polarisation mode convert-
ers or rocking filters [37], that have grating periods, A, ranging from tens
of micrometres to tens of millimetres. Because the UV pulse energy can be
varied between points of induced index change, the refractive index profile
of the grating can be tailored to provide any desired spectral response.

One disadvantage of the point-by-point technique is that it is a tedious
process. Because it is a step-by-step procedure, this method requires
arelatively long process time. Errors in the grating spacing due to thermal
effects and/or small variations in the fibre’s strain can occur. This limits

Slit image on fiber core

Slit
Lens imaging
\ slit on fiber

Incident
UV laser beam

gismi _--—--':.I-' Precise motorized
~ ftranslational stage

Fig. 5.25. Schematic of set-up for fabricating Bragg gratings using the point-by-point
technique
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the gratings to very short lengths. Typically, the grating period required for
first order reflection at 1550 nm is approximately 530 nm. Because of the
submicron translation and tight focusing required, first order 1550 nm
Bragg gratings have yet to be demonstrated using the point-by-point tech-
nique. Malo etal. [50] have only been able to fabricate Bragg gratings,
which reflect light in the 2™ and 3™ order, that have a grating pitch of ap-
proximately 1 um and 1.5 wm, respectively.

5.4.5 Direct-writing Technique

The direct-writing technique [52] is an alternative process for the flexible
inscription of high quality gratings in fibre or optical waveguide circuits
with integral Bragg gratings. The direct writing-process uses two focused
UV laser beams that are overlapped to give a micron-sized, circular spot
with an intrinsic linear interference pattern in one dimension, much as
a conventional amplitude-splitting interferometer. The interference beam is
focused onto the photosensitive fibre or waveguide and translated by one
grating period, re-exposed and moved to a new position, systematically
building up a grating structure. The piecewise process is where the di-
rect-writing technique differs from the traditional amplitude-splitting ar-
rangement. The sample is moved continuously relative to a modulated
laser beam that is synchronised to the sample motion, thereby ensuring
a smooth inscription process. Changing the time for which the laser is
switched on during the exposure cycle controls the grating contrast. This
technique allows for the fabrication of any Bragg grating profile at any
point in the structure. The process is computer controlled, providing
a straightforward method of producing complex waveguide circuits and
Bragg gratings with arbitrary chirp and apodization. Direct writing proves
advantageous, as it eliminates the usual need for Bragg grating phase
masks. As direct writing is essentially a modified interferometric set-up it
has similar limitations regarding system stability requirements.

5.4.6 Femtosecond Laser Inscription of Bragg Gratings

The use of high power femtosecond laser sources for inscribing Bragg
gratings has attained significant recent interest. Corresponding laser sys-
tems come in myriads of forms: their primary purpose is to produce high-
energy laser pulses of 5 to 500 fs duration (150fs is typical), offering the
tempting prospect of extraordinarily high laser intensity when focused onto
the sample, 200 GW/cm?, for example, is not uncommon. The high-energy
pulses and wavelength of operation both vary depending on the specific
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laser design, and there are, in general, two categories i) oscillator systems
without extra optical amplification, where high energy pulses build up in
an extended cavity and ii) amplified systems that use external optical am-
plifiers to enhance oscillator pulse energies. Values of 100nJ/pulse at
10MHz repetition rate are typical for extended oscillator cavities;
500 nJ/pulse at 1 MHz have been achieved for cavity-dumped oscillators,
and finally 1ml/pulse to 10 pJ/pulse for repetition rates of 1kHz to
500 kHz, respectively, for regeneratively amplified systems. Prior to recent
developments, the amplified laser system was economically prohibitive
and complex, with separate modules coupled by careful alignment. How-
ever, recent developments have seen this scheme replaced by less expen-
sive, diode pumped amplified systems operating in the near infrared that
can accept harmonic generators for frequency doubling, tripling, and quad-
rupling, in a very compact form factor, with minimal infrastructure needs.

The principal advantage of high-energy pulses is their ability of grating
inscription in any material type without pre-processing, such as hydro-
genation or special core doping with photosensitive materials — the inscrip-
tion process is controlled multi-photon absorption, void generation and
subsequent local refractive index changes. Furthermore, the use of an in-
frared source or its second harmonic removes the requirement to strip the
optical fibre as gratings can readily be written through the buffer layer.
However, one must consider that the very nature of the short duration
pulse poses several technical difficulties that must be accounted for in
choosing a suitable inscription method. Interferometric set-ups must have
path lengths matched to within the physical location of the fs pulse; for
a 150fs pulse this corresponds to 45 um. If a phase mask is utilised the
issue of temporal coherence is resolved, but one must now consider the
large spectral content of the pulse and its subsequent dispersion through
and energy spread beyond the mask. There is also the potential risk of op-
tically damaging the mask, if pulse energies or focusing conditions are not
carefully constrained. With respect to the grating inscription schemes dis-
cussed so far, the femtosecond laser has been utilised as follows: Mihailov
and co-workers [53-55] have developed phase masks designed for use at
800 nm for the inscription of quality, higher-order Bragg gratings in optical
fibres. The use of phase masks with larger pitch mitigates pulse spreading,
and gratings were produced having the dual advantage of good spectral
quality and high thermal stability to 950°C. Martinez and co-workers
[56,57] have opted for point-by-point inscription of multiple-order grat-
ings, with the third-order giving the best spectral quality. Computer-con-
trolled systems are also under development for the formation of arbitrary
and multiple Bragg gratings [58].
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5.5 Fibre Bragg Gratings in Optical
Communication Systems

The unique filtering properties of fibre Bragg gratings and their versatility
as in-fibre devices have made FBGs one of the key components in fibre
optic networks [1], and FBGs are used in ultra long haul (ULH), long haul
(LH), and Metropolitan dense WDM (DWDM) telecommunication net-
works as well. A schematic representation of a network is depicted in
Fig. 5.26. Bragg gratings are located in optical erbium-doped fibre ampli-
fiers (EDFA) for pump wavelength stabilization and erbium-gain flatten-
ing as well as in add-drop nodes for wavelength filtering and multiplexing.
They are also used in line or at the emission-reception side for channel and
band dispersion compensation.
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Fig. 5.26. Schematic representation of telecommunication network with preferred
Bragg grating locations

Wavelength Channel Filters

Band-pass filters are key components of WDM systems, and many solu-
tions utilizing fibre Bragg gratings for implementing such filters have been
developed including Sagnac [59], Michelson [60,61] or Mach—Zehnder
[62,63] interferometric configurations. Another approach, based on the
principle of the Moiré grating resonator [64], has been applied with uni-
form period [65] and chirped [66] gratings. Resonant filter structures have
been fabricated by introducing a phase shift into the grating by an addi-
tional UV exposure, or by using a phase-shifted phase mask. In general the
resonant type transmission filters are capable of large wavelength selectiv-
ity and are, in principle, simple to manufacture and do not require carefully
balanced arms or identical gratings, as in the case of interferometric filters.
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Fibre Bragg 100-, 50- and 25-GHz bandwidth reflective filters are
commercial products with low out-of-band crosstalk (better than 25 dB for
the adjacent channel) and low chromatic dispersion (<30ps/nm for a
50GHz grating). The realization of specific fibres (low cladding mode
coupling fibre or high numerical aperture (HNA) fibre, cf. Sect. 5.2.5) is
important in order to get these specifications with lowest possible losses
(<0.2dB). One key application is channel selection in optical add-drop
multiplexers.

Chromatic Dispersion Compensation

Chromatic dispersion is one of the key factors limiting transmission dis-
tances of 10 and 40 Gbit/s optical systems, and FBGs are widely used to
mitigate these adverse effects. The phase response of a fibre Bragg grating
can be designed to compensate many wavelengths and chirped fibre grat-
ings are a well known (commercially available) solution for single channel
and multi-channel dispersion compensation. The phase of the FBG is tai-
lored during the photo-inscription process in order to get a linear variation
of the delay as a function of wavelength. Dispersion compensation ranging
from 100 to 2000 ps/nm has been demonstrated using chirped gratings.
Many studies have focused on controlling the linear delay and suppression
of the phase ripple inherent to multi-interference occuring inside the grat-
ing (<15 ps).

Tuneable dispersion gratings for 40 Gbit/s systems enable the compensa-
tion of slow dispersion variations in telecommunication networks (tempera-
ture and vibration effects), for example by the application of an external
chirp to the grating by means of a mechanical strain or a temperature gradi-
ent. This external chirp can then be added to the one created during photo-
inscription and leads to a dispersion tuning over a few hundred of ps/nm.
Bragg gratings constitute the most efficient current technology for disper-
sion tuning. The main alternative technologies are planar devices and thin-
film filters exploiting the Gires—Tournois effects (cf. Chaps. 6 and 7).

Gain-flattening Filters

In Metro, LH or ULH transmission systems optical amplifiers (EDFA) are
necessary to compensate the link losses, and good overall amplifier flat-
ness is required for low optical signal-to-noise ratio at all wavelengths.
Different variants of Bragg gratings can be used to achieve this purpose.
The FBGs can have non-uniform period (mostly linearly varying) to cover
the full amplifier bandwidth, and these chirped gratings (cf. Sect. 5.3.2)
are used in reflection with isolators on both sides. The major competitive
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technology is dielectric thin film filters (cf. Chap. 7), which have inferior
optical performance, but are available at lower cost, since they do not
require optical isolators as FBGs do. To overcome this drawback slanted
gratings have been developed [67]. They exhibit a tilt between the fibre
axis and that of the grating in order to couple the forward-propagating
fundamental mode (LPy;) to radiative modes which makes the filter dissi-
pative in transmission. Different fibres have been designed to improve this
coupling and suppress the residual backward wave (LPy,-). Total C-band
transmission error functions lower than +0.2dB over the temperature
range —10°C... +70°C have been demonstrated with induced losses
smaller than 1dB.

Pump Laser Stabilisation

Finally, fibre Bragg gratings are also used for the stabilisation of pump
laser diodes in optical amplifiers. In EDFAs used in DWDM configura-
tions, the precise stabilization of the pump wavelength is crucial. A small
reflective grating is directly photo-written into the core of the laser pig-
tailed fibre. The feedback provided by the grating causes the laser to oscil-
late at the reflected wavelength, and most of today’s pump laser diodes use
a stabilizing grating written in standard or polarisation-maintaining fibre.

Gain flattening filters as well as Bragg grating-based add-drop multi-
plexers and dispersion compensators will be described in more detail in the
following sections.

5.5.1 Add-drop Multiplexers

Fixed or reconfigurable optical add-drop multiplexers ((R)YOADM) enable
static or dynamic routing in wavelength division multiplexing networks,
and AWGs (cf. Chap. 4), dielectric multilayer filters (cf. Chap. 7) or FBGs
are most frequently used for the realisation of OADMs. The main advan-
tages of FBG-based WDM filters are very high selectivity, flat top spectral
response, steep spectral roll-off, and low insertion loss. As a consequence,
FBG filters are widely used in low channel spacing (< 100 GHz) OADMs.
The reflectivity and transmission spectra of a 50 GHz FBG are shown in
Fig. 5.27. The grating is photo-written in a specific low-cladding-mode-
loss fibre to avoid extra transmission losses out of the FBG spectral band.
The complex apodization applied during the writing process assures an in-
band dispersion lower than 10 ps/nm.

OADMs can be implemented in different configurations. One example
is a passive temperature-compensated FBG sandwiched between two opti-
cal circulators (Fig. 5.28). If different wavelengths are injected at the input
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Fig. 5.27. Characteristics of 50 GHz fibre Bragg grating filter

port (1), the Bragg wavelength (4) is reflected by the FBG and routed by
the optical circulator to the drop port, while all other signals (4; # Ap) pass
through the FBG and exit via the output port (2). Since the component is
symmetric, anew optical channel can be added (at Ap) to the network
through the add port, and the inserted wavelength exits the OADM from
the output port (2) as well. Furthermore, if the FBG is made tuneable
(thermally or by applying a mechanical force, cf. Sect. 5.2.4), its Bragg
wavelength can change and the device becomes reconfigurable. Tempera-
ture-induced tuning over 8 nm with <50 ms switching time has been dem-
onstrated [68].

Placing Bragg gratings between optical circulators in a hybrid fashion is
the simplest way of making FBG-based OADMs, but such devices exhibit
high insertion loss and they are expensive. One option with no need of
(expensive) circulators is a Mach—Zehnder interferometer (all-fibre solu-
tion) configuration with photo-imprinted Bragg gratings in each arm as
illustrated schematically in Fig. 5.29. The device consists of two identical

circulators
/ \ z A- }\’B, drop
z A + )\’B, add

grating

}\‘B, drop }\‘B, add

Fig. 5.28. Fibre Bragg grating-based add-drop multiplexer
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FBGs and 3-dB couplers fused on both sides of the gratings, which makes
the device a MZI for all wavelengths but the Bragg wavelength for which
it is a Michelson interferometer. A signal launched into the input port is
equally split through the first 3-dB coupler, and the Bragg wavelength is
back-reflected on each arm of the MZI, while all other wavelengths pass
through the FBG. Phase matching by UV trimming assures efficient ex-
traction of the Bragg wavelength via the drop port. All other phase-
matched wavelengths (A;# Ap) leave the device via the output port, and
a signal at the channel wavelength (/) launched into the add port emerges
at the output port as well (Fig. 5.29).
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Fig. 5.29. Twin core fibre-based Mach—Zehnder interferometer add-drop multiplexer

The signal intensity propagating to the output and the add-port, respec-
tively (Linsous lin>ada) @S @ function of the wavelength-dependent phase dif-
ference @A) between the arms, is given for the lossless case by (5.25) and
(5.26), where t,(A) is the complex transmission coefficient of the FBGs and
x,(A) the power coupling ratio of the couplers:

L. ,.A)= ‘« [(1=x)x, -1,(A)-exp(i@(A) +/(x,(1-x,)) -1, (ﬁ)‘ -1, (A)

(5.25)
Lywd (D)= ‘ [(=x)(1=x,) £,(A) - exp(ip(D) = x5, 1, ()| - T, (A)
(5.26)

Similarly, l;;>ar, and the return loss I;.; can easily be obtained by
(5.25) and (5.26), if all subscripts 2 are replaced by 1 and the reflection
coefficients are used instead of the transmission coefficients.

Such MZIs can be realized using standard single-mode fibre or twin
core fibre (TCF), where the TCF has a number of advantages compared to
the SMF. Since the cores are embedded within the same cladding, the ef-
fective index difference between the arms is very small, and consequently
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the chromatic dispersion of the MZI is essentially that of the couplers.
TCFs allow a very reproducible fusion-tapering process as well, which
means that the centre wavelength of the couplers can be well controlled.
For example, for a 30 dB isolation between [, >0, and Is>qa4, the centre
wavelength of couplers must be controlled within 5 nm.

The performance of a 200 GHz MZI OADM is illustrated in Fig. 5.30:
The Bragg wavelength is extracted from the drop port with more than
30dB adjacent crosstalk, the in-band rejection of the output port is better
than 30 dB, and the crosstalk isolation between signals passing through the
add and the output port is better than 30dB over a 25nm range. These
results confirm that the couplers exhibit very low chromatic dispersion and
are well centred at the Bragg wavelength. The return loss reaches 18 dB in-
band, while it is better than 25 dB over 30 nm out-of-band. It is worthwhile
to note that the measurements have been performed on SMFs coupled to
the TCFs, and total insertion loss of any path is better than 1.5 dB. Bit error
rate measurements at 10 Gbit/s using this device did not show any power
penalty at all [69].

Passive athermal add-drop devices have been demonstrated with less
than 1 pm/°C deviation of the Bragg wavelength over the —10°C to +70°C
temperature range [70-72]. Theoretical analyses of MZI-OADMs have
demonstrated that the phase mismatch of the Bragg gratings (leading to
Bragg wavelength detuning) is the most critical parameter determining in-
band return loss.

Recent studies focused on the realization of MZI-based add-drop
multiplexers in planar waveguide architecture with large negative index
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Fig. 5.30. Optical performance of packaged 200 GHz twin core fibre-based OADM.
Transmission: black; drop (reflection): blue; return loss: red; input to add channel:
green
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modulation. Moreover, efficient thermal tuning of a Mach—Zehnder-based
OADM has been demonstrated over 1.7 nm without significant modifica-
tion of the drop directivity and the throughput signals.

Table 5.1 illustrates the performance of FBG-based hybrid and all-fibre
fixed 100 GHz optical add-drop multiplexers.

Table 5.1. Characteristics of FBG-based hybrid and in-fibre, fixed 100 GHz OADMs

Optical parameter Hybrid OADM In-fibre OADM
Insertion loss (dB) 1.5 1.5
Isolation (dB) 30 30
Rejection (dB) 30 30
In-band return loss (dB) 30 20
Out-of-band return loss (dB) 30 30

Sub-band and single wavelength Bragg grating-based OADMs in fibre
or/and planar waveguide technology are still topics of current research, and
in particular SiO,/Si offers the potential for the realization of complex
multi-wavelength functionalities.

A device rather similar to the add-drop multiplexer is a single Bragg
grating in a single-mode fibre acting as a wavelength selective distributed
reflector or a band-rejection filter by reflecting wavelengths around the
Bragg resonance. By placing identical gratings in two lengths of a fibre
coupler, as in a Michelson arrangement, one can make a band-pass filter
[73]. This filter, shown in Fig. 5.31, passes only wavelengths in a band
around the Bragg resonance and discards other wavelengths without reflec-
tions. If the input port is excited by broadband light and the wavelengths
reflected by the gratings arrive at the coupler with identical optical delays,
then this wavelength simply returns to the input port. If, however, a path-
length difference of m/2 is introduced between the two arms, then it is pos-
sible to steer the reflected wavelength to arrive at the second input port,
creating a bandpass filter. In principle, this is a low-loss filter, although
there is a 3dB loss penalty for the wavelengths that are not reflected,
unless a Mach—Zehnder interferometer is used to recombine the signal at
the output [60]. An efficient band-pass filter was demonstrated by Bilo-
deau et al. [61] using a scheme identical to that presented in reference [60].
The device had back reflection of —30dB (cf. Glossary for definition).
However, all wavelengths out of the pass-band suffered from the 3-dB loss
associated with the Michelson interferometer.
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Fig. 5.31. Fibre-optic bandpass filter using Bragg reflectors arranged in a Michelson-
type configuration

5.5.2 FBG-based Chromatic Dispersion Compensators

The group velocity of optical signals travelling along a fibre is wave-
length-dependent due to material and waveguide dispersion, and this phe-
nomenon is usually called chromatic dispersion (CD). Waveguide disper-
sion is essentially due to a wavelength-dependent distribution of light
between the core and the cladding of a single-mode fibre. Due to CD
pulses propagating along an optical fibre experience a temporal broadening
which limits the maximum transmission distance since subsequent pulses
become overlapping, i.e. one gets inter-symbol interference. Tolerable
chromatic dispersion depends on the modulation format, the channel wave-
length, the spectral width of the pulses, the fibre type, and on the bit rate.
To a first approximation tolerable chromatic dispersion decreases propor-
tional to the square of the bit rate, so its effect becomes significant for
10 Gbit/s and beyond, and different techniques have been developed in the
past to compensate unwanted chromatic dispersion, so that the maximum
optical span length is extended. An estimate of dispersion-limited maxi-
mum transmission lengths (1 dB power penalty) for standard transmission
formats and without dispersion compensation is given by [74]

B’DL<10’ (5.27)

where B is the bit rate, L the fibre length, and D(A) the fibre chromatic
dispersion. For a Corning SMF-28¢ fibre, for example, D(A) (in
[ps/(nm-km)]) is given by
S A
DA)=—2| A-L 5.28
4 /13 ( )

for the wavelength range 1200 nm< A< 1625 nm, where A, is the zero dis-
persion wavelength (1302 nm< A4,< 1322 nm) and S, is the zero dispersion
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slope: $p<0.092ps/ (nmz'km) [75]. Table 5.2 illustrates that dispersion
poses severe limits on the maximum transmission distances at higher bit
rates and consequently dispersion compensation is of high relevance at
higher bit rates.

Table 5.2. Dispersion-limited maximum transmission distance for standard single-
mode (SMF-28) and non-zero dispersion shifted fibre (1 dB penalty, no dispersion
compensation)

Bit rate Transmission over SMF-28 Transmission over NZ-DSF
2.5 Gbit/s 1000 km 6000 km

10 Gbit/s 60 km 400 km

40 Gbit/s 4km 25km

One well established, broadband solution for compensating CD is the
use of dispersion-compensating fibre (DCF). A DCF has a high negative
dispersion (at 1.5 pum) which is several times larger than the positive dis-
persion of a standard SMF. However, DCF exhibits rather high losses
(typically 10dB for 80 km fibre), high non-linearity due to a small mode
effective area, and the use of DCF adds extra cost because extra amplifiers
are needed to compensate the DCF loss. Moreover, for certain system con-
figurations only single wavelengths or sub-band dispersion compensation
is needed (4, 8, or 16 wavelengths), and DCF is not particularly suited to
accomplish this task. Finally, in particular at 40 Gbit/s, tuneable dispersion
compensation is requested in order to precisely compensate the dispersion
for each channel and to correct for environmentally-induced variations,
and DCF cannot meet these requirements.

On the other hand, chirped fibre Bragg gratings enable versatile and ef-
ficient dispersion compensation. The first practical demonstrations of dis-
persion compensation by means of chirped FBGs used short pulses of ei-
ther 1.8 ps [76] or 21 ps [77] duration.

The design of a dispersion-compensating module (DCM) consisting of
a 3-port circulator and a chirped grating and operating in reflection is illus-
trated schematically in Fig. 5.32.

The index modulation of the grating is given by

2 i
n(Z) :nﬂ +Anmd Xfapod(Z)XCOS [7Z - W A] sz (5.29)
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Fig. 5.32. Dispersion compensating module (schematic, A, > A,)

where n.; is the mean effective index, n(z) is the index variation along the
fibre axis, A is the grating mean pitch, An,,,, 1s the index modulation ampli-
tude, fu0q(z) is the apodization function, and A; is the so-called chirp pa-
rameter of the Bragg wavelength (see (5.22)) which ensures a linear varia-
tion of the local Bragg wavelength along the grating via the variation of the
pitch or/and of the effective index. The spectral bandwidth of the grating
increases with the grating length, and different wavelengths are reflected at
different spatial locations inside the grating. Shorter wavelengths are re-
flected towards the end of the grating and are thus delayed with respect to
longer wavelengths which are reflected at the beginning of the grating.

The delay 7, the bandwidth A4, and the dispersion D associated with the
chirped grating are linked by the following set of equations :

o L

7=l (5.30a)

C

A=A XL, (5.30b)

so that
2
I (5.31)
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where n, is the fiber group index, L, the grating length, and A; the chirp
parameter.

Chirped gratings can be realized in different ways. The most popular
approach uses a chirped phase mask and a standard photo-inscription set-
up. An alternative is to use a standard uniform phase mask and then apply
a specific back and forth movement of the fibre in front of the phase mask
[78]. A further option is to taper the fibre continuously (by fusion) in order
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to generate a continuous change of the refractive index along the fibre in
the region where the grating is to be inscribed [79]. A uniform phase mask
is then used to photo-write the grating.

Figure 5.33 shows the reflectivity and the resulting group delay of
a linearly chirped FGB-based DCM. This component has been written
according to the second method using an excimer laser (10 mJ, 200 Hz)
and a standard uniform phase mask (A=1066.0nm). Moving the fibre in
front of the mask introduced a chirp of 0.185nm/cm, and according to
(5.31) the resulting dispersion is equal to —530 ps/nm. The grating length
was 70 mm and the apodization function an hyperbolic tangent.
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Fig. 5.33. Reflectivity and group delay spectrum of a chirped FBG-based DCM

Figure 5.33 shows a linear variation of the group delay over the filter
bandwidth (constant dispersion), and the existence of a residual ripple on the
delay curve can also be seen which will be explained below. In principle, the
dispersion can be positive or negative, depending on the propagation direc-
tion of the beam in the grating region. Dispersion ranging from —2000 ps/nm
to +2000 ps/nm has been demonstrated with module insertion loss <2 dB.

FBG-based dispersion compensators are not restricted to operate over
narrow wavelength bands only. As the delay increases with the grating
length, one possibility to achieve broadband operation is making long
FBGs (length > 1 meter). However, such devices are very difficult to realize
and the group delay ripple is generally too high for network applications.

Another option is phase- or amplitude-sampled gratings [80]. Such com-
ponents require a large number of phase shifts along the grating length. The
expression of the index modulation An,,,,(z) in sampled gratings is given by
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where Any is the index modulation amplitude for a single channel, M is the
number of channels, A4, is the spectral spacing between the m” channel
and the central wavelength Ay, and ¢, is the phase of the m™ channel.

In the case of amplitude sampling (i.e. the case when @y,,,/(z) = const)
there are dead zones, where no gratings are photo-written, and these lower
the reflectivity of the FBG as the number of WDM channels increases.

The phase-sampling method (i.e. the case when Ay,,,(z) =const) is an
alternative that overcomes these difficulties [81]. Since the refractive index
modulation An required to maintain the reflectivity is much lower than that
for the amplitude-sampling method, phase-sampled gratings can be fabri-
cated more easily. Without using specially designed phase masks, phase-
sampled FBGs have been realized by dithering and displacing standard
phase masks. Phase-sampled gratings represent the most promising ap-
proach to realize multichannel DCM, but a very precise photo-inscription
set-up and processing are mandatory [82].

A further variant of multi-channel DCM relies on the superposition of
multiple Bragg gratings implemented over an arbitrary large range of
wavelengths [83]. This third alternative, called superimposition, involves
inefficient fabrication processes, because several FBGs are overwritten in
the same location of a fibre, and each FBG corresponds to one channel. On
the other hand, an advantage of the superimposed approach is that the
separate FBGs are independent from each other. This allows the design of
complex structures including channel to channel varying dispersion, which
is useful for dispersion-slope compensation.

Multichannel FBG-based DCM offer many advantages compared to
DCF, e. g. small footprint, low insertion loss, dispersion-slope compensa-
tion, and negligible non-linear effects. Table 5.3 compiles characteristic
parameters of single- and 32-channel dispersion-compensating modules.
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Table 5.3. Characteristics of single- and 32-channel chirped FBG-based dispersion-
compensating modules

Parameter Single-A. DCM 32-A DCM

Channel bandwidth (GHz) 20 to 80 30

Insertion loss (dB) 1.5 (with circulator) <35

Dispersion (ps/nm) —2000 to +2000 —2000 to +2000

Group delay ripple (ps) <10 <340

PMD (ps) <0.5 <0.5

PDL (dB) <0.1 <0.3

Athermal package size 168 mm length, 209 mm length,
12 mm diameter 14 mm diameter

Operating temperature (°C) -5to+70 -5to +70

5.5.3 Tuneable Dispersion-compensating Module

Dynamic dispersion compensation is essential in DWDM optical commu-
nication systems operating at 40 Gbit/s and beyond. At these high bit rates,
dispersion tolerances become so small that variations in dispersion can
severely influence network performance. In such systems the amount of
dispersion compensation required at the receiver to maintain optimum
system performance may vary in time due to impairments which exhibit
temporal variations. Factors which contribute to total dispersion are tem-
perature fluctuations along the fibre, component dispersion, and dispersion
variations in the transmission fibre. For example, for a 2000 km non-zero
dispersion shifted fibre (NZDSF) span, a 10 to 20°C temperature change is
sufficient to introduce measurable system impairments at 40 Gbit/s. Fur-
thermore, in reconfigurable networks the total accumulated dispersion can
experience significant sudden changes.

Chirped FBGs combined with an appropriate tuning platform are well
suited for single or multiple channel dispersion compensation. Tuning can
be achieved by creating a temperature gradient along the fibre [84] or by
applying a linear strain gradient which can be provided by the S-bending
beam technique for example [85]. Most commercially available tuneable
dispersion-compensating modules (TDCM) use two (or more) thermoelec-
tric coolers (TEC) located at each end of the grating. A thermal gradient is
then created along the fibre, while the temperature at the centre is kept
unchanged. This controllable temperature gradient generates chirp and
thus dispersion variation. The chirp can be adjusted reversibly by varying
the TEC current. If the grating in a DCM has an intrinsic chirp, the total
chirp is the algebraic sum of both chirp contributions (intrinsic and re-
versible, TEC-induced one). As the total chirp is increased, the component
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Fig. 5.34. Evolution of the spectral response of a dispersion-compensating module
with tuning

bandwidth is increased, so that the delay slope, i.e. the dispersion, is re-
duced (in absolute terms). Corresponding integrated devices satisfy impor-
tant requirements such as power efficiency, small size, and ease of fabri-
cation. Figure 5.34 shows the evolution of the spectral bandwidth and the
delay of a tuneable DCM.

It is important to note that with this architecture the Bragg wavelength is
fixed, and that tuneability around a zero dispersion value is not possible.
These spectra also show that the maximum reflectivity is not the same as
the temperature gradient is changed. For the case of thermal tuning
Fig. 5.35a illustrates the resulting non-linear dispersion variation for
a grating with an initial dispersion value of —533 ps/nm.

As the index modulation is constant, the dispersion tuning is associated
with a variation of the grating reflectivity. In the example of Fig. 5.35a it
corresponds to 0.5 dB insertion loss variation.
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Fig. 5.35. Tuning characteristics examples of (a) single grating and (b) twin gratings
configuration (after [86])
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Fig. 5.36. Temperature tuning principle scheme (after [86])

Another configuration also using thermal tuning is illustrated in
Fig. 5.36. Key elements are two identical, chirped cascaded FBGs and two
3-port circulators. Both gratings are simultaneously tuned (similar to the
case of a single FBG), but the key point is that the chirp of the two FBGs
varies in opposite directions with respect to the temperature gradient. As
the sign of the dispersion of a chirped FBG changes with propagation di-
rection, the total dispersion is zero without applied temperature gradient
[86]. A temperature gradient induces opposite bandwidth variations for
each grating. The tuning characteristics can simply be deduced from the
single grating case (one has to keep in mind that transmission losses are
expressed in decibels and dispersion values simply add). The tuning range
(Fig. 5.35b) is now centred around zero and is doubled without any addi-
tional power consumption. The insertion loss variation with tuning is con-
siderably reduced (less than 0.1 dB in this example) because both reflectiv-
ity variations cancel each other. Another interesting point is the quasi-
linear relation between the applied gradient and the resulting dispersion,
i.e. one gets a quasi-constant tuning sensitivity.

With a maximum temperature variation of 60°C the dispersion tuning
range extends from —400 to +400 ps/nm. The total electrical power con-
sumption of this component is 5 watts during the transient regime and
3 watts in the stationary state.

Mechanical designs are also very attractive [87], but they are only suited
for applications with no need to permanently adjust the dispersion. The
advantage of such a ‘set and forget’-device is that there is no electrical
power consumption except when it is tuned to the proper dispersion com-
pensating value.
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Fig. 5.37. Reflectivity (dashed), group delay ripple after subtracting a polynomial fit
of the delay over the 0.5dB bandwidth (dotted), and mean group delay ripple with
a 100 pm resolution (heavy line)

5.5.4 Ripple Analysis in Dispersion-compensating Modules

The main limitation of chirped fibre Bragg grating (CFBG) technology
is currently given by the well-known phase ripple (cf. also Chap. 2,
Sect. 2.4.3) which is due to a non-optimum apodization function and/or
imperfections related to the photo-inscription process. Although ripples
can be equivalently characterized by the dispersion, the group delay, or the
phase spectrum, respectively, there was until recently an implicit prefer-
ence for directly measured group delay spectra (Fig. 5.37). However, very
recent work showed that characterising the ripple over the phase spectrum
instead of the group delay spectrum provides significant advantages. In
addition, there is clear evidence that minimizing the group delay ripple
(GDR) amplitude is not enough to reduce the impact on system perform-
ance, but the GDR period is also of high importance [88].

The worst case eye-opening penalty (EOP) associated with the use of
a DCM can be calculated from the period and the amplitude of the group
delay ripples [89] which can be separated into high and low frequency
ones (Fig.5.37). The latter are associated with a slowly varying curve,
which gives a residual dispersion and leads to a broadening of the input
pulse. The corresponding system impact can be estimated with conven-
tional techniques. High frequency ripples are much more complicated to
understand and to correct as well. They create new pulses which interfere
with adjacent pulses. For a given GDR amplitude highest system impair-
ments occur when the GDR period, expressed in optical frequency units,
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Fig. 5.38. Penalty versus group delay ripple (GDR) period for different phase differ-
ences between signal and ripple (NRZ modulation format, 10 Gbit/s)

equals the bit rate (10, 40 Gbit/s). For a high frequency sinusoidal ripple
the EOP is approximately proportional to the product of the GDR ampli-
tude and period [90], (cf. Fig. 5.38), i. e. to the phase-ripple amplitude.

One approach to determine the impact of GDR ripple on a telecom-
munication system is known as wavelength-frequency signal analysis based
on spectrogram distributions (a method more commonly used in mechani-
cal vibration analysis). The method reveals the variation of the frequency
spectrum with respect to wavelength, and it provides useful information on
the presence or absence of specific periods (ripple with 80 pm or 320 pm
period is particularly detrimental for 10 or 40 Gbit/s systems, respectively)
and on their localization inside the component bandwidth. It also helps to
differentiate between apodization-induced and index variation noise-
induced GDR [91], and it enables linking the measured penalty spectrum
with the spectrogram and to correlate the peak penalty and critical frequen-
cies in the GDR at the same wavelength as well.

An alternative approach to determine the impact of GDR on system per-
formance is based on phase measurements since the phase ripple magni-
tude is a good indicator of system performance as long as it includes high
frequency ripple components only. This is outlined in more detail in recent
publications [92-94].

5.5.5 Gain-flattening Filters
Gain-equalized optical amplifiers have allowed the deployment of new

DWDM systems. Power uniformity over the communication bandwidth is
an important requirement in such systems since flatter optical amplifier
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gain enables longer fibre spans between regenerators which is more cost
effective. Moreover, gain flatness of EDFAs is necessary to improve the
optical signal-noise ratio. The straightforward option for gain equalization
is the insertion of a gain flattening filter (GFF) with a spectral response
precisely tailored to the inverse gain profile. In addition to exhibiting
a spectral shape as close as possible to the inverse EDFA gain curve, GFFs
should have low polarisation dependence, small footprint, and low loss.

Several technologies have been developed to perform gain equalization.
The most common choice is dielectric thin film filters (cf. Chap. 7) which
are particularly attractive with respect to cost due to high volume produc-
tion. Long period gratings (LPG) [95] would in principle be a second pos-
sibility, however, they did not find any significant use with EDFAs due to
their poor ageing characteristics (in particular, UV LPG). Finally, chirped
and slanted/chirped short period FBGs form the last technology option, and
best specifications have been obtained so far with this approach. Their su-
perior performance combined with their good ageing behaviour and pack-
age reliability have led the main sub-marine carriers to use this technology.

Characteristic data of GFFs realized using different technologies are
listed in Table 5.4.

Table 5.4. Comparison of gain-flattening filters based on different technologies
(after [96])

Characteristics Thin-film Long-period Grade A Slanted/
over full T range  Filter Grating Chirped GFF Chirped GFF
Error function +0.5dB +0.5dB +0.1dB +0.2dB
PDL <0.1dB <0.2dB <0.1dB <0.1dB
PMD n.a. n.a. <0.1ps <0.1ps
Insertion loss 1dB 0.3dB 0.3dB 0.5dB

(out of band)

Back reflection low low high low
Temperature <5pm/°C <3pm/°C <lpm/°C <lpm/°C
dependence

Dimensions small large small small

The fabrication of short period chirped FBGs for GFFs starts by using
a chirped phase mask to change the period of the fringe pattern along the
length of the grating and by adjusting the induced index modulation to
match the required transmission. This adjustment can be made by blurring
the fringes with a displacement of the phase mask in front of the fibre
during the photo-inscription process. These filters are compatible with
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Fig. 5.39. Residual insertion loss variation of a gain-compensated EDFA

standard SMF-28 fibre and in most cases no particular fibre is needed,
although fibres with a specific refractive index and photosensitivity profile
may more efficiently suppress perturbations due to cladding mode cou-
pling. The short piece of (specific) fibre with the grating is then spliced
and sandwiched between two standard fibres. The GFF component itself is
incorporated into the EDFA mostly in the middle of the erbium-doped
fibre in order to avoid noise degradation. Losses are generally low and
adequate annealing and packaging (hermetic sealing or fibre metallization)
assure long term stability (>25 years).

The main drawback of these filters, which are reflective filters used in
transmission, is the need of optical isolators in order to avoid feedback
inside the amplifier stage, which results in additional losses and higher
overall cost. Furthermore, even if the induced dispersion and group delay
ripple in transmission are very small (<*2 ps around zero dispersion), the
CFBG can sometimes lead to multi-path interference phenomena and pulse
echoes shifted in time by a quantity equal to the reciprocal of the ripple
modulation period. However, experiments show that group delay ripple of
gain-flattening filters based on chirped FBGs do not cause significant sys-
tem impairment at 10 and 40 Gbit/s [97]. Residual gain variations can be
reduced to £0.2 dB as illustrated in Fig. 5.39, and one of the key parameters
to get ultra low flatness over the whole gain curve is the quality of the
phase mask.

An alternative to standard GFFs are slanted chirped short period gratings
(SCG) which offer a number of advantages compared to standard CFBG
gain-flattening filters. Instead of coupling the power into the counter-
propagating mode (reflective filter), slanted gratings direct the energy into
the radiative modes (cf. Sect. 5.3.4). In order to minimize the residual cou-
pling into the counter-propagating mode, a specific index profile-fibre is
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Fig. 5.40. Spectral shape of gain-flattening filter based on a slanted chirped grating

used with an adequate photosensitive profile. These two profiles are differ-
ent, and different photosensitive species (like germanium or boron) can be
used to obtain the required photosensitivity. Similar to standard chirped
gratings, these slanted gratings are also chirped, i. e. the period of the fringe
pattern changes along the grating (typical chirp is 10 nm/cm). The induced
index modification is longitudinally adjusted to match the required trans-
mission, and the spectral shape of the filter characteristics is the convolu-
tion of this blurred profile with the slanted grating elementary response.
The final result is a smooth large band filter with a global shape very close
to the complementary EDFA shape (Fig. 5.40). Using this component flat-
ness smaller than 0.1 dB peak to peak has been demonstrated. The residual
flatness is determined by the grating angle & (larger cell for higher angle),
the fringe pattern visibility, and the UV spot size.

The high frequency ripple which is relatively important in standard
chirped GFFs (£0.1dB) is reduced to less than +0.02dB for SCGs. Such
low ripple is obtained by recoating the component with a polymer with an
index greater than that of silica which suppresses cladding modes associated
with high frequency ripple. The size and packaging of SCGs are similar to
those of standard chirped gratings. Athermal Telcordia-qualified products
for terrestrial and sub-marine applications are commercially available.

The residual reflectivity of slanted chirped FGBs can be made smaller
than —25dB, thus the requirements on optical isolation are relaxed com-
pared to standard gratings, and in some EDFA configurations one single-
stage isolator is sufficient instead of two two-stage isolators.

In telecommunication systems it is not only the gain flatness of a single
EDFA which matters, but also the behaviour of cascaded EDFAs. If the
GFF technology used exhibits systematic errors (such as dielectric mul-
tilayer filters, for example), the total error accumulates linearly with
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the number of amplifiers, and the resulting error at the end of a chain of
EDFAs has to be corrected by a clean-up filter or by signal regeneration.
Chirped (slanted) GFFs exhibit a small systematic error and a high degree
of random error (manifesting itself primarily by the high frequency ripple),
and cascading these components causes a statistical error accumulation
which is less serious than linear accumulation. For example, a peak-to-
peak flatness per GFF better than 0.1 dB for a chain of 10 cascaded EDFAs
has been demonstrated [98].

The polarisation-dependent loss of chirped or SCGs is small (<0.1dB),
but it can sometimes be detrimental for a system. The PDL spectral shape
can be explained by considering that it comes from a birefringence-
induced spectral splitting of the two polarisation axes [99]. This effective
index birefringence can be explained by an asymmetric UV-induced re-
fractive-index profile across the fibre core due to the absorption of the
writing UV-laser beam. This residual PDL can be reduced by double-side
exposure of the fibre.

5.5.6 Wavelength Tuning and Chirping of Bragg Gratings
Using Infrared Lasers

Kalli and co-workers reported the first experimental measurements on the
spectral modification of fibre Bragg gratings (Type IA), resulting from
high-power, near infrared laser irradiation [100]. The grating properties
were modified in a controlled manner by exploiting the characteristics of
the inherent 1400 nm absorption band of the optical fibre, which grows
during the grating inscription and is due to the optical fibre pre-
conditioning. Therefore, the increase in absorption occurs in the grating
region. Illuminating the area with a high power laser having an emission
wavelength coincident with the absorption band, produced reversibly
modified centre wavelength and chirp. Furthermore, partial and permanent
grating erasure was demonstrated.

A low power (10 mW) laser source coinciding with the absorption peak at
1400 nm induced small but significant wavelength shifts of approximately
100 pm. This wavelength shift would change the grating’s spectral response
adversely affecting the filter performance and reducing the isolation be-
tween wavelength channels, transmission properties, and effective band-
width. A second source operating at 1425 nm and far from the absorption
peak induced wavelength shifts in excess of 750 pm and a 30% increase in
FWHM for a pump power of 350 mW. This has serious implications on all
grating types when the fibre undergoes photosensitivity pre-conditioning, as
their spectrum can be modified using purely optical methods (no external
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heat source acts on the fibre), and it is also of relevance for long-term grat-
ing stability. It should be noted that high power lasers are increasingly being
used in optical networks and this study may have greater implications to all
grating types, as laser powers and the useable wavelength spectrum in-
crease. This may result from the presence of absorption features in the visi-
ble and near infrared that are produced due to the fibre being pre-
conditioned, prior to grating inscription (as in this case). Absorption fea-
tures are observable at shorter wavelengths for conventional Type I gratings
inscribed in hydrogenated fibre. Although there is no evidence that they
have consequences for grating lifetime, their impact (or negligible impact)
has still to be established conclusively.

Conversely, there are applications where suitably stabilized Type IA
gratings can be spectrally tailored for tuning fibre lasers or modifying edge
filters in sensing applications. The latter results from the non-uniform ab-
sorption of the pump laser source as it traverses the Type IA grating. The
fact that this type of spectral tuning can be realized by the use of an addi-
tional laser source can be advantageous, as no special coatings to the fibre
are necessary, and all degrees of tuning can be set during the grating
manufacturing process which offers great flexibility at the design stage.
Since all grating types can be written in a section of pre-exposed fibre, this
method of optical tuning could be used for all existing Bragg grating ap-
plications making the technique invaluable to a multitude of applications.
Finally we note that it is possible to tailor the absorption of the pre-
exposed section to mirror the decay in intensity resulting in a uniform
heating of the grating. However, this would alter the mean fibre index
along the pre-exposed section, inducing a potentially large (up to 20 nm)
chirp across the grating.

5.6 Other Applications of Fibre-based Bragg Gratings

Beyond their use in telecommunication systems fibre Bragg gratings have
emerged as important components in a variety of other lightwave applica-
tions such as wavelength stabilized lasers, fibre lasers, remotely pumped
amplifiers, Raman amplifiers, phase conjugators, or wavelength converters
for example, and they are also considered excellent sensor elements, suit-
able for measuring static and dynamic fields such as temperature, strain, and
pressure [101]. The principal advantage is that the information to be deter-
mined is wavelength-encoded (an absolute quantity) thereby making the
sensor self-referencing, rendering it independent of fluctuating light levels
and the system immune to source power and connector losses that plague
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many other types of optical fibre sensors. It follows that any system incor-
porating Bragg gratings as sensor elements is potentially interrupt-immune.
Their very low insertion loss and narrowband wavelength reflection offers
convenient serial multiplexing along a single monomode optical fibre.
There are further advantages of the Bragg grating over conventional electri-
cal strain gauges, such as linearity in response over many orders of magni-
tude, immunity to electromagnetic interference (EMI), light weight, flexi-
bility, stability, high temperature tolerance, and even durability against high
radiation environments (darkening of fibres). Moreover, Bragg gratings can
easily be embedded into materials to provide local damage detection as well
as internal strain field mapping with high localization, strain resolution, and
measurement range. The Bragg grating is an important component for the
development of smart structure technology, with applications also emerging
in process control and aerospace industries. This section will describe in
brief some applications of fibre gratings.

5.6.1 Fibre Bragg Grating Diode Lasers

A fibre Bragg grating may be coupled to a semiconductor laser chip to
obtain a fibre Bragg diode laser [102]. A semiconductor laser chip is anti-
reflection coated on the output facet and coupled to a fibre with a Bragg
grating as illustrated in Fig. 5.41. If this Bragg grating reflects at the gain
bandwidth of the semiconductor material it is possible to obtain lasing at

Anti-reflection coated Bragg grating
Laser Diode |
Single mode fiber ‘!r
I ———
Laser Output at the
Bragg grating wavelength
Coupling of fiber to the /
chip facet T ‘(
2
=]
g 1
e |
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Fig. 5.41. External cavity fibre grating semiconductor laser. Semiconductor laser chip
is antireflection coated on the output facet and coupled to a fibre with a Bragg grating,
forcing oscillation at the Bragg grating wavelength
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the Bragg grating wavelength. The grating bandwidth can be narrow
enough to force single frequency operation with a linewidth of much less
than a GHz. High output powers up to tens of mW have been obtained
with these types of lasers. An added advantage of these systems is their
temperature sensitivity, which is approximately 10% of that of a semicon-
ductor laser, thus reducing temperature induced wavelength drift. These
fibre grating semiconductor laser sources have been used to generate ul-
trashort mode-locked soliton pulses up to 2.9 GHz [103].

A manufacture problem in DBR lasers is the precise control of the laser
wavelength. Routine production of DBR lasers with wavelength specified
to better than 1nm is difficult. On the other hand, Bragg gratings can be
manufactured precisely (better than 0.1 nm) to the wavelength required.
With anti-reflection coating on the semiconductor chip, the lasing wave-
length may be selected from anywhere in the gain bandwidth by choosing
the appropriate fibre Bragg grating. Clearly, such an approach will in-
crease the yield from semiconductor wafers. In addition, since each laser
has to be coupled to a fibre, the Bragg grating may be written after the
packaging process has proved to be successful, thus reducing the time
spent on unsuccessful products.

5.6.2 Fibre Bragg Grating Lasers

The majority of Bragg grating fibre laser research has been on erbium-
doped lasers due to their potential in communication and sensor applica-
tions. The characteristic broadband gain profile of the erbium-doped fibre
around the 1550nm region makes it an extremely useful tuneable light
source. Employing this doped fibre in an optical cavity as the lasing me-
dium, along with some tuning element, results in a continuously tuneable
laser source over its broad gain profile. In fact, a tuneable erbium-doped
fibre with an external grating was reported by Reekie etal. [104] in 1986.
Since then several laser configurations have been demonstrated with two
or more intracavity gratings [105-109].

A simple Bragg grating tuneable Er-doped fibre laser was demonstrated,
where a broadband Bragg mirror and a narrow Bragg grating served as the
high reflector and the output coupler, respectively [110]. The broadband
mirror was constructed from a series of Bragg gratings resulting in the
broadband reflector with a bandwidth of approximately 4 nm. It should be
noted that with today’s advancements in photosensitivity and writing tech-
niques such a broadband mirror may have any shape and bandwidth de-
sired. The fibre laser consisted of a two-meter long erbium-doped fibre
with Bragg gratings at each end (broadband and narrowband) providing
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Fig. 5.42. Broadband fluorescence of an erbium-doped fibre laser. Broadband peak at
1550 nm due to broadband Bragg grating, notch within peak corresponding to Bragg
grating (after [110])

feedback to the laser cavity. The output coupler to the fibre laser cavity
was a single grating with approximately 80% reflectivity and 0.12nm
linewidth. Figure 5.42 shows the broadband fluorescence obtained from
the Er-doped fibre laser system before lasing threshold is reached. The
spectrum is the characteristic broadband gain profile from an erbium-
doped fibre spanning a range of several tens of nanometres, namely be-
tween 1.45 and 1.65 wm. Superimposed on the gain profile is a broadband
peak at 1550 nm corresponding to the reflection of the fluorescence from
the broadband Bragg mirror and within this peak there is a notch at
1550 nm corresponding to the narrow Bragg grating. With increasing inci-
dent pump power, the losses in the fibre laser cavity are overcome and
lasing begins. At pump powers just above threshold the notch due to the
Bragg grating begins to grow in the positive direction and as the pump
power increases further, the laser grows even stronger by depleting the
broadband fluorescence.

Single frequency Er’*-doped Fabry—Perot fibre lasers using fibre Bragg
gratings as the end mirrors [111, 112] are emerging as an interesting alter-
native to distributed feedback (DFB) diode lasers for use in future optical
cable television (CATV) networks and high capacity WDM communica-
tion systems [113]. They are fibre compatible, simple, scaleable to high
output powers, and have low noise and kilohertz linewidth. In addition, the
lasing wavelength can be determined to an accuracy of better than 0.1 nm,
which is very difficult to achieve for DFB diode lasers.
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Fibre lasers can operate in a single frequency mode provided that the
grating bandwidth is kept below the separation between the axial mode
spacings. Furthermore, it is necessary to keep the erbium concentration low
enough (a few 100 ppm) to reduce ion-pair quenching, which causes a re-
duction in the quantum efficiency and in addition may lead to strong self-
pulsation of the laser [112, 113]. The combination of these practical limits
implies that the pump absorption of an erbium-doped fibre system can be as
low as a few percent resulting in low output lasing power. One solution to
this problem is to use the residual pump power to pump an erbium-doped
fibre amplifier following the fibre laser. However, in such cases the ampli-
fied spontaneous emission from the amplifier increases the output noise.
Another way to overcome the problem of low pump absorption is by
codoping the erbium-doped fibre with Yb*>. This increases the absorption
at the pump wavelength by more than two orders of magnitude and enables
highly efficient operation of centimetre long lasers with relatively low Er’*
concentration. Kringlebotn etal. [114] reported a highly-efficient, short,
robust single-frequency and linearly polarised Er’*: Yb**-codoped fibre laser
with fibre grating Bragg reflectors, an output power of 19mW, and
a linewidth of 300 kHz for 100 mW of 980 nm diode pump power.

One other interesting application of Bragg gratings in fibre lasers makes
use of stimulated Raman scattering. The development of fibre Bragg grat-
ings has enabled the fabrication of numerous highly reflecting elements
directly in the core of germanosilicate fibres. This technology coupled with
that of cladding-pumped fibre lasers has made fibre Raman lasers possible.
The pump light is introduced through one set of highly reflecting fibre
Bragg gratings. The cavity consists of several hundred metres to a kilome-
tre of germanosilicate fibre. The output consists of a set of highly reflect-
ing gratings through Raman-order n-1 and the output wavelength of Ra-
man-order 7 is coupled out by means of a partially reflecting fibre grating
(R~20%). The intermediate Raman Stokes orders are contained by sets of
highly reflecting fibre Bragg gratings and this power is circulated until it is
nearly entirely converted to the next successive Raman Stokes order [115].

5.6.3 Fibre Bragg Grating Sensors

Fibre Bragg gratings are excellent fibre optic sensing elements. They are
integrated into the light guiding core of the fibre and are wavelength en-
coded, eliminating the problems of amplitude or intensity variations that
plague many other types of fibre sensors. Due to their narrow band wave-
length reflection they are also conveniently multiplexed in a fibre optic
network. Fibre gratings have been embedded into composite materials for
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smart structure monitoring and tested with civil structures to monitor load
levels. They have also been successfully tested as acoustic sensing arrays.
Applications for fibre grating sensors should also be emerging in process
control and aerospace industries in the near future.

The temperature sensitivity of a Bragg grating occurs principally
through the effect on the index of refraction and to a smaller extent
through the expansion coefficient (Sect. 5.2.4). It is noteworthy that tem-
perature sensitivity can be enhanced or eliminated by proper bonding to
other materials. The maximum operating temperatures may be around
500°C, however, this may depend on the fabrication condition of the
Bragg grating. For example, Type II gratings may operate at higher tem-
peratures than Type I gratings.

Strain affects the Bragg response directly through the expansion or con-
traction of the grating elements and through the strain optic effect. Many
other physical parameters other than tension can also be measured such as
pressure, flow, vibration acoustics, acceleration, electric, magnetic fields,
and certain chemical effects. Therefore, fibre Bragg gratings can be
thought off as generic transducer elements. There are various schemes for
detecting the Bragg resonance shift, which can be very sensitive. One such
scheme involves the injection of a broadband light (generated e.g. by
a super-luminescent diode, an edge-emitting LED, or an erbium-doped
fibre super-fluorescent source) into the fibre and determining the peak
wavelength of the reflected light. Another way involves the interrogation
of the Bragg grating with a laser tuned to the sensor wavelength, or by
using the sensor as a tuning element in a laser cavity. Detecting small
shifts in the Bragg wavelength of fibre Bragg grating sensor elements,
which corresponds to changes of the sensing parameter is important. In
a laboratory environment this can be accomplished using a high precision
optical spectrum analyzer. In practical applications, this function must be
performed using compact, low cost instrumentation. Schemes based on
simple broadband optical filtering, interferometric approaches, and fibre-
laser approaches allow varying degrees of resolution and dynamic range
and should be suitable for most applications.

The most straightforward means for interrogating an FBG sensor is us-
ing a passive broadband illumination of the device, and several options
exist for measuring the wavelength of the optical signal reflected from the
Bragg grating element, for example a miniaturized spectrometer, passive
optical filtering, tracking using a tuneable filter, and interferometric detec-
tion. The optical characteristics of these filtering options are as shown in
Fig. 5.43. Filtering techniques based on the use of broadband filters allow
the shift in the Bragg grating wavelength of the sensor element to be as-
sessed by comparing the transmittance through the filter compared to
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Fig. 5.43. Diagram of basic filtering function for processing fibre Bragg grating return
signals

a direct ‘reference’ path [116]. A relatively limited sensitivity is obtained
using this approach due to problems associated with the use of bulk-optic
components and alignment stability. One way to improve this sensitivity is
to use a fibre device with a wavelength-dependent transfer function, such
as a fibre WDM coupler. Fused WDM couplers for 1550/1570 nm opera-
tion are commercially available. This coupler will provide a monotonic
change in coupling ratio between two output filters for an input optical
signal over the entire optical spectrum of an erbium broadband source, and
has thus a suitable transfer function for wavelength discrimination over
this bandwidth. An alternate means to increasing the sensitivity is to use
a filter with a steeper cut-off such as an edge filter. However, this can limit
the dynamic range of the system. One of the most attractive filter-based
techniques for interrogating Bragg grating sensors is based on the use of
a tuneable passband filter for tracking the Bragg grating signal. Examples
of these types of filter include Fabry—Perot filters [117], acousto-optic
filters [118], and fibre Bragg grating-based filters [119].

Tuneable Filter Interrogation

Figure 5.44 shows the configuration used to implement a tuneable filter
(such as a fibre Fabry—Perot filter) to interrogate a Bragg grating sensor.
The fibre Fabry—Perot can be operated in either a tracking or scanning
mode for addressing a single or multiple grating element(s), respectively.
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Fig. 5.44. Schematic of tuned filter-based interrogation technique for fibre Bragg
grating sensors

In a single sensor configuration the Fabry—Perot filter with a bandwidth of
0.1 nm is locked to the Bragg grating reflected light using a feedback loop.
This is accomplished by dithering the fibre Fabry—Perot resonance wave-
length by a small amount (typically 0.01 nm) and using a feedback loop to
lock to the Bragg wavelength of the sensor return signal. The fibre Fabry—
Perot control voltage is a measure of the mechanical or thermal perturba-
tion of the Bragg grating sensor.

Operating the fibre Fabry—Perot filter in a wavelength-scanning mode
provides a means for addressing a number of fibre Bragg grating elements
placed along a fibre path (Fig. 5.45). In this mode, the direct Bragg grat-
ing sensor spectral returns are obtained from the photodetector output. If
the minimum resolvable Bragg wavelength shift that can be detected by
simple scanning is insufficient, the resolution can be enhanced by dither-
ing the Fabry—Perot filter transmission, which provides the derivative
response of the spectral components in the array, i.e. a zero crossing at
each of the Bragg grating centre wavelengths. This technique improves
the accuracy in determining the wavelength shifts and hence the strain (or
any other sensing parameter the transducer is made for).
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Fig. 5.45. Schematic of multiplexed fibre Bragg grating sensor array with scanning
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Interferometric Interrogation

A sensitive technique for detecting the wavelength shifts of fibre Bragg
grating sensors makes use of a fibre interferometer. The principle behind
such system is shown in Fig. 5.46. Light from a broadband source is cou-
pled along a fibre to the Bragg grating element. The wavelength compo-
nent reflected back along the fibre toward the source is tapped off and fed
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Fig. 5.46. Schematic of interferometer interrogation technique for fibre Bragg grating
Sensors
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to unbalance the Mach—Zehnder interferometer. In effect, this light be-
comes the light source into the interferometer, and wavelength shifts in-
duced by perturbation of the Bragg grating sensor resemble a wavelength-
modulated source. The unbalanced interferometer behaves as a spectral
filter with a raised cosine transfer function. The wavelength dependence at
the interferometer output can be expressed as

l(ﬂﬂ)zA{chos(zn:j d+¢ﬂ (5.33)

where A is proportional to the input intensity and system losses, d is the
length imbalance between the fibre arms, n.4 is the effective index of the
core, Ap is the wavelength of the return light from the grating sensor, and ¢
is a bias phase offset of the Mach—Zehnder interferometer. Pseudohetero-
dyne phase modulation is used to generate two quadrature signals with
a 90°-phase shift with respect to each other, thus providing directional
information. Wavelength shifts are tracked using a phase demodulation
system developed for interferometric fibre optic sensors. In practical appli-
cations, a reference wavelength source is used to provide low frequency
drift compensation. Strain resolution as low as 0.6 ne/Hz > at 500 Hz have
been reported [120].

Active Laser Interrogation

In active interrogation the fibre Bragg grating sensor is used as an optical
feedback element of an optical laser cavity [121]. Compared to the passive
broadband base system, forming a fibre Bragg laser sensor generally pro-
vides stronger optical signals and has thus the potential to provide im-
proved signal to noise performance. The basic concept is shown in
Fig. 5.47. The laser cavity is formed between the mirror and the fibre
Bragg grating element, which may be located at some sensing point.
A gain section within the cavity can be provided via a semiconductor or
doped fibre (such as the erbium-doped fibre). Once the laser gain is greater
than unity, the fibre laser will lase at the wavelength determined by the
fibre Bragg grating wavelength. As the Bragg grating changes its periodic-
ity due to strain or temperature, the lasing wavelength will also shift.
Reading of the laser wavelength using filtering, tracking filters or interfer-
ometric techniques can then be used to determine induced shifts. This laser
sensor configuration is, however, limited to a single fibre Bragg grating
element. A means to increase the number of Bragg gratings that can be
addressed is to incorporate an additional tuning element within the cavity,
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Fig. 5.47. Schematic of fibre laser sensor configuration with fibre Bragg grating ele-
ments

which selectively optimises the gain at certain wavelengths. In this way,
a number of fibre Bragg gratings, each operating at a nominally different
wavelength, can be addressed in a sequential manner to form a quasi-
distributed fibre laser sensor. By tuning a wavelength selective filter lo-
cated within the laser cavity over the gain bandwidth the laser selectively
lases at each of the Bragg wavelengths of the sensors. Thus strain induced
shifts in the Bragg wavelengths of the sensors are detected by the shift in
the lasing wavelengths of the system.

An alternative multiplexed fibre laser sensor is based on a single ele-
ment fibre laser sensor utilizing wavelength division multiplexing. Theo-
retically, since erbium is a homogeneously broadened medium it will sup-
port only one lasing line simultaneously. To produce several laser lines
within a single length of optical fibre, a section of erbium-doped fibre is
placed between the successive Bragg gratings. With sufficient pump power
and enough separation between the Bragg grating centre wavelengths,
a multiplexed fibre laser sensor is possible. The maximum number of sen-
sors utilized would depend on the total pump power, the required dynamic
range, and finally the gain profile of the active medium. A schematic con-
figuration of the serially multiplexed Bragg grating fibre laser is shown in
Fig. 5.48. One of the drawbacks in such a serial multiplexed configuration
is that the cavities are coupled, so their respective gains are not independ-
ent. In fact, gain coupling is a common effect in such systems.

At the cost of adding more elements in a fibre laser sensor system, an al-
ternative is to multiplex the fibre laser sensor in a parallel configuration. In
essence, this system incorporates several single fibre lasers, one for each
fibre Bragg grating.
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Simultaneous Measurements of Strain and Temperature

Although Bragg gratings are well suited for measuring strain and tempera-
ture in a structure, one of the drawbacks is the actual separation of the
temperature from the strain component (Sect. 5.2.4). This complicates the
Bragg grating application as a strain or a temperature gauge. In the case of
a single measurement of the Bragg wavelength shift it is impossible to
differentiate between the effects of changes in strain and temperature.
Various schemes for discriminating between these effects have been de-
veloped. These include the use of a second grating element contained
within a different material and placed in series with the first grating ele-
ment [122] and the use of a pair of fibre gratings surface-mounted on op-
posite surfaces of a bent mechanical structure [123]. However, these meth-
ods have limitations when it is required to interrogate the wavelength of a
large number of fibre gratings. Techniques such as measuring two different
wavelengths, two different optical or grating modes have been employed
[18]. In another scheme two superimposed fibre gratings with different
Bragg wavelengths (850 nm and 1300nm) have been used to simultane-
ously measure strain and temperature (Fig. 5.49). The change in the Bragg
wavelength of the fibre grating due to a combination of strain and tempera-
ture can be expressed as

Ady(e,A)=Y, Ae+ ¥, AT (5.34)
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Fig. 5.49. Schematic diagram for simultaneous measurement of strain and temperature
using two superimposed Bragg gratings at 1300 nm and 850 nm

In the case of two Bragg gratings with different wavelengths (referred to
as 1 and 2) the following relation holds:

AL B, Y, V¥, |A¢
= (5.35)

AA 5 v, V¥, |AT
The elements of the ¥W-matrix can be determined experimentally by
separately measuring the Bragg wavelength changes with strain and tem-
perature. Once ¥ is known, changes in both strain and temperature can be

determined using the inverse of the above equation. The measured values
of ¥ obtained in Ref. 124 (for the fibre used in that investigation) were

WV, =0.961 6.5 x10~’ pm/ustrain
V¥, =0.59 % 3.4 x10~ pm/ustrain
¥, =8.72+7.7 x107pm/ °C
¥, =6.30%3.7 x10~pm/ °C

(5.36)

where pm= 1 x 10™"?m. If the inverse matrix is used, strain and temperature
may be obtained from the two wavelength shifts. However, a drawback of
this approach is the disparate wavelengths that require the use of expensive
multiplexing schemes. Furthermore, the actual temperature and strain coef-
ficients are fixed by the wavelength difference.

Recent developments have led to ways of tailoring the temperature and
strain coefficients of fibre Bragg gratings (Type I and IA) by influencing the
photosensitivity pre-sensitisation of the host optical fibre. Controlling the
level of hydrogen saturation via hot and cold hydrogenation, can produce
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gratings with tailored thermal and strain coefficients, resulting in
a significant improvement in the matrix condition number, which impacts
the ability to recover accurate temperature and strain data. Kalli etal. [24]
designed a Type I-IA dual grating sensor that accurately decoupled tem-
perature and strain. The key advantages of this scheme were the utilisation
of two Bragg gratings having good wavelength proximity thereby avoiding
costly multiplexing schemes, quick and efficient inscription using a single
phase mask, common annealing cycles, and the precise placement of sen-
sors located in a compact sensor head.

5.6.4 Aerospace Applications

The aerospace industry is a potentially important user of optical fibres,
particularly for data links and fibre optic sensors. Although research pro-
jects have shown that optical fibre sensors can operate within tolerances
prescribed for applications in aircraft, they are still considered an immature
technology. To date efforts are directed towards the sensor development
for harsh environments unsuitable for conventional electro-mechanical
sensors, taking advantage of radiation resistance and EMI immunity. In-
creases in sensor reliability, ease of installation and maintenance with little
training and without special handling are demanded, ideally leading to the
so-called “fit and forget” systems.

Sensing strategies for aerospace applications broadly follow the same di-
rections. The most important requirements are to have passive, low weight
and ideally common sensors that may be multiplexed over optical links. By
carefully defining sensor requirements it may be possible to specify a range
of optical sensors, satisfying the majority of avionics applications, that are
either interchangeable or use at least common interrogation instrumenta-
tion. Currently, many sensor types perform similar functions without being
interchangeable. The Bragg grating sensor solves one of the major draw-
backs of optical fibre sensors: the lack of a standard demodulation ap-
proach, while maintaining a completely passive network. The largest class
of sensors measures the position of flight control elements such as landing
gear status, flap and rudder position and so forth. When taking into account
high levels of system redundancy well in excess of 100 sensors are em-
ployed, therefore size and weight savings become critical.

5.6.5 Applications to Civil Engineering

There is growing concern over the state of civil infrastructure in both the
US and Europe. It is essential that mechanical loading be measured for
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maintaining bridges, dams, tunnels, buildings and sport stadiums. By
measuring the distributed strain in buildings one can predict the nature and
grade of local loads, for example after an earthquake, whereas the me-
chanical health of bridges is increasingly under scrutiny, as old structures
are often excessively loaded leading to a real possibility of increased struc-
tural failure rates. In fact, a 1996 US Department of Transportation survey
estimates that 40% of all bridges in the United States are seriously deterio-
rated. There is concern with 50-year old railroad bridges in the US as regu-
latory limits on railcar loads are relaxed.

The current inspection routine depends on periodic visual inspection.
The use of modern optic-based sensors can lead to real time measure-
ments, monitoring the formation and growth of defects and optical fibre
sensors allow for data to be transmitted over long distances to a central
monitoring location. The advantage of optical fibres is that they may either
be attached to an existing structure or embedded into concrete decks and
supports prior to pouring, thereby monitoring the curing cycle and the
condition of the structure during its serviceable lifetime. One of the most
important applications of Bragg gratings as sensors is for “smart struc-
tures” where the grating is embedded directly into the structure to monitor
its strain distribution, however, for error-free, quasi-static strain measure-
ment temperature compensation of thermal fluctuations is required. This
could lead to structures that are self-monitoring or even self-scheduling
their maintenance and repair through the combination of optical fibre sen-
sors and artificial intelligence with material science and structural engi-
neering. Several types of fibre optic sensor are capable of sensing struc-
tural strain, for example, the intrinsic and extrinsic fibre Fabry—Perot
sensor. Lee etal. [125] have used a multiplexed array of 16 fibre Fabry—
Perot sensors to monitor strain on the Union Pacific Bridge that crosses the
Brazos River at Waco, Texas. The fibre sensors are located at fatigue criti-
cal points for measuring dynamic loads induced by trains crossing the
bridge, and the recorded data correlate well with those recovered by resis-
tive strain gauges. Nevertheless, the general consensus is that fibre Bragg
gratings are presently the most promising and widely used candidates for
smart structures. The instrumentation for multiplexing large grating sensor
arrays can be the same, offering a potentially low cost solution for moni-
toring structural strain. As the wavelength shift with strain is linear and
with zero offset, long-term measurements are possible and because the
measurement can be interrupt-immune one can avoid perpetual monitoring
of a structure, performing periodic measurements when necessary.
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