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ABSTRACT

This thesis describes the investigation of fibre optic sensor technologies
that focus on the development of fibre sensing elements based on polarization-
maintaining photonic crystal fibre (PM-PCF) and fibre Bragg gratings (FBGS),
and their multiplexing techniques. Various multiplexing techniques of PM-PCF
based Sagnac interferometers have been investigated. A novel scheme to realize
high-speed FBG sensor interrogation by using dispersion-compensating module,
and a new wavelength-division multiplexing technique to achieve long-distance
FBG sensing over 75 km using broadband light sources were investigated. In
addition, we also studied a time-division multiplexing scheme for FBG sensors

based on pulse modulated semiconductor optical amplifier (SOA) ring cavity.

A fibre optic polarimetric torsion sensor based on PM-PCF with high
torsion sensitivity and low sensitivity to temperature was developed. The torsion
sensitivity of the proposed sensor is ~ 0.014/° within a linear twist range from 30°
to 70°. It is highly repeatable over 90-degree twist in both clockwise and
counterclockwise directions. The experimental results were in excellent
agreement with predicted results. PM-PCF as sensing elements in Sagnac
configuration for pressure and high temperature measurements were also
investigated. Measurement results show that high pressure sensitivity of 3.42
nm/MPa, and high temperature measurement up to 1160°C with good linearity of
about 11 pm/°C in the range of 400°C — 800°C were achieved. Their performance

was compared with temperature sensors based on FBGs written with UV
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irradiation or with femtosecond laser. The results show that PM-PCF based
Sagnac interferometer is a good candidate for long-term high temperature
measurements because of the lack of a doped core that would diffuse to the

cladding and eventually render the fibre non-singlemode.

Three multiplexing techniques of PM-PCF sensors in Sagnac
configuration were proposed. One technique employed coarse wavelength
division multiplexer (CWDM) to separate each Sagnac interferometer in different
wavelength bands. The other two schemes were based on connecting several
Sagnac interferometers in series along a single fibre and by using couplers to
multiplex the sensors in parallel. The CWDM multiplexing technique is simple to
implement, whereas the other two techniques require post measurement data

processing.

Two main challenges of FBG sensor systems are high-speed FBG
sampling beyond the kHz range and long-distance interrogation. We have
developed a novel ultra-fast FBG interrogation system based on dispersion-
compensation fibre that converts wavelength shift to time difference, permitting
FBG interrogation up to 2.44 MSamples/second. Two different approaches for
long-distance FBG sensing were investigated. By cascading three broadband light
sources with different wavelength bands along a fibre link, a 75-km sensing
distance with an impressive high effective dynamic range of 60 dB was achieved.

The second scheme used a pulse modulated SOA ring cavity demonstrated time-
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division multiplexing of 6 FBG sensors along a 40-km optical fibre with better

than 20 dB optical signal-to-noise ratio.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Research Motivation and Contributions

Optical fiber sensors have been studied intensely for more than 30 years with their
applications developed rapidly in variety of areas in recent years. Initially, most of the
fiber sensors remained laboratory-based at the prototype stage and were developed to
replace conventional electro-mechanical sensors which are well established, have proven
reliabilities and relatively low manufacturing costs, thus less commercial successes have
been achieved. In recent years, the manufacturing cost of fiber sensors is decreasing and
more fiber sensors are implemented for industrial applications. Optical fiber sensors offer
important advantages such as electrically passive operation, EMI immunity, high
sensitivity, and large-scale multiplexing capability. The promising utilization of optical
fiber sensors plays an important role in variety of areas include civil engineering
structural monitoring, textile structural composites monitoring, railway, spacecraft,
marine, nuclear and medical applications.

Photonic crystal fibers (PCFs), emerged recently with a wide range of inherent
fabrication geometry, have attracted lots of research activities due to a host of highly
unusual and tailorable properties. PCF is a new class of optical fiber based on the

properties of photonic crystals, which renders its ability to confine light in hollow cores
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and with confinement characteristics not possible in conventional optical fibers. A variety
of application areas including fiber-optic communications, fiber lasers, nonlinear devices,
high-power transmission, and high sensitive gas sensors are exploited for PCF. Sensing is
a relatively unexplored area for PCF. However, the opportunities are myriad with many
fields including biomedical sensing, environmental monitoring, and structural monitoring.
Different types of PCFs provide lots of novelties that can benefit sensing applications.
For example, a commercial available polarization-maintaining PCF (PM-PCF) exhibits
high birefringence with temperature insensitive and exceptional low bending loss. The
PM-PCF is thus found to be a promising candidate in sensing applications including
torsion, pressure and high temperature, etc.

Fiber Bragg gratings (FBGs) represent a key element in the established and
emerging fields of optical fiber sensing. FBG has been considered an excellent sensor
element which is suitable for measuring static and dynamic fields, such as temperature,
strain, and pressure, etc. The wavelength-encoded measurand information makes FBG
sensor self-referencing, rendering it independent of light level fluctuation due to source
power or connector losses that plague many other types of optical fiber sensors. The
capability of multiplexing FBGs makes the FBG sensing applications much more
attractive than other types of optical-fiber sensors, different multiplexing techniques have
been proposed and developed. The interrogation of FBG sensors is also important with
emphasis on the accuracy, resolution, and speed. For practical applications of FBG sensor,
special requirements are required for certain sensor systems. These include high speed

interrogation, long-distance and quasi-distributed sensing, etc.
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In this thesis, we describe the investigation of polarization-maintaining photonic
crystal fiber (PM-PCF) based sensors which have their own advantages over grating
sensors. In addition, Fiber Bragg grating (FBG) sensor systems with special requirements
for practical applications have been studied and developed.

The main contributions made during the author’s Ph.D. study are summarized as

follow:

e Investigation of the PM-PCF for torsion sensing applications. A novel PM-PCF
based optic polarimetric torsion sensor has been proposed and demonstrated
experimentally. High normalized torsion sensitivity was measured to be ~0.014/°
within the linear twist angle range from 30° to 70°. The proposed torsion sensor is
highly repeatable over 90-degree twist in both CW and CCW directions.

e Development of a PM-PCF based Sagnac interferometer for pressure sensing. A
high pressure sensitivity of 3.42 nm/MPa has been achieved by using a 58.4-cm
PM-PCF. The proposed pressure can be made very compact and with reduced
temperature sensitivity.

e The temperature characteristics of the PM-PCF based Sagnac interferometer from
room temperature to 1160°C have been investigated and compared with other
fiber grating based temperature sensors. The PM-PCF based Sagnac
interferometer has potential for high temperature sensing applications. A
temperature sensitivity of ~ 11pm/°C was achieved from 400°C to 800°C.

e The multiplexing capability of PM-PCF based Sagnac interferometer sensors has
been investigated and three multiplexing techniques were proposed and

demonstrated experimentally. One was based on the wavelength domain
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1.2

multiplexing by using CWDM, while the other two schemes were based on direct
connection in series along a single fiber and multiplexing in parallel by couplers.
A novel high speed FBG sensor interrogation system has been proposed and
demonstrated. It is based on the transformation from wavelength domain to time
domain by using dispersion compensating module. Instead of measuring the
Bragg wavelength shift, the sensing information is determined by the time
difference in the time domain. The promising high interrogation speed has been
studied.

A long-distance and quasi-distributed FBG sensor system has been investigated.
Two schemes have been proposed and demonstrated experimentally, one was the
cascaded three broadband light sources based on a wavelength division
multiplexing (WDM) technique and the other was with time division multiplexing
(TDM) based on a pulse modulated semiconductor optical amplifier (SOA) ring
cavity. The numbers of FBGs distributed along the long distance are 6 with 75 km

and 40 km, respectively.
Thesis Outline

It is the author’s intention that this thesis be readable for an audience that has a

general knowledge in the field of physics, optics and mathematics. The fundamentals of

photonic crystal fibers (PCFs) and fiber Bragg gratings (FBGs) are therefore reviewed

along with a short introduction to their sensing applications in chapter 2. The main

properties of PCFs have been reviewed and their applications for sensing are introduced.

The principle of FBG sensor is given followed with its related sensing application

techniques include the multiplexing techniques and the interrogation techniques.
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Chapter 3 gives an introduction to the utilization of optical fibers as torsion
sensors with special attention paid to polarization-maintaining fibers. The use of PM-PCF
as a fiber optic polarimetric torsion sensor has also been proposed and demonstrated
experimentally. Theoretical analysis is carried out for our proposed torsion sensor which
agrees well with the experimental results. The high torsion sensitivity and reduced
temperature sensitivity of our proposed torsion sensor is then studied in detail.

In Chapter 4, FBG based pressure sensors have been briefly reviewed first. Then,
we give a background review of the principle of Sagnac interferometer and its application
in both fiber optic communications and fiber optic sensing. The unique characteristics of
PM-PCF provide benefit to it as a pressure sensing device, such as temperature
insensitivity, low bending loss, compact size, etc. The principle and performance of our
proposed pressure sensor have been studied in detail.

Chapter 5 focuses on the study of different optical fibers’ properties at high
temperature. Several kinds of fiber sensor are investigated, such as those based on
Femtosecond laser fabricated FBG, CO, laser fabricated LPG, Tapered LPG on
conventional fiber, and Tapered LPG on PCF. Finally, the PM-PCF based Sagnac
interferometer is proposed and demonstrated for high temperature sensing applications.
The temperature coefficient obtained was ~ 11pm/°C with a good linearity within the
temperature range from 400°C to 800°C.

In Chapter 6, we study the multiplexing capability of PM-PCF based Sagnac
interferometer. Three multiplexing techniques have been proposed, which are based on
multiplexing in the wavelength domain by using CWDM, direct connection in series

along a single fiber, and multiplexing in parallel by using couplers. Among the three
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proposed multiplexing techniques, the CWDM technique enables real-time system
implementation.

Chapter 7 describes a novel high speed FBG sensor interrogation system we have
proposed. A brief introduction of a high speed interrogation system is given at the
beginning of this chapter. Then, we describe the principle of our proposed FBG
interrogation system. Instead of having the conventional detection of Bragg wavelength
shift, we transform the wavelength shift to time difference in the time domain by a using
dispersion compensating module. Furthermore, the Bragg wavelength shift can be
obtained by measuring the time difference in time domain with the implementation of
high speed devices such as modulator and photondetectors. The potential of the system
for high speed interrogation and has also been studied. An effective sampling speed of
2.44 megasamples per second has been demonstrated experimentally.

In Chapter 8, we have proposed and investigated two schemes for the
implementation of a long-distance and quasi-distributed FBG sensor system. One is based
on three cascaded broadband light sources a long a fiber link, and the other is based on a
pulse modulated SOA ring cavity. An introduction to the research and development of
long-distance and quasi-distributed FBG sensor system is provided at the beginning of
this chapter. The high dynamic interrogation range and sensing distance of the first
scheme is analyzed. For the pulse modulated SOA ring cavity scheme, the
synchronization issue and multiplexing capability have been studied.

Chapter 9 summarizes the thesis and discusses the future work that will be

extended.
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Chapter 2

Background Review

2.1 Introduction

In this chapter, we will give a background review on two important fiber optic
components, the photonic crystal fibers (PCFs) and fiber Bragg gratings (FBGs). The
basic principles together with their main properties will be described, and emphasis will

be on their sensing applications.

2.2 Photonic Crystal Fibers

2.2.1 Basic Properties of Photonic Crystal Fiber

Photonic crystal fiber (PCF), also called microstructured optical fiber, is a new
class of optical fiber that guides light by a periodic array of microstructure running down
the entire fiber length [1-3].

PCFs are drawn by the same methods as conventional optical fibers. PCF perform
is constructed either by stacking silica capillaries [3], by drilling holes or by extrusion [4,
5]. Then the preform is drawn down to a much smaller diameter on a fiber-drawing tower,
shrinking the preform cross section while maintaining the same features. Kilometers of
PCF can be drawn from a single preform. Most of the PCFs have been fabricated in silica

glasses. However, other glasses have also been used to obtain particular optical properties.
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Microstructured polymer optical fibers which have been termed “MPOF” have been
explored with graded index structures, ring structured fibers and hollow core fibers [4]. A
combination of polymer and chalcogenide glass was reported by Temelkuran et al. for

10.6 um wavelengths where silica is not transparent [6].

2.2.1.1 Index Guiding PCF and Photonic Band Gap Guiding PCF

Based on the flexibility of fabrication methods, both solid core and hollow core
PCFs can be fabricated, as shown in Figure 2.1. However, the guiding mechanisms
between them are completely different. While the solid core PCF depends on modified
total internal reflection (M-TIR) which is similar to the conventional optical fiber, optical
transmission in the hollow core PCF is based on the photonic band gap (PBG) that allows
the core to have lower refractive index than the cladding. The PBG fibers confine light

using a photonic band gap rather than index guiding. The existing of full 2-D PBG in

silica/air structure was demonstrated by Birks et al. as early as 1995 [7].

Figure 2.1 Scanning electron micrographs of PCFs. (a) Index guiding photonic crystal

fiber with solid core [1] and (b) photonic band gap crystal fiber with hollow core [3].

10
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Index guiding photonic crystal fiber is based on the modified total internal
reflection (M-TIR) and guides light similar with the conventional fiber. Figure 2.1 (a)
shows this kind of PCF with the central capillary replacing with a solid rod. It may be
defined as one when the mean cladding refractive index is lower than that of core.
However, the index difference between cladding and core is much larger than that of
conventional fibers which is typically around one percent. The low-index cladding
exhibits unique characteristics that distinguish it markedly from that of conventional fiber.
The core does not become multimode no matter how short the wavelength of the light,
that is endlessly single mode (ESM) [2]. The ESM property can be understood by
considering the strong wavelength dispersion of photonic crystal cladding which causes
the core-cladding refractive index difference to fall as the wavelength becomes shorter.
Prsm IS the propagation constant of the fundamental space-filling mode (FSM) which is
the fundamental mode of the infinite photonic crystal cladding without the central defect
or core [2]. frsm < S prohibits light propagation in the cladding and its strong wavelength
dependence prevents transmission of short-wavelength light. In contrast, conventional
fibers guide more and more modes as the wavelength becomes shorter.

Figure 2.2 shows the propagation diagram of a PCF with 45% air-filling fraction
[7, 8]. The propagation diagram is a convenient graphical tool for describing light
propagation in fiber, which gives the frequency ranges as a function of axial wavevector
p. Light is free to propagation for < kn, where k=w/c is the vacuum wavevector and n is
the refractive index at that frequency for the considered region in the diagram. It is
evanescent for > kn, and at = kn, the critical angle is reached resulting the TIR that

light incident from a medium with refractive index larger than n. For conventional single-
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mode fiber, all the guided modes should be with wavevector in the interval of kng < g <
kne, Where ng, and n are the core and cladding refractive indices, respectively. The
propagation diagram of a triangular lattice of air channel in silica glass with 45% air-
filling fraction has been investigated [7]. As shown in Figure 2.2, the vertical axis is the
normalized frequency wA/c and the horizontal axis is the normalized wavevector fA,
where A is the spacing between the adjacent air holes. In region 1, light is free to
propagate in air, photonic crystal (PC) and silica. The propagation of light is turned off
for air in region 2 and further turned off for PC in region 3. Finally, light is evanescent
for all the media in region 4. The PCF possesses unique characteristics that full photonic
band gaps exist (the black fingers). Light is free to propagate in the silica core but
blocked by the PC at point A. The fascinating point is that light is free to propagate in the
air while blocked from penetrating through the cladding at point B. The existed black

fingers overlap with air line (#/k=1), is the conditions required for a hollow-core mode.
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Figure 2.2 Propagation diagram for a PCF with 45% air-filling fraction [8].
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Photonic band gap guiding photonic crystal fiber is based on the photonic crystal
that prohibits light propagation in the cladding due to the PBG effects while permiting
light transmission in a low-index core. The operation principle of PBG guiding PCF is
physically different from that of conventional fiber, and even different from that of index
guiding PCF. A hollow-core fiber is unexpected and was even unbelievable for a long
time since a positive core-cladding index difference is the fundamental physical
requirement for TIR. However, with the novelty of PBG effects, the hollow-core PCF
comes into view and was finally realized. Figure 2.1 (b) shows the first hollow-core
photonic band gap crystal fiber [3]. The hollow-core brings lots of attractive properties
for PCF including easy to couple light into the core, extreme low loss guidance in
vacuum or compatible gas, strong interactions are possible for low-index materials filled
in the core such as gas, high power delivery with low nonlinear effects, atom guiding and
laser delivery of small particles, etc., all of these open up a new era for the applications of
PCFs.

Various types of PCFs have been proposed and investigated by restructuring the
transverse plane or introducing doped materials with different refractive indices other
than air or pure silica. All these PCFs are either based on the mechanism of index guiding
or photonic band gap guiding. Figure 2.3 shows some representative sketches for the

different PCFs which bring us their unique characteristics.
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Figure 2.3 Representative sketches of different types of PCFs that has been developed
(The black regions are hollow, the white regions are pure silica, and grey ones are doped-

silica) [8].

2.2.1.2 Characteristics of Optical Guidance
Attenuation: Low attenuation is one of the main reasons that the use of fiber become
practical for optical communication and it has always been concerned as an important
factor for other applications. In PCFs, the losses are governed by two main parameters,
namely the fraction of light in the glass and the roughness at the air-glass interfaces.
These losses can be classified as three categories: (a) absorption and scattering (b)
confinement loss and (c) bend loss.

For solid-core PCF, low loss down to 0.24 dB/m at 1550 nm was reported in 1999
[9]. However, the length was limited to tens of meters for such PCF. Later, a record level

stands at 0.28 dB/km at 1550 nm was achieved by one group in Japan and a hundred
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kilometers of this PCF was used for the first PCF-based penalty-free dispersion-managed
soliton transmission system at 10 Gb/s [10]. The roughness of glass-air interfaces of
solid-core PCF results slightly higher loss than that of the conventional SMF whose loss
is limited by Rayleigh scattering and material absorption within bulk glass [11]. While
the basic scattering and absorption of bulk glass can be greatly reduced owing to the
empty or gas-filled core for hollow-core PCF, its loss is still limited by the surface
roughness caused by frozen-in capillary waves. Under this limitation, the lowest reported
attenuation achieved in hollow-core PCF is 1.2 dB/km at 1620 nm [12].

Similar to the evanescent plane waves in the cladding of a conventional fiber, if
the thickness of the PCF cladding is not large enough, there is substantial attenuation for
the evanescent field amplitudes at the cladding/coating boundary. White et al.
investigated the confinement loss of a solid-core PCF without considering the material
absorption and fabrication defects (Figure 2.4) [13]. Their results show that larger loss at
smaller values of hole diameter to pitch ratio d/A, and increase in the number of rings of
holes can enhance the confinement, thus reducing the loss. At a fixed hole pitch A of 2.3
um, the confinement loss of the PCF with three rings of holes is wavelength dependent as
shown in Figure 2.4 (b). The hollow-core PCF experiences the loss similarly, and an
increase in the number of rings in the cladding can strengthen the whole PBG effect to

achieve low loss levels.
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Figure 2.4 Confinement loss for a solid-core PCF as a function of (a) the number of rings

and hole diameter to pitch ratio and (b) wavelength with a fixed hole pitch of 2.3 pm [13].

Conventional fiber suffers an additional loss if bent with a critical radius and the

loss depends on wavelength, core-cladding refractive index step, and the third power of
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core radius [5]. Its single mode bandwidth is limited by the higher order mode cutoff at
short wavelength and macro-bend loss at the long wavelength. A solid-core PCF also
exhibits a short-wavelength bend edge caused by the coupling from the fundamental
mode to higher order modes, which leak out of the core finally. However, the long-
wavelength bend edge can only occurs for A >> A/2 which is located beyond the
transparent window of silica glass [14]. By contrast, hollow-core PCF is highly
insensitive to bend loss and no significant loss is observed until the fiber breaks. The
physical reason behind this is the effective depth of confinement for guided light due to

the PBG effect.

(d) (€) (f)

Figure 2.5 Scanning electronic microscopy (SEM) images of various Hi-Bi PCFs with

both solid core and hollow core.
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Birefringence: The two fundamental modes of a perfect hexagonal symmetric PCF are
not degenerate, namely, the fiber is not birefringent [15, 16]. However, due to the large
glass-air index difference, PCFs are easy to yield a degree of birefringence by even a
slight distortion caused during the fabrication process. High birefringence PCFs (Hi-Bi
PCFs) can then be achieved by introducing different air-holes along the two principle
axes or by having a local elongation of the core region to lift the degeneracy [17-25].

As shown in Figure 2.5, various Hi-Bi PCFs have been designed and/or fabricated
with both solid core and hollow core. Figure 2.5 (a) shows the first Hi-Bi PCF reported
by A. Ortigosa-Blanch et al. The twofold rotational symmetry was introduced to the PCF
by different air hole sizes in the cladding [17] and a beat length with approximately 0.4
mm at the wavelength of 1540 was achieved. Another type of Hi-Bi PCF (Figure 2.5b)
has been fabricated with low loss of 1.3 dB/km at 1550 nm by one research group in
Japan [18]. The modal birefringence is introduced with two large air holes surrounding
the core in one of the orthogonal direction. The birefringence is determined by the ratio
(d1/d2) between the diameters of the two large air holes and that of the small air holes in
cladding, modal birefringence of 1.4x10 was achieved with a ratio of 0.40 while light
leakage will happen if the ratio is further increased [19]. The anisotropy can also be
introduced to the core instead of the cladding, however, the fabrication control is
comparable difficult. Figure 2.5 (c) shows a near-elliptic core index-guiding PCF,
birefringence of 1.129x10° at 1545 nm was predicted while higher than that was
achieved experimentally [20]. Based on the idea of PANDA fibers, boron-doped silica
can also act as stress applying parts to bring birefringence for PCF, as shown in Figure

2.5 (d) [21, 22]. The fiber was realized to have both single mode and with practical
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constant birefringence at large wavelength range. Highly birefringent hollow core PCFs
which with asymmetric air cores have also been suggested and numerical analysis
indicated the high birefringence in the order of 10 is possible [23]. Chen et al. have
realized a hollow core PCF experimentally with birefringence as high as 0.025 at 1550
nm [44]. The core has an anisotropic shape with twofold symmetry with a long axis of
9.4 um and a short axis of 8.1 um (Figure 2.5 e). For highly birefringent hollow core PCF,
one can reduce the field intensity at the core-cladding interfaces as well as the fraction of
the mode power resides within the glass by incorporating number of localized features

within the glass ring surround the core (Figure 2.5 f) [25].

Group velocity dispersion (GVD): The Group velocity dispersion (GVD) will cause
different frequencies of light to travel at different group velocity in the fiber. It is a
crucial factor that one needs to be considered for telecommunication systems and all
those applications that are related with optical nonlinearity. For conventional SMF, the
sign of GVD changes from anomalous (D>0) to normal (D<0) at the wavelength around
1.3 um. The magnitude and sign of GVD in PCF can be easily designed by using
different patterns of holes. The anomalous dispersion can be achieved at wavelengths
which are impossible for conventional fibers [26]. It enables the demonstration of soliton
propagation and supercontinuum (SC) generation [27, 28]. The broadband continuum
spectrum can be generated efficiently with a small effective core area PCF by pumping
light at the zero dispersion wavelength. As shown in Figure 2.6, ultra-broadband
continuum with wavelengths from 500 nm to 1600 nm was achieved by injecting 100-fs

short pulses around 790 nm with peak power at 8 kW to a 75-cm PCF [28]. The PCF
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used has a calculated zero-dispersion wavelength of 767 nm. The broadband spectrum

provides a range of new source wavelengths for sensing applications.

Power (arb. units)

10 | (N | | | 1 |

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 2.6 Optical spectrum of the generated supercontinuum in a 75-cm PCF which is

pumped by a 100-fs pulse (the dashed curve) [28].

Kerr Nonlinearities: PCFs can enhance or reduce the kerr nonlinearities. Together with
the controlling of GVD, we can study lots of nonlinear effects include four-wave mixing,
self-phase modulation, soliton formation, and stimulated Raman scattering [8]. One of the
most successful applications of nonlinear PCFs is the SC generation we have just
discussed. Some other applications are 1) parametric amplifiers and oscillators, 2)
correlated photon pairs which is an important source for quantum communications, 3)

soliton self-frequency shift cancellation.
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2.2.2 Optical Fiber Sensors based on Photonic Crystal Fibers

Owing to its novel optical properties, PCF is now finding applications in a variety
of area of optical communication and optical fiber sensing. For the optical fiber sensing
applications, PCF demonstrated its potential in areas such as biomedical sensing,

environmental monitoring, and structural sensing [29-39].

Figure 2.7 SEM image of a large-mode-area double-clad fiber for two-photon

fluorescence detection [29].

As shown in Figure 2.7, a double-clad PCF was used to improve the detection
efficiency of fluorescence detection [29]. By using double-cladding, both of the
excitation and collection efficiencies can be optimized, while that of the fiber probe based
on conventional SMFs is limited by the low numerical aperture (NA). The excitation light
(810 nm) is launched to the sample through inner core and two-photon fluorescence (580
nm) is collected back through a high-NA outer core. Jensen et al. detected biomolecules
in an aqueous solution utilizing the interaction between the evanescent field and the

filling material in PCFs [30]. The solution is filled in the air holes of the PCFs, and

21



Chapter 2 Background Review

interacts with the penetrated optical field even at the wavelengths in the visible range.

Figure 2.8 shows both the transmission and calculated absorption spectra for the labeled

DNA solution.
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Figure 2.8 Transmission spectra of PCFs with a labeled DNA solution (solid curve) and

pure water (dash curve) for reference. Inset shows the derived absorption spectra of the

DNA solution [30].
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Figure 2.9 Measured absorption spectrum of 100% acetylene with a 75-cm PCF [31].

Gas or liquid can be filled in the air holes of PCFs which offers the possibility of
environmental sensing applications [31-33]. In comparison with conventional fibers,
PCFs do not need to be striped of the cladding or coating that makes them durable.
Furthermore, the extremely long optical path lengths and ultra-low bending loss permits
sensitive and compact sensors to be realized, benefiting sensing applications for gas or
liquid. With the enhanced evanescent field effects achieved by PCFs, the concentration of
pollutants can be measured from the absorption spectra when light propagates through the
gas for a range of wavelengths [34]. The transmission spectrum of a 75-cm PCF hole-
filled with near 100% acetylene is shown in Figure 2.9 [31]. Absorption of 7 dB was
measured at the 1521 nm. Fini has designed a novel water-core PCF for aqueous sensing
applications [32]. Ritari et al. investigated the characteristics of gas sensing by using
photonic bandgap PCFs with a hollow core [33]. It demonstrates the ability of such PCFs
in sensing both strongly (acetylene/hydrogen cyanide) and weakly (methane/ammonia)

absorbing gases.
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Figure 2.10 SEM images of multi-core PCFs for bend sensing. (a) Three-core PCF (b)
Two-core PCF.

PCFs also show their promising sensing applications for temperature, pressure,
tension, bend, etc. Bock et al. measured the sensitivity of group index single-mode PCF
to temperature, hydrostatic pressure, and tension [35]. By using an interferometric
method, the susceptibilities of the group refractive index to temperature, elongation, and
static pressure are measured to be dN/dT =+1.28x10°K™, dN /de = —0.40/ strain

and dN /dp =-1.0x10"°MPa" respectively. Statkiewicz et al. studied the sensitivity of

birefringence and polarization properties of a highly birefringent PCF to hydrostatic
pressure, strain, and temperature [36-37]. Deformation of the structure can be monitored
by using multiple-core PCFs (Figure 2.10). Bending of the fiber can be detected by
analyzing its far-field pattern fringes to determine the strain induced phase difference for
each of the three cores, and a bend sensitivity of 2.33 rad mm™ has been achieved by this
method [38]. A two-core PCF was used to address remote optical fiber curvature and the
bend sensitivity of 127 rad/rad and angular resolution better than 170 prad was obtained

at 25 Hz [39].
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2.3 Fundamentals of Fiber Bragg Gratings

2.3.1 Basic Principles of Fiber Bragg Gratings and FBG Sensors

Fiber Bragg gratings (FBGs) play an important role in the established and
emerging aspect of optical communications as pump lockers in optical fiber amplifiers,
dispersion compensators, narrowband wavelength reflectors in Raman amplifiers, etc.
FBGs are also commonly used as fiber optic sensors due to its wavelength-selective
nature, EMI immunity and large-scale multiplexing capability [40]. It is a periodic
perturbation of the refractive index along the fiber core that is formed by exposing it to an
intense optical interference pattern. The first demonstration of permanent gratings in an
optical fiber was done by Hill et al. in 1978 at the Canadian Communications Research
Centre (CRC), Ottawa, Canada [41-42]. Using a germania-doped silica fiber and visible
argon ion laser radiation, the gratings were formed by the standing wave in the fiber and
known as “Hill gratings”. Photosensitivity which refers to a permanent change in the
index of refraction of the fiber core when exposed to light with characteristic wavelength
and intensity was thought to be only associated with the “Hill gratings”, but it has been
observed though photoexcitation at different UV wavelengths in a wide variety of
different fibers in the following years of research. At present, various techniques can be
used to inscribe standard and complex Bragg grating structures in the optical fibers using
‘side-writing” approach in which UV light is irradiated from the side of the fiber. One of
the most effective methods for inscribing Bragg gratings in photosensitive fiber is the

phase-mask technique.
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Figure 2.11 Schematic representation of uniform Bragg gratings, with the reflection

spectrum and transmission spectrum under broadband incident light.

Uniform gratings [43] with the phase fronts perpendicular to the fiber’s
longitudinal axis and gratings planes with constant period, are considered the
fundamental building block for most Bragg grating structures. When a guided fiber mode
is incident upon a fiber grating, a certain proportion of the incident light is scattered at
each grating plane. Upon the so-called Bragg condition, the scattering created in each
wavelet would be in phase and a substantial proportion of the incident light would be
deflected to backward-traveling mode. The strongest reflection occurs at the first order
Bragg condition and the Bragg wavelength can be expressed as [43]:

Ay =204 A, (2.1)

where nei; is the effective refractive index of the fiber core, A is the grating period. Figure

2.11 shows the reflection and transmission spectra of a uniform FBG.
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The impact of fiber Bragg gratings in the field of fiber-optic sensing is enormous.
FBGs are simple, intrinsic sensing elements that are photo-inscribed into silica fibers and
have all the advantages normally attributed to fiber optic sensors, such as electrically
passive operation, EMI immunity, and high sensitivity. In addition, the devices have an
inherent self-referencing capability and high multiplexing capacity in a serial fashion
along a single fiber. The measurand information is wavelength-encoded, thereby making
the sensor self-referencing, rendering it independent of light power fluctuation due to
source or connector losses that plague many other types of fiber optic sensor. Also, their
very low insertion loss and narrowband wavelength reflection offer convenient serial
multiplexing along a single monomode optical fiber, thus many network topologies can
be used for sensor system, thereby increasing flexibility.

The Bragg wavelength depends on the effective index of refraction of the core and
the periodicity of the grating. As both the effective index of refraction of the core and the
periodicity of the grating will affect by changes in strain and temperature, using (2.1) the

shift in Bragg wavelength due to strain and temperature changes is given by [43]

on
OAy AL 4 oA Loy OA

on 4
Ay =2(A—=—+n, — —)AT . 2.2
B ( 8I eff 8I 8T eff 8T) ( )

The first term in (2.2) represents the strain effect on optical fiber, while the second term
represents the effect on optical fiber by temperature.

A change in the strain of the fiber produces a Bragg wavelength shift due to
changes in the grating period and the photoelastic induced change in the refractive index.
The change in Bragg wavelength with applied strain can be expressed as [43]

Adg =25(1-p,)Ae, (2.3)

where pe is an effective photoelastic coefficient, A¢ is the applied strain. For silica fiber,
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pe has a numerical value about 0.22, thus the normalized strain response is found to be
[43]

1 A4,

Ag Asg

=0.78x10° ue™. (2.4)

For silica fiber operating at 1550 nm, the typical wavelength-strain sensitivity of FBG is

about 1.2pm/ ue.

The dependence of the Bragg wavelength on temperature arises due to both the
changes in the refractive index and in the grating period, which the former one is the
dominant effect. The fractional Bragg wavelength shift for a temperature change AT is

given by [43]

AjB (@ +)AT, 2.5)

B

where « is the thermal expansion coefficient and ¢ is the thermo-optic coefficient. The

typical wavelength-temperature sensitivity of FBGs written in Corning’s SMF28 fiber at

1550 nm is about 13 pm/°C.

2.3.2 Multiplexing Techniques of FBG Sensors

A large number of multiplexing schemes [40, 43] have been reported, but
generally they all fall into one of the following categories: wavelength-division-
multiplexing, time-division-multiplexing, spatial-division-multiplexing, code-division-
multiple-access, frequency-modulated continuous wave multiplexing, or a combination of

the aforementioned approaches.

Wavelength-Division-Multiplexing (WDM)
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The most popular technique for multiplexing FBG sensors is WDM. FBG sensors
with different Bragg wavelengths can be written along a single optical fiber. Physical
separation between the sensors can be arbitrary or can be adjusted for desired locations. A
spectral window and guard bands must be allocated to each grating to accommodate the
operation range of the wavelengths expected from it during strain or temperature
measurements. This limits the number of gratings which will fit within the spectrum of a
given optical source. For example, a uniform spacing of 4 nm between the Bragg
wavelengths of the adjacent gratings correspond to strain measurement range of about
+1500 pe at 1550 nm for each sensor. Consequently, the maximum sensor numbers that

can be supported by a broadband source with a 40-nm spectrum width is 10.
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Figure 2.12 Schematic diagram of WDM with tunable filter approach [44].

Figure 2.12 shows a WDM scheme with a tunable optical filter (TOF) to measure
the different centre wavelengths of FBG sensor [44]. It uses a wavelength scanning

device, making system compact, reliable and easy to use in practice. As the TOF scans
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over the returned signals from gratings, the Bragg wavelengths can be determined and
recorded from the voltage applied Vp to the filter. The level of sensor crosstalk is limited
by the extinction ratio of the filter. If the bandpass cut-off of the TOF is sufficiently steep
or the spectral separation between the gratings is large enough, the crosstalk can be
negligible.

A combined WDM and interferometric-detection system offers high wavelength
shift resolution was reported in [45]. The light reflected from each grating is sent through
a slightly unbalanced Mach-Zehnder interferometer to convert the wavelength changes
into phase changes. The signals are demultiplexed by use of WDM filter. The information
is contained in the phase changes and can be extracted using a phase-generated carrier

technique.

Time-Division-Multiplexing (TDM)

Input Pulse
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Coupler

Broadband Pulse F'TlGl FF?_Z FBGy
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Gate
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Photodetector
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Figure 2.13 Schematic diagram of TDM technique [46].
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As shown in Figure 2.13, TDM technique uses a pulsed or gated continuous-wave
(CW) source to illuminate gratings in sequence as the pulse travels along the fiber, the
reflected signals from the gratings are separated in time domain. The physical separation
between the gratings is limited by the input pulse width. A fast time-gated photodetector
can be then used to select the signal from individual grating for analysis. To achieve a
large multiplexing, the use of narrow pulses that involves relatively large peak power and
large bandwidth of photodetector are required. Therefore, in general the maximum sensor
numbers is limited to be less than 10.

Combined with interferometric wavelength shift detection scheme, four FBG

elements along a single fiber, separated by 5 m long fiber delay line with each other, have

been demonstrated by Weis et al [46]. A strain resolution of ~ 1 ne /v Hz was reported.
The grating elements in the sensor array can be either with same Bragg wavelength or
with different Bragg wavelengths. When combining TDM with WDM, reusing the source
spectrum can increase the number of sensors significantly. The sensors with same Bragg
wavelength are located at different time windows. The FBG sensors can be connected in

serial, in parallel or in branching topology.
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Spatial-Division-Multiplexing (SDM)
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Figure 2.14 Schematic diagram of SDM system.

In many applications there is a need to use multiple fibers either to increase the
number of sensing points or for improving the overall sensor system reliability. FBG
sensors in a network can be operated independently, and be interchangeable and
replaceable without any recalibration in the event of damage. Sensors with identical
characteristics are quite feasible with FBGs. However, the serial WDM and TDM
schemes prove unsuitable for interchangeability of sensors. SDM which is based on a
parallel sensor topology is suitable for interchanging of sensors (Figure 2.14). In general,
the FBG sensors in the SDM technique are located in different fiber branches, an optical
switch can be used to select the desired fiber branch for monitoring. The SDM technique
is a good candidate for combining with other multiplexing techniques such as WDM and
TDM to increase the number of sensors. A state-of-the-art 60-sensor array system has

been demonstrated by using a combined WDM and SDM approach [47].
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Code-Division-Multiple-Access (CDMA)
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Figure 2.15 Schematic diagram of a CDMA system (LPF: low pass filter) [48].

A pseuodorandom bit sequence (PRBS) is incorporated in the CDMA system as
shown in Figure 2.15 [48]. The PRBS is used for simplicity of the experimental
demonstration, while other bit sequence can also be used. The response of the FBG array
to a given PRBS is correlated with a time-shifted sequence of the same PRBS. By
adjusting the time delay between successive FBGs to be equal to one bit length or
multiple bit lengths of the PRBS, a given individual grating signal can be demultiplexed
by correlating with a reference PRBS which has the same bit shift. The number of sensors
in a CDMA system depends on the length of bit sequence, which can be up to (2™-1) by
assuming a one-bit time delay between sensors, where m is the number of bits of the
sequence. For m = 8, it was expected to multiplex up to 100 sensors. However, the source
crosstalk such as coherent effect was not investigated and only ~ 20 dB crosstalk was

demonstrated in a two sensor system. Further work needs to be carried out to fully
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understand the potential of this technique.

Frequency-Modulated Continuous Wave (FMCW) Multiplexing

The FMCW technique is based on the modulation of light intensity from a
broadband source by a linear frequency-swept RF carrier with demodulation achieved by
using a tunable optical fiber (Figure 2.16) [49]. The carrier is generated by a voltage-
controlled oscillator (VCO). Signals from the FBG sensors at different positions in an

array are separated in the frequency-domain and can be separated by bandpass filters.
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Broadband Coupler . 2 N

Source (J\D-Tllll—m—llll-—m—llll

Signal
Generator VCO K TOF
L' ] Photodetector
reference
signal —»| mixer |-
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Figure 2.16 Schematic diagram of a FMCW multiplexing system [49].

As multiplexing is one of the important advantages of FBG sensors, different
multiplexing techniques are being continuously developed. WDM and TDM are two of
the most popular multiplexing techniques nowadays. Using these two methods,
interrogation of 1000 and 3000 sensors was achieved by OTDR and OFDR respectively
[50, 51]. There is a “bandwidth” constraint for WDM and a “time” constraint for TDM.
Methods are given trying to overcome these constraints, such as intensity and wavelength

dual-coding technique (IWDM) [52]. It was shown that IWDM can double the sensor
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number for WDM by using two FBGs that allow wavelength overlap. One FBG has high
reflectivity, while the other has low reflectivity with dual peak. Therefore, specially-
designed FBGs are needed. Another research group proposed using different coupling
ratios for FBGs with equal reflectivities to achieve IWDM (Figure 2.17) [53]. Recently,
code division multiplexing (CDM) was also proposed for addressing FBG sensors in
serial networks utilizing sequence inversion keyed direct sequence code division multiple
access (SIK-DS-CDMA) [54]. Its simulation showed the system was superior to TDM by
a factor of 10 regarding the information per time and a factor of 17 in networks size for

WDM.

2x4 Coupler
60:40
50:50
20:80

Figure 2.17 Schematic diagram of a tunable multiport fiber laser for IWDM sensor
system [53].
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2.3.3 Interrogation Techniques for FBG Sensors

Several techniques [55] have been demonstrated for performing wavelength
shifting detection in FBG sensors. Edge or bandpass filters provide a wavelength-
intensity conversion. There is a tradeoff between the sensitivity and the measurement
range (Figure 2.18). Using this approach, resolution of about +5u& has been

demonstrated [56].

A

v

A

Figure 2.18 Conversion of wavelength to intensity using edge filter method.

As shown in Figure 2.19, a tunable filter approach for detecting the Bragg
wavelength is one of the most successful techniques for interrogating FBG sensors. The
tunable filter can be Fabry-Perot (FP) filter, acousto-optic filter or FBG-based filter. The
basic principle of the tunable filter approach is that the passband wavelength transmit
through the filter depends on the voltage applied to the piezoelectric stacks that drive the
filter. As the filter is tuned, the passband scans over the return signals from the FBGs.
The wavelength can be determined and recorded from the voltage applied to the filter as

the return optical signal is detected. In strain measurement, resolution of the order
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about+1u& has been demonstrated using FP approach [57].
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Figure 2.19 Schematic diagram of tunable filter method.
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The interferometric detection technique [58] is also a form of filtering with a
sinusoidal transfer function, with the phase term dependent on the input wavelength from
the FBG sensor (Figure 2.20). This technique is extremely sensitive to weak dynamic
Bragg wavelength shifts. Dynamic shift in the wavelength on the order of ~10° nm have

been experimentally demonstrated during week mechanical perturbation of grating.
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Figure 2.20 Principle of interferometric detection method.
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A charge-coupled device (CCD) spectrometer [59] is a simple method for
interrogation the gratings; the reflected light from the gratings is dispersed onto a linear
CCD array using bulk grating and appropriate optics. This approach collects all the light
returned by each grating. The spectrometer reads the wavelength with a resolution
determined by the product of the grating’s linear dispersion at the detector plane with the
pixel width, and the received wavelength converted into position information along a line
imaged onto the array of the detector element. This instrument has demonstrated a strain

sensitivity of ~1 & and a bandwidth from static strain to 4 kHz.

Another form of direct spectroscopic tool suitable for analyzing the return FBG
signals is Fourier analysis. The light from an array of grating sensors is fed to an
interferometer in which one arm can be scanned to change the relative optical path
lengths. When the length of one arm is scanned, an interferogram between two
components is generated at the detector as the path difference passes through zero. A
discrete frequency component corresponding to the grating signal can be observed from
frequency spectrum obtained by Fourier transforming the interferogram. Any Bragg
wavelength shift of grating sensor can be detected by monitoring shifts in the Fourier
frequency component. Bragg wavelength shift with resolution of ~ 0.015 nm has been

demonstrated [60].
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2.4 Summary

We presented a brief review on PCFs and FBGs which are the two main fiber
optical components investigated for sensing applications during this Ph.D. study. For the
first part, we focused on the fundamentals of PCFs, and some characteristics unique to
this class of novel fiber. The light guiding mechanism of PCFs makes it physically
different from the conventional fibers, exhibits flexibility on the fiber design/fabrication
and thus offers a variety of merits which are impossible in the past. Finally, we have a
brief review on the optical fiber sensors based on PCF. In the second part, the basic
principle of FBGs is given with the development history, the fabrication, the optical
properties, and their responses to some physical parameters including temperature and
strain which make them promising candidates in lots of sensing areas. The multiplexing

techniques and interrogation methods of FBG sensors are also introduced.
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Chapter 3
Torsion Sensor Based on Polarization-Maintaining

Photonic Crystal Fiber

3.1 Introduction

The unique characteristics of PCFs, such as large signal-sample interaction length,
manipulation of fiber characteristics with careful design of air-hole parameters, and
endlessly single-mode guidance have attracted lots of research interest in recent years
[1-5]. In particular, sensing applications using PCFs have also been widely explored.
However, most research efforts mainly exploit the PCF characteristics to realize
gas/liquid sensors with guided-wave/evanescent-wave interaction [1-5]. It has been
established that PCF based optical fiber sensors offer extraordinary sensitivity for
gas/liquid monitoring. Recently, polarization-maintaining PCFs (PM-PCFs) have been
studied for stain/pressure sensing [6, 7]. PM-PCFs offer additional advantages over
conventional PM fibers owing to the high birefringence and low thermal sensitivity of
PCFs [8, 9]. However, PCFs/PM-PCFs were not exploited for torsion monitoring. Torsion
is an important parameter for structural health monitoring and other kinds of engineering
applications. All-optical torsion sensors, based on fiber Bragg gratings (FBGs), long
period gratings (LPGs) and high birefringence fibers, have been reported [10-13]. For the

FBG-based torsion sensor reported in reference 10, torsion induces strain to an FBG
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glued onto the surface of an elastic shaft and the resulting wavelength shift is measured to
calculate the applied torsion with limited twist angle range determined by the shaft. In
reference 11, a torsion sensor based on a 16-mm long HF-etched corrugated LPG and a
twist sensitivity of 0.036 nm/rad m™ was reported. Resonant wavelength dependence of
twist angle and direction in CO, induced LPG with twist sensitivity of up to 0.032 nm/rad
m? was demonstrated [12]. A torsion sensor based on FBG written in high
birefringence fiber was proposed by Lo et al [13] with a low twist angle resolution of
about 0.3° that is limited by the measurement of the intensity ratio by the optical
spectrum analyzer (OSA) at the two peak wavelengths of the FBG. All the reported
torsion sensors [10-13] are based on conventional fibers that exhibit relatively large
temperature that affect the measurement results. Typical temperature coefficients of
FBGs written in standard fibers and PM fibers are 10 pm/°C and 14 pm/°C [14],
respectively and that in LPGs is generally much larger. On the contrary, PCFs are made
entirely of fused silica that has a low thermal expansion coefficient and consequently
fiber optic sensors based on PCFs are less temperature-dependent.

In this chapter, we propose and experimentally demonstrate a novel fiber optic
polarimetric torsion sensor based on PM-PCF. A simplified theoretical analysis is also
given to explain the operation principle of the proposed torsion sensor. The twist angle of
the PM-PCF-based torsion sensor was measured by polarimetric detection. High
normalized sensitivity was measured to be ~0.014/° within the linear twist angle range

from 30° to 70° and it is highly repeatable over 90-degree twist in both clockwise (CW)
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and counterclockwise (CCW) directions. Owing to low thermal coefficient of PM-PCF,
the proposed torsion sensor eliminates the requirement of temperature compensation
when deployed in harsh environment where temperature fluctuation is inevitable. High
birefringence of the PM-PCF ensures the torsion sensor to be compact, releasing the

limitation of the torsion gauge length.

3.2 Theoretical Analysis of PM-PCF based Optical Fiber

Torsion Sensor

Figure 3.1 illustrates the experimental setup of the proposed PM-PCF-based
torsion sensor. The light source used in this experiment was a tunable semiconductor
laser (Santec®, Model TSL-210) operating at 1550 nm. The polarization extinction ratio
of this light source was higher than 40 dB. A polarization controller (OFR®) was used to
adjust the polarization state of the light launched into the PM-PCF. The PM-PCF
(PM-1550-01, produced by Blaze-Photonics®) has a beat length of < 4 mm at 1550 nm
and polarization extinction ratio of >30 dB over 100 m. The scanning electron
micrograph (SEM) image of the transverse cross section of the PM-PCF is shown in the
inset of Figure 3.1. Mode field diameters for the two orthogonal polarizations were 3.6
and 3.1 um respectively. The total loss of the two splicing points was ~4 dB and was
achieved by repeated arc discharges applied over the splicing points to collapse the air
holes of the small-core PM-PCF [15]. The length of the PM-PCF used in our experiment

was ~15 cm.
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Highly Polarized Light Source

Polarization Controller Twist region

OO0

PM-PCF

Polarizer [

Optical Powermeter -

Figure 3.1 Schematic diagram of the proposed PM-PCF based fiber optic polarimetric
torsion sensor.

Inset

The optical sensing system was set up on an optical table to ensure stability.
Initially, one end of the straight & horizontal section of the PM-PCF was fixed on a
mount and the other end on a twist stage without any pre-straining and pre-twisting. The
twist stage was capable of applying required twist with the twist angle measurement
provision. Owing to the limitation of setup, the smallest twist which could be applied in
the present study was 1°. Polarimetric detection of the output light signal was achieved
with a linear polarizer (OFR®) together with a power meter (IIxlightwave®, FSM-8210).
Initially, the polarization state of the polarization controller was adjusted to obtain
maximum power at the output. Maximum output power can be achieved only when the

polarization state of the output light is parallel to the pass-axis of the linear polarizer.
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Hence we adjusted both the polarization controller and the linear polarizer to get the
maximum output power at the beginning. With the PM-PCF under twist, the optical

output power was observed varying as a function of the twist angle.

Twist PM-PCF y A Twist PM-PCF
Output End Input End
_ Polarizer

7.

\
' ¢ 9

<V

Figure 3.2 Coordinate of the principal axis for the fiber optic torsion sensing system.

Figure 3.2 shows the coordinate of the principal axis for the fiber optic torsion
sensing system. @ is the angle made by the pass axis of the linear polarizer with x-axis, f
is the principal axis angle of PM-PCF input end and « is the twist angle of the PM-PCF.
Considering the polarization state of the light during propagation, the optical system can

be described as
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{EX:::} = [Polarizer (9)][Rotation (-)][Rotation (—a)]

y

x [M (a,8)][Rotation (ﬂ)]{EOX } (3.1)
where the E!" is the amplitude of the highly-polarized input light, EX and E," are

the amplitudes of the two orthogonal polarized lights at the output end. The Jones

matrices of the linear polarizer is given as

(3.2)

[Polarizer ()] ={ cos’ () cos(&)sin(@)} |

sin(@)cos(8)  sin®(0)

Jones matrix for the coordinate rotation with angle o is given as

(3.3)

[Rotation(o)] ={ cos(o) sin(o)]

—sin(o) cos(o)
and the Jones matrix of the twisted PM-PCF is given as

cosy—(i-o-siny)/ly a-sinyly }

3.4
—a-sinyly cosy+(i-o-siny)/y (3.4)

[M(a,é‘)]{

where y = (o + 6°)"? and 6 = wlr -(nc— ny)/A, Ir is the length of PM-PCF. The phase
retardation angle of the PM-PCF is 26. The output power of polarimetric detection thus

can be obtained as

Eout *
= [E B ]-{Eim} - (35)
y
The PM-PCF used in our experiment had a high birefringence with a beat length less than
4 mm. Further, the length of the PM-PCF used in our experiment was ~15 cm. Hence, a
<< 24. Under this condition, the twisted PM-PCF acts as an optical rotator and the system

becomes insensitive to the gauge length [13]. After adjusting the polarizer, we achieved a
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maximum output power at the beginning. This arrangement can be well described by
assuming g = 0° or 90° and # = 0° This leads to the intensity of optical output

approximately as

2

| =cos®a-|E" (3.6)
3.3 Experimental Results of the Proposed Torsion Sensor
3.3.1 Performance of the PM-PCF based Torsion Sensor
-8
+ CW
« CCW
-12
E
) s
5 r4 16
.0. $.0
Yy
.: -20 %
K Yy
[ [ -24 [ [
-90 -60 -30 0 30 60 90

Twist Angle (degree)
Figure 3.3 Measured output power vs. twist angle of PM-PCF.

Figure 3.3 shows the measured output power as a function of twist angle of the
PM-PCF. As can be observed, output power is highly sensitive to the applied twist with a
variation of more than 12 dB when the twist angle was varied in the range of [-r/2 =/2].

In addition, the power variation was highly symmetric. The same figure shows the sensor
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response when the PM-PCF was twisted from -n/2 to n/2 (CW twist) and then from /2
to -n/2 (CCW twist). These results show a complete reversible nature of the proposed
torsion sensor. As can be noticed, the twist sensitivity varies with the twist angle. For
small twist angle, the power level follows a slow decreasing smooth curve; while at larger
twist angles, the power level falls down sharply.

Intensity

1

+ Experiment
— Theory

-90 -60 -30 0 30 60 90
Twist Angle (degree)

Figure 3.4 Normalized intensities vs. twist angle with £ =90° and #=0°.

Further, the consistency between experimental as well as theoretical results was
investigated. Figure 3.4 illustrates theoretically simulated (as discussed in the previous
section) as well as experimental observed normalized output intensities against twist
angles. Sensor response matches qualitatively well with that of the theoretically simulated
one for entire range of applied twist. A high degree of quantitative agreement was

observed when the applied twist to PM-PCF was small (~20°). However, for the higher
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twist angles, experimentally observed intensities were little higher in comparison to the
theoretically predicted intensities. This is maybe because of the received optical power at
other polarization states, which is not perfectly filtered out by the linear polarizer. This
also explains why the power did not go to zero when the applied twist was close to +90°.
From 30° to 70°, the power decreases with a good linearity and the calculated slope is ~
0.014/°. This linear region is important for designing a real sensing device for practical
applications. The linear region of the sensor covers over 40° of twist angle. If the
PM-PCF is pre-twisted to the mid-point of the linear region (i.e. 50° as shown in Figure

3.4), then a torsion sensor with a linear response of £20° can be realized.

3.3.2 Temperature Characteristics

The effect of ambient temperature on the sensor response is a critical issue while
designing a sensor system for real-field applications. Hence, the effects of ambient
temperature fluctuations on the sensor performance were also investigated. For this, the
twisted PM-PCF sensing element was placed in a temperature-controlled container, and
the temperature within the container was varied from 20°C to 70°C. Figure 3.5 shows a
typical measured sensor response under temperature variations. As can be observed, the
power variation is only 0.2 dB against a temperature variation of 50°C. This shows that
the temperature sensitivity of the proposed sensor is negligibly small. Thus, if the
proposed sensor is applied to an environment where temperature variation is not very

large, the need for temperature compensation schemes can be completely eliminated.
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However, the measured temperature sensitivity of the proposed sensor exhibits a fairly
linear response of about -0.004 dB/°C over the temperature range of 20°C — 70°C.
Therefore, temperature-compensation of the proposed torsion sensor can be easily
implemented using another sensor such as FBG to measure the ambient temperature.

0.1

y =-0.0046x + 0.1109
R =0.9889

Power Variation (dB)
o
H

_0'3 2 1 2 1 2 1 2 1 2

20 30 40 50 60 70
Temperature (°C)

Figure 3.5 Power Stabilities of the torsion sensing system under temperature variation.

3.4 Summary

A novel fiber optic polarimetric torsion sensor employing a PM-PCF as a sensing
element is proposed and demonstrated experimentally. A simplified theoretical analysis of
the torsion sensor is carried out. Experimental results of the sensor matches well with the

theoretically simulated one. It is the first reported PM-PCF/PCF sensor exploited for
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torsion monitoring. The proposed torsion sensor exhibits high sensitivity of about 0.014/°
within the linear twist range from 30° to 70° and it is highly repeatable over 90-degree
twist in both CW and CCW directions. Compared to conventional fiber optical torsion
sensors, the proposed sensor exhibits reduced temperature sensitivity, eliminating the
temperature compensation requirements in applications where the temperature variation
is not very large. In addition, this sensor is simple to design, compact in size, easy to
manufacture, and highly sensitive to the applied twist. This makes it an excellent

candidate for torsion sensing for real field applications.
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Chapter 4
Pressure Sensor Realized with Polarization-Maintaining

Photonic Crystal Fiber based Sagnac Interferometer

4.1 Introduction

The presence of air holes in the PCFs opens a new range of possible applications.
Direct pressure sensing is one of these applications that attract a lot of research interests.
In this chapter, we propose and demonstrate a pressure sensor based on a PM-PCF
Sagnac interferometer. A brief introduction on FBG pressure sensors reported in journal
and conference publications will be given, followed by a review on the application of
Sagnac interferometer in fiber optic sensing. For our proposed Sagnac interferometer
based pressure sensor using PM-PCF, the Sagnac loop itself acts as a sensitive pressure
sensing element, making it an ideal candidate for pressure sensor for harsh environment
applications. The proposed pressure sensor does not require polarimetric detection and
the measured information is wavelength-encoded. Theoretical analysis for the pressure
induced spectral shift is also presented together with the operation principle. An
interesting feature of the proposed pressure is the ultra-low bending loss of the PM-PCF,
permitting very compact fiber optic pressure sensor to be realized. Furthermore, we

studied the coiling diameter and the coiling direction and found that no significant affects
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on the sensing performance. In addition, the pressure sensor exhibits low temperature

sensitivity.

4.2 Fiber Bragg Gratings Pressure Sensors

FBG sensors have been utilized for both temperature and strain sensing with great
success, however, they are less attractive for the pressure sensing applications. The
reason behind this is that the fiber diameter changes resulting from the applied pressure is
very small and thus low sensitivity for the measurement. Xu et al. have reported the first
pressure sensor using a bare FBG, and the measured wavelength-pressure coefficient is
3.04x10° nm/MPa over a pressure range of 70 MPa [1]. Several schemes have been
proposed to increase the low intrinsic sensitivity of bare FBG pressure sensor by
mechanical amplification using various transducer designs. These include a glass-bubble
housing of FBG [2], a polymer-coated FBG [3], shielded polymer coating of FBG [4,5],
FBG embedded to a piston-like diaphragm with thin metal cylinder [6], and transducer
setup [7]. As shown in Figure 4.1 (a), an FBG is embedded in a polymer-filled metal
cylinder and experiences pressure by the strain from the polymer under applied pressure
[4]. The wavelength-pressure coefficient achieved of -5.28 nm/MPa is three orders
higher than that of a bare FBG pressure sensor. A diaphragm structured FBG pressure
sensor with both ends of FBG under strain has been proposed to further increase the
sensitivity [6], and the wavelength-pressure coefficient is 7 nm/MPa (Figure 4.1(b)).
Figure 4.1 (c) shows a transducer setup for FBG pressure sensing [7], the pressure
applied to the gas container can be measured through the lever which introduced strain to

the FBG. The sensitivities of all these FBG pressure sensors were significantly enhanced,
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however, they are complicated in terms of fabrication, implementation, and are not
suitable for application in harsh environments. The erosion of metal and the bulk size of
these configurations affect their implementations for the sensing applications such as in

down-hole oil well.
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Figure 4.1 Configurations of FBG based pressure sensors. (a) FBG embedded in a
polymer-filled metal cylinder (b) FBG pressure sensor based on piston-like diaphragm (c)

FBG pressure sensor using a lever with pressured gas container.
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4.3 Background Review of Polarization-Maintaining Fiber
Sagnac Interferometer

4.3.1 Fiber Sagnac Interferometer

The fiber Sagnac loop mirror is a very attractive device for both optical fiber
communication and optical fiber sensing [8]. Figure 4.2 shown a simple implementation
of a Sagnac loop mirror constructed by splicing the output ports (port 3 and port 4) of a
directional 3-dB optical coupler together. Light launched into port 1 is splitted equally
into two counter propagating waves by the coupler, with half of it transmits through port
3 and the remaining half couples to port 4. The two waves travel with identical optical
paths in opposite directions and a constructive interference is formed at port 1 when they
return back to the coupler. Light coupled within the coupler experiences a n/2 phase lag
with respect to light traveling straight through. Therefore, all the light outputs to port 1
and the reflectivity limited only by the losses of the splice, fiber and coupler, while no
light is output at port 2. However, if a section of highly birefringent (Hi-Bi) fiber is
inserted into the loop, different optical paths will be introduced to the two counter
propagating waves by the Hi-Bi fiber. The phase difference (A¢) between the two waves
is given by [8]:

_27BL

: (4.1)

Ag

where B, L and A are, the birefringence, the length of the Hi-Bi fiber and the wavelength
of the light, respectively. Therefore, for a given B and L, the transmission (T) at port 2
and reflection (R = 1 — T) at port 1 of the Hi-Bi fiber loop mirror depends on the

wavelength of operation and both are approximately periodic functions of wavelength.
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The Sagnac interferometer has several advantages over traditional interferometers, such
as the input polarization independence and the periodicity of the formed spectral filter

which depends only on the length of the Hi-Bi fiber but not the length of the fiber loop.

single-mode fibre

directional coupler s
Yal

Figure 4.2 A fiber Sagnac loop mirror [8].

4.3.2 Sensing Applications of Sagnac Interferometer

Optical fiber Sagnac interferometers have been used in optical communications as
well as fiber optic sensing [9-14]. In the field of optical communications, they can be
employed as wavelength division multiplexing filters, gain-flattening filters for erbium-
doped fiber amplifiers, comb filters for multiwavelength fiber lasers, and in dispersion
compensation [9-12]. They have also been developed for gyroscopes and other sensor
applications due to their unique advantages such as simple design, easy to manufacture,
and less susceptible to environmental pickup noise in comparison to other types of fiber-
optic sensors [13,14]. Polarization-maintaining fiber (PMF) is usually used in Sagnac
interferometers to introduce an optical path difference and cause interference between the

two counter-propagating waves in the fiber loop [15-19]. However, conventional
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polarization-maintaining fibers (e.g. Panda and Bow-tie PMFs) have a high thermal
sensitivity due to the large thermal expansion coefficient difference between boron-doped
stress-applying parts and the cladding (normally pure silica). Consequently, conventional
PMFs exhibit temperature-sensitive birefringence. Typical temperature coefficients of
Panda and Bow-tie fibers are -1.9 nm/°C and -1.2 nm/°C, respectively [20]. Therefore
conventional PMF based Sagnac interferometer sensors exhibit very high temperature
sensitivity, which is about one and two orders of magnitude of higher than that of long-
period fiber grating (LPG) and fiber Bragg grating (FBG) sensors [15,16]. When they are
used for sensing other measurands rather than temperature such as pressure, the
temperature change and fluctuation will cause serious cross-sensitivity effects and would
affect the measurement accuracy significantly.

In recent years, polarization-maintaining photonic crystal fiber (PM-PCF) has
become commercially available and subsequently attracted lots of research interest in
investigating its potential in communications and sensing applications [21-23]. PM-PCF
possesses very low bending loss due to the large numerical aperture and small core
diameter. This feature is crucial for the realization of practical sensors. It is also
significantly less temperature dependent than conventional PMFs due to its pure silica
construction without any doped materials in the core or cladding, except with air holes
running along the entire length of the fibers. Previous reports showed that the thermal
sensitivity of PM-PCF based Sagnac interferometers is 55-164 times smaller than that of
conventional PMF based ones [24, 25]. Temperature induced cross-sensitivity effects can
thus be neglected for sensing applications in which the temperature variation is not too

large. Furthermore, owing to the flexible fabrication design of PM-PCF, its birefringence
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can be much higher than that of conventional PMFs [26]. This helps to reduce the length
of the sensing fiber.

PM-PCF based Sagnac interferometer employed as strain sensor which
demonstrated high sensitivity of 0.23 pm/pe and measurement range up to 32 me, has
been reported [22]. PM-PCF based pressure sensor with polarimetric detection has also
been proposed and demonstrated [23]. Polarimetric sensor is complicated and generally
not preferred in most applications. We propose and demonstrate a pressure sensor based
on PM-PCF Sagnac interferometer. The Sagnac loop itself acts as a sensitive pressure

sensing element, making it an ideal candidate for pressure sensor.

4.4 Pressure Sensor based on PM-PCF Sagnac
Interferometer

4.4.1 Principle of Pressure Sensor with PM-PCF Sagnac Interferometer

Figure 4.3 shows the experimental setup of our proposed pressure sensor with
PM-PCF based Sagnac interferometer. It includes a conventional 3-dB single-mode fiber
coupler and a 58.4-cm PM-PCF. The PM-PCF (PM-1550-01, by Blaze-Photonics®) has a
beat length of <4 mm at 1550 nm and a polarization extinction ratio of >30 dB over 100
m. The scanning electron micrograph (SEM) image of the transverse cross section of the
PM-PCF is shown in the inset of Figure 4.3. Mode field diameters for the two orthogonal
polarization modes are 3.6 and 3.1 pum respectively. The combined loss of the two
splicing points is ~4 dB. Low splicing loss could be achieved by repeated arc discharges
applied over the splicing points to collapse the air holes of the small-core PM-PCF [27].

The collapsing enlarges the mode field at the interface of the PM-PCF so as to match the
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mode field of the single-mode fiber (SMF). The Sagnac interferometer is laid in an open
metal box and the box is placed inside a sealed air tank. The tank is connected to an air
compressor with adjustable air pressure which was measured with a pressure meter. The
input and output ends of the Sagnac interferometer are placed outside the air tank. When
a broadband light source (amplified spontaneous emission from a pumped erbium-doped
fiber) is connected to the input, an interference output as shown in Figure 4.4 can be
observed. By measuring the wavelength shift of one of the transmission minimums with
an optical spectrum analyzer (OSA), the applied pressure to the PM-PCF can be

determined.

Broadband
Light Source

Y
Y

OSA

Pressure Meter

I— Air Compressor

3dB Coupler
PM-PCF

Sealed Air Tank

Figure 4.3 Schematic diagram of the proposed pressure sensor constructed with PM-PCF

based Sagnac interferometer.

In the fiber loop, the two counter-propagating lights split by the 3-dB single-mode

fiber coupler interfere again at the coupler and the resulting spectrum is determined by
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the relative phase difference introduced to the two orthogonal guided modes mainly by
the PM-PCF. Ignoring the loss of the Sagnac loop, the transmission spectrum of the fiber
loop is approximately a periodic function of the wavelength, and is given by [24]

T =[1—cos(s)]/2. (4.2)
The total phase difference 6 introduced by the PM-PCF can be expressed as

0=0,+0p, (4.3)
where &, and o, are the phase differences due to the intrinsic and pressure-induced

birefringence over the length, L, of PM-PCF and are given by [23]

50 =ﬂ and (44)
P
5, = 2”'(K;AP)' L (4.5)

B = ns - n; is the birefringence of the PM-PCF, ns and n; are effective refractive indices of
the PM-PCF at the slow and fast axis, respectively. AP is the applied pressure and the

birefringence-pressure coefficient of PM-PCF can be described as [23]

_ong on;
PP P
The spacing, S, between two adjacent transmission minimums can be approximated by

(4.6)

[24]

S=2/B-L). 4.7)
The pressure-induce wavelength shift of the transmission minimum is A4 = S-%/2z. Thus

the relationship between wavelength shift and applied pressure can be obtained by
Ko -4

B
Equation (4.8) shows that for a small wavelength shift, the spectral shift is linearly

A= (

)-AP. (4.8)

proportional to the applied pressure.
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4.4.2 Performance of the Pressure Sensor

Transmission (dB)

-30 F «— 53nm —

_35 1 1 1
1544 1548 1552 1556 1560
Wavelength (nm)

Figure 4.4 Transmission spectrum of the PM-PCF based Sagnac interferometer

measured by OSA.

Figure 4.4 shows the transmission spectrum of the PM-PCF based Sagnac
interferometer by OSA at atmospheric pressure, i.e. at zero applied pressure. The spacing
between two adjacent transmission minimums is ~5.3 nm and an extinction ratio better
than 20 dB was achieved. The intrinsic birefringence of the PM-PCF used in our

experiment is 7.8x10™* at 1550 nm.
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Figure 4.5 Measured transmission spectra under different pressures.

The air compressor is initially set up at one atmospheric pressure (about 0.1
MPa). In our experiment, we can increase the air pressure up to an amount of 0.3 MPa,
thus the maximum pressure that can be applied to the PM-PCF based Sagnac
interferometer sensor is ~0.4 MPa. At one atmospheric pressure, one of the transmission
minimums occurs at 1551.86 nm and shifts to longer wavelength with applied pressure.
When we increased the applied pressure by 0.3 MPa, 1.04 nm wavelength shift of the
transmission minimum was measured, as shown in Figure 4.5. Figure 4.6 shows the
experimental data of the wavelength-pressure variation and the linear curve fitting. The
measured wavelength-pressure coefficient is 3.42 nm/MPa with a good R%*value of
0.999, which agrees well with our theoretical prediction. From Eqg. (4.8), the

birefringence-pressure coefficient is ~1.7x10° MPa™. The resolution of the pressure
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measurement is ~2.9 kPa when using an OSA with a 10-pm wavelength resolution. Due
to the limitation of our equipment, we have not studied the performance of this pressure
sensor for high pressure at this stage. However, we found that the PM-PCF can withstand

high pressure up to 10 MPa without damaging its structure by immersing the PM-PCF in

a bomb chamber filled with hydrogen at 10 MPa.

1553.2
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Figure 4.6 Wavelength shift of the transmission minimum at 1551.86 nm against applied

pressure with variation up to 0.3 MPa based on one atmospheric pressure.
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4.4.3 Compact Size and Temperature Insensitive

Although the length of PM-PCF used in our experiment is 58.4 cm, it is important
to note that the PM-PCF can be coiled into a very small diameter circle with virtually no
additional bending loss. A Compact pressure sensor based on the proposed design can
thus be realized. The induced bending loss by coiling the PM-PCF fiber into 10 turns of
5-mm diameter circle, shown in the inset of Figure 4.6, is measured to be less than 0.01
dB with power meter (FSM-8210, by ILX Lightwave Corporation). The exceptional low
bending loss will simplify sensor design and packaging, fulfills the strict requirements of
some applications where small size is needed, such as in down-hole oil well applications.
To investigate the effects of coiling, we have studied two extreme cases in which the PM-
PCF was wound with its fast-axis and then its slow-axis on the same plane of the coil.
There were no measurable changes for either the birefringence or the wavelength-
pressure coefficient when the fiber was coiled into a 15-mm diameter and 6-mm diameter
circles with coiling in both orientations. The coiling of the PM-PCF into small diameter
circles makes the entire sensor very compact and could reduce any unwanted
environmental distortions such as vibrations.

The wavelength-pressure coefficient is independent of the length of the PM-PCF,
as described in Eq. (4.8). Figure 4.5 shows the wavelength-pressure coefficients are 3.46
nm/MPa and 3.43 nm/MPa for PM-PCF with length of 40 cm and 79.6 cm respectively.
After comparing the two wavelength-pressure coefficients with that of the pressure
sensor with a 58.4-cm PM-PCF (Fig. 4.7), we observe that the wavelength-pressure
coefficient is constant around 1550 nm, this agrees well with our theoretical prediction.

However, the length of the PM-PCF cannot be reduced too much, because this would
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result in broad attenuation peaks in the transmission spectrum and that will reduce the

reading accuracy of the transmission minimums.

1551. 2
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Figure 4.7 Wavelength shift of the transmission minimum against applied pressure for
PM-PCFs with length of 40 cm (circle) and 79.6 cm (triangle), the wavelength-pressure

coefficients are 3.46 nm/MPa and 3.43 nm/MPa respectively.

Temperature sensitivity of the proposed pressure sensor is also investigated by
placing the sensor inside an oven and varying its temperature. Figure 4.8 shows the
wavelength shift of a transmission minimum versus temperature linearly with a good R*
value of 0.9984. The measured temperature coefficient is -2.2 pm/°C, which is much
smaller than the 10 pm/°C of fiber Bragg grating. The temperature may be neglected for

applications which operate over a normal temperature variation range.
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Figure 4.8 Wavelength shift of the transmission minimum at 1551.86 nm against

temperature.

4.5 Summary

A novel fiber Sagnac interferometer pressure sensor realized by using a PM-PCF as the
sensing element has been proposed and demonstrated. Experimental results and
simplified theoretical analysis of the pressure sensor have been presented. Pressure
measurement results show a sensing sensitivity of 3.42 nm/MPa which is achieved by
using a 58.4-cm PM-PCF based Sagnac interferometer. Important features of the pressure
sensor are the low thermal coefficient and the exceptional low bending loss of the PM-
PCF which permits the fiber to be coiled into a 5-mm diameter circle. This allows the

realization of a very compact pressure sensor.
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Considering the whole pressure sensing system, we can also replace the light
source with laser and use photodiode for intensity detection at the sensing signal receive
end. Since the power fluctuation is very small even when the PM-PCF is bended,
intensity detection is practical for real applications. Due to the compact size of laser and
photodiode, the entire system can be made into a very portable system. Furthermore, the
use of intensity detection instead of wavelength measurement would greatly enhance
interrogation speed and consequently makes the system much more attractive.

Based on the high wavelength-pressure coefficient, the compact size, the reduced
temperature sensitivity characteristic, and other intrinsic advantages of fiber-optic
sensors, such as light weight and electromagnetically passive operation, the proposed
pressure sensor is a promising candidate for pressure sensing even in harsh environments.
The demonstrated measurement range is 0.3 MPa which is limited by the test apparatus
available in our lab. The performance of our proposed pressure at the high pressure needs
to be investigated in further study. High temperature performance is also a very important
characteristic for harsh environmental applications which will be presented in next

chapter.
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Chapter 5
High Temperature Sensor Using a Polarization-
Maintaining Photonic Crystal Fiber based Sagnac

Interferometer

5.1 Introduction

Optical fiber sensors have many advantages over conventional sensors, particularly for
temperature measurement/monitoring in hazardous environments. Fiber optic distributed
temperature monitoring systems based on Raman optical time-domain reflectometry
(OTDR) have been commercially available from Sumitomo® since early 90’s. These
sensing systems are ideal for monitoring temperature distribution over many kilometers
and are widely used in the detection of hot-spots in transmission lines and in oil-filled
transformers. However, Raman OTDR systems are expensive and therefore too costly to
implement in applications where fewer sensors could be used or distributed monitoring is
not needed. The major cost of an FBG system is the interrogator which is mainly
determined by the speed of interrogation. Generally, temperature measurement does not
require high-speed interrogation and therefore cost-effective FBG temperature sensors
are widely deployed in hazardous environment where conventional sensors could not be
used. FBG is intrinsically sensitive to temperature and thus has been intensively

investigated as temperature sensor [1]. Some other temperature sensors based on fiber
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devices are also proposed [1-3]. Although FBG based temperature sensor works with
high performance in the low temperate range, its stability in the high temperature has
long been a challenge to researchers. Various techniques have been studied to increase
the thermal stability of gratings through accelerated ageing [4], formation of type 11 [5, 6],
type 1A [7], pre-irradiation [8] and chemical composition gratings [9]. The high
temperature sensing is extremely important for many applications including furnace
monitoring, combustion research, down-hole oil exploration, etc.

In this chapter, we have investigated the high temperature characteristics of
different fiber sensors which are based on fiber Bragg gratings, long period gratings, and
photonic crystal fiber. The femtosecond laser written FBG can support high temperature
sensing up to 1000°C with good linearity and stability. The high temperature properties
of two types of long period gratings have also been investigated. One is fabricated by
CO;, laser based on conventional single-mode fiber and the other is fabricated with taped
photonic crystal fiber.

The temperature characteristics of our proposed pressure sensor based on PM-
PCF Sagnac interferometer is studied in this chapter. And the proposed sensor is found to

be a promising candidate for high temperature sensing.

5.2 High Temperature Characteristics of Fiber Bragg

Gratings and Long Period Gratings

5.2.1 Properties of Fiber Gratings at High Temperature

Silica-based fiber Bragg grating (FBG) induced with UV lasers has been proved

to be highly versatile, simple, intrinsic sensing elements for more than a decade. However,
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the decay of UV-induced refractive index changes accelerated with increased temperature,
and thus affects the sensing performance significantly for applications at high
temperature. One of the alternative methods to improve the thermal stability and to
achieve large refractive index changes has then been proposed by using high power,
femtosecond pulse duration, IR laser radiations [2, 10, 11]. Furthermore, a point-by-point
writing technique using infrared femtosecond laser has been achieved, which used neither
phase-masks nor photosensitized fibers [2]. The femtosecond laser fabricated FBG shows

its promising potential for high temperature application [11].

5.2.2 High Temperature Sensor with Femtosecond Laser Fabricated

FBG

The Aston Photonics Research Group kindly gave us several femtosecond laser
written FBGs [2] for high temperature evaluation. The experimental setup shown in
Figure 5.1 was used for investigation of the high temperature performance of
femtosecond laser fabricated FBG. It comprised a broadband light source (SLED) at the
input and an optical spectrum analyzer (OSA) for measurement of spectrum of the FBG
via an optical circulator. Initially, the broadband light source illuminates the FBG after
the light enters port 1 of the circulator and out from port 2. The light reflected from the
FBG at the Bragg wavelength returns back to port 2 and output to port 3 for measurement.
The FBG is placed in the middle of a quartz tube and the tube is put into a furnace system.
The temperature of the FBG can then be adjusted and measured by the furnace system.
The thermocouple is used for measuring the temperature which feeds back to the furnace

system for both temperature control and temperature display.
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Figure 5.1 Experimental setup of Femtosecond written FBG high temperature

measurement

Figure 5.2 shows the Bragg wavelength shift of FBG when the temperature is
increased from 50°C to 1000°C. The Bragg wavelength shifts by around 16 nm to longer
wavelength when the temperature was increased by about 1000°C, and the thermal
coefficient is ~ 16pm/°C. Temperature cycling of the FBG is taken from 400°C to
1000°C. As shown in Figure 5.3, it is the reflection spectra of the FBG between 400°C
and 1000°C with a step of 100°C. The temperature coefficient is measured to be ~
16pm/°C for this temperature range and it shows high linearity with R* value close to 1
(Figure 5.4). Two cycles of temperature measurement were carried out and compared.
The wavelength difference between the heat up and cool down processes is mainly due to
the inconsistence of the temperature change speed of these two processes. And this can
be confirmed after the comparison of the two sets of data for both heat up and cool down
processes (Figure 5.5 and Figure 5.6). Both showed both high repeatability and good

linearity.
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Figure 5.2 Wavelength shift of Femtosecond laser fabricated FBG from 50°C to 1000°C.
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Figure 5.3 Reflection Spectra of FBG at temperature from 400°C to 1000°C.

87



Chapter 5 High Temperature Sensor with Polarization-Maintaining Photonic Crystal Fiber
based Sagnac Interferometer

1576
1574 |
y=0.0169x + 1558.4
= R’ = 0.9997
€ 1572
<
[@)]
5 1570 y=0.0165x + 1558.3
~ R? = 0.9982
g 1568
¢ Heat Up
1566 m Cool Down
1564

400 500 600 700 800 900 1000

Temperature (°C)
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Figure 5.5 Bragg wavelength shift of FBG during temperature cycling test when the

temperature is increased from 400°C to 1000°C.
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temperature is decreased from 1000°C to 400°C.

5.2.3 CO, Laser Fabricated Long Period Gratings for High

Temperature Sensing

UV-induced long period gratings (LPGSs) in standard fiber have large temperature
coefficients in general. However, some alternative fabrication methods can lower the
temperature sensitivity and improve the thermal stability.

Figure 5.7 shows the experimental setup of high temperature measurement of the
LPG. It includes a broadband light source (SLED) at the input and using optical spectrum
analyzer (OSA) to measure at the output transmission spectrum. The broadband light
source illuminates the LPG which is laid in the middle of a quartz tube and the tube is put

into a furnace system. The temperature of the LPG can then be adjusted by the furnace

89



Chapter 5 High Temperature Sensor with Polarization-Maintaining Photonic Crystal Fiber
based Sagnac Interferometer

and measured with the thermocouple component which finally feed back to the furnace

system for both temperature control and temperature display.

Broadband Q LPG
1111}
Light Source
g Quartz/ .
Tube Thermocouple

Furnace System O

OSA

Inset

Figure 5.8 Experimental setup of CO2 laser written LPG high temperature

measurement, inset shows the transverse image of the LPG [15].

Figure 5.8 shows the temperature characteristics of a tapered LPG on
conventional standard fiber. The tapered LPG is made by using splicer [12], and it has
higher than 15 dB extinction ratio in the transmission spectrum at temperature lower than
400°C. From the transmission spectra, we notice that when the temperature increases up
to 850°C, the transmission dip of LPG gradually disappears even the temperature is

decreased back to 400°C. The LPG can not withstand high temperature.
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Figure 5.8 The temperature characteristics of the tapered LPG based on conventional
single mode fiber from 400°C to 850°C with a step of 50°C (Blue: 400°C, Green:

550°C, Red: 850°C, Black: others temperatures).

Contrary to the LPG by tapering conventional SMF, the CO, laser fabricated LPG
has better performance at high temperature [3, 13-15]. When temperature increases, the
resonant wavelength of the CO, laser written LPG at ~1570 nm shifts toward longer
wavelength (as shown in Figure 5.9). The spectra broaden at higher temperature and the
distinction ratio decreases. Compare the resonant wavelength at 400°C during the heat up
and cool down process, we notice that there is a quite significant changes which towards
the shorter wavelength. We then anneal the LPG at 650°C for 16 hours (As shown in
Figure 5.10). The resonant wavelength shifts to shorter wavelength, and the wavelength
shift becomes less when the time increases. This agrees well with the previous report by

Davis [3].
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Figure 5.9 Transmission spectra of CO; laser fabricated LPG during the process of heat

up from 100°C to 900°C and then cool down to 400°C with a step of 100°C.
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Figure 5.10 Transmission spectra of CO, laser fabricated LPG during the process of

annealing at 650°C for 16 hours.
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5.2.4 Characteristics of Tapered Long Period Gratings on PCF at High

Temperature

We have also fabricated LPGs on photonic crystal fiber (Crystal Fiber A/S®,
LMAZ10) by tapering with splicer [12]. Figure 5.11 shows the spectrum of the LPG made
by tapering the PCF with splicer. The high temperature investigation of this PCF based
tapered LPG shows that it is more stable for keeping the extinction ratio. However, due to
the higher-order modes interference when temperature increases, there are ripples
generated in the spectrum. The ripples affect the measurement for the wavelength shift of

the resonant wavelength of LPG.
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Figure 5.11 Transmission spectrum of the PCF based tapered LPG.

93



Chapter 5 High Temperature Sensor with Polarization-Maintaining Photonic Crystal Fiber
based Sagnac Interferometer

-10

-15

& -20 |
= g
B R . 4
2 .25 A A
g \‘\?“\Qi | ”/} J c
-30 “\‘\L‘ lﬂ(i]{ e
\\ N [i —750°C
) \ I tj ——800°C
-35 N/ : ——850°C
'40 T T T T T T T T T

1390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1490
Wavelength (nm)

Figure 5.12 Transmission spectra of PCF based tapered LPG during the process of

temperature increase from 400°C to 850°C with a step of 50°C.

5.3 High Temperature Sensor based on PM-PCF Sagnac

Interferometer

5.3.1 Temperature Characteristics of PM-PCF

Recently, polarization-maintaining photonic crystal fiber (PM-PCF) has become
commercially available and subsequently attracted lots of research interest in
investigating its potential in communications and sensing applications [16-22]. PM-PCF
possesses very low temperature dependence in comparison with conventional PMFs and
fiber gratings due to its pure silica construction without any doped materials in the core
or cladding, except with air holes running along the entire length of the fibers. Previous

reports showed that the thermal sensitivity of PM-PCF based Sagnac interferometers is
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55-164 times smaller than that of conventional PMF based ones [17, 22]. This feature is
crucial for the realization of practical sensors where the temperature fluctuation is
inevitable in most of the applications. A further investigation of this PM-PCF based

Sagnac interferometer for high temperature application is carried out in this part.

5.3.2 Performance of PM-PCF Sagnac Interferometer as a High

Temperature Sensor

Broadband 3dB Coupler PM-PCF
©
Light Source
- Quartz” .
Tube Thermocouple

Furnace System

OSA

Figure 5.13 Experimental setup of high temperature measurement for PM-PCF based

Sagnac interferometer

Figure 5.13 shows the experimental setup of our proposed pressure sensor with
PM-PCF based Sagnac interferometer. It includes a conventional 3-dB single-mode fiber
coupler and a 28.5-cm PM-PCF (PM-1550-01, by Blaze-Photonics®). The PM-PCF is
coiled and laid in a quartz tube and the tube is placed inside a furnace system. The
temperature of the furnace can be adjusted, and can be measured by using a thermocouple.
When a broadband light source (superluminescent light emitting diode, SLED) is

connected to the input, an interference output can be observed (as shown in Figure 5.14).
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By measuring the wavelength shift of one of the transmission minimums with an optical

spectrum analyzer (OSA), the applied temperature to the PM-PCF can be determined.
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Figure 5.14 Transmission spectrum of the PM-PCF based Sagnac interferometer at room

temperature.
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Figure 5.15 Wavelength shift of a transmission minimum of the PM-PCF based Sagnac

interferometer when temperature increases from room temperature to 800°C.
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Figure 5.15 shows the wavelength shift of the transmission minimum of the PM-
PCF based Sagnac interferometer. Initially, the Sagnac interferometer is at room
temperature. We then increase the temperature of the furnace to 800°C steadily. When
the temperature is low (less then 200°C), the transmission minimum will shift to shorter
wavelength with a temperature coefficient ~ -2 pm/°C. However, the wavelength shifts
with irregular trend when the temperature further increases until it reaches ~550°C. We
believe this phenomenon is due to the burning of the PM-PCF coating. The wavelength
shifts to longer wavelength with a good linearity until the temperature is up to ~ 800°C.
A few temperature cycles are carried out between 400°C and 800°C. Figure 5.16 shows
one of the cycles that we increase the temperature from 400°C to 800°C and then cool
down to 400°C again. The temperature coefficient is ~ 11pm/°C with a good linearity of
R2-value close to 1. And the difference between heat up and cool down processes is also
affected by the furnace which we mentioned in the previous high temperature
measurement for femtosecond laser fabricated FBG.

When the temperature is further increased, the wavelength shifts to shorter
wavelength (as shown in Figure 5.17). It is postulated that the irregular wavelength shift
is due to the thermodynamic structural rearrangement of the glass [23] or chemical
changes. Another possible explanation is the relaxation of residual axial stress which is

frozen into the fiber during the draw process [24].
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Figure 5.16 Wavelength shift of a transmission minimum of the PM-PCF based Sagnac

interferometer during temperature cycling test at temperature between 400°C and 800°C.
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Figure 5.17 Wavelength shift of a transmission minimum of the PM-PCF based Sagnac

interferometer when the temperature increases from 400°C to 1160°C.
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54 Summary

In this chapter, we investigate the high temperature characteristics of several types
of fiber gratings and the PM-PCF based Sagnac interferometer. The femtosecond laser
fabricated FBG performances well for high temperature sensing. The thermal coefficient
of the FBG is ~ 16pm/°C with good linearity in the temperature range from 400°C to
1000°C. Two types of LPGs have been studied for the high temperature sensing, and they
shows better performance than the tapered LPG based on conventional SMF. One is the
CO, laser fabricated LPG, and the other is tapered LPG based on PCF. The high
temperature properties of the CO, laser fabricated LPG has been investigated. The
extinction ratio for the resonant coupling is varied and annealing process is needed for
achieving high temperature sensing. The tapered LPG based on PCF can be used for high
temperature sensing, however, the higher-order modes interference generates easily at
high temperature. Compare to other conventional fibers, the PCF shows its advantages
for applications at high temperature due to it novel structure with pure silica and air holes.
The PM-PCF based Sagnac interferometer is a promising candidate for the high
temperature sensing applications. We study the performance of PM-PCF based Sagnac
interferometer for temperature sensing at the range from 400°C to 800°C. The

temperature coefficient is ~ 11pm/°C with a good linearity within the temperature range.
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Chapter 6
Multiplexing of Polarization-Maintaining Photonic

Crystal Fiber based Sagnac Interferometer

6.1 Introduction

In previous chapters, we have investigated the PM-PCF based Sagnac
interferometer for pressure and high temperature sensing applications. The multiplexing
capability of Sagnac interferometers plays a very important role when the sensor system
is expanded. The multiplexing can reduce the cost per sensing point for the sensor system
by sharing the optical source, interrogator and other components with the system. In
addition, multi-parameter detection can be achieved within the same sensor system. The
multiplexing of fiber optic sensors has attracted considerable research interest in past
decades, such as the multiplexing of FBGs [1, 2]. The FBG has an excellent potential of
dense multiplexing, a few multiplexing techniques to be mentioned including WDM,
TDM, SDM, CDMA and FMCW.

In this chapter, we propose three different multiplexing techniques for the Sagnac
interferometers. The output spectrum of a Sagnac interferometer is a periodic sine-like
wave in the wavelength domain. Similar to the WDM technique of FBGs, we propose a
multiplexing technique for Sagnac interferometers in wavelength domain based on coarse
wavelength division multiplexer (CWDM). For demonstration, two Sagnac
interferometers are multiplexed by using a filter wavelength division multiplexer

(FWDM). Multiplexing Sagnac interferometers by connecting in series along a single
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fiber is another promising technique. It is the simplest method in terms of structure that
there is no additional component needed. Furthermore, Sagnac interferometers can be
multiplexed in parallel by using couplers. We demonstrate a configuration with two
Sagnac interferometers multiplexed by two 3-dB couplers. The sensing information of the
first multiplexing technique can be obtained by direct measurement within channels of
the CWDM. However, post measurement data processing is needed for the last two
multiplexing techniques. Among the three proposed multiplexing techniques, the CWDM

technique enables easy real-time system implementation.

6.2 Multiplexing Techniques of PM-PCF based Sagnac
Interferometer Sensors

6.2.1 CWDM Technique

The experimental setup of multiplexing two Sagnac interferometers by using
CWDM is shown in Figure 6.1. It includes a broadband light source, an optical spectrum
analyzer (OSA), two identical filter wavelength division multiplexers (FWDMs) and two
Sagnac interferometers with different length of PM-PCFs. The length of the PM-PCF1 is
~ 40 cm and the length of PM-PCF2 is ~ 80 cm. The operation range of the two FWDMs
is C band / L band (1500~1562 nm/1570~1640 nm). The insertion losses are less than 0.4
dB with flatness less than 0.3 dB. After the broadband light launches into the first
FWDM, the light is splitted into C band and L band. These two bands of lights then
illuminate the two PM-PCF based Sagnac interferometers separately and are combined

again by the second FWDM. The OSA is used to measure the output spectrum.
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PM-PCF 1
/‘\\
I
3 dB Coupler
Broadband FWDM
Light Source PM-PCE 2 FWDM OSA
| /‘\\
= —
3 dB Coupler

Figure 6.1 Experimental setup of FWDM multiplexing technique for two PM-PCF based

Sagnac interferometers.

Figure 6.2 shows the output spectrum measured by the OSA. In the figure, a good
flatness is shown for the operation wavelength range of the two FWDMs, while there is a
wavelength range (1562 nm to 1570 nm) overlapped by the edges of the two FWDMs
which is not suitable for measurement. By measuring the individual transmission
minimum of the two Sagnac interferometers within their corresponding wavelength
ranges, sensing information of both Sagnac interferometers can be obtained. The output
spectrum for Sagnac interferometer based on PM-PCF 1 and PM-PCF 2 is in L band and

C band, respectively.
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Figure 6.2 Output Spectrum of the CWDM multiplexing technique for PM-PCF based

Sagnac interferometer.

The fundamental of this method is to multiplex Sagnac interferometers in
wavelength domain which is similar to the WDM technique for FBG sensors. However, it
has some different properties than that of WDM technique. Except the same limitation
due to the bandwidth of the broadband light source, there are some other constraints for
this proposed technique. The number of PM-PCF based Sagnac interferometers can be
multiplexed is limited by the number of the available channels of the CWDM. If we use
CWDMs with more channels, more Sagnac interferometers can be multiplexed. However,
the bandwidth of one CWDM channel must be larger than the period of the
corresponding Sagnac interferometer output spectrum to ensure at least one transmission

minimum within the channel all the time. The period of the output spectrum of a Sagnac
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interferometer is determined by equation (4.7). Furthermore, the operation wavelength
range for each Sagnac interferometer covers a broad wavelength range and it is flexible to
choose one period of range for measurement. This is different from that of FBG sensor
which requires to be operated within a small wavelength range which is fixed by the

Bragg wavelength of the perticulare FBG.

6.2.2 Multiplex in Series along a Single Fiber

PM-PCF 1 PM-PCF 2
/"\ /’\\
/ \ / \
I I
Broadband
Light Source OSA
3 dB Coupler 3 dB Coupler

Figure 6.3 Experimental setup of in series multiplexing technique for PM-PCF based

Sagnac interferometer.

Another multiplexing scheme is to multiplex Sagnac interferometers in series
along one single fiber. Figure 6.3 shows the experimental setup used for multiplexing two
Sagnac interferometers by connecting them directly. There is no other optical component
needed for this scheme which makes it simplest in consideration of the structure. For

demonstration, we have only two Sagnac interferometers spliced together with each other
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along the fiber link. The length of the PM-PCF1 and PM-PCF2 are ~ 40 cm and ~ 80 cm,

respectively. The output spectrum can be approximately derived as

Poupr = L0910 L, sin(zs—”}t +06,)eL, sin(i—”ﬂ, +6,) |, (6.1)

1 2
where Ly, Sk, 6, are the loss, the period of the output spectrum and the initial phase of the
Sagnac interferometer k , respectively.

Figure 6.4 shows the output spectrum measured by OSA. To obtain the sensing
information, the wavelength shift of the transmission minimums of each Sagnac
interferometer needs to be determined, thus we need to measure the changes of their
initial phases. From the output spectrum, the un-known parameters of (6.1) can be
determined by using data processing. More Sagnac interferometers can be multiplexed

along the fiber. However, this will increase the computation complexity.
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Figure 6.4 Output Spectrum of the in series multiplexing technique for PM-PCF based

Sagnac interferometer.

109



Chapter 6 Multiplexing of Polarization-Maintaining Photonic Crystal Fiber based Sagnac Interferometer

6.2.3 Multiplex in Parallel by Couplers

Figure 6.5 shows the experimental setup used for multiplexing two Sagnac
interferometers in parallel by using two 3-dB couplers. The length of the PM-PCF1 and
PM-PCF2 are ~ 40 cm and ~ 80 cm in this scheme, respectively. The light is split equally
by the first 3-dB coupler into two parts to illuminate the two PM-PCF based Sagnac
interferometers seperately. After passing through the two Sagnac interferometers, they
will be coupled together by the second 3-dB coupler. For demonstration, we have only

two Sagnac interferometers. The output can be approximately derived as

Pouput = LoglO[ R, L, sin(28—7Z +6,)+R,L, sin(é—” + 92)} , (6.2)

1 2
where Ry, Lk, S, 6, are the coupling ratio, the loss, the period of the output spectrum and

the initial phase of Sagnac interferometer k , respectively.

PM-PCF 1
/‘\\
I
3 dB Coupler
Broadband
Light Source 5 dB Coupler OMLPCE 2 3dB Coupler  OSA

3 dB Coupler

Figure 6.5 Experimental setup of in parallel multiplexing technique for PM-PCF based

Sagnac interferometer.
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Figure 6.7 shows the output spectrum measured by OSA. The output spectra of the two
Sagnac interferometers are shown in orange and blue curves by taking measurement
before they launch into the second coupler. The black curve is the spectrum of the whole
system measured by OSA after the second coupler. Similar to previous scheme, the
sensing information is determined by the change of the initial phase of each Sagnac
interferometer. Post measurement data processing is also needed for this scheme.
Couplers with more ports can be used to increase the multiplexing capability. However,
the post measurement data processing will become more complicated under this

circumstance.

S P ——40 cm PM-PCF 80 cm PM-PCF  ——40 & 80 cm PM-PCF

Transmission (dB)

_45 A A A A A

1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

Figure 6.4 Output Spectra of the in parallel multiplexing technique for PM-PCF based
Sagnac interferometer (in Black) and the two individual Sagnac interferometers (in

orange and blue respectively).
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6.3 Summary

In summary, three different multiplexing techniques of the PM-PCF based Sagnac
interferometers have been proposed and demonstrated experimentally. The CWDM
technique is one direct method for the multiplexing of Sagnac interferometers. It is easy
for interrogation that we only need to have the spectrum measurement for each channel.
Multiplexing of the Sagnac interferometers in series along a single fiber has simplest
structure. A third scheme is based on the use of couplers, that a few Sagnac
interferometers can be multiplexed in parallel. The last two schemes are post
measurement data processing needed and the computation complexity will increase
significantly when the number of the Sagnac interferometer increases. One of the
drawbacks for CWDM technique is its cost. However, it provides direct measurement and
the cross-talk between signals of different channel is significant suppressed by the
CWDM devices and then can be ignored. To conclude, the CWDM multiplexing
technique is the preferred candidate among all the three multiplexing techniques in

consideration of the real-field applications.

References

112



Chapter 6 Multiplexing of Polarization-Maintaining Photonic Crystal Fiber based Sagnac Interferometer

[1]

[2]

A. D. Kersey, M. A. Davis, H. J. Partrick, M. Leblance, K. P. Koo, C.G. Askins, M.
A. Putnam, and E. J. Friebele, “Fiber grating sensors,” Journal of Lightwave

Technology, Vol.15, pp.1442-1463, (1997).

A. Othonos and K. Kalli, “Fiber Bragg gratings: fundamentals and applications in

telecommunications and sensing,” Artech House Publishers, (1999).

113



Chapter 7 Dispersion Compensating Module based Interrogator for Fiber Bragg Grating Sensors

Chapter 7
Dispersion Compensating Module based Interrogator

for Fiber Bragg Grating Sensors

7.1 Introduction

Fibre Bragg gratings (FBGs) have proved themselves as the ideal candidates for
measuring strain and temperature in smart structures, civil engineering or other harsh
environments. The advantages of FBG sensor over conventional electrical sensors include
small size, light-weight, immunity to electromagnetic interference, low cost and other
inherent advantages of fibre optic sensors. FBG emerges as one of the most successful
fibre-optic sensors due to its wavelength-encoded nature which makes it insensitive to
intensity fluctuation caused by losses in the connection fibre and connectors [1]. The key
technology for an FBG sensor system is the interrogation of the shift of the Bragg
wavelength reflected from an FBG. Various approaches to realize FBG interrogators have
been developed, including those based on scanning filters, tunable lasers, interferometry,
discriminator using the power ratios of optical filters, holographic grating based
spectroscopic charge coupled device (CCD), long period gratings and chirped FBGs [2].
High-speed interrogation of FBG sensors in the order of megasamples per second is
desirable in some applications where fast dynamic system response measurement is

required. Most reported methods, however, interrogate FBGs at less than 1,000 samples
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per second. Some schemes for high speed interrogation were proposed recently, based on
arrayed waveguide grating and short-pulse interferometry [3, 4]. In this chapter, we
propose and demonstrate a novel FBG sensor interrogation system [5,6] using EOM and
a dispersion compensating module to convert wavelength to time measurement. The

system can interrogate FBGs at speed in the order of megasamples per second.

7.2 FBG Interrogation System based on Dispersion

Compensating Module
7.2.1 Experimental Setup and Operating Principle

Figure 7.1 shows the experimental setup of the proposed FBG interrogation
system. An erbium-doped fibre amplified spontaneous emission (ASE) source launches
light into port 1 of a 3-port circulator and illuminates the FBG array via port 2 of the
circulator. The light whose wavelength falls in the reflection spectrum of the FBG array
will be reflected back to the circulator. Light from port 3 of the circulator is launched to
the electro-optic modulator (EOM) which is driven by a pulse pattern generator (PPG)
that generates one bit “1” follows by a string of bit “0”. The pulsed signal is then fed to
the dispersion compensation module. The spectrum within the pulse comprises the
different wavelength components reflected by the FBG array and they take different
times to propagate the dispersion compensation module. By measuring the time shift, At,
we obtain the wavelength shift, AA by the relationship

AL = At/D, (7.1)
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where D is the total dispersion of the dispersion compensating module. Variations of At
give the dynamic response of the FBGs. In absolute strain or temperature measurements,
one of the FBGs in the array with either the shortest or longest wavelength can be used as
a reference, and the time difference between it and the other FBGs are measured. The
basic principle of the proposed interrogation technique is that instead of measuring
wavelength shift using a wavelength meter, the dispersion fibre converts the wavelength
difference to time difference which can be easily measured using a low-cost but

high-speed photoreceiver and oscilloscope.

Circulator
B' i “.h l 1 2 Iml
roadban @ (RO R (I TTEN
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compensating
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Figure 7.1 Experimental setup of the proposed FBG interrogation system.

The Broadband ASE source used in this experiment has high saturation output
power of +27 dBm and operating wavelength from 1540 nm to 1565 nm. The EOM

(JDSU®, OC-192) is a 10 Gb/s LiNbO3s modulator driven by a pulse pattern generator
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(Anritsu®, MP1763B). The dispersion-compensating module (OFS®, WBDK: 170-C) is a
3.525-km long wideband dispersion compensating fibre and has a total dispersion of -170
ps/nm at 1550 nm. The pulsed signal is detected by a 10 Gb/s photoreceiver and

measured with an oscilloscope.

7.2.2 Experimental Results and Discussion

To demonstrate the high-speed capability of the FBG sensor interrogation system,
we deploy three FBGs whose wavelengths are 1540.63 nm, 1549.98 nm and 1558.92 nm.
All three FBGs have reflectivities higher than 90%. The data length of the PPG is set to
64 bits with the first bit “1” followed by 63 bits of “0”. Therefore, the interrogation
system is modulated by a signal with a pulse-width of 0.1 ns and a repetition frequency of
156.25 MHz. Figure 7.2 (a) shows the superposition of three measured optical spectra of
the FBGs and their corresponding measured waveform (after averaging of 64 periods)
shown in Figure 7.2(b) with the FBG at 1549.98 nm stretched at three different strains.
One end of the FBG with Bragg wavelength at 1549.98 nm, is glued to a translation stage
so that strain can be applied on it by moving the stage. As shown in the figure, when
strain was applied to the FBG, its central wavelength shifted to longer wavelength and the
corresponding pulse in time-domain shifted accordingly. In the dispersion-compensating
module, longer wavelength takes shorter time to propagate in the fibre. The wavelength
spacing between adjacent FBGs is about 10 nm, which is equal to 1.7 ns spacing between

the pulses in time-domain. In most applications, the typical operation wavelength range
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for an FBG sensor is about 2 nm, which corresponds to 0.34 ns. With a time period of 6.4
ns, the number of FBG sensors can be handled is 18. However, more FBG sensors can be
interrogated by increasing the time period to extend the wavelength range. If we take one
of the FBGs as reference, we can determine the wavelength shift of the other two FBGs.
The referenced FBG can also serve as temperature compensator, since in most

applications temperature fluctuation is inevitable.
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(a) Measured optical spectra of the 3 FBG sensing signals.
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(b) Measured time-domain spectra of the 3 FBG sensing signals.
Figure 7.2 (a) Measured optical spectra and (b) time-domain spectra of the 3 FBG

sensing signals with the FBG at 1550 nm under strain tuning.

Figure 7.3 shows the measured time shift as a function of the wavelength shift of
one of the FBGs. The Bragg wavelength of the FBG was varied by 5-nm, and the
measured linearity is very good with a R-square value of 0.9992. The coefficient of time
shift as a function of wavelength shift is 0.168 ps/pm, which correspondent to a response
rate of 0.202 ps/ue, as the wavelength-strain sensitivity of the FBG is 1.2 pm/ye. The
measurement results agree well with the theoretical prediction given by Eq. (7.1). The
highest time-base resolution of the oscilloscope (Agilent, 86100A) used in our

experiment is 2 ps/division and thus the wavelength shift resolution can be achieved is ~
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12 pm in our case. Higher resolution could be achieved using longer length of the fibre or

fibres with larger dispersion parameters.

However, this may introduce higher loss as

well as larger signal pulse broadening that make accurate peak measurement difficult.

Curve-fitting techniques could be employed to improve the accuracy of detecting the

peak of broadened pulses.
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Figure 7.3 Time shift as a function of wavelength shift.

The proposed FBG sensing interrogator has no moving parts and can demodulate

FBGs at very high speed. As a result of the rapid progress of optical communications,

high-speed devices such as modulators and photodetectors are becoming inexpensive and

readily available. In our experiment, a 10 Gb/s modulator was used to generate 0.1 ns

pulses with a time period of 6.4 ns and according to Eq. (7.1) covers a wavelength range

of about 37.65 nm. There is a trade-off between the interrogation speed and the
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measurable wavelength range, more scanning time is needed to increase the measurable
wavelength range for a given total dispersion D. The measured waveform shown in
Figure 7.2 was obtained after an averaging of 64 signals, giving an effective sampling

speed of 2.44 megasamples per second.

7.3 Summary

In this chapter, a novel high-speed FBG sensing interrogation system has been
proposed and demonstrated experimentally with an effective sampling speed of 2.44
megasamples per second. We have analyzed the multiplexing capability, sensitivity,

accuracy and response speed of the proposed interrogator.
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Chapter 8
Long-distance and Quasi-distributed Fiber Bragg

Gratings Sensor System

8.1 Introduction

For sensing over a long distance, fiber has advantage over conventional sensor
systems due to the low loss of fiber cable. A sensor system that quasi-distributes FBGs
along long-distance fiber is attractive for applications such as railway system monitoring
where there is a need to gather information along the rail networks. FBG sensor system
has shown its advantages over those conventional electronic based sensor systems when
used for railway networks. Typical distance of a metro railway is a few tens of kilometers
with some of them go up to 100 km. For inter city railway system, the distance can be
much larger than 100 km. FBG sensor system capable of operating over a long distance is
thus necessary. Research on long distance FBG sensor system has attracted much
research interest in recent years [1-6]. The maximum transmission distance with a
broadband light source is limited to about 25 km due to Rayleigh scattering effect and

intrinsic loss of the fiber link [7].

Several schemes to further extend the sensing distance were proposed by
employing Raman amplification or hybrid amplification. P.C. Peng et al proposed two

schemes for long-distance FBG sensor system. They have shown sensing distance of 25
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km with a few FBG sensors located at the far end of fiber. One of the schemes (as shown
in Figure 8.1) is based on the use of a linear cavity Raman laser configuration formed by
FBGs and a fiber loop mirror to achieve high optical signal-to-noise ratio (SNR), but the
number of FBG sensors in this system is limited due to the relatively low Raman gain
which is difficult to improve even when using high Raman pump power and multi-
wavelength pumping. Another approach proposed as shown in Figure 8.2 is a multi-
wavelength fiber ring laser configuration with a erbium-doped waveguide amplifier
(EDWA\) and a semiconductor optical amplifier (SOA), but only 6 or so FBG sensors can

be used due to the narrow effective bandwidth (<20nm) which depends on the overlap of

the spectrum between EDWA and SOA.
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Figure 8.1 Fiber Bragg grating sensor system using a linear-cavity fiber laser scheme

FBG1 FBG2

with a distributed Raman amplifier as a gain medium [1].
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Figure 8.2 Fiber Bragg grating sensor system using a fiber ring laser with hybrid
amplifier. The hybrid amplifier comprises an erbium-doped waveguide amplifier (EDWA)

and a semiconductor optical amplifier (SOA) [2].
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Figure 8.3 Fiber Bragg grating (FBG) based Raman laser sensing probe for long-distance,

remote temperature sensing application [3].

Figure 8.3 shows another long-distance sensing system. Its sensing probe can be
placed at a distance up to 50 km. It uses a Raman laser configuration with multiple

sensing FBGs and a tunable chirped FBG. This proposed laser sensor has two
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independent resonance cavities defined by a combination of two FBGs and a tunable
broadband chirped FBG with high reflectivity. Even though high SNR can be achieved by

this configuration, the number of FBG sensors is still limited.

Y. J. Rao et al have studied the long-distance FBG sensor system based on tunable
fiber ring laser configuration with a combination of bidirectional Raman amplification
and dual erbium-doped fiber (EDF) amplification (Figure 8.4). The hybrid Raman-EDF
amplification configuration arranged in the ring laser is used to enhance the OSNR of
FBG sensor signals owing to the high gain of the erbium-doped fiber amplifier (EDFA)
and the low noise of the Raman amplification. It is said that such a sensor system can
support a large number of FBG sensors by making use of the tunable filter with spatial
division multiplexing (SDM). As shown in the figure, it needs two section fibers to

achieve a 50 km sensing distance, thus increase the complexity of the whole system.

Laser path for FBGs at 0-25km
or path for FBGs at 25km~50km

Tunable filter = = Laser Path for FBGs at 25~50km)

Figure 8.4 Schematic diagram of a long-distance FBG sensing system with hybrid

Raman-EDF amplification based on a tunable fiber ring laser configuration [5].
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In this chapter, two schemes for the long-distance and quasi-distributed FBG
sensor system are proposed and demonstrated. One is by cascading three broadband light
sources along the fiber link and the other is based on pulse modulated semiconductor
amplifier (SOA) ring cavity.

In the first schemes, three broadband light sources having different wavelength
bands with different output spectral densities are used to illuminate the FBG sensors,
Rayleigh backscattering is significantly reduced and a FBG sensor system distributed
over 75 km long transmission fiber with 60-dB effective dynamic range is realized. It is
important to note that in the proposed approach, the interrogation system is located at one
end of the fiber link and the broadband light sources are strategically placed along the
link purely for illuminating the FBGs and no communication/interface between the
interrogator and broadband sources is necessary. The FBG sensor multiplexing
configuration enables the increase of fiber length as well the number of FBG sensors
distributed along the fiber, and at the same time extend the effective dynamic range of the
interrogator without affecting the system response time.

The second scheme is a more practical and simple one. It is based on pulse
modulated SOA ring cavity. Both the light source and interrogation system are located at
one end of the fiber link, and there are only FBG sensors along the fiber link. We have
studied the synchronization issue of this proposed sensor system. The multiplexing
capability together with the sensing distance has been investigated. By using a TDM
technique, 6 FBGs can be quasi-distributed along a 40-km fiber. An Optical signal-to-

noise ratio (OSNR) better than 20 dB was achieved for this sensor system.

127



Chapter 8 Long-distance and Quasi-distributed Fiber Bragg Grating Sensor System

8.2 High Dynamic Range Long-distance and Quasi-
distributed FBG Sensor System with Three Broadband

Light Sources in Series

,,,,,,,,,,,,,,,,,,,

Tunable Filter 2 |
----------------- Circulator 2

OSA I FBG 4 FBG 3

[ | |
R -
BS 3 !

___________________

Clrculator 3 r

Figure 8.5 Configuration of the proposed FBG sensor system (VOA, variable optical

attenuator; ASE, amplified spontaneous emission source; BS, broadband source).

Figure 8.5 shows the configuration of the first proposed long-distance and quasi-
distributed FBG sensor system. FBGs with different reflection wavelengths are located
along the transmission fiber for quasi-distributed sensing. In conventional peak detection
system, a single broadband light source is used to illuminate the FBG array via port 1 and
port 2 of the circulator while the reflected signal is measured by a tunable optical filter
and the detector via port 2 and port 3 of the circulator. Note that in conventional systems,
points B and C, and points D and E are connected together. The optical spectral density,

photodetector sensitivity, Rayleigh scattering, and the total loss of the sensing path which
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includes the insertion loss of sensors, splicing points and fiber attenuation, affect the
transmission length of a sensor system. According to [7], noise accumulated due the

Rayleigh scattering would limit the maximum transmission fiber to about 25 km.

8.2.1 High Dynamic Range for Interrogation

In our proposed sensor configuration as shown in Figure 8.5, the sensor path is
divided into different fiber sections in which each section is illuminated with a broadband
light source of different wavelength bands, and the insertion loss of section i is denoted
by Lsectioni- Light from broadband source i is launched into sensor section i via port 1 and
port 2 of circulator i. The reflected light from a FBG in sensor section i will be detected
via sensor section i, section (i-1),..., section 1, port 2-3 of circulator i, port 2-3 of
circulator (i-1),..., and port 2-3 of circulator 1. We assumed that the insertion loss of all
the circulators from port 1 to port 2, and that from port 2 to port 3 are equal and are
denoted by L.

The optical power reflected from the FBGs should not be greater than the
maximum allowable optical power, Pmax, Of the optical detector. On the other hand, the
optical power reaching the optical detector should be greater than the detector’s
sensitivity, Psn. Therefore, for an n-section sensor configuration and assuming 100%
reflection FBGs were used, the output spectral density, S;, of broadband light source i

(defined as dBm/0.1 nm) must satisfy the following conditions:
S I:)max-i_ n +1 LCII’+Z Lsectlonl ! (81)

S >P, +n+1)L,+2L, +ZLsemom. (8.2)

= cir section n
i=1
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In equations (8.1) and (8.2), we assumed that the FBGs and the bandwidth of the
tunable optical filter have an equivalent rectangular spectral width of about 0.1 nm.
Equation (8.1) describes the optical power incident on the detector of the interrogator by
any one of the FBGs located in fiber section i. Equation (8.2) gives the required
minimum optical power, reflected from any FBG, at the detector.

In conventional FBG systems, the FBG closest to the interrogator reflects the
highest optical power to the optical detector and the FBG furthest in the link must reflects
sufficient optical power (>Ps) at the detector. Therefore the dynamic range, Dconventional,

of conventional FBG sensing systems can be expressed as

Dconventional = I:)max - I:)sen
= [So _2Lcir]_[50 —2Lg _2Llink] (8.3)
= 2Lin

where S, is the optical spectral power density of the interrogator and L is the fiber link
loss from the interrogator to the furthest FBG. In Equation (8.3), we assumed that the
fiber connecting the closest FBG and port 2 of the circulator is short and does not
contribute significant loss to the link. A typical commercial FBG interrogator has a 20-dB
dynamic range, allowing a fiber link loss of 10 dB only. If an FBG introduces splice loss
of 0.2 dB (from 2 fusion splices), then a 25-FBG distributed sensor link would be limited
to less than 25 km by the dynamic range of the instrument.

In the proposed system, the dynamic range can be obtained from Equation (8.1)
and Equation (8.2) as:

D= Pmax_l:)senZ 2Lsection n
= D 2 2l‘section n
Equation (8.4) is similar to that of a conventional FBG system described by Equation (3)

(8.4)

but it is now the largest link loss of a fiber section instead of the entire fiber link that is
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limited by the dynamic range of the system. Consequently, a much longer sensing fiber

link can be designed by cascading several such fiber sections together.
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Figure 8.6 Optical spectra of the three broadband sources with different output powers

and center wavelengths.

In our experiment, three ASE fiber sources with broad bandpass filters at different
center wavelengths were used to illuminate three FBG arrays. Two FBGs were employed
in each array to simulate the FBGs reflecting the strongest and weakest light at the
detector. The wavelengths of the six FBGs are 1539.21 nm, 1540.72 nm, 1549.72 nm,
1551.04 nm, 1558.42 nm, and 1560.12 nm. The reflectivities of all the FBGs are higher
than 95 %. The FBGs used in our experiment were fabricated in hydrogen-loaded
standard telecommunication fiber (Corning SMF-28) using a 248 nm excimer laser, and
annealed at 120°C for about 2 days. A 25-km of standard single mode fiber and a
variable optical attenuator are inserted between the two FBGs to emulate large number of

sensors installed in each section. Assuming a detector with 20-dB dynamic range was
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used, total insertion loss of each section is adjusted to about 10 dB by using an attenuator.
For a photodetector having a sensitivity of -50 dBm, and the port to port loss of the
circulator is 0.5 dB, output power density of ASE 1, ASE 2 and ASE 3 of -26 dBm/0.1
nm, -15.5 dBm/0.1 nm and -5 dBm/0.1 nm respectively were designed for the experiment.
ASE 1 and ASE 2 are constructed with 8 m of Erbium-doped fiber (Highwave®., 741
EDF) and forward pumped by 980 nm pump lasers with 100 mW and 170 mW,
respectively, while the highest power light source (ASE 3) is pumped by two pump lasers,
100 mW and 150 mW in the forward and backward directions, respectively. Bandpass
filters are used for each ASE source to filter the out of band signal in order to minimize
the Rayleigh scattering noise, the center wavelength of the bandpass filters employed for
ASE 1, ASE 2 and ASE 3 are 1540 nm, 1550 nm and 1560 nm respectively, the resultant
optical spectra of the sources measured with an optical spectrum analyzer (OSA) are
shown in Figure 8.6. For practical application, tunable optical filter and a photodetector
could be used to measure the signal reflected from the FBG sensors to detect the peak
wavelength of each FBG. In our experiment, an OSA with 0.1 nm resolution is used

because of its higher sensitivity so that the entire spectrum can be observed.

8.2.2 Sensing Distance

Figure 8.7 shows the measured output spectrum in which only one broadband
light source is employed to represent a conventional FBG sensor system and the three
sensor sections are connected directly using fiber connectors. The optical signal-to-noise
ratio (OSNR) of the three FBGs, 1551.04 nm, 1558.42 nm and 1560.12 nm, located in

section 2 and section 3 is relatively low because of the Rayleigh scattering noise, and
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their peak wavelength cannot be easily resolved even with a high sensitivity OSA. The
power difference between the highest and lowest reflected FBG signals is about 30 dB

which is much greater than the 20-dB dynamic range of a typical FBG interrogator.
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Figure 8.7 Measured optical spectra of the sensor system when only a single high power

broadband source is operated to simulate a conventional sensor system.
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(b) Without bandpass filters
Figure 8.8 Measured optical spectra of the FBG sensor system using broadband source:

(a) with bandpass filters and (b) without bandpass filters.

Figure 8.8 (a) shows the measured output spectrum of the novel FBG sensor
system, 20 dB dynamic range and more than 10 dB OSNR were observed. The bandpass
filters connected after the ASE sources are used to filter the optical powers outside the
wavelength range of interest to minimize Rayleigh scattering noise. Fig. 8.8 (b) shows
the measured output spectrum of the FBG sensor system when the bandpass filters are
removed, the Rayleigh scattering background noise has increased by about 3 dB as
compared to that in Fig. 8.8 (a). The difference in intensity between the closest and
furthest FBGs (for example, between FBG 1 and FBG 2) within a section depends on the
spectral density profile of the ASE as well as the link loss between the two FBGs. The
isolation from port 3 to port 1 of the circulators is very high (~60 dB), therefore the FBGs
in section i are illuminated only by ASE i. It is important to note that when ASE k fails,

only the sensors in section k cannot be detected, whereas all the sensors connected to
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other sections are still measurable. Figure 8.9 (a) to (c) shows the optical spectrum of the

sensor system when the first, second and third ASE source is respectively switched off.

Power Density (dBm/0.1 nm)

1535 1545 1555 1565
Wavelength (nm)

(@) Measured reflected light when ASE 1 is switched off.

Power Density (dBm/0.1 nm)

1535 1545 1555 1565
Wavelength (nm)

(b) Measured reflected light when ASE 2 is switched off.
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Power Density (dBm/0.1 nm)

1535 1545 1555 1565
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(©) Measured reflected light when ASE 3 is switched off.

Figure 8.9 Measured optical spectra of the FBG sensor system when (a) the first, (b) the

second and (c) the third ASE source is individually switched off.

The proposed configuration can be deployed in sensor systems where a large
number of FBGs are needed and the FBGs are spanned along tens of km of optical fiber,
such as in railway monitoring application. This system also overcomes the 25-km sensor
link limitation due to Rayleigh scattering noise in conventional sensor system
configuration. In fact, by using this three sections sensor system, the dynamic range of
the system is improved by three times compared to a conventional FBG interrogation
system. According to Equation (8.4), if we assume the insertion loss for each FBG
sensor is 0.2 dB and the fiber loss is 0.2 dB/km, our demonstrated 60 dB effective
dynamic range system can actually support 150 FBG sensors for short length of

transmission fiber or 75 FBG sensors over 75 km transmission fiber length. The number
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of sensors or length of transmission fiber can be substantially improved if more sensor
sections are incorporated into the system. The Rayleigh scattering effect can be further
reduced if the broadband light sources are designed properly, for example using sharp

cut-off, flat-top optical bandpass filters.
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8.3 Long-distance and Quasi-distributed FBG Sensor System
using a Pulse Modulated Semiconductor Optical
Amplifier Ring Cavity

Another scheme proposed for the long-distance and quasi-distributed FBG
sensing is based on pulse modulated semiconductor optical amplifier (SOA) ring cavity
[6, 8]. Compared with the first scheme, the second scheme has an advantage that the light
source and the interrogation system are all at one end of the sensing fiber link. This is
beneficial for practical system applications.

Figure 8.10 shows the experimental setup of the proposed sensor system. The ring
cavity includes a semiconductor optical amplifier, a coupler, an array of FBG sensors and
a 3-port circulator. The SOA functions as a light source, a gating device as well as an
optical amplifier. The 20% port of the coupler is the output of this sensor system and
signals are measured with an optical spectrum analyzer (OSA) after passing through an
isolator, while the other output port feeds to port 1 of the circulator and illuminates the
FBG array via port 2. The reflected signal by the FBGs will then return back to the input
of SOA through port 3 of the circulator. The circulator here also ensures uni-directional
operation of the ring cavity. The SOA can act as a gate by switching its biasing current.
Initially, when the SOA is on, it will generate light due to amplified spontaneous
emission (ASE) without the presence of any optical input signal. Some of the light whose
wavelength falls in the reflection spectrum of the FBG array will be reflected. If the SOA
is modulated at a frequency that synchronized with the return signal of one of the FBGs,

signal from that particular FBG will be amplified while signals reflected from other
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FBGs will be attenuated. The SOA is driven by a pulse generator with frequency (f;) and
pulse width (z) to probe the FBG sensors along the fiber. The relation between the ring

cavity length and probe frequency in synchronization is:
f,=c/n(L, +2L,), (8.5)
where f; is the probe frequency for FBG;, c is the speed of light, n is the refractive index

of fiber,_L, is length of the ring cavity excludes sensing fiber connected to port 2 of the

circulator and L; is the distance of FBG; from the circulator.

On
Pulse
Generator H H
Off
) 20:80 Coupler Isolator
SOA - OSA
L2 Ln
. 0. 0.0
(D I [N VTN
Circulator FBG: FBG:2 FBGn

Figure 8.10 Experimental setup of sensor system and the timing signal (on-off signal)
applied to the SOA for addressing different FBGs in the sensor array. Changing the probe

frequency can select signals of different FBGs at different distances.

The SOA (Samsung Electronics®, OA40B3A) used in this experiment has greater
than 25 dB of small-signal gain and 40 nm of 3dB optical bandwidth which is centered at

1540 nm. The saturation output power is 7 dBm with 150mA operating current. The SOA
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was biased at 30 mA and modulated with 120 mA by a current driver (Analog Devices,

AD9662) which is controlled by a pulse generator (Standard Research Systems®, DG535).

8.3.1 Synchronization Issue

Time Difference, T4
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Figure 8.11 Optical power and OSNR as a function of probe frequency. The FBG is

located at 5 km, and the pulse width is 500 ns.

In order to investigate how synchronization between the probe frequency and
signal round-trip time affects system performance, a high reflectivity (above 90%) FBG

was inserted at 5.013 km of the fiber. Figure 8.11 shows the optical power and OSNR of
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the output signal as a function of probe frequency of the pulse generator. The pulse width
of the signal was 500 ns. The optical power was measured by an optical power meter
(ILX Lightwave®, FPM-8210) and the OSNR was measured with an OSA (Agilent®,
86140B). Since the optical signal is pulsed, the actual OSNR should be much higher. The
synchronized probe frequency was about 19.58 kHz. However, the signal can still be
detected when the frequency was varied from 19.39 kHz to 19.78 kHz, corresponding to

a difference in periods of 1,017 ns which is approximately twice the pulse width.
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Figure 8.12 The output signal pulse shapes at (a) synchronized probe frequency and (b)

un-synchronized probe frequency.
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Figure 8.13 Concave of the return signal for 500 ns pulse is due to the relaxation

oscillation of the bias current driver circuit of SOA.

The synchronization between the probe frequency and the ring cavity round-trip
time affects the signal power significantly. When the probe frequency shifts away from
the synchronized frequency, the minimum and maximum probe frequency must satisfy
equation (8.6) to ensure the returned signal arriving at the SOA overlaps with the “on”

time slot of the SOA, as shown in the inset of Figure 8.12.
1/ f, -1/ f, =27, (8.6)
where 7 is the pulse width and f; and f, are the lowest and highest probe frequencies,

respectively. Figure 8.12 is the pulse shape of the output signal detected by a 25GHz
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photodetector (New Focus®, Model1414) and measured with an oscilloscope (Tektronix®,
TDS714L). It shows the pulse shape of the synchronized optical signal (at probe
frequency of 19.58 kHz which corresponds to one round-trip time, Ty, of light that
reflects and arrives back at the FBG) and un-synchronized optical signal (probe
frequency = 19.54 kHz). The concave for the pulse shape of the synchronized signal is
due to the relaxation oscillation of the bias current driver circuit of the SOA, as shown in
Figure 8.13. Considered the un-synchronized signal’s pulse shape shown in Figure
8.12(b), the time difference, Tq4, between the arrival time of the reflected light at the SOA
and the start of the SOA switch “ON” time. In this particular case, the reflected light
arrives 104.5 ns before the SOA switches “ON”. Consequently, only part (500 ns — 104.5
ns = 395.5 ns) of the reflected pulse is amplified by the SOA after one round-trip and 291
ns (395.5 ns-104.5 ns) of the pulse amplified after 2 round-trips, and so on. The portion
of the reflected light that arrives at the SOA before it is switched on is blocked. The
power amplitudes for each time step are different. The lowest power step is the ASE
noise generated by the SOA when it is switched on. The second power step is the optical
power of the returned signal after one round-trip together with in-band ASE noise that is
slightly suppressed. For the third power step, the returned signal is after two round-trips
and ASE noise is significantly suppressed. After two round-trips of propagating in the
cavity, the signal reaches saturation and thus the power level does not change much. It
should be noted that the number of round-trips before the signal reaches saturation
depends on the saturation power of the SOA and the cavity loss. The two different
gradient magnitudes of the optical power shown in Figure 8.11 are due to these two

amplification processes. For Ty in [7/2, 7] or [-7/2, -7], the output signal comprises the
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first round-trip amplified ASE and ASE. For T4 in [0, 7/2] or [0, -7 /2], the output signal
comprises the first and second round-trip amplified ASE plus ASE. Subsequently the
optical signal power and OSNR increase rapidly. The changing point for these two curves
is at the probe frequency of about 19.49 kHz and it shifts away from the synchronized
probe frequency by half pulse width. When probe frequency increases, the ASE power
will increase linearly and cause a little skew at the base of the optical power curve shown
in Figure 8.11.

For longer distance, the probe frequency will have to be reduced to keep in sync
with the signal round-trip time, and the frequency step will introduce large Ty, thus
introducing a larger effect on the OSNR of the output signal. For example, when the FBG
is located at 50 km, the synchronized frequency is about 2 kHz and a 1-Hz frequency step
would corresponds to Tq = 250 ns. From (8.6), we know that if pulse width less than 125
ns is used, then no signal would be detected at any probe frequency. Broader pulse width
would have to be used and consequently, the fiber separation between adjacent FBGs
would increase. As discussed above, synchronization plays an important role in
maintaining high OSNR of the signal. We verified this issue in our experiment and signal
synchronization was achieved by cutting back the fiber and splicing FBGs at the

appropriate position.

8.3.2 Multiplexing Capability

Figure 8.14 shows the measured optical spectra of the return signals that we
deployed one FBG at 60 km and two FBGs at 50 km, respectively. High quality signals

were achieved for both cases with OSNRs better than 20 dB. The longest sensing
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distance depends on the one roundtrip loss of the cavity and the gain of SOA. In our
experiment, good performance of one high reflectivity FBG located at 60 km was
achieved, as shown in Figure 8.14(a). The FBG is with Bragg wavelength centered at
1550.58 nm and reflectivity around 90%. In addition, to investigate the wavelength-
division multiplexing (WDM) of such system, we deploy 2 FBGs close to each other at
the location of 50 km. The Bragg wavelengths of the two FBGs are centered at 1544.56
nm and 1550.58 nm with reflectivities around 98% and 90% respectively. The two return
signals are both with high OSNR better than 25 dB, this renders the capability of our

proposed sysem for applications that multiparameter measurement is needed.
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(a) Measured optical spectrum of one FBG at 60 km.
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(b) Measure optical spectrum of two FBGs at 50 km.
Figure 8.14 (a) Measured optical spectrum of one high reflectivity FBG at 60 km. (b)

Measured optical spectrum of two high reflectivity FBGs at 50 km.

To demonstrate the long-distance and quasi-distributed FBG sensor system, we
deploy 8 FBGs along a fiber with a total length of 55.9 km. The lengths of the 8 fiber
loops are 6.3 km, 6.3 km, 6.3 km, 6.3 km, 7.6 km, 7.5 km, 7.75 km and 7.75 km. Thus
the location of the FBGs from the measurement end are 6.3 km, 12.6 km, 18.9 km, 25.2
km, 32.8 km, 40.4 km, 48.15 km and 55.90 km. The Bragg wavelength of the 8 FBGs are
spaced about 0.4 nm from each other and ranged from 1544.4nm to 1547.2nm. These 8
FBGs are arranged from low reflectivity to high reflectivity because of the distances of
their locations increase which lead to increases in propagation loss. The reflectivities of
these FBGs are about 2%, 2.5%, 4.5%, 6.4%, 13%, 26%, 64% and 95%, respectively.

The corresponding probe frequencies are 15.69 kHz, 7.968 kHz, 5.340 kHz, 4.016 kHz,
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3.091 kHz, 2.513 kHz, 2.110 kHz, and 1.819 kHz respectively. The pulse width is 500 ns,
which correspond to about 100-meter fiber distance. This range is much less than the
distances between adjacent FBGs, and it ensures that no optical pulse will overlap more
than 1 FBG. There is a trade-off between sensing signal power and selecting FBG at the
particular location precisely. As shown in Figure 8.15, the OSNR of all 8 FBGs are above
20 dB. The noise level decreases when the FBG sensor is located at longer distances.
Even though the optical powers of the sensing signals are decreasing, the OSNR changes

slightly.
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Figure 8.15 Measured optical spectra of 8 FBGs distributed along 56 km fiber. These

FBGs are spaced about 0.4 nm with adjacent FBGs in wavelength domain.

147



Chapter 8 Long-distance and Quasi-distributed Fiber Bragg Grating Sensor System

In order to investigate the performance of this sensing system for time-division
multiplexing (TDM), we adjust all the 8 FBGs to be at the same wavelength. Figure 8.16
shows that the first 6 FBGs can be detected with higher than 20 dB OSNR. The total loss

of the FBG; signal for one round trip can be given as:

i-1

Loss, = Loss, + 2oL, —201log 10{1_[ @a- rk)} —101og10(r;), (8.7)
k=0

where Lossy is the loss of the basic part of the ring cavity that includes the SOA, coupler
and circulator, Lossy is the attenuation coefficient of fiber (including the splicing loss
between FBG and fiber), L; is the distance of FBG; from circulator and r; is the
reflectivity of FBG;. To detect the signal from FBG;, the small-signal gain of SOA, G,
must be larger than Loss;. Considering that Loss, = 3.0dB, « =0.19dB/km and r; =0, the
calculated loss for the 8 FBGs are 22.38dB, 23.98dB, 24.05dB, 25.31dB, 25.69dB,
26.78dB, 28.43dB and 38.53dB, respectively. For SOA with G = 27dB, only the first 6
FBGs can be detected by this sensor system. Furthermore, for the last two FBGs, the loss
is so high that there is no enough gain to compensate their losses. Figure 8.17 shows that
there is no reflection effect from other FBGs for FBG; when keeping the Bragg
wavelength of the remaining 7 FBGs at 1546 nm and FBG; was strain tuned. For this
sensor system, multi-reflection among FBGs is not an issue because the SOA is pulsed

and any reflected light that is not in sync with the SOA will be blocked.
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Figure 8.16 Measured optical spectra of 8 FBGs with same Bragg wavelength and are

quasi-distributed along 56 km fiber.
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Figure 8.17 Measured optical spectra of FBG; by tuning its Bragg wavelength while

keeping the Bragg wavelengths of other FBGs at constant (1546 nm).
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8.4 Summary

Two long-distance and quasi-distributed FBG sensor systems were proposed and
studied experimentally. High effective dynamic range of 60 dB was realized for the first
FBG sensor system. By dividing the sensing path into three sections and using three
broadband sources of different wavelength bands, an FBG sensor system with 75 km
sensing path has been demonstrated. The second scheme is based on pulse modulated
SOA ring cavity. By applying TDM, good performance with OSNR better than 20 dB
from 6 FBG sensors along a 40-km optical fiber was achieved. The proposed system
configurations can be employed in electrical industry for railway and power utility
applications extend over a wide network area where large number of FBG sensors

distributed over long distance is required.
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Chapter 9

Conclusions and Future Work

9.1 Summary

This thesis reports the results of the studies on a number of new fiber sensor
systems. Polarization-maintaining photonic crystal fibers (PM-PCFs) based sensors
systems are proposed for a torsion sensor, a pressure sensor and a high temperature
sensor. A new scheme has been proposed to realize high speed fiber Bragg grating (FBG)
sensor interrogation systems and two schemes for realizing long-distance sensing have
also been investigated.

A PM-PCF based torsion sensor was proposed based on polarimetric detection.
The sensor provides high sensitivity to torsion and low sensitivity to temperature. The
sensitivity of the proposed torsion sensor is ~ 0.014/ ° within a linear twist range from 30°
to 70°. The experimental results are highly repeatable over 90-degree twist in both CW
and CCW directions. Theoretical and experimental results of the proposed torsion sensor
are compared and are in good agreement. Study was carried out to use PM-PCF as a
direct pressure sensing element. A Sagnac interferometer with the PM-PCF as a pressure
sening element was constructed. A high pressure sensitivity and low thermal sensitivity
were realized. Pressure measurement results show a sensing sensitivity of 3.42 nm/MPa
which is achieved by using a 58.4-cm PM-PCF based Sagnac interferometer. The
exceptional low bending loss of the PM-PCF permits the fiber to be coiled into a 5-mm
diameter circle. This makes the pressure sensor very compact. Investigation was carried

out on the high temperature sensing characteristics of a Sagnac interferometer. Its
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performance was compared with other gratings based temperature sensors. The results
show good promise for PM-PCF based Sagnac interferometer to be used for the high
temperature sensing applications. High temperature measurement from room temperature
to 1160°C was carried out for the PM-PCF based Sagnac interferometer. In particular, its
sensing performance from 400°C to 800°C was investigated. The temperature coefficient
obtained was ~ 11pm/°C with a good linearity within this temperature range.

The multiplexing capability is important for enhancing the performance and
increase the cost effectiveness of an optical sensor system. We proposed three
multiplexing techniques for the Sagnac interferometer. One was realized by separating
Sagnac interferometers using CWDM in the wavelength domain, and corresponding
measurement can be achieved in each channel of the CWDM. The other two schemes
were based on directly connecting several Sagnac interferometers in series along a single
fiber and by using couplers to multiplex the sensors in parallel. Direct measurement is
possible for the CWDM technique which enables easy real-time system implementation,
while post measurement data processing is needed for the other two schemes.

Fiber Bragg gratings (FBGs) have been developed for various kinds of sensing
applications with significant advantages over other fiber optic sensors. For practical
applications, special requirements are required for certain sensor systems. These include
high speed interrogation and interrogation over a long distance. For high speed sensor
interrogation, instead of measuring the Bragg wavelength shift, we measured the time
difference in the time domain by using wavelength-domain to time-domain
transformation based on a dispersion compensating module. High speed interrogation can

be achieved because there is no moving part within the interrogation system and
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mechanical tuning is not necessary. This enables the benefits of inexpensive high-speed
devices such as modulators and photodetectors to be explored. An effective sampling
speed of 2.44 megasamples per second has been demonstrated experimentally in our
study. Two approaches were adopted for long-distance and quasi-distribution FBG
sensing. By cascading three broadband light sources with different wavelength bands
along a fiber link, a 75-km sensing distance with high effective dynamic range of 60 dB
was achieved. An alternative scheme that uses a pulse modulated SOA ring cavity has
demonstrated 6 FBG sensors along a 40-km optical fiber with OSNR better than 20 dB.
The multiplexing techniques with WDM and TDM were implemented for these two

schemes respectively.

9.2 Conclusions

This thesis investigates one commercially available PM-PCF and shows its
potential in various promising sensing fields. The study is carried out by considering the
novelties and merits it provided such as high birefringence, high pressure sensitivity, low
temperature sensitivity, and low bending loss. Considering these advantages over
conventional fibers, we conducted a systematic investigation and proposed the PM-PCF
for torsion sensing, pressure sensing, and high temperature sensing. Furthermore, the
multiplexing capability of PM-PCF based Sagnac interferometers is also discussed.
Temperature fluctuation is inevitable for most of the fiber optic sensors, and the issue can
be much released by using this low temperature sensitive PM-PCF. The low temperature
sensitivity is because of its pure silica with air holes structure which exhibits a thermal

robustness if compared to the stress applied parts of conventional polarization
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maintaining fibers and to the fiber gratings. In addition, the novel structure makes the
PM-PCF capable of serving as a direct pressure sensor without the need of a transducer
which is usually employed for fiber gratings based pressure sensor. The thermal decay of
defects in UV-scribed gratings and the fiber core diffusion based on germanium dopant
are the two main factors than prevent their use in long-term measurement at high
temperature. While for PCFs, this is mainly limited by the thermodynamic rearrangement
of the silica structure.

High speed FBG sensor interrogation is attractive in real application. For
conventional interrogation which is based on the wavelength detection, the interrogation
speed is typically limited by the mechanical moving part of wavelength meter.
Wavelength shift can be transformed to time difference based on the dispersion
compensating module. The pulse comprised sensing signals with different wavelengths
can be separated after passing through the module. By utilization of the high speed
photoreceiver and oscilloscope, we can measure the time difference and hence attain high
speed interrogation.

With the increasing industrial application of FBG sensor, long-distance FBG
sensing becomes another interesting research topic. The sensing distance is mainly
limited by the Rayleigh scattering generated when a broadband light source was launched
to illuminate the FBG sensor array. To tackle the Rayleigh scattering issue, several
schemes can be used. One can arrange the topology of the FBG sensor system to avoid
hitting the Rayleigh scattering limit, such as cascading light sources with different power
levels along the fiber link. Also, one can use pulsed light source and/or have

amplification for the FBG sensing signals to extent the distance.
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9.3 Future work

During the Ph.D. study, some promising directions have been identified and could be
followed up in a future project. In summary, these suggestions in the order of priority are

as follows:

1. Increase the high pressure range.

The pressure sensing range we have investigated is only up to 4 atmospheric pressures.
However, we noticed that PM-PCF can potentially withstand pressure up to 100
atmospheric pressures. Due to limited facility during the study, further investigation was
not carried out. High pressure sensing is in high demand in various industrial applications.
Our proposed pressure sensor is a promising candidate for high pressure applications and

further study on its potential should be useful.

2. Stability of high temperature sensor based on PM-PCF Sagnac interferometer

Study on improving the stability of the high temperature sensor based on PM-PCF
Sagnac interferometer is one attractive research direction. The reason behind irregular
wavelength shift when the temperature is higher than 800°C needs further investigation.
Annealing to improve the stability of the proposed high temperature sensor is another

issue that values further investigation.

3. Improvement on data processing for multiplexed of Sagnac interferometer sensor

systems.
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The two proposed multiplexing techniques for the Sagnac interferometer by connecting
in series along a single fiber and in parallel with couplers require post measurement data
processing to acquire the sensing information. Further improvements on these two
schemes would be valuable and attractive. Their multiplexing capability can be further

investigated.

4. Improvement on data acquisition and processing for the high speed interrogation
system.

The high speed interrogation system can be further improved to obtain the higher speed
and higher sensing resolution. Curve fitting techniques can be applied to determine the
Bragg wavelength shift to increase the resolution of our proposed interrogation system. In
addition, electronic circuits with high speed digital signal processing (DSP) can be tailor-

made for the interrogation system to realize the high speed signal processing.

5. Increase the sensing distance and enhance the multiplexing capability of the FBG
sensor system.

The sensing distance and multiplexing capability of our proposed long-distance and
quasi-distribted FBG sensor system based a pulse modulated SOA ring cavity is mainly
limited by the gain and saturation power of the amplifier. To improve the scheme, we can
use other amplifiers with higher gain and higher saturation power such as the erbium-

dope fiber amplifier (EDFA) together with optical switches.
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