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resumen

En este trabajo de doctorado se presentan nuevos sistemas y subsistemas de sensores de fibra
dptica. Asi, se proponen y desarrollan nuevas técnicas, componentes y tecnologias basadas en
lgseres de fibra con espejos distribuidos (random), fibras de cristal fotdnico, estructuras de luz
lenta, multiplexores de insercion y extraccion (add and drop), conmutadores tele-alimentados
por luz, reflectometria dptica tanto en el dominio del tiempo como de la frecuencia o filtros
dpticos reconfigurables. También se han demostrado nuevas aplicaciones para estructuras de
sensores tradicionales y técnicas de medida ya conocidas. Todas ellas dirigidas a la mejora del
funcionamiento de los actuales transductores, redes de sensores y aplicaciones de monitor-
izacion de salud estructural.

De este modo, y en primer lugar, se han desarrollado nuevos transductores puntuales. En con-
creto, dos sensores interferométricos basados en fibras de cristal fotonico y otro basado en una
estructura resonante en anillo.

También se han realizado diferentes redes de sensores utilizando OTDRs comerciales. Por un
lado, se han multiplexado diferentes sensores utilizando una red en forma de bus y, por el otro,
se ha interrogado de manera remota un sensor FLM/LPG a una distancia de 253 km sin necesi-
dad de amplificacion.

Se han estudiado laseres basados en efecto de realimentacidn distribuida random (RDFB) para
Su uso en interrogacion de sensores. Para ello, se han demostrado dos nuevos ldseres multi-
longitud de onda y también, por primera vez, se ha modulado un laser random.

Después, se han demostrado experimentalmente varias redes de sensores de fibra dptica te-
niendo en cuenta los principales desafios que estas presentan: multiplexar varios sensores en
una misma red y permitir su monitorizacion de manera remota. En primer lugar, se han multi-
plexado sensores basados en la modulacion de la intensidad dptica utilizando técnicas de mul-
tiplexacion en dominio del tiempo. En segundo lugar, se han multiplexado sensores basados
en fibras de cristal fotdnico. En tercer lugar, se presentan tres nuevos métodos para la medida
remota de sensores. Por ultimo, se incluye la demostracion de un conmutador de fibra dptica
tele-alimentado a través de luz. Este se utiliza en tres redes diferentes para anadir robustez e
incrementar la versatilidad en la multiplexacion.

Finalmente, se han realizado tres pruebas de campo para aplicaciones de monitorizacion de
salud estructural.
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abstract

In this PhD work, different new photonic systems and subsystems for fiber optic sensing are
presented. The aim of this thesis has been to contribute to the fiber optic sensors field using
modern techniques, components and technologies such as random fiber lasers, photonic crys-
tal fibers, slow light structures, add and drop multiplexers, powered by light switches, optical
frequency and time domain reflectometry or reconfigurable optical filters, among others. New
applications of traditional sensing structures or techniques have been also demonstrated. All
of them focused on improving the performance of current sensors transducers, multiplexing
networks and structural health monitoring applications.

Thus, new point transducers have been developed: two of them are interferometric sensors
based on photonic crystal fibers; and another one is based on a fiber ring resonator structure.

Fiber optic sensor networks using commercial OTDRs have been also explored. On the one hand,
different sensors have been successfully multiplexed in the same bus network. And, on the
other hand, a FLM/LPG sensor was remotely interrogated at a distance of 253 km without using
amplification.

Random distributed feedback (RDFB) lasers have been explored for sensors interrogation. Two
multi-wavelength Raman fiber lasers suitable for sensors interrogation have been demonstrat-
ed. Also, a random fiber laser has been internally modulated for the first time.

Then, some experimental demonstrations of fiber optic sensors networks have been carried out
taking into account the principal challenges they pose: multiplexing a number of optical sensors
in a single networks, and enabling the possibility of remote sensing. Firstly, intensity sensors
using TDM technology have been multiplexed. Secondly, PCF sensors have been successfully
multiplexed. Thirdly, three new approaches to enable remote sensing are presented. Finally, a
remote powered by light fiber optic switch have been included in three networks in order to add
robustness and multiplexing versatility.

Finally, three different in field applications for SHM have been experimentally demonstrated.
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Pre and Post bending test beam pictures

Measured strain by the inner FBG and the “eight-shape” sensor during the bending test (a) and measured strain
by the inner FBG and the “eight-shape” sensor versus the applied weight (b)

Schematic diagram of the fiber loop structure sensor. Both, PANDA and HiBi PCF are depicted inset.
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Schematic setup of the utilized fibre pressure test bench a) Front and b) lateral view of the mobile platform of
the bench test

Obtained data during the sensor alignment process. The lower graph indicates the results obtained from a
twisted fibre, showing the force sensitivity decreasing along the length of the fibre whilst the upper graph
shows a significantly improved and uniform sensitivity as a function of fibre length due to the improvement in
fibre alignment.

a) Instrumented rebar prepared for the concrete sample;

b) the instrumented re-bar cast inside concrete.

c) Instrumented concrete cylinder prepared for the accelerated corrosion test.

Interference patterns from different sensors.

Sensor response to room temperature variation

a) The sensor data captured during the accelerated corrosion test and b) picture of a cracked sample.

b) picture of a cracked sample.

Pictures of the fibers installation in asphalt. (a) and (b) are pictures of the groove opening and (c) is how the
fiber is placed in the trench before protecting it.

Schematical layer distribution of the asphalt platform built for the test. Lines in red correspond to the fiber
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Pictures of the asphalt platform including optical fibers just before the sensitivity test.
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(b) when one people is placed over the sensing fiber.
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Chapter I. Overview of the basic technologies employed

INTRODUCTION

This chapter is mainly devoted to introduce briefly the most important concepts of
fiber optic sensor (FOS) technology and related optical techniques which have been
used in the following chapters. Because this overview is far from complete, an exten-
sive bibliography about the actual state of the art is provided.

Fiber optic sensors and the systems surrounding this technology are basically based
on the light propagation along the cylindrical dielectric waveguide called optical fiber.
Therefore, this chapter is open by briefly introducing the light propagation through the
fibers and their characteristics. Next, a general classification of the fiber optic sensors
Is presented in combination with some of the sensing technologies used along the
manuscript. It is also shown the special propagation characteristics and properties of
the photonic crystal fibers before introducing one important element used in this PhD
work, the fiber optic laser. Finally, fiber optic sensor networks are introduced.
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1.1. FIBER OPTIC LIGHT PROPAGATION AND ITS USE IN FIBER OP-
TIC SENSING

Optical communication fibers’ development in the last of 20th century revolutionized
fields as telecommunications and sensing, leading to the creation of high sensitivity and
controlled systems based on light guidance.

Cladding n;

T —>

Figure 1.1 Schematic diagram of an optical fiber.

An optical fiber is a cylindrical dielectric waveguide made of low-loss materials such
as silica glass. It has a central core in which the light is guided, embedded into an ou-
ter cladding of slightly lower refractive index n,<n, (figure 1.1). The light travels along
the axis of the waveguide carried by modes; having each mode a distinct propagation
constant () and group velocity (vg), maintaining its transverse spatial distribution and
its polarization. When the core diameter is small enough, and for a certain wavelength
only a single propagation mode (HE,,) is permitted, the fiber is said to be a single-mode
fiber. Fibers with larger core diameters are called multi-mode fibers because several
propagation modes travel through the waveguide. Taking into account the refractive in-
dex variation between the cladding and the core, there are two classical types of fiber:
step-index, when the refractive index at the core-cladding interface changes abruptly
and, graded-index, when the refractive index decreases gradually inside the core [1].

The propagation of light in optical fibers is governed by Maxwell's equations. The so-
lutions to these equations for step-index fibers (see ref [2]), taking into account fibers’
birefringence, loss and non-linear effects; define the propagation characteristics that
can be usually seen as an issue for communications. However, birefringence, loss and
non-lineal effects have been used to develop sensors from long ago. In this Ph.D. work
these effects will be also used in new sensing structures.
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1.1.1 Birefringence

Optical fibers exhibit a variation in the shape of their core along the fiber length. They
may also experience non-uniform stress which varies the cylindrical symmetry of the fi-
ber. Therefore, degeneracy between the orthogonally polarized fiber modes is removed
and consequently, the fiber acquires birefringence. The degree of modal birefringence
is defined by

Where n_and n, are the mode effective indices for the orthogonally polarized fiber mo-
des. Birefringence leads to a periodic power exchange between the two polarization
components. This period is defined as the beat length and is given by

L,=)/B_ (12)

There are fibers in which a large amount of birefringence is introduced intentionally,
called polarization-maintaining fibers or high-birefringence (HiBi) fibers. Thus, small
random birefringence fluctuations do not significantly affect the light polarization. On
the other hand, the velocities” difference between the two polarization components re-
sults in a phase shift between the fast and the slow modes [2].

1.1.2 Fiber Loss

Fiber loss represents a limiting factor in optical waveguides because they reduce the op-
tical power reaching the fiber end. The fiber loss is represented by the attenuation coeffi-
cient (o) usually expressed in dB/km and relates the input power with the output power.

Fiber loss is also dependent on the wavelength of the transmitted light. Figure 1.2 illus-
trates the loss spectrum a()) of a single-mode fiber. The lowest value, ranging around
0.2 dB/km, is exhibited in the wavelength region near 1.55 um. This value is close to the
fundamental limit of about 0.16 dB/km for silica fibers [2]. Several factors contribute
to overall losses. The two most important among them are material absorption and
Rayleigh scattering.
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Figure 1.2. Loss spectrum of single-mode fibers.

Material absorption can be divided in two categories. Intrinsic absorption losses co-
rrespond to absorption by fused silica, for instance, UV absorption, IR absorption and
Rayleigh scattering. Extrinsic absorption is related to losses caused by impurities within
silica. For example, the impurities of residual water vapor in silica (OH ). The three spec-
tral peaks seen in figure 1.2 are due to the presence of this OH ions in silica. In current
fibers the OH™ ion concentration is reduced to such low levels that the 1.39 um peak
almost disappears as the red trace of figure 1.2 depicts [3].

Rayleigh scattering is a fundamental loss mechanism arising from local microscopic
material inhomogeneities taking place during fiber fabrication. Density fluctuations lead
to random fluctuations of the refractive index on a scale smaller than the optical wave-
length A. Light scattering in such a medium is known as Rayleigh scattering [4]. The
intrinsic loss of silica fibers from Rayleigh scattering can be written as

a=C/N  (1.3)

where the constant C ranges from 0.7 to 0.9 (dB/km)/um™, depending on the consti-
tuents of the fiber core. The Rayleigh scattering is characterized as elastic scattering.
This means that the scattered photons maintain their energy, therefore having the same
frequency as the incident light. A part of the scattered light is not radiated; it is back-
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scattered along the fiber. The Rayleigh backscattered light is the basis for some fiber
optic reflectometric devices, random distributed feedback lasers and distributed sensor
systems.

Imperfections or external perturbations also contribute to reduce the optical power in
the fiber. Imperfections at the core-cladding interface can lead to additional losses (e.g.,
random core-radius border variations). An important loss mechanism used for fiber
optic sensor systems are the fiber bends. Two kinds of bending in fibers are usually
studied: micro and macro-bends. A bend is considered as a micro-bend when the ben-
ding radius is comparable or lower than the fiber diameter. On the contrary, when the
bending radius is bigger than the fiber diameter, it is usual to consider that the fiber is
suffering macro-bend losses. The bending loss is proportional to exp(-R/R ), where R is
the radius of curvature of the fiber bend and R_=a/(n?- n2). For single-mode fibers, R_=
0.2 - 0.4 uym typically, thus, the bending loss is negligible for bending radius R > 5 mm.

Finally, many other sources of optical loss may exist in a fiber cable. These are used to
be related to splices and connectors used to deploy a fiber link or network. [2]

1.1.3 Nonlinear effects in fiber optics

Due to the waveguide geometry that confines light to a small cross section over long
fiber lengths, it results in important nonlinear effects in silica fibers. The nonlinear
effects briefly explained below have high influence in the applications presented in fo-
llowing chapters.

Since light does not travel in free space or vacuum, it interacts with the material and
different effects appear due to these interactions. As mentioned above, Rayleigh scatte-
ring is characterized as an elastic scattering. Other scattering effects, commonly obser-
ved in high power conditions, are called inelastic scattering effects. In those cases, the
scattered photons have different frequency since energy transference arises from or
to the medium. From a quantum mechanical point of view, it is the interaction between
photons, that is, discrete quantities of light and medium excitation respectively. When
the scattered photons are down-shifted in frequency, they are usually known as Stokes
components. On the contrary, when they are up-shifted, so the incident photons gain
energy from the medium, they are called anti-Stokes components.
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Figure 1.3. Spectral components of the scattered light in an inhomogeneous medium.

There are two inelastic scattering processes, Brillouin and Raman scattering. Brillouin
scattering is originated by propagating pressure waves, originated by acoustic phonons,
which frequency shift is determined by the acoustic velocity in the medium. The physical
process behind this effect is the tendency of materials to become compressed in the
presence of an electric field, a phenomenon termed electrostriction [5]. For an oscilla-
ting electric field at the pump frequency Qp, this process generates an acoustic wave at
some frequency Q. Spontaneous Brillouin scattering can be viewed as scattering of the
pump wave from this acoustic wave, resulting in creation of a new wave at frequency Q .
Below, two expressions which define two important parameters of the SBS are presen-
ted. The mathematical development of both equations can be found in references [2, 6].
The first parameter refers to the Brillouin frequency shift (BFS) and it is given by:

Vg = Qy/2n=(20Av,) /N (1.4)

where n is the fundamental mode’s effective refractive index, v, is the acoustic velocity
of the pressure wave in the medium and kp is the pump wavelength. Another important
parameter is the SBS gain (gB). It depends on frequency because of finite damping time
T, of acoustic waves (the photons’ lifetime). If the acoustic waves decay as exp(-t/T,), the
Brillouin gain shows a Lorentzian spectral profile given by [7]

(1.5)
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SBS analysis in time domain is a successful technique for distributed sensing using
standard optical fibers as will be presented. Although its gain spectrum is limited
(Asz 50 MHz), these nonlinear processes can be also used as an amplification source
for different applications [8].

Stimulated Raman scattering occurs in optical fibers when an intense pump wave is
scattered by the silica molecules. This effect is the result of the interaction between the
light wave and the optical vibration modes of the molecules constituting the material.
Some pump photons give up their energy to create other photons of reduced energy at
a lower frequency; the remaining energy is absorbed by silica molecules, which end up
in an excited vibrational state.

Virtual level

Vibrational states

Ground state
a b

Figure 1.4. Energy diagram of the spontaneous Raman scattering process. a) Stokes and b) anti-Stokes scattering.

For the continuous wave case, the evolution of the pump power (Pp) and signal power
(P) along the longitudinal axis of the fiber z can be expressed by the following equations

dP

dzs =0, Pp P.-a P, (1.6)
dP, _ w, )

dzp = 9q Pp P. a, Pp (1.7)

where g is the Raman gain coefficient (the material gain coefficient, g = 6.6 x 10" m/W
at 1550 nm for silica fibers), o and a_ are the attenuation coefficients at the pump and
signal wavelengths, and o, and o_are the angular frequencies of the pump and signal.
The first term of both equations represents the signal gain due to Raman scattering and
the second term the intrinsic loss.
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The threshold power P is defined as the incident power at which half of the pump
power is transferred to the Stokes field at the output end of a fiber of length L.

~ 1 6Aeff

P. =
" gr Leff

(1.8)

where A__is the effective area of the pump power inside the fiber in square meters and
L, is the fiber effective interaction length in meters [9, 10]

1.2. TYPES OF FIBER OPTIC SENSORS

Since the early 1970s, when some of the first experiments on low-loss optical fibers
were performed for sensing purposes, many fiber optic sensors (FOS) for different
applications have been developed. In table 1.1 it is presented an optical fiber sensors’
classification. The classification is divided into four groups: the magnitude to be measu-
red, the spatial distribution of the measurements, the nature of the transduction, and the
modulation induced by the measurement.

Table 1.1: Classification of fiber optic sensors

FIBER OPTIC SENSORS

Magnitude to be measured . ... Transduction Measurand induced
Spatial distribution mechanism modulation

Physical Bio Chemical echanis odutatio

Curvature / bend Gas Point Intrinsic Intensity (amplitude)
Displacement/strain Molecular Distributed Extrinsic Interferometric (phase)

Electromagnetic DNA Quasi distributed Polarimetric (polarization)

Pressure Protein Spectroscopy (wavelength)

Temperature Humidity and pH

Torsion/twist
Transversal load
Refractive index

Vibration
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The principal advantages of fiber optic sensors are the following:
e Electromagnetically passive.
e Chemically and biologically inert.
e Small-sized and light-weighted.
e Distributed sensing capability.
e Remote sensing capability.
e Sensor multiplexing using fiber optic networks.

Due to the previous characteristics, over the past three decades, fiber optic sensors
have undergone a transition from basic lab. prototypes to commercial products. A broad
variety of commercial sensors and instruments are nowadays available, which enjoy in-
creased acceptance and widespread use in different fields and industries. FOS solutions
are commonly used in real-life applications including the structural sensing and health
monitoring of materials and constructions, pressure and temperature sensors for oil
and gas reservoir monitoring, high voltage and high current sensing systems for the
power industry and biomedical patient devices, among others [11]. Subsequently, some
of the sensing technologies developed during the past are briefly presented to introduce
the main concepts that will be used in the following chapters.

The first sensor to be mentioned had an enormous impact since the early 90s and also
nowadays. It is one of the most popular technologies for fiber optic sensing applications:
the fiber Bragg grating [12].

Next, sensors based on interferences will be presented and, finally, the mature techno-
logy of the intensity sensors and, in particular, bending based sensors will be detailed.

1.2.1. Fiber Bragg Gratings

A FBG consists of a periodic perturbation of the refractive index along a fiber length
which is created by exposing the core to an intense optical interference pattern. FBGs
can be used as narrowband filters/reflectors and have been reported for measure-
ments of strain, temperature, pressure, dynamic electric or magnetic fields, vibrations,
certain chemical effects and others. Figure 1.5 shows the working principle of the FBG.
The following equation represents the resonant wavelength value of the Bragg structure

2n A (1.9)

Bragg - eff
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where n__ is the effective refractive index of the fiber core and A (pitch) is the repetition
period of the refractive index modulation. Thus, when the incident light is equal to the
A._,an amount of light proportional to the reflectivity of the structure is reflected and

Bragg
the rest is transmitted.

z
o
FBG refractive index periodicity
A~500 nm Cladding

Core 5

5]

o

A
L~0.5-1cm
3
&
&
a

Figure 1.5 Principle of operation of a fiber Bragg grating.

The FBG central wavelength varies with the change of the aforesaid parameters. As
strain and temperature have been so far the dominating measurands of interest, we will
analyze the corresponding wavelength variations [13, 14].

Strain directly affects the response of FBGs, through the expansion and compression of
the grating pitch size and also through the strain-optic effect. That is, the strain induced
modifications of the refractive index due to photo-elastics effects. The relative wave-
length shift, AL, for an applied longitudinal strain Ae is given by

AN =N, (1-p_ )Ac (1.10)

where p_is the photo elast|c coefficient of the fiber defined by

- o v (p,+p,)] (1)
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Where p,, and p , are the components of the fiber optic strain tensor, n is the RI (refrac-
tive index) of the core and v is the Poisson’s ratio. For a typical optical fiber, p,, = 0.113,
P, =0.252, v =0.16 and n = 1.482. Substituting these values in equations 1.10 and 1.11
the measured strain response at constant temperature is found to be:

1 A)\‘B

A, AE

=0.7873x10% ue!  (1.12)

Thus, for a 1 ue of deformation applied to the fiber at ~1550 nm, a wavelength shift of
1.22 pm/ue is achieved [15].

On the other hand, the temperature sensitivity of an FBG occurs principally due to the
thermal expansion of the grating spacing and the RI. The wavelength shift for a tempe-
rature change AT may be written as

AN =N\, (0. + E) AT (1.13)

where a is the thermal expansion coefficient for the fiber and € represents the thermo-
optic coefficient. Because the temperature sensitivity of a bare fiber is primarily due by
the thermo-optic effect, the normalized thermal sensitivity at constant strain is

— -6 op-1
by AT = 6.7x10°°C (1.14)

For a 1550 nm FBG, the temperature sensitivity obtained by previous equation is 10.3
pm/°C [16].

Finally, in order to interrogate the FBG sensors, there are different techniques depen-
ding on: the type of application and range to be measured, accuracy and sensitivity re-
quired, number of sensors being interrogated and cost of the instrumentation.

Fiber Bragg gratings sensors have been utilized for a wide variety of mechanical sen-
sing applications including monitoring of civil structures, smart manufacturing, non-
destructive testing, remote sensing, smart structures, as well as traditional strain, pres-
sure and temperature applications [17-24]
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There are 3 main types of FBG sensor interrogation techniques. Passive detection sche-
mes, active detection schemes and other schemes such as wavelength-tunable sour-
ces, mode locked fiber lasers with wavelength-time conversion, frequency modulation...
Interrogation techniques are required to extract the measurand information from the
optical signal. Depending on the complexity of the interrogation technique, the resolu-
tion, dynamic range or multiplexing capability varies. Table 1.2 shows an interrogation
types summary.

Table 1.2: FBG interrogation alternatives

FIBER GRATING SENSORS INTERROGATION TYPES [26]

Year / ref. Types Technologies

1997/[25] Passive detection schemes Linearly wavelength-dependent device

1997/[26] “ Identical chirped-grating pair

2000/[27] “ Power detection

2002/[28] “ CCD spectrometer

1996/[291] Active detection schemes Michelson interferometer

1998/[30] “ Matched FBG pair

1999/[311] - Fiber Fourier transform spectrometer
1999/[32] “ Fabry-Perot filter

2000/[33] “ Acousto-optic tunable filter

2000/[34] “ Unbalanced Mach-Zehnder interferometer
2000/[35] “ LPG pair interferometer

1996/[36] Other schemes Intra-grating sensing

1997/[37] “ Mode-locked fiber laser with wavelength-time conversion
1998/[38] “ Wavelength-tunable source

1999/[391] “ Optical CDMA correlator

1999/[40] “ Frequency modulation

1.2.2 Fiber optic interferometers and their use as sensors

The use of interferometers in optical measurement has been well established for many
decades. These structures have a long history and the creation of the fiber optic equi-
valent of bulk-optic interferometric systems for displacement monitoring was a natural
development following the introduction of low-loss optical fiber, to enable a range of
remote measurements to be taken [41].
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A fiber optic interferometer uses the interference between two or multiple beams that
have propagated through different optical paths of a single fiber or different fibers. So,
they require beam splitting and beam combining components in each configuration [42].
For fiber optic sensing, one of the optical paths should be arranged to be easily affected
by external perturbations. Since the interferometers give a lot of temporal and spectral
information inside their signal, the measurand can be quantitatively determined by di-
fferent ways of detecting the changes. Thus, interferometers can be used by analyzing
their wavelength response, or their phase or intensity. They can show a remarkable per-
formance obtaining large dynamic ranges, high accuracy, and high sensitivity [43, 44].

The main representative types of fiber optic interferometers are called Mach-Zehnder,
Michelson, fiber-Fizeau, ring resonator and Sagnac interferometers, as well as the mul-
tiple beam fiber Fabry-Perot. Interferometric sensors have been developed for measu-
ring a number of parameters such as strain, acoustic pressure, magnetic and electric
fields, acceleration, hydrostatic pressure, temperature, flow and various other measu-
rands [45].

1.2.2.1 Sagnac interferometer

Fiber Sagnac interferometers have been extensively investigated, because of their wide
applications in many fields such as fiber optic gyros and other fiber optic interfero-
metric sensors [46]. The basic idea, firstly demonstrated by Georges Sagnac in 1913
[47], consists of the light from an optical source that is divided through a beam splitter
such that it propagates in opposite directions around a loop. If that loop is rotated, a
phase shift between the propagating and counter propagating fields occurs and, thus,
an interference at the splitter. In consequence, Sagnac basic structure detects rotation.
The original Sagnac structure, created in bulk optics, can be translated to fiber optics
technology by using a common directional optical coupler (Figure 1.6) as beam splitter
and a high birefringence fiber into the loop. In this case, the phase shift between the
polarization states is now the origin of the interference. This special Sagnac structure is
commonly known as high-birefringence fiber loop mirror (HiBi-FLM)
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Figure. 1.6. Schematic depiction of the basic structure of a fiber loop mirror.
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Fiber loop mirror basic structure is shown in figure 1.6. It consists of a loop of opti-
cal fiber formed between the output ports of a directional coupler. D. B. Mortimore
thoroughly studied this structure in [48] and, when birefringence is considered in
the mathematical development of the Jones matrix for this birefringence situation,
the transmission coefficient between the input and output port at wavelength A is as
follows:

T =[sin 0 cos (nlr, /(L M)]? (1.15)

where L refers to the fiber beat length at wavelength A, Lis the HiBi fiber length and
0 =0, + 0, that denotes the difference between the rotation angle of the polarization
states before and after the HiBi fiber section [49]. Thus, the polarization angle de-
pendence limits the transmission coefficient. It should not be forgotten that there is
a reflection coefficient in the input port involved that is the inverse of the transmis-
sion coefficient (R = 1 - T). By simulating a HiBi FLM structure of 2 meters length of
a high birefringence fiber with a beat length of 3.45 mm, the result of the simulation
for a center wavelength of 1550 nm is depicted in figure 1.7.
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Figure 1.7. Simulated interference pattern for the transmission coefficient.

Therefore, extrapolating these concepts to the fiber optic sensing field, the Sagnac
interferometer can be used as sensor by changing the phase between the propaga-
ting and counter propagating fields or the birefringence of the fiber and, thus, the
phase between both propagation directions resulting in a phase shift in the interfe-
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rence. The main and most used magnitude measured with a Sagnac interferometer
is the gyroscope but other magnitudes as strain, temperature and pressure, among
others can be measured with this structure.

1.2.2.2 Fiber ring resonators
Ring resonators use transverse coupling to bring about multiple circulations of power

inside a mirrorless cavity. There is power storage on resonance. The frequency respon-
se is similar to that of a Fabry-Perot etalon.

E02
Figure 1.8. Schematic diagram of a basic ring resonator structure.

Both channel blocking and channel-passing filtering responses are possible if the rings
are designed appropriately. In channel blocking there is a high output off resonance
and a low output on resonance; it is characteristic of a Fabry-Perot resonator used in
reflection. In channel passing the opposite applies; it is characteristic of a Fabry-Perot
resonator used in transmission. A kind of ring that can demonstrate both types of filte-
ring is shown in figure 1.8. In all cases the input used is the top left-hand port. Channel-
blocking filtering is obtained from the top right-hand port, and channel-passing filtering
is obtained from the bottom left-hand port [50]. Both filtering spectra are defined by the
following expressions [51]:

iwnL
E,, k, exp( c )-k2a1 a,
E = WnL (1.16)
©oexp (C—) -k, k,a, a,
k exp (\WNL) _x 5 4
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Inthe case of aring of k, = k,= 0.9, and the ring length meters, the simulated results are
as figure 1.9 depicts.
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Figure 1.9. Simulated transfer functions of the transmitted and reflected resonances of the ring structure.

1.2.2.3 All fiber multimode interferometers

In the past, multimode interference theory has been utilized in the design and fabri-
cation of devices such as modulators [52] and Mach-Zehnder switches [53]. For an in-
put field centered symmetrically around the optical axis incident on the input facet of
a multimode fiber (MMF), multimode interference effects result in periodic longitudinal
locations within the fiber where the source field is duplicated. Through characterization
of this reimaging effect in a MMF, it is possible to design and fabricate a device that
provides a mechanism to overcome the natural tendency for the light to diverge when
exiting the fiber [54].

O SMF MMF SMF

Figure 1.10. Basic structure of an all fibher SMF-MMF-SMF interferometer.
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The multimode interference can be achieved by creating structures such as the sin-
gle-mode, multimode, single-mode (SMF-MMF-SMF) structure (figure 1.10). The single
mode guided into a SMF is coupled to the different propagation modes of a multimode
fiber. These modes travel independently through the MMF and they will recombine in the
second MMF-SMF interface interfering proportionally to the phase shift of the different
propagation modes of the MMF [55].

This structure has been extensively used as sensor transducer for many parameters
such as refractive index [56], bending [57], temperature [58], strain [59] and others.

1.2.3 Intensity modulation sensors

Fiber optic transducers that use the intensity of the transmitted signal for sensing was
one of the first proposed families of sensors due to its simple working principle. All of
them relate light's intensity variations with the perturbations to be measured.

Intensity modulated fiber sensors can be classified in different types. A first one may
be the measured parameter, for instance, fiber displacement sensors. In a first confi-
guration, two optical fibers are occupied for this measurement and are placed in series
with each other. Alternatively, a reflective configuration may be used for displacement
measurements. The source and detecting fibers are placed in parallel with each other
while the reflective target object (which moves) is placed in a close distance to the fi-
ber ends. Another type of intensity sensors that measure displacement is the shutter-
modulated sensor. This includes the methods of shutter, grating, optical wedge, fringe
tracking (counting), moving lens and optical micro-switch.

Other intensity sensors can be used for measuring different parameters. For example,
the evanescent field sensor. It involves the phenomenon of frustrated total reflection
method. Some of the above mentioned sensors will be explained in deep next, as well
as the bending sensors. This last kind of sensors use the modulation of the transmitted
light by bending the fiber [60].

The bending sensor is one of the earliest utilized fiber optic sensors. Bending losses
have always been a problem to the cable designer. However, this issue in optical fibers
is exploited by the sensor designer who has adapted the bending effect to the measure-
ment of many physical magnitudes. These magnitudes include displacement, pressure,
strain, vibration, temperature, humidity and others [61].
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Sensors based on bending loss in optical fibers were firstly proposed and demonstrated
in 1980 [62], [63], although careful experiments done earlier had demonstrated vibra-
tion-induced intensity modulation of light in bent fibers [64]. Since this early work, much
has been done to understand microbend sensors and to investigate how to increase
dynamic range and to improve the sensitivity to the parameter to be measured while
reducing sensitivity to unwanted variables [65].

‘ , 11,Smm

Figure 1.11. Diagram of a couple of microbending plates for the development of displacement or force sensors.

In 1987 [66], an analysis about the operation of microbend sensors was presented by
Lagakos et al. They derived some very useful equations for bending sensors modeling
and design (figure 1.11 shows an example of a microbender). The change in light trans-
mission, T, through a microbend sensor can be written as

AT=(AT) AF (k,+ Ales )'1 (1.18)

S

where AX is the displacement of the deforming plates, AT/AX is the sensitivity (slope
of the transmission versus displacement response curve for a microbender), AF is the
applied force, A, Y_and [, are the area, Young's modulus, and thickness of the spacer
material between the deformer plates, and k, is the effective spring constant of the op-
tical fiber clamped between the deforming plates

-1_ A3
= v (1.19)

where A is the deforming tooth spacing, Y is the Young's modulus for the glass, d is the
fiber diameter and n refers to the number of bends [65].The technique of bending los-
ses has been successfully applied to the measurement of many magnitudes, including
displacement [67], pressure [68], strain [69, 70], vibration [71], temperature [72] and
humidity [73].
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1.2.4 Photonic crystal fibers sensors

Since 1996 [74] a new kind of special silica fibers characterized by a periodic arrange-
ment of air-holes running along the entire length of the fiber has been developed. Those
fibers are called Photonic Crystal Fibers (PCF).

Their geometry is characterized by a micro-structured air-hole cladding running along
the entire length of the fiber surrounding the core. Although all fibers that fulfill this
condition are called micro-structured, only those which exhibit a photonic band gap light
guidance must be called PCF [75]. However, it is easy to find ambiguous definitions in
the literature. Even, the scientist who discovered these fibers, consider the modified
total internal reflection as guidance mechanism in PCF [76]. Hence, in this PhD work we
assume that all fibers that confine light by a periodic arrangement of air holes are PCF.

As so, PCFs can be divided in two families based on their geometry: solid-core and ho-
llow-core PCFs. Solid-core PCFs, as can be deducted from the name, present a solid-
core surrounded by a periodic array of microscopic air holes, running along its entire
length (Figure 1.12 a). Hollow-core photonic crystal fibers present an air hole as the
core being surrounded by a micro-structured air hole cladding (Figure 1.12 b).

p

Figure 1.12. Schematic diagram of the solid (a) and hollow core (b) photonic crystal fibers.

The major difference between both kinds of fibers relies on the fact that the waveguide
properties of photonic crystal fibers are not due to spatially varying glass composition,
as in conventional fibers, but from an arrangement of very tiny and closely spaced air-
holes which go through the whole fiber length.
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In contrast with standard optical fibers, photonic crystal fibers can be made of a single
material and have several geometric parameters that can be manipulated offering great
flexibility of design. Even more, photonic crystal fibers offer also the possibility of light
guiding in a hollow-core, and opened new perspectives in fields such as nonlinear fiber
optics, fiber lasers, supercontinuum generation, particle guidance, and fiber sensors
[77-79].

The modes guiding mechanism is characterized by the normalized frequency or simply
the V-parameter. The generalized V-parameter for PCFs is defined by [75, 80]

_ 2n [ 2 2
Vgen - TA nco - ncl(PCF) (1'20)

where A is the pitch (interhole spacing), n is the core refractive index and n_., is the
cladding effective refractive index. n .. is defined as the root-mean-square area average
of the materials refractive indices used to construct a particular geometrical shape of
photonic crystal. This parameter plays an important role in determining the modes cutoff
condition. Therefore, the guiding properties of a PCF can be tuned by changing the basic
design’s parameters: the pitch (A) the core’s diameter (p) and the holes’ diameter (d).

Despite of its youth in the sensing field, PCFs have stimulated the interest of many
scientific groups due to their promising characteristics. The main attraction in PCFs
is that by varying the size and location of the cladding holes and/or the core, the fiber
transmission spectrum, mode shape, nonlinearities, dispersion, air filling fraction and
birefringence, among others, can be tuned to reach values that are not achievable with
conventional fibers. Additionally, the existence of air holes gives the possibility of light
propagation in air, or alternatively provides the ability to insert liquids/gases into the air
holes [771.

Due to the PCFs diversity of features, they introduce a large number of new applications
in the fiber optic sensing field [81]. PCF fibers has been used in different structures and
interrogation schemes to measure a large amount of parameters such as curvature/
bending [82], displacement/strain [83, 84], electric and magnetic field [85], pressure
[86], temperature [87], torsion/twisting [88], transversal loading [89], refractive index
[90], vibration [91], multi-parameter [92], gasses [93], molecular [94], humidity [95] and
pH [96].




Chapter I. Overview of the basic technologies employed

In the framework of this PhD work, the birefringence characteristic of PCFs was ex-
ploited for displacement and strain measurements as well as multi-wavelength lasing
generation. Birefringence in PCFs, like SMF, is achieved when the refractive indices seen
by the polarization components of a LP mode are quite different. It is generally obtained
due to an asymmetric distribution of the effective refractive index, dependent on the size
and spatial distribution of the air holes. The first high birefringence PCF was presented
in 2000 [97].

Therefore, when a HiBi-PCF is inserted into an inter-polarization based interferometer,
birefringence variations due to external perturbations are measured. In that way, dis-
placement and strain measurements can be developed. Furthermore, this interference
pattern can be used as comb filter, for example, in multi-wavelength lasing applications
[98-100], as will be shown in chapter 4.

1.3. FIBER OPTIC LASERS

Albert Einstein described the theory of stimulated emission already in 1917 [101]. By
stimulated emission is understood that a photon can force an atomic transition from
an excited energy state by emitting a second photon with the same properties (phase,
energy, polarization, and direction) as the first one. Using this process, an ensemble of
many of the same photons can be generated when passing them through an excited
medium, i.e., having a population inversion, forming a state of coherent light [102]. This
technology was not applied in the fiber laser field until Elias Snitzer's proposal in 1961
[103]. The initial emphasis was focused in neodymium (Nd) based fiber lasers due to the
high efficiency. Soon thereafter, erbium-doped fiber lasers appeared as the best option.
The first Er-doped fiber laser was developed in 1985 by Mears et al. [104]. Since that
time, Er-doped fiber laser has attracted the attention of the research community due to
the radiative transmission around 1550 nm corresponding to the lowest loss for silica
fibers [105]. Regardless, other rare-earth ions have been also used as dopants in silica
or fluoride fibers, allowing new lasing or pumping wavelengths [106]. Finally, other am-
plification processes based on stimulated scattering non-linear effects can be also used
as gain medium for fiber lasers development. The Raman amplification is an appealing
effect for this purpose [13].

A basic fiber laser scheme requires of two key elements. A gain material that provides
amplification and an optical cavity that traps the light creating a positive feedback. Thus,
the total gain of the amplification must overcome the total cavity loss to achieve the
lasing condition. Depending on the gain medium, different fiber lasers can be obtained.
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Rare earths as neodymium, praseodymium, ytterbium, samarium or thulium are used
as gain medium for fiber optic lasing but the most extended doped fiber for amplification
purposes is the erbium doped one. Erbium doped fiber laser (EDFL) will be discussed in
this section more in depth. Brillouin and Raman nonlinear effects can be also used as
amplification medium for laser applications. In this PhD work, Raman’s effect has been
also used in fiber optic lasers structures.

In order to control the emission wavelength of a fiber laser, different filters are usually
placed into the laser cavities. FBG, already presented in point 1.2.1 for sensing purposes,
are the most extended filters due to the wavelength selective reflective characteristic.
They play the role of high reflective mirror and narrow band filter. Other kind of filters
can be used in fiber optic laser development such as the ones based on Fabry-Perot,
Sagnac loop mirror, Fox-Smith interferometer, ring resonator, SM-MM-SM interferome-
tric structures and others. In this context, by combining different FBG reflectors, the
fringe pattern of the interferometers or other kind of filters into the laser cavity, it can
be created multi-wavelength fiber lasers (MWFL). This kind of lasers are characterized
by simultaneously generate more than one coherent wavelength in a single cavity. Such
optical sources offer a high number of channels over large wavelength span, moderate
output powers with good OSNR and spectral flatness. They can also achieve single lon-
gitudinal mode operation of each laser line, tunability and accurate positioning on the
ITU specification frequency grid [107, 108].

In this way, fiber lasers, in comparison with solid-state and gas laser systems, are sim-
pler, more compact, reliable and can be pumped with diodes. If they are compared with
laser diodes, they are spectrally cleaner and can be modulated with less chirp and sig-
nal distortion; having a 100% coupling compatibility with optical fiber devices and net-
works. Thus some of the merits of fiber lasers are [13]:

e High pump intensity.

e Signal and pump light waveguiding.

* Independence of pump spot size and gain medium length.

e Compact gain medium.

e Good heat dissipation.

e« Beam quality.

e Robustness.

e Easy design.

On the other hand, fiber lasers also face a number of challenges:
e Limitations due to nonlinear effects.
e Risk of fiber damage with high pump powers.
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e Difficult short resonators developing.
e Complex maintenance.

Diverse design parameters have to be taken into consideration in order to obtain appro-
priate fiber lasers for each application. Amplification type, number of emission lines,
output power requirements and cavity architecture are some of the key parameters for
a proper fiber laser development.

1.3.1 Types of fiber optic laser cavities

The most used configurations to design the fiber cavity lasers are the Fabry-Perot-ca-
vity (or linear-cavity) and ring-cavities. The main difference between them is the path
of light. Light in Fabry-Perot-cavities bounces back and forth between two mirrors. On
the other hand, in ring cavities, light does round trips (in opposite directions if no optical
isolator is introduced into the cavity, as shown in Fig. 1.13.b).

Pump Output
Gain medium
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Figure 1.13 Two basic designs of fiber lasers, a) linear and b) ring

Figure 1.13 illustrates two basic schemes for the Fabry-Perot and ring cavities in fiber
lasers. Fabry-Perot cavities are made by placing the gain medium between two high-re-
flecting mirrors. The main advantages are its simplicity and the possibility to make very
short cavities. Linear cavities are ideal for compact single-longitudinal mode lasers and
for high power applications [13, 105].

Ring cavities are mirror-less structures. Usually ring cavities use the gain provided by
the gain medium more efficiently and have a cavity free spectral range twice as large for
the same cavity length, compared to linear cavity lasers [105]. As was explained before,
by using a narrowband filter inside the ring, a wavelength selection can be performed.
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Finally, it is possible hybrid configurations by combining ring and linear cavities [109] or
other kind of resonators as the Fox-Smith used in [105]

1.3.2. Erbium-doped fiber laser

Erbium-doped fiber lasers radiating at about 1550 nm are especially important for
applications in telecommunications or sensing that take advantage of the low losses
in silica fibers [110]. Owing to their versatility, useful gain bandwidths, high pumping
efficiency, low intrinsic noise and low gain dependence on light polarization, EDFAs are
the most extended amplifiers for many network applications. They are optical amplifiers
that consist of a single mode optical fiber whose core has been doped with erbium.
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Figure 1.14 Schematic energy diagram for the Er,* ion in the glass fiber medium and light amplification process.

There are three different situations in the interaction of the materials with light. Firstly,
when an input photon induces a transition from the upper energy level into the lower
one (stimulated emission) an additional photon will be produced with the same proper-
ties as the stimulating photon and thus, amplifying the signal intensity. On the other
hand, when an input photon induces a transition from the lower level to the upper one
the photon is absorbed by the material. Finally, the random transition between a higher
level and a lower one is called spontaneous emission. This spontaneous emission in
amplifying fibers is called amplified spontaneous emission (ASE). Therefore, for ampli-
fication and laser applications the desired situation is when the electrons are placed in
the higher level to achieve the stimulated emission. This condition is known as popula-
tion inversion and it is obtained by illuminating or pumping the material.
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In the case of the erbium-doped fiber the population inversion occurs when the fiber is
pumped by, in the most efficient case, a wavelength at 980 nm. Thus, these photons are
absorbed by the material and excite the electrons to higher levels achieving the popula-
tion inversion that allows the amplification process. This process is illustrated in figure
1.14. When the Er.* is pumped, its electrons are excited to the highest levels labeled
E, and E,. The electrons decay rapidly from this levels in a radiationless transition to a
long-lived energy level at E, which has a lifetime of about ~10 ms. So, the electrons are
accumulated at E, which is 0.80 eV above the ground level. Signal photons at 1550 nm
have energy of 0.80 eV, or E,-E, and give rise to stimulated transitions of electrons from
E,toE..

The principal applications of EDFLs cover from sensing to telecommunications fields.
Some examples are wavelength-division multiplexed sources, fiber-optic sensors, op-
tical signal processing, sensor network schemes, optical spectroscopy, soliton sources,
etc. [111-115]. Up to date, a number of investigations have been performed in order to
improve the EDFLs performance, for example, in terms of narrower band single-mode
operation [116, 117] or multi-wavelength operation [118, 119].

1.3.3. Raman fiber lasers

Raman fiber lasers (RFL) exploit stimulated Raman scattering (SRS) to overcome the
fiber losses and create the positive feedback at the shifted Stokes wavelengths using
the transmission fiber itself [13].

In the early 1970s, Stolen and Ippen [120] demonstrated Raman amplification in optical
fibers. However, throughout the 1970s and the first half of the 1980s, Raman ampli-
fiers were restricted to laboratory research works. The potential of both fiber amplifiers
and lasers based on Raman scattering was first demonstrated in the mid-1980’s by
Stolen, Lin, and co-workers, where Raman lasers operating between 0.3-2.0 um were
constructed [121]. In the mid-1980s, many researches were carried out in the Raman
amplifier field showing a great commercial niche [122]. These amplifiers possessed
many attractive features such as low noise, polarization insensitive gain, and the ability
to achieve amplification in ordinary germanosilicate transmission fiber. However, the
main trouble was that all the work was overtaken by EDFAs by the late 1980s due to the
unavailability of high-power diode laser pump sources [123, 124].

RFLs offer important characteristics such as not requiring special fibers to gain’s achie-
vement being the gain medium the conventional transmission low-loss silica fibers. RFL
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present high spectral flexibility due to the reconfigurability of the amplification spec-
trum by using multiple pump wavelengths. As in EDFA based lasers, it is pump direction
independent. Consequently, pumping can be co/forward, counter/back or bidirectional
with respect to the signal. On the other hand, the lasing efficiency with respect of EDFLs
is relatively poor at low signal powers. Raman amplifiers also require longer gain fibers
to achieve a good efficiency when compared with EDFA based lasers. Other disadvan-
tage of RFL regards to the fast response time which gives rise to new sources of noise.
It refers to two main noises, the amplified spontaneous scattering (ASS) and Rayleigh
backscattering (RBS). The ASS is due to the amplification of spontaneously scattered
photons, which is an unavoidable by-product of gain in all optical amplifiers. It is broad-
band, randomly polarized and grows bi-directionally in the fiber. On the other hand, RBS
makes a marked contribution to the lasers total noise [13]. Finally, in multi-wavelength
fiber lasers configurations there are concerns of nonlinear penalty in the emission lines.
For example, power depletion should occur due to BFS or four wave mixing (FWM) [122].

Raman fiber lasers have commercial potential in a variety of practical cases. Their sui-
tability for multi-wavelength operation makes them attractive CW sources in applica-
tions such as long-distance remote sensing [13, 125-127], optical tomography, super-
continuum generation or as high power pump sources for telecommunication systems
[128]. Apart from that, they offer an opportunity to increase the cavity length by orders of
magnitude compared to other lasers’ types [129] that can be used for remote sensing as
was mentioned before. In the last years, several researches have been developed ultra
long RFL, reaching 300 km [130]. Some of the above mentioned lasers used distributed
mirrors, being the so called Random distributed feedback fiber lasers. The distributed
gain contributions along the fiber open a broad field of research as is it explained below.

1.3.3.1 Random distributed feedback fiber lasers

Random distributed feedback (RDFB) based on Rayleigh scattering through Raman am-
plification have been nowadays the subject of intense theoretical and experimental stu-
dies [131]. Random lasers are characterized by open-cavities or mirror-less-cavities.
This means that, unlike conventional fiber lasers, their principle of operation relies on
distributed scattering events along the fiber cavity. Since the experimental demonstra-
tion in 2010 of the RDFB based on Rayleigh scattering [132], some research groups are
devoted to use its interesting characteristics to propose different lasing structures. S.
A. Babin et al. have presented a complete overview of the art up to date in [133]. That
review describes the fundamentals of the RDFB fiber lasers, various lasing schemes,
the basic output characteristic, a theoretical model, its experimental demonstration, and
potential applications of various RDFB fiber lasers.
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Figure 1.15. Schematic diagram of a random distributed feedback fiber laser operation.

Figure 1.15 shows a basic RDFB fiber laser setup where standard single mode fiber
is pumped from the center of the fiber to both ends [134]. Trying to explain the RDFB
effect in simple words, as it was aforementioned, standard fibers presents material
inhomogeneities due to the fiber's fabrication process. Owing to these inhomogeneities,
Rayleigh scattering occurs and the backscattered light is amplified by the SRS effect in
each point along the fiber. These amplified Rayleigh backscattering contributions also
generate double backscattering events along the cavity. All these random events produ-
ced inside the cavity generate, when the gain overcomes the losses, the random distri-
buted feedback lasing process.

Figure 1.16. Schematic diagrams of the forward-pumped RDFB configurations.
There exist three different basic configurations of the RDFB fiber laser (figure 16, 17 and

18) [133]. Figure 16 scheme is called the forward-pumped configuration. It is due the
laser output is co-propagating with the pump wave. It can be formed of a symmetrical
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scheme based on 2 fiber spans of lengths L. It has an equivalent configuration in which
only one fiber span of length L and only one pump laser is used with a mirror of 100%
reflectivity placed at z=0.

Figure 1.17. Schematic diagrams of the backward-pumped RDFB configurations.

Configuration shown in figure 17 is called backward-pumped because the output gene-
rated wave is counter-propagating with the pump wave. Its equivalent scheme has the
only difference that the reflection mirror is placed at the opposite fiber's extreme than
the pump source.

Figure 1.18. Schematic diagram of the single-arm RDFB configuration.

Finally, figure 18 scheme comprises a fiber span of length L with one pump laser placed
at z = 0. In this case, there is no any reflector, thus the laser is operated via the RDFB
only. It is called single-arm configuration.

The fiber length required for lasing based on the RDFB can be estimated as follows

[132]. Neglecting pump depletion due to Stokes wave generation, the longitudinal distri-
bution of the Raman gain g, P, (z) is defined by the pump power attenuation:

P.(2) =P exp [-a, Izl (1.21)
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where a, = 0.057 km™. Thus, the length of the amplification region estimated through the
gain/loss balance condition, g, P, (L.. )= a, gives:

l.n (gR PU/G.)

Les = =5 (1.22)

As will be presented in chapter 4 and in part of chapter 5, the forward-pumped confi-
guration was selected for this PhD work. This choice was due to the output port of this
configuration is placed at L or — L allowing remote configurations.
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Figure 1.19. (a) Typical output power performance of a single arm forward-pumped RDFL and (b) its generated spectrum.

RDFB lasers have a clear generation threshold as depicted in figure 1.19 (a). They ge-
nerate a well-confined optical spectrum with a typical width of 1 nm (124). They have
attracted a lot of attention because of their advantages such as simple technology (no
need to form a precise micro-cavity), low production costs, stability and special spectral
properties. While conventional lasers have longitudinal modes associated to the cavity
length; random lasers, which have infinite distributed cavities along the fiber, excite the
whole of the lasing spectrum, achieving an emission line as wide as the optical gain
spectrum permits. This characteristic allows modulating random lasers without the
locking frequency problems of the conventional fiber laser configurations [135] and be-
sides, it is an appealing structure for multi-wavelength laser generation. They are also
able to reach long distances [134, 136]. However, for many applications, their current
performance has to be modified to be able to challenge conventional lasers. Various
schemes can be applied to improve the performance of random lasers with the challen-
ging goal of achieving stationary operation with beam quality comparable to those of the
conventional lasers [132].
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The generation of radiation due to the Raman gain and the propagation of the generated
waves in the fiber cavity in terms of the time averaged optical power is given by a sys-
tem of differential equations, often called the power balance model [9]. This model takes
into account all important physical effects, including fiber losses, Raman gain, pump
depletion, amplified spontaneous emission, Rayleigh backscattering and propagation
trough the fiber. By using these equations and assuming the forward-pumped configu-
ration, one can derive an analytic expression for the threshold in the long-length limit L
>> 2L,

Po=-g (1410 (B70)) w52 (L[S )=08w 129

In short, RDFB technology represents a new field of research that brings together such
diverse areas of science as laser physics, the theory of disordered systems, fiber optics
and nonlinear science. Hence, RDFB fiber lasers are important for practical engineering
applications such as laser radars, biomedical imaging, remote sensing, communica-
tions, ranging and distance measuring and optical astronomy. However, problems in
wave transport and the interactions of light with random media also present challenges
to modern science [132].

1.4. FIBER OPTIC SENSOR NETWORKS

An important advantage of fiber optic sensors is the ability of being multiplexed. By
multiplexing it is understood that multiple sensing points can be measured in a single
sensor network using the same signal header and transmission channel thus reducing
the overall cost of the systems. Multiplexing of optical fiber sensors is a concept that
includes three basic tasks [137].
e Launching of optical signals with the correct power level, spectral distribution,
polarization and modulation into the network.
» Detection of the optical power portion codified or modulated by the sensor ele-
ment, sent by means of transmission or reflection.
e Unique identification of the information corresponding to each sensor in the
network, by means of proper addressing, polling and decoding.

Different kinds of fiber optic sensors networks are resumed in table 1.3. Sensor net-
works are classified following the type of sensor to be multiplexed, the sensor distri-
bution and the network topology. Regarding to the sensors, the classification differen-
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tiates between networks depending on the combination of sensors, one kind of sensor

(simple) or different kinds (hybrid), the type of sensor and the modulation used to codify
each sensor.

Table 1.3: Classification of the multiplexing fiber optic sensor networks

SENSOR NETWORKS CLASSIFICATION

Sensors
Distribution Topology
Combination Type Modulation
Serial bus
TDM
Dual bus o ladden
Simple Transmissive WDM Point multiplexed -
ar
Hybrid Reflective CDM Distributed
Tree
PDM
Mesh

As presented in table 1.3 there are different multiplexing topologies that are all depic-
ted in figure 1.20. They are bus, dual bus or ladder, star, tree and mesh from “a)” to “e)”
respectively.
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Figure 1.20. Different point multiplexing topologies schematic diagrams. a) bus, b) double bus or ladder, c) star, d) tree and e)
mesh.

Using previous topologies, large amount of sensors can be interrogated. High perfor-
mance architectures can theoretically be extended to interrogate at least 192 [138] to
256 [139] sensors through two fibers. Recently this technique has been extended to a
novel architecture considered to be the best approach to support high resolution. Liao et
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al. show the viability to interrogate up to 4096 sensors using only commercial compo-
nents through one pair of telemetry fibers [140].

Other kinds of sensor networks are the distributed optical fiber sensors. They are attrac-
ting an increasing interest due to their wide range of potential industrial applications in
strategic sectors such as energy [141], defense, security [142], or transportation. The
term distributed refers to the ability to simultaneously detect scale and location of a
measurand anywhere along a continuous length of sensing fiber. This differs from the
concept of multi-point sensing, where the measurement is done at specific locations
with point sensors. The use of distributed sensing was stimulated by the optical time do-
main interferometry (OTDR) technique. This technique, as further discuses below, uses
the Rayleigh backscattered light from an optical pulse propagating through the fiber
[143]. Different distributed sensing techniques will be presented in section 1.4.2.

Additionally, due to the noise and loss induced by Rayleigh scattering and attenuation
along the fiber respectively, the maximum transmission distance without amplification
is usually limited up to few tens of km [144, 145]. Because of that, the maximum measu-
rement distance of fiber sensor networks comes out to be a practical issue. A lot of work
has been done to increase the measuring distance of the sensors, however most of the
proposals make them setups quite complicated as presented next [137].

1.4.1. Fiber optic networks for remote sensing

Remote sensing using optical fiber systems has received an increasing attention in re-
cent years because it has proved to be a useful tool for monitoring a wide range of pa-
rameters in many fields. In general, the main idea behind remote sensing concept is the
continuous monitoring of structures from a central station located tens or hundreds of
kilometers away from the field through the critical location of sensors. These sensors
send information to the central station, without the necessity of electrical power feeds
in the remote locations [146-148]. Due to the noise and loss induced by the Rayleigh
scattering and attenuation along the fiber respectively, the maximum transmission dis-
tance with a broadband light source without using optical amplification is usually limi-
ted up to few tens of km [149, 150]. Being it so, the maximum measurement distance
of fiber sensor systems comes out to be a practical issue. In this PhD work, because
the low loss transmission characteristic of the technology, only distances above 50 km
(approximately the typical high speed data transmission limit without amplification) will
be considered remote sensing. A lot of work has been done to increase the measuring
distance of the fiber sensor, however most of the developed networks use quite com-
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plicated set-ups. In table 4 the state of the art of remote fiber-optic sensor systems is
presented [137].

Table 1.4: Remote fiber optic sensors systems state of the art summary

Network  Laser resource / amplifica-

Year / ref. REGE

length (km) tion type

2005/[151] 50 MWFL PS-FBG temperature and strain sensors

2007/[153] 100 Rayleigh backscatter Remote fiber dynamic strain sensing system

2010/[155] 100 Raman + EDFA Temperature sensors 30 dB signal noise ratio

BOTDA + bi-directional Ra- 2 m spatial resolution and a strain/temperature

2011/[157 120
1057 man amplification accuracy of 45 ue/2.1 °C

Sensing temperature changes with a sensitivity

2011/[159] 155 Raman + EDFA + Brillouin
of 10 pm/°C

Displacement sensor system based on a fiber
2011/[1611 253 No amplification prac Y
loop mirror

Dual-wavelength Raman fi- Simultaneous measurement of bending and tem-

2011/[163] 50
ber laser perature

EDFA and Optical Ti
'an il SRR Uil Hybrid FBG and displacement sensors based on
2012/[165] 50 Domain Reflectometry

(OTDR) microbenders

2013/[167] 75 Raman + EDFA Ladder structure
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Network  Laser resource / amplifica-

Year / ref. length (km) tion type Remarks
2013/[168] 200 Raman + EDFA 200 km remote lasers for FBGs multiplexing
2013/[169] 50 Switchable EDFL Strain measurements

Raman + FBG commercial Resilient remote power-by-light switching for

2013/[170] 50 . . .
interrogator FBG array interrogation

Temperature sensing with 5 m spatial resolution

2013/[171] 71 BOTDA + Raman . .
with 1.5 °C measurement uncertainly

2013/[172] 625 @OTDR + Raman Vibration sensing with 10m spatial reso lution at

380 Hz
2014/[173] 100 OTDR Refractive index measurements
2014/[174] 50 Raman + EDFA MWEFL for interrogating two sensor networks

In table 4, four works overcome 200 km, and are explained next. Firstly, Saitoh et al. pro-
posed in [154] a 230 km remote system for one FBG interrogation. A tunable laser was
amplified by an EDFA before 230 km of SMF fiber. After the 230 km fiber, a single FBG
sensor was placed. This FBG reflected the corresponding wavelength and, after the 230
km coming back, the highly attenuated FBG signal was detected by an avalanche photo-
diode (APD). The system included unwanted Rayleigh backscattered noise suppression
to improve the OSR.

Secondly, M. Fernandez-Vallejo et al. present in [160] a dual path ultra-long FBG sensors
network. In a first approach, an array of four FBG was placed 200 km away. The FBG
network was scanned by a tunable laser that was amplified by Raman amplification. In
order to avoid the Rayleigh backscattering, the second fiber collected the FBG informa-
tion and guided it to be detected by an OSA. In the same publication, they reach 250 km
with an equivalent setup. Notwithstanding, in order to make a more efficient procedure,
a monitoring station improvement was performed. An in deep study of the emission line
propagation’s issues was done. A high dependence of the line width with the line power
was observed. Hence, they developed a home-made tunable fiber optic laser with an
optimized line width. Thus, they improve the system’s OSNR up to 18 dB at 250 km.

Finally, as will be presented in chapter 3 of this PhD work, a single displacement sensor
was interrogated 253 km away [161]. This distance was reached by using a commercial
OTDR without any amplification mechanism.
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1.4.2 Distributed sensor networks

An important advantage of fiber optic sensors is that, by combining fiber sensing with
fiber telemetry, unique forms of sensors can be created. In the distributed sensing tech-
nology the measurand field acts on a length of fiber that can be monitored in both, the
temporal and spatial domains [175]. The most important parameters and conditions to
be optimized for best distributed fiber sensing are three. The primary key parameter is
the signal-to-noise ratio (SNR) on the raw response (temporal trace or equivalent). The
next important parameter is the sensitivity of the response to the measured quantity.
This parameter also impacts on all the sensor’s properties, since for a given target ac-
curacy on the measured quantity a higher sensitivity requires a smaller SNR. The last
important parameter is the linear depletion due to the interaction. This must remain
small enough to prevent from an excessive cumulated depletion of the activating signal.
Now the distributed sensors can be classified into 2 broad categories. Those based on
backscattering events and those based on a coherent coupling through a resonant lon-
gitudinal structure, such as a distributed Bragg reflector. Within this broad framework,
following are classified the different existing distributed fiber sensors [176]:

* Raman-based sensors

e Spontaneous Brillouin-based sensors (BOTDR)

» Stimulated Brillouin-based sensors (BOTDA)

e Coherent Rayleigh-based sensors (C-OTDR)

» Dynamic Brillouin gratings sensing (DBG)

« Faint long gratings (FLOG)

In this PhD work, an important part is based on the Rayleigh scattering effect for dis-
tributed or quasi distributed sensing. Rayleigh scattering, as it was aforementioned, is
the major source of attenuation in modern telecommunications networks in the entire
wavelength range from 800 to 1700 nm. As mentioned before, this linear scattering
effect is a consequence of the microscopic inhomogeneities of the optical fiber material.
When a light wave interacts with such material fluctuations, it is partly scattered [177].
Part of this scattered power is recaptured by the fiber and counter-propagates. This
effect is the basis of the reflectometric techniques used in following systems allowing
distributed measurements.

1.4.2.1 Optical Time Domain Reflectometry (OTDR)
The widespread use of single-mode optical fiber in communication and sensor systems

generated the development of a new family of instruments for fiber networks analysis.
One of such instruments that were commercialized is the optical time domain reflec-
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tometer [178] (OTDR) used for the analysis of attenuation and scatter in optical fibers.
Conventional OTDRs use pulsed optical sources in their operation. In this respect, they
are an application of the laser radar principle to fiber optics [179] measuring the range
and scattering or reflections from fiber discontinuities. The resolution is determined by
the pulse rise time [180].

Directional coupler FUT

PL } ' - —
L_J First connector
FUT
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D «—
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v

Z 7+dz

Figure 1.21. Basic setup for an optical backscatter reflectometer.

A basic scheme of an OTDR is illustrated in figure 1.21. The working principle of the
OTDR becomes with the emission of an optical pulse (P, and dz) through a coupler which
enters the fiber under test. As the optical pulse travels along the fiber generating si-
multaneously, due to the Raleigh effect aforementioned, a backscattered signal (P (z))
proportional to the optical pulse power (P (z)) at this point (z). Thus, a continuous backs-
cattering light is generated along the fiber. Afterwards, this backscattered light (P (z)) is
collected by the directional coupler to be detected by the photodiode. In time, the detec-
ted signal is proportional to the backscattered light generated by the optical pulse along
the fiber and transmitted back to the detector. Therefore, each time contribution refers
to the backscattered light of a specific zone of the fiber. Numerically, the backscattered
power measured at the fiber input/output is given by:

dP, (z) = dP, (z)e*dz = P B_ (A, z)a, (n,z)e 2otz dz7 (1.24)
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Where o is the total attenuation coefficient, is the scattering coefficient (both in km™)
and B_is the backscatter captured fraction that quantifies the amount of light propaga-
ting backwards to the source. As light travels at a finite group velocity, it takes a time t
for this pulse to reach the position, which is equal to:

z=v t (1.25)
Thus, in a simplest form, the signal called OTDR trace can be rewritten as:
S(z) =K-a'(2) (1.26)

where K is a constant and is the attenuation coefficient expressed in dB/km. Figure 1.22
illustrates an example of an OTDR trace in which the different events that can be obser-
ved in a typical network are detailed.
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Figure 1.22. OTDR trace sample showing different events in a fiber optic network

The first reflection peak makes reference to the optical pulse at the input connector. The
second peak is the Fresnel reflection created in the fiber connectors. After it, a small
slope is created by a lossy splice or it can be also caused by, i.e., a micro bend. Other
event presented in the OTDR trace is the blinding reflection. It is obtained when a very
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high reflection saturates the photo-detector and it presents a maximum value while
it is saturated. Finally, when the fiber end is not adapted, a Fresnel reflection appears
just before the detection noise level. The value between the noise level and the power
after the input reflection determines the available measurement dynamic range for the
selected OTDR configuration. It is also highlighted the fiber attenuation slope. This slope
has to fit with the nominal fiber attenuation provided by the manufacturer. The attenua-
tion slope of the SMF28 fibers used during the experiments of this PhD work was ~0.19
dB/km.

There are three key parameters which define the OTDR performance: the dynamic ran-
ge, the spatial resolution and the pulse width. The dynamic range quantifies the maxi-
mum loss that can be measured by the OTDR. The spatial resolution is the ability of an
OTDR to distinguish between two close events. The correspondence between the spatial
resolution is given by . The pulse width (W) value has a direct impact on the spatial reso-
lution and the dynamic range. The wider the pulse, the lesser the spatial resolution and
higher dynamic range and vice versa [177].

Optical time domain reflectometry is a suitable technique to interrogate different kinds
of sensors and thus, to measure the induced change in the optical intensity at different
locations along the fiber. Parameters like strain and displacement can be measured by
detecting the Rayleigh backscattered light loss. OTDR is one of the most important sen-
sor measurement techniques and its importance in structural health monitoring (SHM)
has increased due to its suitability for real time monitoring of the large civil engineering
structures’ deformation [181-184].

1.4.2.2 Optical Frecuency Domain Reflectometry (OFDR)
As was explained before, OTDR range resolution is set by pulse duration. For high reso-

lution performance, coherent systems have been developed improving overall sensitivi-
ty by the use of a heterodyne receiver.

50:50

Figure 1.23. Schematic diagram of a basic OFDR system.
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In the simplest version of coherent OFDR in a Mach-Zehnder based interferometer (fi-
gure 1.23), highly monochromatic low power light is coupled into the fiber. The optical
frequency o is slowly varied by a time-linear sweep. For coherent detection, the backs-
cattered wave is mixed with a coherent reference wave at the detector [185]. To better
understand the working principle, if two ideal reflectors are placed in the middle of the
fiber under test (figure 1.23) and no more backscattered contributions are considered,
two different interferences would be obtained due to different reflector position. Due
to the phase shift variation between both reflections, a different frequency of the in-
terference patterns is expected. The two isolated patterns and the combination of both
are presented in figure 1.24. To obtain the spatial position of both reflections, a Fourier
analysis is performed and the contributions obtained are in agreement of the real posi-

tion of both reflectors.

Figure 1.25. Basic structure of an optical backscatter reflectometer.

In this PhD work an optical backscatter reflectometer (OBR 4600) from Luna INC will be
used to characterize and study the optical behavior and propagation characteristics of
different special fiber and structures. The working principles of the OBR are published
by the manufacturer in [186]. From an optical point of view, this equipment is formed
of two Mach-Zender interferometers, two polarization controllers, a polarization beam
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splitter and three photodiodes. The schematic is depicted in figure 1.25. Explained in
a few words, the Mach-Zehnder interferometer of the left has the objective of creating
two time-shifted, orthogonal polarization states which simultaneously interrogate the
device under test (DUT). Hence, the photodiode “A” is used to control the correct align-
ment of the polarization by minimizing the fringe amplitude at the detector. The second
polarization controller, P2, is used to ensure that the field components associated with
the two branches of the first interferometer are divided equally between the orthogonal
polarization states defined by the polarization splitter. Finally, the field that propagates
through the upper branch of the second interferometer experiences a polarization de-
pendent loss and phase shift due to the DUT. Thus, the detected fields in S and P are the
interference of the two orthogonally aligned polarization states; and applying a Fourier
analysis, a reconstruction of the backscattered events along the DUT can be performed.

1.5. CONCLUSIONS

This chapter has summarized the basis and the state of the art of the main technological
concepts to be used in the following chapters of this PhD work. Thus, chapters 2,3,4,5
and 6 are intended to contribute to de development of new: single fiber optic sensing
heads, reflectometric based interrogation schemes, RDFB fiber lasers, fiber optic sen-
sor networks and, finally, three different applications of fiber optic sensors in structural
health monitoring.
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Chapter Il. Development of new Fiber Optic Sensing Heads

INTRODUCTION

Fiber optic transducers are one of the main subsystems in a fiber optic sensor sys-
tem. Fiber optic sensors are composed of 3 different subsystems: the optoelectronic
unit, the transmission channel and the sensing transducers. In point sensors systems,
these transducers are inside the sensing heads; being these the most characteristic
subsystem.

This PhD work is focused on the measurement of different physical parameters for
applications related with remote sensing and SHM. Typical parameters to be measu-
red in those applications are temperature, strain and sometimes vibration and dis-
placement. In this chapter, three specific point sensing heads that were developed for
measuring displacement and strain are detailed, although in following chapters fiber
optic transducers for measuring temperature, magnetic field and pressure will be also
developed.

Fiber optic sensor systems are usually an expensive way to measure a single point,
however, their capability to multiplex a large number of sensors makes this technology
very attractive and cost efficient. The proposed sensors in this chapter try to reduce the
cost of a single sensing head improving well known techniques.
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2.1. PHOTONIC CRYSTAL FIBER SENSING HEADS

Photonic crystal fibers are a recently popularized kind of optical fibers [1], which pre-
sent a geometry characterized by a periodic arrangement of air-holes running along the
entire length of the fiber, centered on a solid or hollow-core. The major difference bet-
ween PCFs and single mode fibers (SMFs) relies on the fact that waveguide properties of
photonic crystal fibers are not due to spatially varying glass composition as in conven-
tional fibers, but typically from an arrangement of very tiny and closely spaced air-holes
going through the whole fiber length. In contrast with standard optical fibers, photonic
crystal fibers can be made of a single material and have several geometric parameters
that can be manipulated offering a great flexibility of design. Therefore, PCFs present a
diversity of new and improved features when compared to common SMFs, introducing
innovative solutions in the sensing field [2]. For example, conventional optical fibers
contain two different materials with different thermal (thermal expansion coefficient)
and mechanical properties (Young's modulus and Poisson’s ratio), generating high ther-
mal stress when the fiber is subjected to temperature variations, consequently chan-
ging the birefringence of the fundamental mode. Since a kind of PCFs called Hi-Bi PCFs
are made of a single material, they do not present thermal stress, and thus, Hi-Bi PCF
temperature associated variations were experimentally measured to be negligible [3].
The special guiding characteristics of the PCFs and the huge number of different fiber
configurations offer a great potential for their use as sensors.

2.1.1. Micro-displacement sensing head based on a Suspended Core PCF in a Sagnac
structure

Sensing solutions based on bending mechanisms in optical fibers have been widely stu-
died over the years [4]. Using SM fiber bendings, different strain/displacement sensors
have been proposed. [5-8]. These sensors presented good sensitivity and stability, but
the output signal presented wavelength dependent losses due to core-cladding modal
coupling. Other successful approaches for the utilization of fiber bends took advantage
of birefringence based interferometric sensors. Thus, Sagnac loop based strain sensors
using PCFs have been proposed: by employing one high birefringence PCF loop filter
without polarization optimization [9], or by using a four-hole suspended-core fiber Sag-
nac [10], or even by applying two concatenated Sagnac interferometers [11]. The use of
Hi-Bi PCF based Sagnac loops presents high extinction ratios and high insensitivity to
temperature [12].

Figure 2.1 illustrates the first proposed transducer using PCFs of this PhD work. A
broadband source provided the illumination to the sensing system through a 90:10 op-
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Signal out

Light
Source

Figure 2.1 - Sensor system configuration. Inset: photograph of the suspended-core fiber used. ><Splice point.

tical coupler (OC), which divided the light between the Sagnac interferometer and the
reference output. The Sagnac loop filter was formed of a 50:50 OC, ~52 cm of a sus-
pended-core fiber (SCF) and a polarization controller (PC). The SCF was spliced to the
OC output fibers (single mode fiber-SMF), adding both splices a total loss of ~3 dB. The
suspended-core fiber was fabricated at the IPHT (Institute of Photonic Technology, Jena,
Germany) and consists of three big holes with a diameter of ~45 pm surrounding a ~6
um diameter core (inset figure 2.1).

Stress was induced in the SCF using two bending plates (BP), shown in figure 2.1. Three
different instruments were used for the output signal measurement: an OSA with a
maximum resolution of 10 pm, a semiconductor photo-detector (New Focus 1811, 125
MHz, 900-1700 nm, high trasinpedance gain, 4x104 V/A, low noise equivalent power
(NEP) and 3 ns rise time) and the optical backscattering reflectometer 0BR4600 develo-
ped by Luna Technologies.

Output signal (dBm)

1545 1550 1555 1560 1565
Wavelength (nm)

Figure 2.2 — Transmission output signal of the Sagnac loop filter.
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The two main advantages of using this structure with the SCF for displacement mea-
surements are: its insensitivity to temperature variations (0.009 dB/°C) in this configu-
ration and its negligible core-cladding mode coupling problems. The geometry of the
utilized fiber provides a high birefringence, and implies a high refractive Index differen-
ce for the different polarizations excited. The small core achieves a high confinement
of the light into the core and low critical bend radius [13], leading to no core-cladding
modal coupling setbacks with bendings (difficult to achieve using standard fibers) and
a multimodal behavior.
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Figure 2.3 — FFT of the multimode oscillatory pattern.

The transmission output signal of the Sagnac interferometer is presented in Figure 2.2.
As it can be seen in this figure, the output signal interference is not purely due to bire-
fringence, but presents also another oscillatory pattern due to its multimodal behavior.
In order to properly characterize the SCF, a detailed study was carried out via the OBR.
This equipment provides high spatial resolution (~10 uym) for different measurable mag-
nitudes, such as amplitude, polarization states and return loss in the frequency domain.
By using it, while the SCF was stressed, the multimodal behavior and the polarization
variation were studied. As so, a fast Fourier transform (FFT) of the SCF multimode os-
cillatory pattern was calculated, as it can be seen in figure 2.3. The effect of different
propagation modes can be observed: 5 high energy interferences are visible and some
other interferences appeared, although with less energy. The beating between these
modes makes the output spectrum versus wavelength to exhibit an oscillatory pattern.
In the interface zone between the SMF and the SCF the fundamental LPO1 mode of the
SMF couples to the modes supported by the multimode SCF. In the SCF-SMF interface,
the propagation modes, propagated along the SCF length, interfere. During the stress in-
duced measurements, it was observed that the propagating modes” energy gets scram-
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bled as the induced stress varies. Since the light is extremely confined in the SCF’s core,
the propagating modes transport a negligible amount of power through the cladding. As
mentioned before, this feature insures the overcoming of core-cladding mode coupling
problems, typical in bending based sensor systems. It also insures that the average out-
put power of the propagating modes is maintained constant during stress variations on
the fiber (while illuminated by a broadband source).
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Figure 2.4 — 0BR measured polarization states for two different stress situations as a function of the fiber
length (Om<LSCF<0.528m)

A study of the SCF polarization states was preformed for several stress conditions. In
figure 2.4 the polarization states for two different stress situations applied to the SCF
are shown. The fiber length at which the stress variations were induced is indicated by
an arrow in figure 2.4. The information obtained from figure 2.4 is the location and be-
havior of the splicing zones, the exact length of the SCF used and the relative variation
of polarization states. The first observation that can be made is related to the higher
peaks, corresponding to the splice zones between the SMF and the SCF. Through this
observation the length of the SCF can be easily calculated, being accurately 0.528 m. But
the most valuable information that can be extracted from figure 2.4 is the polarization
variation with the length of the fiber. For lengths lower than 0 m and higher than 0.528
m (SMF zone) there are no visible polarization variations. While for the length corres-
ponding to the SCF (0m<L<0.528m) a roughly periodic variation of the polarization com-
ponents can be observed, confirming the existence of birefringence in the SCF. A change
of the polarization states can be seen in the stress zone when stress is induced in the
SCF. The change of the polarization states modifies the reflected and transmitted power
in the Sagnac interferometer. As the light is highly confined, there is no loss inside the
loop and the controlled polarization change induced by the bending plates modifies pro-
portionally the transmitted and reflected signal as depicted in figure 2.5.
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Another observable phenomenon is an increase in power between both splices, which
we attribute to Rayleigh backscattered light: the SCF’s core is expected to present more
inhomogeneities distributed along the fiber than a SMF, thus presenting more Rayleigh
backscattered light.
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Figure 2.5 — a) Sensor response with displacement variation, when measured with an 0SA, a detector and an OBR. b) Sensor
signal power fluctuations.

After the study of the SCF properties, the SCF fiber was tested in the sensing setup, pre-
sented in figure 2.1, in order to measure micro-displacements. The measurements were
performed with a high precision motorized stage, obtaining a range of displacement of
380 um, with a step of 5 um. The output signal monitoring variation with displacement
was made through three different detection equipments: an 0SA, a detector and the
OBR. The sensor response to displacement variations is presented in figure 2.5 (a). It
can be seen that the output signal response is highly linear regardless of the monito-
ring instrument. Stability measurements were made in order to determine the power
fluctuations of the sensor output signal. As it can be observed in Figure 2.5 (b), these
fluctuations did not exceed 0.03 dB in a 30 minutes lapse. As so, the measurement error
due to the system stability was ~0.45 pm .

2.1.2. Strain sensing head based on a Hi-Bi PCF

An in-reflection interferometric Hi-Bi PCF sensing head for strain measurement is also
proposed. A study of the sensing head characteristics is shown, being the theoretical
study in accordance with the experimental data obtained through the OBR. Finally, a cost
efficient sensing system based on this transducer is demonstrated.
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2.1.2.1. Operation Principle

The operation principle of the sensor is based again on two main properties of the Hi-Bi
PCF, high birefringence and low temperature sensitivity. The low temperature sensitivity
characteristic, as it was explained before, is a direct consequence of the fabrication of
the fiber using a single material. On the other hand, when light travels through a high
birefringence fiber the speed difference between the two polarization axes causes the
resulting polarization state to vary along the length of the fiber in a controlled manner.
As it was presented in section 1.1.1, the beat length (LB) is defined as the distance to
which the polarization rotates 360 degrees:

Ly=-2 1)

where A is the wavelength at which the beat length is measured and b is the birefrin-
gence of the fiber. Since the sensing head works in reflection, the interference pattern
is proportional to twice the fiber length and its wavelength dependence that can be
expressed by eq. (2.2), where L is the fiber length, A is the amplitude of the transfer
function and ¢ is the total phase:

R (1)],5= 10Log | ACos (2m -2b-- q>)]2 22)

The total phase is defined as ¢ = ¢, + Ad. Where ¢ is the initial phase and A¢ is the phase
change induced by external perturbations. When strain is applied to the fiber, the phase
variation will be given by:

AQ(M) = L. (Ab-21 + 2ALb) (2.3)

where Al and Ab are the length and birefringence variations, respectively.
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2.1.2.2. Sensing Head Characterization

The Hi-Bi PCF sensing head was obtained by splicing one end of ~20.8 cm Hi-Bi PCF to a
SMF (maximum loss of 2 dB) and cleaving the other end. The Hi-Bi PCF is a polarization
maintaining photonic crystal fiber, PM-1550-01 from NKT Photonics with a beat length
of ~3.65 mm @1550 nm and a 1 dB/Km attenuation (a photograph of its cross section
can be seen in figure 2.6(b)). Figure 2.6 (a)presents the setup used to characterize the
sensing head. The OBR, a linear polarizer, a polarization controller (PC) and the Hi-Bi
PCF sensing head were utilized.

The output light from the OBR was polarized by the linear polarizer while the polariza-
tion controller allowed adjusting the alignment angle between the source and the PCF.
When the light was propagated along the PCF, a phase shift was generated between the
two polarization axes.

a
() Hi-Bi PCF
T cxX X) Sensing Head
Linear
—>
Polarizer Fixed Displacement
Region

(b)

Figure 2.6 (a) Schematic of the experimental setup used to characterize the Hi-Bi PCF sensing head and (b) optical microscopic
picture of the Hi-Bi PCF cross-section.

The light was reflected in the cleaved end and when the light reaches the linear pola-
rizer, the phase shift between the polarization states occurred resulting in an interfe-
rence pattern in the linear polarizer. The interferometric signal obtained for the sensing
head is presented in figure 2.7.

Since the sensing head is based on a Hi-Bi PCF, it is sensitive to the angle between the
input polarized light and the polarization axes of the fiber. According to theory, if this
angle is 0° or 90° there is no interference signal, however, if the angle is 45° both com-
ponents will have the same optical input and the interference will be maximum. Figure
2.8 presents the interferometric spectra obtained for different angles between the input
light and the polarization axes.
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Figure 2.7. Reflected spectrum of the Hi-Bi PCF interferometer in a relaxed position, when no external

force is induced on the sensing head.
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Figure 2.8. Interferometer spectra obtained for different polarization controller positions.

When strain variations were applied to the PCF, the interference output signal (presen-
ted in figure 2.7) shifted in wavelength. Figure 2.9 displays the experimental and theo-
retical results obtained for three different strain variations (0 pe, 500 pe and 1,000 pe).
As it can be seenin figure 2.9, the spectrum presents a wavelength shift when strain va-
riations are forced into the sensing head, conforming to the simulations also presented
in the same figure. Based on this characterization, strain measurement can be achieved
by monitoring the interference wavelength shift, which presents a proportional behavior
with strain variations.
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Figure 2.9. Experimental results (solid line) and theoretical simulations (dash line) of the reflected output
signal for three different strain induced variations.

2.1.2.3. Sensor System and Results

After the Hi-Bi PCF sensing head characterization, the response to strain variations was
measured through a cost efficient intensity based setup depicted in figure 2.10. The
experimental configuration consisted of a semiconductor tunable laser source @1554
nm (Ando AQ8201-13), a circulator, a linear polarizer, a polarization controller, the Hi-Bi
PCF sensing head, and an OSA. After the circulator, the laser light was linearly polarized
and the polarization angle optimized before reaching the Hi-Bi PCF sensing head. The
reflected signal that interfered in the linear polarizer passes again through the circula-
tor before reaching the OSA.

Hi-Bi PCF

m Sensing Head
- PC ‘ > VAR
Linear
>
Polarizer Fixed Displacement

Region

Figure 2.10 Experimental setup for strain measurement with an interferometric in-reflection Hi-Bi PCF sensing head.

When strain changes are applied to the Hi-Bi PCF, a phase shift in the interference pat-
tern occurs proportionally to this strain (figure 2.9). Using the cost effective system
illustrated in figure 2.10, the sensing head interrogation is undertaken by modulating
the laser intensity. When the interference slope shifts with the strain, the laser power
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varies proportionally. The observed power variation due to strain is depicted in figure
2.11.To achieve this plot, the fiber was fixed to a stepper motor with increments of 22.2
pe. The Hi-Bi PCF sensing head response shows a quadratic behavior followed by a li-
near region. The linear region shows a sensitivity to strain variations of 7.96 dB/me in
1200 pe range. The breaking point of the sensing head was close to 5000 pe.
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Figure 2.11. Measured optical power variation with strain.

This interferometric sensing head shows an appropriate response to strain variations,
opening the possibility to obtain even better performance with a proper auto-referenced
interrogation scheme such as a highly stable in-quadrature dual-wavelength fiber laser
[14]. Also, the use of this system in-reflection is an attractive choice as a basic sensing
element since it is simple, compact and presents the ability of remote sensing and mul-
tiplexing. Even more, reflective sensors enable the possibility for interrogation from a
network header using a single fiber, as done in OTDR interrogation systems; that are
explained briefly in the following chapter.

2.2. OTHER SENSING HEADS

Throughout this PhD. Work, diverse kinds of point fiber optic sensing heads will be used
in different applications. Part of them are based on the modulation of the intensity of
light that circulates through the transducers. The latest sensing head in this chapter
may be considered as a new configuration in order to improve the dynamic range of
those sensors. An intensity displacement sensor is inserted into a fiber ring resonator
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structure, improving the dynamic range of the fiber optic transducer. This method can
be applied to enhance the performance of other intensity sensors when needed.

2.2.1. Slow-light based micro-displacement sensor

Light-matter interactions are normally weak in most optical media in conventional
conditions. Slow light structures allow a large reduction of the group velocity of the
light signals travelling through them, and, as a consequence, a great enhancement of
light-matter interactions [15]. These interactions include various linear and nonlinear
effects.

From the point of view of fiber sensors, the possibility of enhancing light-matter in-
teractions may favor the development of more compact and sensitive devices. Some
research effort has been devoted to understanding the exact enhancement values given
by slow light in different light-matter interactions. For instance, the role of slow light in
enhancing nonlinear effects has been theoretically and experimentally investigated [16,
17]. The enhancement factor in Kerr effect has been shown to scale as ng? (ng being the
group index of the structure). This enhancement effect has been explained as the com-
bined effect of two contributions: the longer transit time of light pulses in the medium
and the higher energy density due to spatial pulse compression. It has also been theo-
retically and experimentally proved that the extreme dispersion of slow light can lead
to an enhancement in the spectral sensitivity of interferometers given by n, [18]. The
role of slow light in enhancing gyroscope performance [19] and Beer-Lambert-Bouguer
(BLB) absorption [20, 21] has also been theoretically and/or experimentally investiga-
ted. Generally speaking, light-matter interactions have been found to be only enhan-
ced in structural slow light systems (e.g. coupled resonators, Bragg gratings, etc.), i.e.
systems relying on multiple interferences. Material slow light systems (e.g. stimulated
Brillouin/Raman scattering, parametric amplification, etc.) do not follow the same rules,
the origin of this difference being that the electromagnetic energy velocity in material
slow light does not depend on the group index [22].

From the fiber sensing point of view, it is therefore interesting to find structural slow
light media, i.e. passive structures in which the group index could be tuned widely. Such
a system could be considered as a platform for the development of slow-light assisted
sensors. Following it is theoretically and experimentally demonstrated a wide range
tuning of the group delay in a lossy fiber-based ring resonator. This structure is shown
to exhibit strong group delay changes close to the critical coupling regime. The strong
group index variations observed are accompanied by strong absorption sensitivity en-
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hancements, following similar scaling laws in both cases. For demonstrative purposes,
a simple displacement sensor with sub-micrometric resolution is developed.

2.2.1.1. Theory
Basic Analysis of Lossy Ring Resonators and their attenuation sensitivity

In this section it is performed a theoretical study of slow and fast light in lossy fiber ring
resonators. Depending on the coupling ratio and the loss in the resonator, the group de-
lay of the ring resonator can be tuned from strong delay to strong advancement, in par-
ticular when the losses in the resonator are tuned close to the critical coupling regime.

VOA

INPUT OUTPUT

Figure 2.12. Fiber-based lossy ring resonator considered.

Figure 2.12, depicts a fiber ring resonator with a variable loss element inside. Despite
not being shown, a polarization controller ensures that the polarization evolution over
one round-trip remains constant. Our analysis of this structure is similar to the analysis
found in [23] for resonator-coupled waveguides. A transfer function can be found:

ionL

(2.4)

E exp(ing ) _Ka

where x and a are the coupling ratio (square root of the fraction of recirculated power)
and the field transmission coefficient in the resonator (in unitless form) respectively. As
expected, the transfer function leads to resonances in the spectrum with a periodicity
given by c/nL. These resonances exhibit steep dispersion slopes close to the center,
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leading to large group delays, especially when tuned close to the critical coupling case.
It is possible to theoretically evaluate the group delay in the resonances by finding the
phase of expression (2.4), obtaining the derivative with respect to w, and evaluating the
obtained expression at the resonant frequencies. The resulting expression for the group
delay is:

nL__di=x’) (2.5)

e c .K(a2+1)—a(1(2+1)

It can be seen that the delay in the resonator can be expressed as the regular single-
pass delay of the resonator (nL/c) multiplied by a factor that may be varied continuously
by changing only the attenuation and/or coupling ratio in the resonator. It can be easily
shown that, when the losses exceed the coupling (undercoupling), negative group de-
lays can be found at the resonances, while they remain positive in the opposite case
(overcoupling). A discontinuity in function (2.4) is found for the critical coupling case (a
= k), where the group delay function displays a vertical asymptote, taking values of -
when a — K- and + when a — k+. The evolution of the group delay close to the critical
coupling can be described by T, « (k-a)’. The qualitatively different behavior of both
regimes is depicted in figure 2.13.

Now is also possible to evaluate the transmission coefficient of the resonator in the
center of the resonance as a function of the attenuation and coupling coefficients. The
power transmission coefficient can be written as:

2
a—-kK

T = (2.6)

ka -1

As it can be seen, in the transmission coefficient, the case a = k (critical coupling) co-
rresponds to the case in which the transmission at the resonance center goes to zero. It
is interesting to evaluate the sensitivity of the absorption/attenuation in the structure to
small absorption/attenuation changes in the ring:

_dlnT_ 2 N 2
da K-a xa-1

S = (2.7)
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In this equation, the sensitivity S has been defined as the attenuation sensitivity of a
traveling-wave system (derivative of the log transmission).

The sensitivity of S to small variations in a can be extremely large under two conditions:
when the losses and the coupling ratio are equal (a = k) or when the ak — 1, which can
only be achieved when the losses are low and the re-circulated intensity in the loop is
maximized. This last case (high Q resonators) has been conventionally used in sensing,
as strong field enhancements and long photon lifetimes can be obtained in the cavity.
However, extremely high sensitivities can also be obtained in low-Q resonators by ex-
ploiting the region close to critical coupling (a = k). This region has been far less exploi-
ted in the literature, and is the region in which the group delay can be made extremely
large as shown before in this section.
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Figure 2.13. Phase, modulus and group delay response vs. frequency in a 1.59 meter and K=0.7 (~1.55 dB) fiber loop with (a)
1 dB attenuation and (b) 2 dB attenuation.

On the origin of sensitivity enhancement close to the critical coupling

It has been shown above that strong sensitivity enhancements occur close to critical
coupling, and also strong group index changes. One may then wonder if this enhan-
cement effect is related to the well-known field enhancement within a resonator or a
photon lifetime increase in the cavity. However, as mentioned, these situations are only
observed in high-Q resonators. The intensity recirculating into the cavity in resonance
can be written as:
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(2.8)

As it is visible, the circulating intensity decays monotonically as the losses are larger,
and only diverging in the high-Q case (ax —1, i.e. when the losses are zero and the re-
circulating power is maximized). In the critical coupling, the re-circulating power and
the input power are equal. This is consistent with the fact that the transmission of the
structure in this case is zero (all the energy is “kept” in the circulator). This storage pic-
ture is also consistent with the qualitative picture of slow light in a medium with infinite
group delay.

In addition to the previous discussion, it is important to turn the attention to the photon
lifetime in the cavity, which can be written as:

T_nL/c_ nl/c
0 (l—asz)

(2.9)

Where 0 represents the fractional power loss in one round-trip. As it is visible, the pho-
ton lifetime also decays monotonically with the loss inside the cavity, and does not pre-
sent any special behavior in critical coupling case.

There is another interesting relationship with slow light by evaluating the expression of
the sensitivity (2.7) and the group delay (2.5) close to the critical coupling. Both expres-
sions hold similar evolutions close to critical coupling:

o (/(—a)‘l x T, (2.10)

critical critical

To sum up, a theoretical study has been performed demonstrating the capability of los-
sy fiber ring resonator to tune between slow- and fast-light regimes by simply varying
the coupling ratio or losses of the structure. Around the critical coupling, strong group
delays can be observed which are expected to coincide with strong sensitivity enhance-
ments to attenuation or absorption in the ring for a fixed coupling ratio.

The next sections explore these concepts experimentally, proving the aforementioned
analysis and proposing a simple low-cost implementation of a displacement sensor ba-
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sed upon these concepts. For this purpose, an Optical Vector Analyzer (OVA) has been
used, obtaining both, the spectral response and the group delay variation as a function
of the losses inside the ring. Furthering these, a functional setup is proposed which
could measure sub-micrometric displacements in a simple setup with an assumable
cost.

2.2.1.2. Experimental validation of the theory

Figure 2.14. Experimental setup for the fiber ring under study. The structure is illuminated by “IN” port and
the response is detected by “OUT". BP: Bending Plates; PC: Polarization Controller.

Figure 2.14 illustrates the experimental setup for the lossy ring resonator structure
used in this work. A fiber coupler, a polarization controller and a high precision me-
chanic attenuator based on the stress-inducing plates also used in 2.1.1. (labeled BP in
the figure 2.14), were used for creating the lossy fiber ring. The main component in the
proposed structure was the 70:30 optical coupler. A polarization controller was placed
inside the ring to adjust the polarization transfer function of the ring. The attenuation in
the ring was varied by controlling the displacement of the bending plates through the
high precision actuator. The attenuation response induced by the plates on the fiber is
plotted in figure 2.15. The total length of fiber in the loop was ~1.59 meters. The OVA
was then used to measure the transmission and group delay response of the structure.
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Figure 2.15. Attenuation profile of the hending plates versus the displacement.

Figure 2.16 depicts two sample transmission and group delay spectra obtained for two
different attenuation values. The central wavelength for the analysis was set at ~1550
nm with 10 pm (1.25 GHz) measuring span. The separation between resonances (figure
2.16 (a) and (b)) corresponds to ~130 MHz as expected when ~1.59 m loop length was
used. Figure 2.16 (a) illustrates the group delay (above) and transmission (below) spec-
tra when the attenuation was set at ~1.43 dB, corresponding to the case a< k. As expec-
ted from the previous analysis, this configuration gave positive group delays (slow-light
regime), peaking in the resonances. In figure 2.16 (b) the attenuation was increased until
~-1.7 dB which corresponds to the case a>« (fast light regime). In comparison of the res-
ponse in figure 2.16 a), the peaks show negative values referenced to the ~150 ns mean
delay, corresponding to the expected fast-light response.
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Figure 2.16. a) Group delay and power transmission in the ring vs. frequency when ~1.43 dB attenuation is inside the ring. b)
Group delay and power transmission in the ring vs. when ~-1.7 dB attenuation is inside the ring.
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In order to compare the theory with the experimental results, the group delay and trans-
mission in the resonances were tracked as the ring loss was varied by shifting the pla-
tes. The results are depicted in figure 2.17 (a) and (b). The dots are the experimental
data and the lines correspond to the theoretical expectation obtained from the model
developed in the theory. A good agreement can be seen between the results obtained
experimentally and the theoretical model. At critical coupling (~1.55 dB attenuation), the
transition between positive group delay and negative group delay is visible (slow-fast-
light switch). Close to this point, the sensitivity to small absorption/attenuation is clearly
visible, small absorption changes providing large transmission changes. It is important
to highlight the enhanced loss sensitivity. In the following sub-section, it was taken the
advantage of this characteristic for its use in a fiber optic sensing application.
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Figure 2.17. a) Measured peak group delay as a function of the attenuation induced in the ring. b) Measured peak loss as a
function of the attenuation induced in the ring.

2.2.1.3. Enhanced sensitivity sub-micrometric fiber optic displacement sensor
cost effective proposal

One of the main objectives of this section is to provide a functional and practical appli-
cation of the previous structure. The measurements of the previous section already
show that strong absorption sensitivity can be achieved in this structure. Translating
the previous results in terms of displacement resolution, with this structure one can
already measure sub-micron displacements of the plates using a simple transmission
measurement in the resonances. However, the use of the OVA for the interrogation of
the structure is a very expensive solution. Thus, a functional and cost-effective solution
for the interrogation was crucial. The main idea was to track the transmission spectral
dips as a function of the plates’ displacement. Therefore, a high resolution tuning of a
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laser was necessary to scan over several resonances. Linearity, stability, and narrow
line-width of the laser were crucial to ensure that the transmission transfer function
was correctly measured. In this case, a conventional external-cavity tunable laser with a
line-with of 5 MHz was used as the sweeping source. The output power was detected by
a simple narrowband photodetector. Figure 2.18 illustrates the results obtained with the
proposed functional setup (black dots) in comparison with the OVA results previously
obtained (blue line). Small oscillations due to cladding mode coupling effects are visible
in the tunable laser measurement. Other non-idealities of the results can also be due
to the much larger line-width of this source in comparison with the OVA source and the
imperfect stability of the polarization. Still, the proposed setup shows reasonably high
sensitivity around the critical coupling regime. In the particular case of the structure
demonstrated in this work, the displacement sensitivity close to the critical coupling
point exceeds 1 dB/um. As a comparison, this sensitivity value is more than two times
the sensitivity achieved with the developed sensor presented in section 2.1.1. Using

low-cost acquisition methods, this sensitivity can easily allow sub-micron resolution in
displacement values.
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Figure 2.18. Power transmission as a function of the displacement for theoretical and experimental measurements.

2.3. CONCLUSIONS

The objective of this chapter was to describe three point sensors that have been deve-
loped during this PhD. work. Two of the three proposals are interferometric in nature
and uses PCFs, and the last one is based on a fiber ring resonator structure in order to
enhance the measurement sensitivity. All sensors were focused in high resolution and
high dynamic range measurements of strain and displacement. They were developed in
a simple way to be cost-effective sensors with a high performance behavior.
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The first developed sensing head is an improvement of a well known bending technique
for fiber optic sensing. Using a SC-PCF, light was highly confined, avoiding mode radia-
tion and the unwanted effects of the cladding modes re-coupling that affect sensors that
use standard SM fiber. The developed sensing head also offers self-referencing capabi-
lity and a high resolution performance.

The second developed sensing head uses a HiBi-PCF as transducer. By straining the
fiber, high resolution measurements have been obtained in a cost effective setup based
on the modulation of the intensity of a laser source avoiding the use of expensive devi-
ces such as OSAs.

Finally, a sensing head based on a ring structure to improve an intensity sensor sensi-
tivity is proposed and demonstrated. To this end, a study of the group velocity into the
structure was carried out. It has been experimentally demonstrated that large group de-
lays occur when the loss in the resonator is tuned close to the critical coupling regime.
Using the proposed structure, it is demonstrated that the sensitivity of intensity sensors
may be improved around twice.

The results presented in this chapter were published in [24-29]
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Chapter lll. Fiber Optic Time Domain Reflectometry for Sensors Interrogation

INTRODUCTION

Optical time domain reflectometry (OTDR) is a suitable technique to interrogate in-
tensity sensors and thus, to measure the induced change in the optical intensity at
different locations on the fiber. Parameters such as strain and displacement can be
measured by detecting the variations of the Rayleigh backscattered light. OTDR is one
of the most suitable sensor measurement techniques and its importance in structural
health monitoring (SHM) has increased due to its suitability for real time monitoring of
the large civil engineering structures deformations [1-5].

In this chapter, different examples are presented showing how conventional OTDR ins-
truments can be used as fiber optic sensor interrogation devices. Firstly, they have
been used to characterize single sensors and, afterwards, they have been utilized for
diverse multiplexing and remote monitoring applications. The study is focused on de-
monstrating the advantages that the OTDR, initially developed for fiber network cha-
racterization, offers in fiber optic sensor systems. The commercial OTDR used in this
work is the EXFO FTB-7423B-B.
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3.1. SINGLE FIBER OPTIC SENSING HEADS INTERROGATED BY OTDR

This section is devoted to the development of three single sensing heads to be interro-
gated by the utilized OTDR. The main characteristic of these sensors is that they work
in reflection, so they are well suited for the selected interrogation method. Two micro-
displacement and one magnetic field sensing heads are following presented.

3.1.1. Fiber loop mirror combined with a long period Grating micro-displacement sen-
sing head.

The first proposed sensor was based on the utilization of the fiber loop mirror (FLM)
structure and the bending sensitivity of the LPGs. Thus, when a LPG is inserted into the

loop of the FLM structure (figure 3.1), it modulates the reflected intensity proportionally
to the fiber bend.
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g8 8

-
-
3
3
£ 3

o

Backscattered intensity (dB)
N
o

Lenath (km)
Figure 3.2. FLM/LPG sensor reflection peak measured by the OTDR.
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Figure 3.2 illustrates an OTDR trace when the FLM/LPG sensor was arranged between
two 5 km fibers spools by using a 90:10 optical coupler. Around the 5" kilometer, whe-
re the FLM/LPG sensor was placed, it is visible a high reflection peak from the FLM/
LPG structure which allows performing high sensitivity displacement measurements.
To characterize the sensor structure, both LPG extremes were fixed in two points on
a translation stage, as shown in figure 3.1. The displacement of this translation stage
was controlled by a computer to achieve more accurate results. The displacement steps
programmed for each measurement had a value of 50 um. Figure 3.3 (a) presents the
displacement behavior of the sensor. It shows two different linear regions with different
sensitivity each.

One important characteristic of the proposed sensing head is its theoretical tempera-
ture insensitivity, which was also experimentally studied. In figure 3.3 (b) is shown the
measured power from the sensor against temperature variations, showing a very stable

behavior.
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Figure 3.3. a) FLM/LPG displacement characterization result and b) experimental temperature insensitivity demonstration.

In what concerns the FLM and comparing to a good metalized end facet of the fiber,
the FLM has a simpler implementation, since it only requires a coupler and a splice.
Moreover, it is a more robust device, because it is not so prone to any undesirable me-

chanical or chemical damage and does not degrade with time, being its performance
very stable.
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3.1.2. Micro displacement sensor based on an air cavity inserted in a fiber ring structure

In this section other approach is presented in order to perform micro-displacement
measurements with the OTDR. An air cavity, which is formed by two cleaved and aligned
SMF28 fibers, is placed inside a fiber ring configuration as figure 3.4 illustrates. The ring
is formed by a 90:10 low insertion loss optical coupler. This structure has been interro-
gated using the previously mentioned OTDR.

Skm Skm
OTDR @ (50-10 } @D
100m,
Airgap

Figure 3.4. Experimental setup of the fiber ring resonator combined with the proposed sensing head for OTDR interrogation.

To properly understand the measuring procedure utilized in this structure it is impor-
tant to take into account the OTDR basis explained in section 1.4.2.1. The OTDR measu-
res the backscattered and reflected signal generated by an optical pulse launched by
itself at the fiber input. Figure 3.5 shows two different traces: The thickest one belongs
to the OTDR structure response presented in figure 3.4 without the air gap cavity; on the
contrary, the second trace displays the OTDR response for the structure shown in figure
3.4, comprehending the fiber ring with the cavity. Both of them are thoroughly explained

below.
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Figure 3.5. OTDR traces when the air cavity is placed into the ring and the OTDR response of the ring
structure without the air gap.
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In the first case, the thickest trace, a small power increment due to the contribution of
the Rayleigh scattering. This scattering is generated into the ring and also in the 5 km
spool connected after the sensor. Therefore, when the OTDR pulse reaches for first time
the sensor, part of its power is divided in an unevenly way (90:10). 90% of this pulse goes
to the 5 km spool, located after the coupler, generating some Rayleigh scattering which
is added to the Rayleigh produced by the 10% pulse power which enters into the 100 m
fiber section of the ring. When the pulse traveling through the ring reaches the coupler
again, part of its power (10%) is coupled back to the first 5 km spool and the rest of its
power (90%) is coupled again to the ring. The effect of this recirculated pulse can be
appreciated for some time (equivalent to some kilometers in the OTDR).

The second trace is taken when the air-gap cavity is placed inside the ring, thus ~4% of
light is reflected in each facet of the air cavity. This plot shows a behavior similar to the
ring without the cavity, with the exception of the peaks corresponding to the 4% reflec-

tion at each pulse recirculation into the ring.

It must be highlighted that the peaks also offer information of the ring length. The OTDR
measured distance between two peaks is about 50 m when ~100 m is the real length;
this is due to the OTDR principle of operation. The OTDR calculates each point power
position with the basic expression D= (c t)/2n. Taking into account that the distance to
each event (D) depends directly with the light velocity (c), the pulse flight time (t), and the
refractive index of the fiber (n). Thus, one event generated in a point of the fiber reaches
the OTDR after the light arrives at this event and goes back to the OTDR. In this situation,
when the pulse arrives to the ring, each peak is created every ~50 ps which is the time
that it takes for the optical pulse to complete a recirculation. To calculate the distance
that corresponds to the time interval between consecutive peaks, this data is replaced in
the previous equation and the solution, as it is measured with the OTDR, is ~50 m.
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Figure 3.6. OTDR trace evolution as displacement increases.
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Therefore, when the air-gap length changes, an increment of the losses in the ring is dis-
cernible. In fact, figure 3.6 depicts the peaks evolution while the cavity length changes.
As is explained above, the higher the loss into the cavity, the lesser the time the pulse
is spinning inside the ring. Hence, this information can be used for micro-displacement
measurement purposes.

3.1.3. Magnetic field fiber optic sensor interrogated by an OTDR

Finally, a magnetic field sensor is proposed. Unlike previous schemes, this sensor is
only based on the Fresnel reflection variation due to the refracting index changes ge-
nerated by a nano-particles ferrofluid. It is a commercial hydrocarbon based ferrofluid
EMGQ905 fabricated by Ferrotec. It has a saturation magnetization of 440 Gauss, 7.1% vo-

lume concentration of magnetite and 9 mPas viscosity. The diameter of the Fe304disper-
sed particles is around 10 nm, while its carrier liquid is a synthetic isoparaffinic solvent.

Ferrofluid

8 Magnet

Figure 3.7. Schematic of the setup used for the magnetic field sensing.

The EMG905 ferrofluid is opaque, its absorption loss at 1550 nm is 6.84 uym™ and the
measured refracting index is 1.58 + 0.01. The high refractive index of the ferrofluid can
lead to high enough reflectivity if applied onto the end face of a cleaved SMF, allowing
high signal-to-noise-ratio measurements when interrogated using OTDR sensor inte-
rrogation techniques.

A rectangular magnet (15 x 40 x 5 mm) with a magnetic strength of ~2 kGauss was fixed
to a linear stage mounted on a stepper motor guided by ad-hoc software that allowed
movement in the direction of the fiber axis. An amount of 0.5 ml of ferrofluid was placed
in a plastic cuvette in order to avoid magnetic interferences during the measurements.
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The magnet was initially positioned 4.5 cm far from the ferrofluid in which was placed
the SMF end face, as shown in figure 3.7.
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Figure 3.8. OTDR trace for the reflection peak when the cleaved fiber end is inserted into the

ferrofluid cuvette.
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Measurements were carried out in automatic mode, by moving the magnet with a step of
0.425 mm while a PC connected to the OTDR system was remotely recording the back-
scattered and reflected intensity of the fiber. Before realizing the experimental measu-
rements with ferrofluid, the probe of a Gauss-meter, having a resolution of 1 Gauss and
appropriately calibrated, has been placed in the same position of the fiber tip, perpendi-
cular to the magnetic field vector, to provide the reference value for the magnetic field
for each position of the magnet. Figure 3.8 illustrates the OTDR trace with the reflected
peak from the cleaved fiber placed approximately 1100 m away from the OTDR and fi-
gure 3.9 depicts the result when the previous process is performed.
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Figure 3.9. Reflected peak evolution when the magnetic characterization was performed.
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In fact, the decrease of the backscattered intensity reported in figure 3.9 corresponds
to the modulation of the refractive index and the attenuation of the ferrofluid with the
magnetic field. Such a magneto viscous effect of the ferrofluid under magnetic stimulus
changes the coupling conditions between the fiber and the magnetic liquid in which it is
immersed, incrementing the amount of light leakage from the fiber core, thus reducing
the amount of backscattered intensity reflected to the OTDR, as reported in figure 3.9.

3.2. REMOTE INTERROGATION OF FIBER OPTIC SENSORS USING AN OTDR

The fiber optic sensor systems, unlike electric sensors systems, provide the possibility
to develop remote sensing without the requirement of local biasing for the remote com-
ponents. This feature results quite interesting for applications where it is not possible
or it is very expensive to place active equipment, such as, oil pipe monitoring, landslide
detection, tsunami predicting systems etc. [6].

Due to the capability of the OTDR for monitoring ultra-long fiber networks, it is a suita-
ble device for remote sensor interrogation [7]. It allows to measure fiber networks up
to 260 km. In this section, two of the previous sensing heads were interrogated remo-
tely, furthermore, a FLM/LPG sensor placed 253 km away has been interrogated. To the
author’s knowledge, this is the longest distance achieved for fiber optic sensing without
any amplification up to date.

3.2.1. Ultra long displacement sensor based on FLM/LPG and OTDR

The high reflectivity of the FLM/LPG sensor previously described is used as a pulse re-
flector and this pulse can be easily observed at 253 km away without any amplification
or complex setup, only with the OTDR.

253km

‘ Probe <
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l Probe

Figure 3.10. Ultra long FLM/LPG sensor system setup.

LPG

To achieve this sensing distance, an experimental setup as depicted in figure 3.10 was
developed, formed by the FLM/LPG sensor, the SMF transmission channel (up to 253
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km) and the OTDR. In this setup, the high reflectivity of the fiber loop mirror combined
with the LPG allows the easy detection of displacement. The displacement sensitivity
of the sensor is achieved by shifting the LPG profile at the OTDR operation wavelength.
Thus, the FLM/LPG sensor reflected light is modulated.

To reach ultra-long distances, it is necessary to configure the OTDR parameters to inte-
rrogate ultra long networks. It allows to measure up to 260 km by using a 20 ys pulse
time and configuring an acquisition time of 31 seconds. The device acquires more than
1 trace per second, which are averaged during the acquisition time to reduce the mea-
sured noise level.

The experimental procedure to characterize the FLM/LPG sensor was to fix both LPG
extremes on two points, as it is shown in figure 3.1, in a translation stage. The displace-
ment of this translation stage was controlled by a computer to achieve more accurate
results. The displacement steps programmed for each measurement had a value of 50
pm.
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Figure 3.11. OTDR acquired traces for a maximum reflectivity of the sensor for 150, 200 and 253 km

Figure 3.11 shows the traces obtained by measuring the FLM/LPG displacement sen-
sing head at a distance of 150, 200 and 253 km, respectively. The signal to noise ratio,
which is achieved by illuminating the FLM allows reaching these ultra long distances
without any amplification. In the 253 km trace, showed in the upright corner inset of
figure 3.11, a zoom of the FLM/LPG sensor reflection peak between the trace noise
pulses is observed. The low SNR achieved is enough to carry out correct displacement
measurements, as illustrated in figure 3.12.

93



Contribution to the development of new photonic systems for fiber optic sensing applications

w
a

o 150km o 200km e 253km

it

8BRS

e
»—.—r”w

0 200 400 600 800 1000
Displacement (um)

RN
o o,

)]

Backscattered intensity (dB)

Figure 3.12. 150, 200 and 253 km sensor displacement behavior.

Figure 3.12 depicts the displacement sensor characterization; obtained for different fi-
ber distances. Each measurement has different backscattered intensity levels, corres-
ponding to the attenuations of the different fiber lengths. This attenuation increases
~9 dB for each 50 km of fiber (Figure 3.12). The achieved dynamic range is ~3 dB. The
measured sensor behavior is similar for the different fiber lengths and corresponds to
the FLM/LPG response reported in section 3.1.1. Two linear regions can be found, as
noticed in the non remote results. For the range between [0, 500 um] the sensitivity is

~5 dBm/pm and for [500, 1050 um] is ~2 dBm/um. The resolution of the sensing head
using this configuration is 0.5 pm.

3.2.2. Remote magnetic fiel sensor using an OTDR and nano-particles’ ferrofluid.

Ferrofluid

Figure 3.13. Remote magnetic field sensor setup.

Now, the setup characterized in section 3.1.3 is extended tens of kilometers, in order to
be considered a remote sensing application. Thus, the ferrofluid based magnetic sensor
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aforementioned, is remotely monitored up to 150 km. The utilized cleaved fiber tip is
less reflective than a fiber loop mirror; therefore, the reached distance is lower than in
the previous section.
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Figure 3.14. OTDR trace of the 150 remote magnetic field sensor.

The trace measured at 0 Gauss is reported in Figure 3.14, showing the backscattered
intensity along the sensing fiber system. The measurements in remote configuration at
150 km were carried out using a pulse width of 2.5 pys following the same experimen-
tal process explained in 3.1.3. Focusing on the sensing area represented by the final
highlighted area in figure 3.14, a clear decrease of the backscattered intensity with the
applied magnetic field is observed as reported in figure 3.15
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Figure 3.15. Backscattered intensity for the remote configuration vs. magnetic field strength.

The sensor, as demonstrated in the non remote 1 km characterization, presents a mo-
dulation range of around 2.2 dB. The magnetic response is distinguishable up to 1468
Gauss, which is 57 Gauss smaller than the field measured using the system at 1 Km

95




Contribution to the development of new photonic systems for fiber optic sensing applications

96

(figure 3.9). The launched signal travels 300 km before coming back to the detector. Now
the received power is much lower in comparison with the configuration of 1 km. With the
increment of the magnetic field, the reflected power decreases, reaching the level of the
background signal.

3.3. FIBER OPTIC INTENSITY SENSORS MULTIPLEXING BUS STRUCTURE BASED
ON COUPLERS AND INTERROGATED BY AN OTDR

OTDR systems, besides of its main aim, have been used before as interrogation systems
for point, quasi-distributed and distributed sensor networks [8-10]. Figure 3.16 shows
the basic structure used in the three multiplexing networks studied in this section. A bus
configuration has been selected in order to avoid the crosstalk between sensors. The
sensors (S") have been added to the main optical path by optical couplers (OC) separated
by different fiber spools (L )

0"

OTDR

Figure 3.16. Basic scheme for intensity sensors multiplexing interrogated by OTDR.

The coupling ratio has to be studied in order to calculate the maximum number of sen-
sors the network can bear. Thus, theoretically, the maximum number of sensors, in a
network as described, is calculated as:

_ OTDRswr

N=TR+Ln (3.1)

If we consider that all fiber spools are the same, as well as the coupling ratios of the
couplers, the number of sensors (n) we can measure are directly proportional to the
OTDR dynamic range (OTDR, ), and inversely proportional to the loss introduced by the
couplers in the main path (CR) plus the fiber spool loss (Ln).

The following three structures, which use the sensors presented in 3.1, demonstra-
te this multiplexing ability by measuring two sensors with different coupling configu-
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rations. In this way the sensors sensitivity, stability and the system crosstalk will be

characterized.

3.3.1. FLM/LPG sensors multiplexing

OTDR

LPG2

Figure 3.17. Multiplexing sensor system setup.

Two LPG/FLM-based displacement sensors previously presented in section 3.1.1 are
multiplexed using the configuration shown in figure 3.17. This configuration is based
on the basic multiplexing structure presented in figure 3.16. The experimental setup
consists of the commercial OTDR, two 5 km long SMF28 fiber reels and two FLM/LPG
sensors. A 70:30 coupler is used to balance the received optical power from each sen-

sing head.
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Figure 3.18. FLM/LPG sensors as seem on the OTDR trace.
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Figure 3.18 illustrates the trace obtained by measuring the structure shown in figure
3.17. The trace shows the reflection peaks from each LPG inside the fiber loop mirrors
and some ghost reflections generated by the structure.
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Figure 3.19. Displacement measurement of sensor LPG1 when no displacement is applied to sensor LPG2.

Figure 3.19 presents simultaneously the sensor system behavior against the applied
displacement to LPG1 and the non stressed LPG2, in order to check the structure
crosstalk. The experiment consisted on fixing the LPG on two points and afterwards,
displace these points 100 um steps. The sensors present a good linear behavior along
1 mm displacement range.

3.3.2. Multiplexing of fiber optic micro-displacement sensors based on fiber rings and
air-cavities

The following multiplexing system shown in this section is also based on the basic
structure presented in figure 3.16 and the micro displacement sensing heads explained
in 3.1.2. Figure 3.20 illustrates the developed experimental setup.
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Figure 3.20. Experimental setup for Fiber ring air-gap sensors multiplexing.
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Figure 3.21 presents a measured trace for both sensors. The plot depicts sensors’ peaks
responses, starting the second sensor’s response about 3 dB lower from the Rayleigh
threshold due to the 50:50 coupler used for multiplexing it.
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Figure 3.21. OTDR trace of the two sensors when no displacement is applied to both sensors.
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The sensors characterization have been performed with two micrometer translation
stages in which the two cleaved fibers are placed one in front of the other creating the
air-gap cavity. Both translation stages have a precision of 1 um per step.
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Figure 3.22. Sensor longitudinal displacement behavior in a multiplexed network of two sensors.

The developed system was designed to measure displacements only in a free axis. Thus,
we can measure longitudinal axis displacements, or alternatively, free lateral displace-
ments. Figure 3.22 shows the behavior of one sensor when longitudinal displacement
is applied and the behavior of the second one when it is not stressed. The displacement
measurement from the first cavity length (S1) was obtained by averaging the values
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of the fifth, sixth and seventh peaks of the acquired pulse train. These peaks had been
selected after a study which analyzed each peak behavior. After comparing the contri-
bution of each peak, this study established which peaks showed the best characteristics
to be used, mainly the best SNR. The experiment consisted on increasing the S1 cavity
length by 5 um steps. The results were taken for a 115 pym initial cavity length and
showed a quasi linear behavior in the 80 pm measurement range. A sensitivity of 0.07
dB/pm was obtained with a dynamic range of ~6 dB. A variation of the intensity returned
from sensor 2 (~ 1 dB) was observed.
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Figure 3.23. Received power from sensor (S1) behavior when a lateral displacement is induced.
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A cavity lateral misalignment test was also carried out, obtaining the results presented
in figure 3.23. For these last measurement series, a fixed 40 um long cavity length was
used, and steps of 1 ym for lateral displacement were applied (although any longitudi-
nal cavity length could be chosen). A linear behavior for the first 5 ym was obtained, and
after that, the received light intensity dropped abruptly as it was expected. For the first
5 um measurement range, the misalignment sensor showed a sensitivity of 2.67 dB/um.
In this case the variations of sensor 2 output were observed to be negligible.

Intensity based sensors suffer from the problem of system optical power fluctuations
not related with those induced by the measurand changes. OTDR offers information of
all intensity events along the fiber and it can be used as reference information to com-
pensate spurious changes of intensity. Furthermore, the first peak of each train of pul-
ses, that does not recirculate into the ring, was used as a power reference for the rest
of the pulses.
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3.3.3. Multiplexing of fiber optic magnetic field sensors

The last sensor scheme interrogated in this chapter is devoted to the multiplexing of
two magnetic field sensors. The first sensor was placed at 2 km of distance from the
source and the second one at 6.2 km (Figure 3.24). Besides the two peaks related to
the sensors S1 and S2, in figure 3.24 (b) we observe two other reflections caused by
the second coupler and by the reflection of the fiber which continues along the system.
These sensors have been arranged from the main path with two 90:10 low insertion loss
optical couplers. In order to demonstrate the crosstalk free operation, the first sensor

was not magnetically stimulated while the second sensor was tested as was previously
shown.

On the other hand, due to the OTDR characteristics in accounting for the network losses,
the Rayleigh information along the fiber can be used as reference for the sensors. Its
response revealed a good modulation under magnetic stimulus, in agreement with the
previous measurements and thus, demonstrating the feasibility of multiplexing.
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Figure 3.24. a) Schematic of the setup used to multiplex the magnetic sensors. b) Backscattered intensity along the
multiplexed sensing system at 0 Gauss.
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The detection threshold is 1166 Gauss, which is 25% less than the one achieved at a dis-
tance of 1 km. This value corresponds to the detected power which is no longer clearly
distinguishable from the background noise. The sensors dynamic range was measured
to be 1.8 dB. The minimum fiber length that can be located between two sensors is
proportional to the spatial resolution of the interrogation system used. For the propo-
sed configuration which uses a pulse width of 100 ns, a minimum fiber length of 30 m
between the coupler and the fiber tip is necessary to clearly distinguish the sensors
reflection peaks.
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Figure 3.25. Normalized hackscattered intensity for both sensors reveals a high sensitivity of the magnetic
sensor even in multiplexing mode.

This work demonstrates the capability of multiplexing 2 magnetic sensors; however, if
a higher OTDR pulse length were employed, the dynamic range could grow and the sys-
tem could support more sensors as those calculated with equation 3.1.

3.4. REMOTE FBG-BENDING SENSORS MULTIPLEXING

To finalize this chapter, a remote hybrid sensor multiplexing scheme based on the com-
bination of the interrogation of intensity sensors using the OTDR and the wavelength
selective interrogation of FBG sensors in the same network is studied. The system com-
prises a basic structure in which the OTDR is only used in reflection, and another mea-
surement alternative wherein the OTDR is used also in transmission.

The main objective is to multiplex four sensors based on two different technologies: Two
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temperature FBG sensors based on wavelength coding and two bending sensors which
are based on intensity modulation. The information of the bending sensors is interro-
gated by the OTDR at the same time as they are also measured by two fiber ring sensor
lasers formed of two FBGs as wavelength selectors.

3.4.1. Basic remote hybrid sensor multiplexing setup
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Figure 3.26. Schematic diagram of the remote sensing system for the simultaneous measurement of displacement, using an
OTDR, and temperature, deploying FBGs. (MBi: microbender).

The basic scheme of the long-distance remote sensing system developed is illustrated
in figure 3.26, which uses standard single-mode fiber (SMF) to connect the signal hea-
der and the sensor system. As previous presented remote setups, all the active compo-

nents are placed at the signal header, whereas all the devices located at the sensor head
are passive components.
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Figure 3.27. Microbender sensors teeth geometry.

The working principle is as follows. Two interrogation techniques are used simulta-
neously in the system. The OTDR separates the received and the emitted signal by using
a circulator. The OTDR signal is amplified by the EDFA before the outward 50 km fiber.
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After the 50 km fiber spool, the OTDR signal is divided in two almost identical branches.
Each branch is formed by 7 km of fiber and, for the OTDR interrogation purposes, a
circulator is used. As the circulator isolates the reflected signal after it, the rest of the
network is not visible by the OTDR. The bending sensors, in order to identify them in the
OTDR, are placed in different positions. The first microbender is placed after 2 km and
the second one after 5 km. The two bending plates, for studying which bender geome-
try is better, have different teeth shapes: circular and triangular. The bending plates’
diagrams are depicted in figure 3.27. Finally, the key device of this system is the 50:50
coupler. It splits the laser and OTDR signals into the two branches of the sensor system
and also collects the backscattered light from the two 7 km sections towards the OTDR.
It has other important task, it is placed after the 50 km of fiber because is important to
prevent the extra Rayleigh backscattering noise produced by the EDFA from reaching
the OTDR. Only the Rayleigh produced in the sensor system section is detected by the
OTDR. Finally, the Rayleigh signal produced only in the sensor system reaches the OTDR,
previously filtered by a 3 nm filter to avoid noise.
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Figure 3.28. Measurement trace as seen in the OTDR.
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Figure 3.28 illustrates an OTDR trace acquired in the setup presented in figure 3.26.
The OTDR acquisition parameters were configured as following: acquisition range of 80
km, 275 ns pulse width and 15 s of measurement time. The two discontinuities, marked
as MB1 and MB2 (inset of figure 3.28), conform to the position where the bending is
applied. Here is shown why two different fiber delays were used in the sensor system.
The Rayleigh zone following these discontinuities is the data used for the calculation of
the displacement of each bending sensor. The processing method consists on calcula-
ting the sum in all the recorded points inside the measuring zone. For this reason, the
higher number of recorded points stored, the better resolution is obtained. The relative
power shown in figure 3.28 has two parts that correspond to each microbender losses.
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Figure 3.29. Displacement results by processing OTDR traces.

On the other hand, a fiber ring laser structure based on the EDF amplification as gain
medium was formed in parallel to the aforementioned OTDR technique to interrogate the
FBGs. The two FBGs are interrogated sequentially by controlling which one is selected
by a FOSw. Thus, the 50:50 coupler separates the EDFA gain profile in the two sensing
branches. The EDFA contributions are filtered by the circulator-FBG sensor combina-
tion. Thus, only the line selected by the FOSw recirculates inside the ring. When a switch
channel change occurs, the other line start to lase. Once the channel to be interrogated
is selected, a 5% of the light is monitored by an OSA by arranging it with a 95:5 coupler.
The remaining 95% is recirculated and amplified again, if and when the gain overtakes
the network loss. It is important to highlight that by using the switch, the undesired gain
competition among emission lines, usually affecting to EDF based multi-wavelength fi-
ber lasers, is overtaken. FBGs are centered at 1532.5 nm and 1531.05 nm in order to

be located in the highest zone of the EDFA gain profile and separated wide enough from
the OTDR signal.
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Figure 3.30. Laser channel attenuation vs. tooth blocks displacement.
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Figure 3.29 depicts the results using different microbender geometries and interroga-
ted by the OTDR technique. These results were obtained by placing the bending plates
on two high precision motorized stages. For each of the 648 samples acquired for each
characterization, the tooth blocks were displaced in 1.7 um steps. At first sight, it is
noted that there are some discontinuities due to the cladding-modes coupling. Micro-
bender 1 corresponds to a circular geometry bending plate and microbender 2 to the
triangular shape one.

In the same way, the lasing channels created with the FBGs are also intensity modula-
ted and figure 3.30 illustrates the results obtained by tracking the output power of each
emission line. The dynamic range obtained is around 25 dB, much higher than when a
microbender modulates a source directly in transmission (about 12 dB). This is due to
the lasing process. The sensor sensitivity is enhanced because of the lasing medium,
and the loss dependence is not linear. Moreover, when the induced loss in the cavity by
the bender overcomes the EDFA gain, the lasing condition is not fulfilled.

Analyzing thoroughly both OTDR and FBG displacement results, it is shown that OTDR
measurements provide better accuracy because they have a higher resolution, although
the FBG lasing system offers a higher sensitivity. Nevertheless, FBG lasing channels
show more sensitivity to cladding-modes coupling.
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Figure 3.31. FBG temperature characterization for different microbender induced attenuations

When the FBGs are characterized in temperature, they presented the behavior shown
in figure 3.31. A 10 pm/°C FBG wavelength shift can be measured for all the different
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attenuations. At -70 dBm some measured points are slightly shifted in comparison to
higher power measurements because the FBG peak level is close to the noise threshold.

3.4.2. Improved remote hybrid sensor multiplexing setup
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Figure 3.32. Improved remote sensing system.

The improved system, schematically depicted in figure 3.32, allows the OTDR to be used
in transmission mode and detect the entire network power. To achieve this feature, the
FGBs were connected with a 3 nm filter between them. The filter is centered at the
wavelength of the OTDR pulse for enabling the OTDR signal to travel trough the ring. In
the event that the A, branch were switched on, the OTDR pulses and A, travel through
the other branch, and the 2x2 switch directs them towards a second 1x2 switch. This 1x2
switch is also included in the sensors header in order to select the signal reaching the
OTDR detector: either the OTDR backscattering signal or the OTDR transmission pulses.
Figure 3.33 shows the OTDR trace acquired with the parameters used for this improved
system: 80 km distance, 1 ps pulse width and 15 s acquisition time. The peak shown is
the OTDR 1560 nm received signal power.
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Figure 3.33. Transmission OTDR trace.

Other improvement performed in this setup is devoted to avoid the cladding-modes cou-
pling. A fiber section before the bending plates is rolled up making 4 loops, each one of
35 mm of diameter. Figure 3.34 presents the displacement results. Comparing figures
3.29 and 3.34, we note at a glance that the discontinuities due to cladding-modes cou-
pling have almost disappeared.
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Figure 3.34. Displacement results by processing OTDR traces.

Figure 3.35 shows the relative power of the OTDR signal when the microbenders are
displaced in case of the network being configured to perform OTDR measurements in
transmission. Graphics in figure 3.35 shows the results when the network is configu-
red to perform transmission measurements. The received amplitude peaks traveling
around the network were attenuated by the benders. These results are similar to the
FBG lasing channel results shown in figure 3.36.
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Figure 3.35. OTDR results when the network is configured to perform OTDR measurements in transmission.
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Figure 3.36. Laser channel attenuation vs. tooth blocks displacement.

The FBGs temperature behavior is the same than in the basic sensor system shown in
figure 3.31.

3.5. CONCLUSIONS

In this chapter a commercial OTDR has been used for the interrogation of single, remote
and multiple fiber optic sensors. Three intensity sensing head structures based on three
different reflecting processes have been studied. Those sensors have been multiplexed
successfully in a bus multiplexing topology. Furthermore, two of the sensors were inte-
rrogated remotely and, in particular, the FLM/LPG sensor was measured at a distance of
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253 km, being, for the author’s knowledge, the farthest distance in which one fiber optic
sensor has been interrogated without amplification.

These results have been published in [11-13]

Finally, two hybrid multiplexing setups were introduced, which are able to include diffe-
rent sensing techniques and sensors in a single network.

These results have originated the publications of references [14-15]
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Chapter IV. Random distributed feedback fiber opftic lasers

INTRODUCTION

Random distributed feedback (RDFB) based on Rayleigh scattering through Raman
amplification have been the subject of intense theoretical and experimental studies
[1]. Random lasers are characterized by open-cavities or mirror-less-cavities which
means that, unlike conventional fiber lasers, their principle of operation rely on distri-
buted scattering events along the fiber cavity. Since the demonstration in 2010 of the
RDFB laser based on Rayleigh scattering [2], some research groups are devoted to use
its interesting characteristics to propose different lasing structures. For instance, there
are applications as tunable random fiber lasers [3, 4], multi-wavelength laser genera-
tion [5-11], sensing applications [12-14] and other studies characterizing some para-
meters of the structure [15-16]. All this papers and others can be found in a complete
review performed by S. A. Babin et al.in [17].

Laser sources are one of the basic elements in most part of fiber optic sensor systems.
In this PhD. work, some new fiber optic laser sources have being studied and developed
for their utilization in fiber optic sensing. In this chapter three new lasing structures
based on RDFB are presented. Two of them are devoted to achieve multi-wavelength
fiber lasers (MWFL) and the last one explores the modulation possibilities of this struc-
ture based on the distributed reflection of light in the random mirror based fiber lasers.
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4.1. MULTI-WAVELENGTH FIBER LASERS BASED ON RANDOM
DISTRIBUTED MIRRORS

One of the most promising applications of random distributed mirrors is their utilization
in multi-wavelength fiber lasers (MWFL). These lasers have recently attracted much
interest because of their potential in wavelength-division-multiplexing (WDM) commu-
nications, high-resolution spectroscopy, fiber optic sensing, etc [13]. Since 2010 several
research groups have proposed some MWFL solutions based on RDFBs in combination
with different filtering structures. RDFB fiber lasers based on Raman amplification offer
a great potential for MWFL due to their high stability, broadband operation, and low gain
competition between emission lines, among others [5-11]. Thus, in this section two new
multi-wavelength fiber lasers assisted by distributed mirrors are studied. The first one
consists of a dual-random mirror configuration combined with a FLM/SC fiber interfe-
rometer, and the second one is a versatile real time switchable MWFL.

4.1.1 Multi-wavelength Raman dual-random mirror fiber laser

Figure 4.1 illustrates the experimental setup studied in this section. It is formed by two
DCF based distributed mirrors illuminated by a Raman pump laser which is divided in
order to reach both mirrors by a 50:50 low insertion loss coupler. Two 1445/1550 WDMs
are used to combine the power from the pump laser and the 1550 nm signal inside the
same fiber. These WDMs are connected to a structure based on a FLM interferometer
that includes a high birefringence suspended core fiber. This last structure has a comb-

shape spectral transfer function and was presented as a sensor in section 2.1.1.

Suspended-core Fiber

PC

48:52 OC

Pump
Laser

Figure 4.1. Experimental set up for the proposed Raman fiber laser.
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The system'’s principle of operation is as follows. The double-random mirror acts as a
broadband fiber laser, whereas the suspended-core FLM loop acts as a shaping element
of the output spectrum. The asymmetry induced in the pump power reaching the DCFs
leads to slightly different random mirrors. By using the configuration presented in figure
4.1 without the FLM interferometer, a broadband laser emission is obtained. Each of the
DCFs acts as arandom mirror, which leads to a stable laser in the lasing span defined by
the fibers’ Raman gain. Figure 4.2 presents the spectral response of the double-random
Raman fiber laser for a pump power of 1.4 W.

10 T T T

Output Power (dBm)

1525 1535 1545 1555

Wavelength (nm)

Figure 4.2. Double-random mirror induced laser output signal for a pump power of 1.4W.

A lasing range of ~10 nm was obtained with a broadband shape spectrum and a signal-
to-noise ratio (SNR) of ~30 dB. Closely observing the output spectrum in figure 4.2, a litt-
le asymmetry in the shape of the spectrum can be noticed. This asymmetry is partially
introduced by the 48:52 OC, which ensures 4% more of pump power to one of the DCFs,
generating a small difference between the random mirrors forming the fiber laser. The
random lasing is achieved simply throughout multiple Rayleigh scattering and Raman
amplification induced in both DCF spools. This random fiber laser is based on the same
structure as the one presented in reference [2].
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Transmitted signal (a.u.)

1540 1541 1542 1543 1544 1545
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Figure 4.3. Transfer function of the FLM interferometer used within the fiber laser.

Figure 4.3 presents the experimental transmission spectra for the FLM interferometer
used as the selective wavelength filter in the fiber laser, presenting 8 maxima in a span
of 5 nm with ~0.625 nm spacing between two consecutive maxima. One of the advanta-
ges of using this interferometer as the wavelength selecting unit is the ability to easily
tailor the output spectrum. By simply changing the length of the suspended-core fiber,
one can modify the wavelength spacing between consecutive peaks and consequently
the number of lasing channels in a given span. Another great advantage of this filter
is its insensitivity to environmental changes. Since the two interfering waves counter
propagate in the same fiber and are exposed to the same environment, the FLM in-
terferometer (due to the SC fiber propagation characteristics) is almost insensitive to
environmental perturbations.

By combining the double-random mirror induced laser with the FLM wavelength se-
lector, a MWFL is obtained. Figure 4.4 presents the output spectrum of the fiber laser
configuration introduced in figure 4.1. The utilized pump power was 1.4 W and the pola-
rization control was adjusted to optimize the output spectrum. This spectrum presents 7
lasing channels in a 5 nm span, with ~0.71 nm spacing between two consecutive peaks
and a minimum OSNR of about 25 dB.
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Figure 4.4. Output spectrum of the dual random-mirror fiber laser for a pump power of 1.4 W.

The Raman gain and multiple Rayleigh scattering events are the only new contribution
from figure 4.3. The difference in the wavelength spacing due to the multiple Rayleigh
scattering events running in both directions in the FLM interferometer, leads to a slightly
broadening of the peaks [6].
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Figure 4.5. Polarization dependence of the output spectrum of the developed fiber laser, for a pump power of 1.4 W.
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Since this laser includes a FLM interferometer, the multi-wavelength output spectrum
will be highly sensitive to polarization induced alterations. By changing the polarization,
distinct output spectra can be found. Figure 4.5 presents some of the output spectra that
can be obtained by changing the polarization controller parameters.

The shape, SNR and number of lasing channels of the spectrum can be tailored by the
polarization controller. Consequently, the laser output spectrum can be modified in or-
der to obtain the desired spectrum for a given application.

The MWFL presents a characteristic output behavior when pumped-with higher powers,
as it can be seen in figure 4.6. With increasing pump power, the output power maximum
shifts to longer wavelengths, due to the effect of cascaded Raman scattering. The same
was already observed by other authors [7], were the laser’s distribution became flatter
but less uniform.
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Figure 4.6. Output spectrum of the fiber laser for two different pump powers.

Figure 4.7 shows the measured laser’s output power evolution for each pump power.
For small pump powers, below the threshold pump power (~1 W), an exponential growth
was found. From the threshold level and up to 1,8 W, a linear relationship was observed,
corresponding this zone to the stimulated emission regime.
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Figure 4.7. Fiber laser’s output power vs pump power.

In order to determine the stability of the presented fiber laser, the power fluctuations
of the laser were measured during one hour, at time intervals of 2 minutes. Figure 4.8
illustrates the optical power fluctuations of one lasing peak randomly chosen. As it can
be observed, in a time window of one hour the fiber laser presents a maximum power
variation of ~0.5 dB. This value is much lower than the presented in stability studies of
non-random fiber lasers [11].
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Figure 4.8. Fiber laser’s peak power fluctuations.
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4.1.2 Real-time switchable MWFL

In this section, a fiber laser which utilizes a random mirror has been dynamically fil-
tered by a novel mirror-filtering structure to achieve a switchable and reconfigurable
fiber optic laser. The dynamical filtering is possible by using the Finisar WaveShaper
1000S, which will be also used in chapter 5, and that was initially reported by other
authors for dynamic equalization of optical pulses for communication purposes [19].
Here, two different active fibers as Raman amplification media are studied. The fibers
used are a ~2.5 km long DCF and a 50 km SMF.

Figure 4.9. Schematic representation of the setup for the switchable and reconfigurable multi-wavelength random fiber laser.
WS: WaveShaper programmable filter

Figure 4.9 illustrates the schematic setup of the switchable and reconfigurable laser.
The laser is based on a linear cavity formed by two mirrors. The first one (right side), is
a RDFB based mirror generated into, in one case, a ~2.5 km DCF reel and in the other,
a 50 km reel of SMF. The second mirror (left side) is formed of a loop mirror created by
connecting the input/output ports of a circulator as shown in figure 4.9. This mirror has
the role of filtering the light into the cavity to select the spectrum profile of the switcha-
ble and reconfigurable multi-wavelength random laser. In order to perform this feature,
the programmable tunable filter (Finisar WaveShaper 1000S) was used. On the other
hand, an Erbium doped fiber amplifier (EDFA) was also used because the combination
of the Erbium gain profile and the Raman’s one allows us to have a broad comb laser
spectrum (15 nm) and up to 10 dBm output powers.

The operation mode of the system is as follows. The circulator based mirror receives
the reflected light from the distributed mirror at port 2. Once the light is inside the mi-
rror (between port 3 and 1), it is filtered by the programmable filter and amplified by
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the EDFA. Then, the light is launched through port 2 towards the distributed mirror.
This key part of the structure that depends on this reconfigurable mirror enlarges the
available bandwidth of the laser because the EDFA gain spectrum is different from the
achieved with the Raman amplified section. The programmable filter is able to create a
custom filter profile up to 40 nm with a minimum width of 0.08 nm. It has a wavelength
resolution of 8 pm in the communications C Band (1527.4-1567.4 nm) providing an atte-
nuation precision of 0.01 dB in a 35 dB attenuation range. For filtering in this structure, a
sequence of comb-shape filters is set for achieving a multi-wavelength random mirror
assisted laser. The center of each filter is located at the maximum emission wavelength.

Following, the characterizations of two MWFL are presented. The lasing performan-
ce, the maximum number of emission lines, the lines’ widths and the lines’ separation
were studied. Although this configuration is able to create any multi-wavelength laser
configuration, the ITU grid specifications were taken as a reference for this study. 200,
100 and 50 GHz separation distances were tested in the proposed setup. Thus, a cus-
tom program was developed for controlling the programmable filter. This software fully
meets the desired requirements by selecting the suitable comb filter configuration. An
equalization feature and other facilities for the studies presented were also developed.
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Figure 4.10. Both, DCF (a) and SMF (b) laser spectrum when the WaveShaper filter is off.

First of all, figure 4.10 shows the laser spectrum of two systems under study when the
WhaveShaper filter is off. As it was aforementioned, two different lasers were develo-
ped using two different fiber spools. The first one is a DFC one with a length of 2,5 km,
a -343 ps/(nm*km) first order dispersion coefficient at 1545 and an effective area of 21
pm2. The other one is a standard single-mode fiber reel of 50 km. The main difference
between both lasers is the broader spectrum shape of the SMF scheme although the
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maximum power achieved is lower than the in the DCF one. Thus, it is expected to reach
a broader comb laser performance with the DCF, but achieving less emitted power.
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Figure 4.11. Laser power evolution versus pump power obtained for DCF (a) and SMF (b) lasers

The two first system characterizations depicted in figure 4.11 and figure 4.12 consisted
of, on the one hand, the lasing power evolution versus the Raman pump power and, on
the other hand, the power stability along time. Both figures include the results obtained
for the DCF (left column) and the SMF (right column). These results were obtained for
the highest peak power of 23 emission lines with a 100 GHz separation and without any
equalization, (figure 4.15 (a) and (b)). As figure 4.11 shows, the lasing threshold in the
DCF laser occurs when the Raman pump power is 200 mW lower than in the SMF laser.
This behavior is caused by the DCF fiber nonlinearities, that is higher than in the SMF,
being Raman amplification effect more efficient when DCF fiber is used. Anyway, as it
will be explained next, the selected pump power for operation was 1.6 W in both cases.
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Figure 4.12. Power stability evolution obtained with hoth fibers (DCF (a) and SMF (b))
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Figure 4.12 shows the measured output power instability for both fibers that are lower
than 0.2 dB which fits with the typical high stability Raman fiber lasers performance. In
figure 4.12 (a) instability for 50, 100 and 200 GHz is also included in order to demonstra-
te that the system instability fluctuations are similar.
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Figure 4.13. Graphical demonstration of the pump power choice. The lasing power evolution vs the pump
power(a) is compared with the system stability (b), which depicts the emitted power difference for the
best and worst case.

In order to justify the 1.6 W pump power used for the measurements, in figure 4.13 (b)
the evolution of the stability of the output power against the Raman pump is depicted
(measured for the higher and lower peaks of the achieved spectrum). The minimum
power instability is located around 1.5 W. Although the system efficiency in that point is
lower than when the Raman pump power is 0.6 W, the stability is higher, as depicted in
figure 4.13 (b) in red.
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Figure 4.14. One emission line output power evolution when the line width is varied. (a) DCF and (b) SMF.

One important parameter to take into account in the design of a fiber laser with long
fiber spools is its line width. As it was studied before in [20], the laser performance is
proportional to its line width. This is because the generation of Brillouin scattering and
other nonlinear effects, which cause that the narrower the line is, the higher line deple-
tion occurs when it propagates along the fiber. On the other hand, the broader the line is,
the less efficient the amplification is. Therefore, using the developed software, the maxi-
mum power value of one emission line was tracked while the line width was varied in a
controlled way. Figure 4.14 shows the results obtained for the DCF and SMF spools. For
a fixed pump power, an optimum line width can be empirically obtained for achieving a
maximum emitted peak power. For the DCF an optimal value of ~0.2 nm width was ob-
tained. For the SMF study, the optimal value is broader, about 0.25 nm. Notwithstanding,
in a multiwavelenght laser we have to take care of more factors: stability, pump power
needed and maximum number of emission lines. Finally, the optimum line widths se-
lected were 0.24 nm for the DCF setup and 0.17 nm for the SMF one. These values offer
the best performance to maximize the number of emission lines having good line output
power stability.
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Figure 4.15. Maximum number of emission lines for the DCF (a) and SMF (b) lines separation without equalization. (c) and (d)
are the attenuation profile to equalize the spectrum depicted in (a) and (b) with the result illustrated in (e) and (f) for the DCF
and the SMF respectively.

The developed MWFL control software includes a feature to equalize the power of the
emission lines. The equalization procedure of the emission lines is a key performance
of the system because the equalization defines the whole spectral behavior, enhancing
the number of emission lines and, of course, the flatter multi-wavelength shape. In this
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way, the software equalizes the lines by comparing the power difference between all the
lines with the lowest one. Then, a proportional attenuation is applied to each one until
the power difference fulfils a value set by the user. This proportional factor is another
value to take under consideration. It is important that the software does not induce un-
justified loss into the cavity. This factor imposes the equalization accuracy. In figure
4.15 the equalization process is illustrated for the 100 GHz ITU grid specification. The
first row depicts the maximum number of emission lines when they are not equalized.
In the second row, the attenuation profile previously calculated is shown, giving way to
the third row which is the maximum number of emission lines for the two fibers already
equalized. When the attenuation profiles (figure 4.15 (a) and (b)) are analyzed, the first
bar of the attenuation profile refers to the attenuation of the lowest line depicted in fi-
gures (a) and (b); which in both cases are close to 0. When the equalization starts, the
amplification efficiency improves the power of this line and fulfills the lasing condition
unlike the previous non equalized result. The equalization process continues until the
power difference, as was aforementioned, is lower than the threshold set by the user,
in this case 0.5 dB. We have to remark that the threshold should not be fixed at a lower
value than the system worst instability.
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Figure 4.16 Equalized results for the 200, 100 and 50 GHz ITU grid measured for the DCF (a, c and e respectively) and the SMF
(b, d and f respectively).

Figure 4.16 depicts the maximum number of emission lines for wavelength spacings of
200 GHz, 100 GHz and 50 GHz respectively; for the two different distributed mirrors. As
in the previous figures, left column refers to the DCF based distributed mirror and the
right one to the SMF spool. Emission lines spacings are shown by rows. First row refers
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to 200 GHz, the second one to 100 GHz and the third one to 50 GHz spacing between
emission lines. There is some difference in the number of emission lines achieved using
both fibers. The greatest difference appears in the 50 GHz case where there is a diffe-
rence of 11 peaks between the SMF and the DCF. This can be attributable to different
gain spectra and non-linear behavior presented in both fibers. DCF fiber with a smaller
effective area concentrates all the amplification and higher non linear effects [21] in
2.5 km of fiber unlike the SMF, which distributes these effects along 50 km of fiber to
achieve a similar gain.
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Figure 4.17. Different emission lines configurations measured in B. Single wavelength (a), 5 wavelengths (b), 14 wavelengths
(c). 11 wavelengths (d), single wavelength sweep (e) and mutti-wavelength sweep (f).

The last characteristic to be studied is the switching ability of the lasers” spectra. Figure
4.17 shows different configurations of the filter already equalized when the distributed
mirror was illuminated with 1.6 W Raman pump power. Figure 4.17 also illustrates the
reconfigurability of the proposed system showing different emission patterns of lines
already equalized.
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Figure 4.18. MWFL configuration for single wavelength sweep (a) and multi-wavelength sweep (b).

Figure 4.18 presents two different ways to make a wavelength sweep. In order to reduce
the sweep steps and the sweeping time, the developed laser system allows us to per-
form a multi-wavelength sweep, depicted in 4.18 (b). Once fixed the wavelength range to
be scanned, the MWFL sweeps the spectrum spending a lower number of sweep steps.
Thus, the number of steps is inversely proportional to the number of emission lines
chosen. For example, while a single wavelength sweep need twenty cycles to sweep a
band, a five lines multi-wavelength laser sweep only needs four.
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Figure 4.19. (a) Output power variations of the multi-wavelength random laser in comparison with a non-distributed (EDFA
based) laser cavity and (b) a comparison of different spectra when different amplification media were used.

Figure 4.19 (a) shows a comparison of the stability for the distributed mirror based
cavity and an EDFA based linear cavity. For this study, an emission lines configuration
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of 30 lines for a 100 GHz grid was selected. It demonstrates the high stability of the
laser when the distributed mirror is used unlike the high instabilities achieved with the
non random configuration. Gain competition between emission lines is shown in this
last case. Therefore, the use of the Raman based distributed mirror is crucial, making
this structure stable. In addition, when the amplification process is complemented with
EDFA gain, a broader result is obtained. Figure 4.19 (b) shows the comparison of the
laser cavity spectra when different amplification media are used. This figure also de-
monstrates the importance of the combination of both amplification methods to achieve
a more stable and broader result.
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Figure 4.20. Evolution of the power of two emission lines when the filter configuration is switched

Finally, figure 4.20 shows the output power stability evolution when a specific configu-
ration of emission lines is switched. The measurements were obtained when the laser
switches from the configuration depicted in figure 4.17 (c) to the configuration depicted
in figure 4.17 (d). Traces correspond to the emission lines which are present in both
configurations. With this result it is delimited the switching time, being it less than the
0SA sweep time, 3 seconds.

4.2. INTERNAL MODULATION OF A RAMAN RANDOM LASER

While conventional lasers have longitudinal modes associated to the cavity length; ran-
dom lasers, which have infinite distributed cavities along the fiber, excite the whole of
the available amplified spectrum, achieving an emission line as wide as the optical gain
spectrum permits. This characteristic allows modulating random lasers without the
locking frequency problems of the conventional fiber laser configurations as will be
presented below.
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Figure 4.21. Schematic setup for the modulated random laser system. Point C fiber tip is adapted with index match-
ing gel. PC: Polarization controller. EOM: Electro-optical modulator. WDM: Wavelength division multiplexer. DCF:
Dispersion compensating fiber.

Here, a random fiber laser cavity which has been modulated through an intensity mo-
dulator is presented. In conventional mode-locked lasers the length of the laser reso-
nator is also an essential parameter because it determines the repetition rate when
modulated and filters the modulating signal at RF frequencies [22-23]. In our modulated
RDFL, the modulation frequency can be adjusted without restrictions. To the best of the
author’s knowledge, this is the first demonstration of an internally modulated random
fiber laser.

Figure 4.21 depicts the schematic setup of the internally modulated random fiber laser
using a 1445 nm pump laser. This random laser is based on a linear cavity made up of
two different mirrors: the first one (right side), is a distributed mirror created by using
the ~2.5 km DCF reel and the second one (left side), is a loop mirror by connecting the
inputs/outputs of a circulator as shown in figure 4.21. Basically it is the same lasing
scheme shown in the previous section. Now the circulator based mirror is changed as
explained next.

The loop mirror structure receives the reflected light from the distributed mirror in port
2. Once light is inside the mirror (between port 3 and 1), this light is modulated by a
LiNb03 Mach-Zehnder EOM (Electo-Optical Modulator) with an extinction ratio of ~20
dB. The signal selected to modulate the structure has a pulsed shape which causes the
on/off states in the emitted light. Once the light is modulated, it is launched through port
2 towards the distributed mirror. It is important to highlight the role of the loop mirror
structure because the reflected signal is always modulated. It could be called “modula-
ting mirror structure”; specifically the mirror modulates the backscattered contribution
generated by the distributed mirror. Due to the particular features of the random cavity,
its feed-back action does not correspond to a fixed length; and the cavity adapts without
distortion to each selected frequency of modulation. It means that the laser cavity does
not filter periodically in frequency the amplified signal, as happen when a ring cavity
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is employed for fiber lasers [24]. Thus, the contribution of each point of the DCF fiber,
which arrives to the modulator in phase, will be re-coupled into the mirror. When the
gain compensates the loss, creates a positive feedback achieving the laser condition.
The entire backscattered signal created in the cavity is accumulated at point B.
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Figure 4.22. (a) Output power evolution vs. pump power variation. (b) Output spectrum measurements for two different pump
powers.

The output power evolution versus the Raman pump power was measured in order to
demonstrate the lasing behavior of the structure (Figure 4.22 (a)). In this figure, two di-
fferent zones are noticed. The first one corresponds to an unstable behavior (from 1 to
1.3 W) before the stable lasing behavior is achieved. In Figure 4.22 (b) the output spectra
corresponding to both zones are depicted with a resolution of 0.1 nm. The black trace
refers to the aforementioned unstable state where different hopping lasing lines are
noticeable; and the blue one belongs to the broadband stable operation regime of the
proposed modulated random laser. The measurements corresponding to Figures 4.22
(a) and (b) have been taken at point A. The spectrum has been also checked in points B
and C obtaining similar results in order to confirm the laser operation along the whole
cavity. The output spectra of points A and B were measured using a 90:10 low insertion
loss coupler and the measurement at C was taken directly from the fiber tip. It is im-
portant to remark that modulating internally the laser, the cavity loss is initially kept at
a high level until the pumped gain medium has stored a certain amount of energy. The
cavity loss is then quickly reduced to a small value, which allows the intense stimulated
laser radiation to establish quickly in the cavity [13].
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Thus the modulated signal obtained in A is different from the obtained by modulating
directly the output signal of a CW random mirror laser. In addition, the measured extinc-
tion ratio of the modulated random laser is 4 dB higher than the extinction ratio of the
EOM.
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Figure 4.23. Time domain laser behavior in A and C when 500 MHz square signal modulates the system.

Figure 4.23 displays a pulsed output signal of the random laser, measured simulta-
neously at points A and C when a 500 MHz square signal is applied to the EOM. Although
the signal in both points is rather similar, signal in point C offers a much lower contrast
than signal in point A. The signal in point C is noisier because it travels through the DCF
along with the Raman pump; the signal is not only amplified by the Raman Effect but
also it is affected by additional undesired effects such as the double backscattering
which modifies the signal in point C. Furthermore, point A offers a low-noise signal due
to the fact that the electro-optical modulator removes much of the extra noise. So this
figure demonstrates how the system is able to modulate the laser in a pulsed regime.
Because of the frequency limitations of our modulating devices for square signals, no
measurements over 1 GHz were carried out. In fact, in figure 4.23, frequency filtering
effects of our signal generator make the signal shape smoother. A higher frequency
operation, nevertheless, is expected with the suitable equipment.
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Figure 4.24. Frequency response of the proposed random cavity in comparison with a linear cavity.

The laser behavior for a high frequency analog modulation was also characterized. Fi-
gure 4.24 compares the frequency behavior of the random mirror laser and a conventio-
nal linear cavity laser. A network analyzer was used to characterize both systems from
300 kHz to 12 GHz using a frequency resolution of 200 kHz. Both cavities have the same
length and topology to compare the lasers performance. The random mirror laser has
been transformed into a two discrete mirrors linear cavity laser introducing a FBG (cen-
tre wavelength: 1549.6 nm, bandwidth: ~0.25 nm, reflectivity: ~97%) at C to reflect the
output power. Thus, the reflected signal overrides the effect of the distributed mirror,
being the new cavity length the ~2.5 km of the DCF. It is remarkable the flat behavior of
the random laser independently of the frequency in comparison to the periodic spectral
response of the non-distributed cavity. This frequency dependence is evident in the blue
plot from Figure 4.24 which shows the high number of frequency minima present in the
non-distributed cavity. Although a time-domain comparison of the conventional random
vs. non-random cavity fiber laser is not presented here, one can argue that modulating
the conventional laser would produce a regular pulse sequence similar to that in figure
4.23 only when the modulation frequency matches the longitudinal cavity mode spacing
and would otherwise result in a distorted response (see Refs. [22, 25]).
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4.3. CONCLUSIONS

Three different applications of the RDFB effect for multi-wavelength and modulated fi-
ber lasers have been experimentally demonstrated. These new laser structures try to
contribute to show the potential that RDFB offers to fiber optic technologies.

In the first section, the basic random-laser structure presented in [2] was filtered by a
FLM interferometer which includes a Hi-Bi SC-PCF. The MWFL is composed by this FLM,
which filters the emission spectrum and a double-random mirror laser. The double-
random mirror acts by itself as a broadband laser with a 30dB SNR, being the result
of multiple Rayleigh scattering produced in the dispersion compensating fibers by the
Raman amplification. The MWFL's output has a multi-peak spectrum showing 7 lasing
channels with a minimum OSNR of ~25dB. The wavelength spacing between lasing
channels and the number of lasing channels can be easily tailored by changing the leng-
th of the suspended-core fiber. In addition, the fiber laser’s output is highly sensitive to
polarization induced changes in the Sagnac filter. As such, by adjusting a polarization
controller, different shapes, SNR and number of lasing channels can be obtained. This
multi-wavelength Raman fiber laser presents suitable characteristics for sensors inte-
rrogation. Even more, the proposed configuration can be used as laser sensor by simply
exploiting the sensing skills of the Sagnac configuration.

The second demonstrated configuration tries to improve the previous developed laser
by using a programmable filter in order to select the desired lasing wavelengths in
real time. To achieve this feature, a specific software application was developed. This
laser shows high stability, a broad-band response, reconfigurability, versatility and high
power emission lines. A maximum band of ~20 nm can be reconfigured with a mini-
mum distance of 50 GHz between lasing channels. However, the best performance of
the laser is achieved when the emission lines distance is 100 GHz. This structure can be
easily equalized and switched fulfilling the 100 GHz ITU grid specification for telecom-
munication or sensing purposes.

In the final section, a modulated random mirror laser using the same basic blocks utili-
zed in the switchable MWFL, has been experimentally demonstrated. In order to modu-
late the emitted signal, an EOM was used instead of the programmable filter. This struc-
ture can be internally modulated with no restrictions attributable to the cavity length.

These results have originated the publications in references [8, 26-27]
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Chapter V. New Fiber Optic Sensors Networks

INTRODUCTION

This PhD work, as it was explained in previous chapters, is devoted to study and pro-
pose different fiber optic sensor configurations for structural health monitoring (SHM)
purposes and, thus, someday, the developing of smart structures.

In this chapter it will be explored some of the most important characteristics of the
fiber optic sensor technology to be applied to the SHM objectives: sensor multiplexing
and remote interrogation. These topics were also explored in chapter 3 by using OTDR
interrogation techniques. It is important to highlight that chapter 3 could be contained
in this one, but all the work done with the OTDR, deserved to have its own chapter. On
the other hand, in order to improve the applications in sensors multiplexing of remote
networks, it will be also explored the remote feeding of optoelectronic devices by using
power by light techniques.

Because of the length of this chapter, it is organized following the achieved results.
Firstly, it will be presented the intensity sensor multiplexing and remote schemes used
in the multiplexing of these networks. After them, the wavelength based remote and
multiplexing schemes and power by light switching multiplexing schemes are pre-
sented. Finally, an overall overview of all the schemes are summarized in a versatile
sensor system which contributes to justify the potential that fiber optic sensing tech-
nologies offers.
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5.1. FIBER OPTIC INTENSITY SENSOR NETWORKS

Usually intensity fiber-optic sensors are interrogated by illuminating the sensing struc-
ture and detecting the intensity variation induced by the measurand. Because of this, the
multiplexing of intensity sensors without suffering crosstalk is a challenge [1]. In this
section three different solutions are presented. In the same way than the OTDR intensity
sensors interrogation techniques presented in chapter 3, a TDM remote interrogation
proposal in transmission is presented. On the other hand, two schemes which use WDM
techniques for remote interrogation of multiple sensors are also presented.

5.1.1. Remote Time Division Multiplexing of Bending Sensors

Oscilloscope

Broad band

10 ns pulse
light source

Figure 5.1. TDM sensor system schematic diagram used for non remote characterization of the sensors.

The leading idea of this first proposed network is the multiplexing of intensity bending
sensors by launching an optical pulse and delaying it by using different fiber delays for
each sensor. Figure 5.1 illustrates the basic scheme of the developed network.

5cm Fixed point

2.5cm
Fixed point

Figure 5.2. Bend tie sensors diagram, including initial dimensions for a non-stressed sensor.
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The sensing unit consists of four intensity sensors arranged in a star configuration. The
sensors are based on the bend tie sensor diagram firstly proposed by F. Sienkiewicz et
al. (figure 5.2) [2]. This sensor is able to measure large displacements and, consequently,
high deformations when the ends of the sensor are attached to two points of a structure.
In order to characterize the sensors, their input and output fiber sections (described
as “fixed point” in figure 5.2) are placed on two high precision motorized stages which
makes that the tie shape shrinks or extends following a lineal displacement. Therefore,
a curvature change is generated, which increases or decreases the loss. The minimum
displacement step that the motorized stages provide is 17 nm and, and in order to con-
trol it, a custom software was developed. The software integrates all the instruments to
make measurements of the displacement of the sensors each 3.4 mm. To improve the
sensor performance and repeatability, the fiber of the tie sensor was smeared of lithium
grease. The characterization setup allows making high resolution measurements.

The principle of operation is presented below. A broad band light pulse of 10 ns is mo-
dulated by using an EOM (electro optical modulator). Afterwards the pulse is divided by
the first 2x4 coupler in four almost identical pulses travelling through different fiber
delay lines before been modified by the sensors. The sensors modulate the intensity of
each pulse following the selected displacement between the fixed points. Afterwards,
the pulses are re-coupled by the second 2x4 coupler shown in Figure 5.1. Finally, four
different pulses corresponding to the sensors are detected by a high sensitivity photo-
detector (New Focus 1811, 125 MHz, 900-1700 nm) and monitored by an oscilloscope. In
order to monitor and control the optical signal, an OSA is connected at the extra coupler
output. Although no OSA is necessary for the sensor ordinary measuring process, we
use it for the system calibration and adjusting purposes.
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Figure 5.3. Oscilloscope view of the four sensors” received pulses.
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Figure 5.3 shows the received signal from the 4 sensors. For the experiment it was
tested each sensor separately and the influence on its behavior of the other sensors
(the crosstalk) was also checked. A delay of approximately 20 ns (corresponding to a 7
m fiber length) has been applied to the pulse corresponding to this sensor. The number
of sensors that can be multiplexed using this scheme is limited by the received optical
power from each sensor. Theoretically, in a non-remote setup is possible to multiplex up
to 32 sensors using our topology and equipments. However, for remote applications, this
number should be reduced for achieving a good SNR, if the same resolution is desired.

The broadband light source used (Nettest fiberwhite SPL), covers a wavelength spec-
trum from 1525.5to 1611.7 nm, with a maximum output power of 18.8 dBm and power
stability of 0.005 dB. This broadband source avoids the oscillations measured in the
curvature loss function because of the cladding-mode coupling process when a na-
rrow band laser is used. This effect was firstly observed in chapter 3 section 3.4. The
cladding-mode excitation causes a wavelength displacement according to the bending
radius. Therefore, the losses caused by curvatures are completely dependent on the
wavelength. By using the broadband source a loss averaging of this dependence is
achieved, reducing the unwanted effects of the cladding-mode re-coupling. Because of
the non-uniform spectrum profile of the broadband source, it was referenced the mea-
surements regarding the first spectrum obtained with a non-stressed sensor. On the
other hand, the utilization of short bending radius loops as mode scramblers, as pre-
sented in chapter 3.4.2 contributes to attenuate the excited cladding-modes improving
the accuracy of the measurements as well. These fiber loops were optimized for each
sensor. The loops configuration was developed after several empirical tests, showing
the optimum cladding-mode suppression behavior. In the experimental set-up, only one
loop before two of the sensors was used (the second and the fourth sensor).
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-30 J
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Figure 5.4 EOM response to the Biasing point variation.
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An electro-optic amplitude modulator, LiINbO3 “UTP APETM 2x2 interferometric switch”,
was utilized. It generates short pulses when connected to the output of the continuous
wave (CW) light source. The EOM transfer function and its biasing point are two crucial
parameters to be controlled. Intuitively, the reader can think that modulating a broad-
band source by an interferometric switch is not the most efficient way of modulating
an optical signal because the switch extinction ratio is wavelength dependent. For the
main purpose of the system, the sensor response improvement due to the broadband
source justifies it. Figure 5.4 shows the characterization of the modulator response to
the changes of the biasing point. A computer controlled DC source increased with 0.01V
steps the biasing point in each measurement and registered them using an OSA. This 3D
graph shows the EOM output power versus the wavelength and the polarization voltage
applied. The polarization point is a crucial parameter to be controlled and to stabilize.
The transfer function of the EOM modifies the spectrum of the source while the biasing
point controls the amplitude of the pulses.

Oscilloscope

Broad Band

10 ns pulse

Figure 5.5. Remote (50 km) sensor system.

In order to check the application of this structure for remote sensing, the network was
extended up to 50 km. Figure 5.5 depicts the schematic diagram of the remote applica-
tion of the multiplexing network. Dispersion is a crucial aspect to be taken into account
when pulses are transmitted through long distances. Pulses duration can be enlarged
too much because of dispersion, and the overlap of the different pulses received from
the different sensors can cause crosstalk in this TDM system. Because of it, two disper-
sion compensating fiber (DCF) sections are used to balance the dispersion caused by the
100 km of standard single mode fiber (SMF28) added to the network. However, the price
to pay is an additional 7.8 dB loss.
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Figure 5.6. Measured transfer function of a displacement sensor when a laser diode (red) and a
broadband light source (black) are used.

Figure 5.6 illustrates the displacement characterization of one of the intensity sensors
when displacement is applied and the two different light sources are used. The red tra-
ce corresponds to the measurement of the sensor when the OTDR laser is used in an
in-transmission configuration, as studied in chapter 3.4.2. The non linear behavior li-
mits the resolution and applicability of the sensor. It corresponds to the excitation of
new cladding modes when the bending radius is reduced with the applied displacement.
However, this excitation also depends on wavelength [3]. Thus, when a broadband light
source is used and all its spectral components are simultaneously introduced into the
bending sensor, an average effect is obtained and the linearity of the transfer function
is improved.
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Figure 5.7. Spectrum evolution according the applied displacement after the sensor (the displacement
applied is marked inside).
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Figure 5.7 shows the evolution of the attenuation spectra as the bending radius chan-
ges. The first trace is taken as the reference one. Thus, to calculate the attenuation, the
trace taken in each bending state is subtracted to the reference one. The results shown
in Fig. 5.7 confirm the dependence of macro-bending with the wavelength.
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Figure 5.8. All sensor received signals evolution when displacement is applied. Graph (b) shows S2
displacement characterization and the rest of sensors when they are not stressed.

Figure 5.8 depicts the measured displacement behavior of the four sensors. The re-
ceived signal levels are different because of the different calibration parameters of
the mode scrambler loops explained before. An important parameter to study is the
crosstalk between sensors. In this study the crosstalk was checked for each sensor.
Figure 5.8 (b) shows the second sensor behavior and the simultaneous signal variations
obtained from the others. The size of the launched pulse and the delay of each branch
must be well controlled to prevent pulse overlapping, avoiding crosstalk.

This figure (5.8) demonstrates the crosstalk free behavior of this system because the

received pulses, corresponding to each sensor have them own time slot without suffe-
ring overlapping.
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Figure 5.9. Remote sensor detected signal evolution vs. displacement.

We have also made an identical characterization of the sensors using the remote sen-
sor system configuration, placing the sensors 50 km away from the monitoring header.
On this occasion (figure 5.9), the sensor’s voltage evolution is as linear as the previous
one but the dynamic range in this case is much lower. However it is still enough for the
system requirements.

Finally, the system resolution, accuracy and repeatability have been studied for both
systems: local and remote systems. Because the light source and the photo-detector
will introduce the corresponding intensity noise and quantum and thermal noise, the
received signal was averaged. Using these data it was calculated the system resolution
and accuracy. The non remote sensor system resolution turned out to be +0.5 mm and
the remote sensor configuration resolution was +1 mm in the measurement range of 35
mm. These results were obtained making an averaging of 64 oscilloscope traces in or-
der to reduce the noise. The repeatability, defined as the maximum difference between
the consecutive readings of the sensors [4], was +1.14%. The measurement frequency
can be as fast as 1 Hz, being the real limitation the oscilloscope acquisition speed and
data processing time. Finally, we would like to point out that other possible measure-
ment errors, coming from instabilities from the EOM and sensor network instabilities,
may be reduced using an intensity referenced scheme, for example, as the referenced
schemes for intensity sensors presented in chapter 2.
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5.1.2. Multiplexing of six micro-displacement suspended-core Sagnac interferometer
sensors with a Raman-Erbium fiber laser

UPPER #—

LOWER +—~

Figure 5.10. Micro-displacement PCF sensing head structure.

Multiplexing networks for fiber optic sensors are totally dependent on the kind of sensor
to be multiplexed [5]. In this case, It was designed a new WDM multiplexing structure
for transmisive PCF/FLM based sensors. The selected sensors were the high sensiti-
vity micro-displacement fiber sensors using a suspended-core Sagnac interferometer
depicted in figure 5.10 and previously detailed in chapter 2.1.1. Although these sensors
have an interferometric nature, finally the measured parameter is coded into the in-
tensity of the transmitted signal and not in the wavelength. Thus, this is the reason to
include their multiplexing networks in this section.

Qutput port

Figure 5.11. Experimental set up for the proposed remote multiplexing PCF sensor system.
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The proposed multiplexing system set-up, suitable for remote monitoring of such a kind
of sensors, is shown in figure 5.11. It is composed by the three basic parts already pre-
sented in chapter 1: the sensor network itself, the monitoring station and the transmis-
sion channel.

The sensor network itself is based on a ladder structure. The upper path is composed
of circulators whose isolation is ~56 dB, FBGs centered between 1544.79 nm - 1550.79
nm and having reflectivities around 96-97%, and fiber spools. The circulators redirect
the reflected light from each FBG towards the PCF sensors, where it will be intensity
modulated, and finally towards the lower path. It seems important to point out that the
circulators isolate the reflection signal of each sensing head and force each peak to tra-
vel through the correct sensing head. For this reason, crosstalk is avoided. This means
that one of the most challenging issues for multiplexing intensity sensors is addressed.
The main function of the lower path is to collect each modulated sensor signal. After
an empirical coupling ratio study carried out using a variable coupler, 90:10 couplers
have been selected for this purpose. For performing a more realistic scheme, 5 km fiber
spools have been placed between each sensing head, which simulates that each PCF
sensor is placed in a different location. Thus, the distance from the first sensor to the
last one is 25 km, therefore, the first PCF sensor is placed 50 km away from the monito-
ring station and the last one is located after 75 km.

This dual-bus PCF sensing head sensor network is connected with the monitoring sta-
tion by two 50 km SMF fiber spools. One is connected to the upper path and the other to
the lower one achieving an up to 75 km remote PCF sensor multiplexing network.

Finally, the network is completed by the monitoring station. It is composed of a Raman
1445 nm pump laser whose power is launched into the ring by a WDM in order to ob-
tain Raman amplification; the programmable tunable filter (Finisar WaveShaper 1000S)
which sequentially selects each FBG wavelength; a commercial EDFA and finally, an
optical spectrum analyzer (0SA) that detects the output signal.

The operation mode of the system is based on a multiple cavity fiber ring laser. Each
FBG creates a lasing channel whose intensity is modulated by the PCF sensing head
located into the upper-lower bus interconnections. Once the signals are coupled in the
lower bus, an 80:20 coupler takes out 20% of light to be detected by an OSA. The remai-
ning optical power is amplified by the EDFA (13 dB gain) and afterwards it is filtered
using the tunable programmable filter. This filter plays two important roles: on the one
hand, it selects each lasing channel and, on the other hand, it eliminates the amplified
spontaneous emission (ASE) noise generated previously by the EDFA. As the selected
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amplified bandwidth is limited by the narrow filter width, the Raman amplification is
much more efficient.

The six PCF multiplexing sensor system is achieved by using a circulator based dual-
bus sensor network. The system uses Raman-EDFA hybrid amplification to compensate
the high cavity losses and thus, it is possible to achieve the lasing condition. By using
the programmable tunable filter, a wavelength sweep was done to tune each FBG based
laser channel wavelength.

Power (dBm)

00 01 02 03 04 05 06
Bandwidth (nm)

Figure 5.12. Evolution of the output power vs. the filter bandwidth.

Raman distributed amplification, needed to achieve the lasing condition, has to be opti-
mized along with other design parameters. As M. Fernandez-Vallejo et al. demonstrated
in [6], when the pump power increases, the lasing channel bandwidth broadens and
unwanted effects appear when the output power is depleted. And this fact is directly
related to the channel width. For this reason, a complete study of the influence of the
filter width on the output power was carried out in order to reach the most efficient
Raman amplification. For this purpose, the utilized filter offers two interesting charac-
teristics: it is possible to select the bandwidth from 40 to 0.08 nm and it is also possible
to choose the filter center wavelength with a precision of 8 pm in the communications
C Band (1527.4-1567.4 nm). In this work, the evolution of the output power of one of the
laser emission lines against the filter bandwidth has been assessed. Figure 5.12 shows
the result. As it was expected, the narrower the bandwidth is, the more stimulated Bri-
llouin scattering (SBS) spreading is observed. On the other hand, once established an
optimum bandwidth; for broader bandwidths, lower Raman amplification efficiencies
were obtained. Finally, for these amplification conditions, that will be detailed below, the
optimum filter-bandwidth empirically obtained was ~0.2 nm, as illustrates figure 5.12.
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Figure 5.13. Different lasing channels spectrum overview.

Taking into account that the proposed fiber ring laser does not work in multi-wavelength
operation, the results depicted in figure 5.13 are the combination of each lasing channel
spectrum, corresponding to the six sensors. The power difference between each peak is
due to the difference of length and losses between each sensor cavity.
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Figure 5.14. Laser condition characterization and stability overview for 30 minutes.

Figure 5.14 (a) shows the results of the study of the output power versus the Raman
pump power which demonstrates that the Raman amplification compensates the total
losses of the cavity, achieving the laser condition. Specifically, this plot depicts the evo-
lution of the output power regarding the input Raman pump power for the laser channel
centered at 1549.6 nm. There are two clear turning points: the first one, ~1.2 W, indica-
tes that the cavity reaches the lasing threshold pump power and the second one, ~1.5W,
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clearly suggests that the cavity reaches the saturated region. Thus, the selected Raman
pump power was ~1.5 W.

Taking into consideration the high influence of the output power instabilities in the pre-
cision of the measurements; the stability of the fiber laser was analyzed. Figure 5.14 (b)
provides the stability against 30 minutes time of the channel centered at 1548.44 nm
whose maximum deviation is 0.04 dB. The power of this channel is the lowest, which
means that the worst case is being considered.
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Figure 5.15. PCF sensor hehavior for the best (a) and the worst case (b).

To validate the behavior of the PCF sensors when they are inside the sensors network,
the performance of the sensors when strain is applied has been studied. Sensitivities of
0.043 and 0.012 dBm/pm have been obtained for the best and worst case respectively,
as it is shown in figure. 5.15. Both results have a very high linear fitting with a standard
deviation less than 0.01. On the other hand, the repeatability of the system has been stu-
died with a result of £0.8% accuracy between consecutive sensor readings. Taking into
account the 0.04 dB instability and the £0.8% repeatability results, the final precision of
the sensor system for the best case is +0.9 um and in the worst case is +3 pym. These
results are in very good agreement with the measured data obtained when they act in
single- sensor systems as shown in section 2.1.1.

5.1.3. Remote sensors multiplexing by using optical add-drop multiplexers

In this section, two remote sensing network schemes for WDM addressing of intensity
sensors by using optical add-drop multiplexers (OADM) are presented. The OADM was
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originally developed for communication purposes. This device has the capability of ex-
tracting and adding one single wavelength from a, usually, WDM (wavelength-division
multiplexing) network for telecommunications. For fiber optic sensor applications, R.
Perez-Herrera et al. have been previously proposed a robust fiber optic sensor multi-
plexing network based on this kind of devices [7].

5.1.3.1. Remote interrogation of intensity sensors arrays by using OADMs.

Figure 5.16 depicts the first proposed setup, which is composed by three main blocks:
the monitoring station, the transmission channel and the sensing unit. The monitoring
station utilizes a semiconductor tunable laser (TLS) which sequentially selects each
sensor wavelength and also, launches in each scanning cycle an additional reference
wavelength. Its light is coupled to the transmission channel by a circulator which also
collects the sensors signal to be detected by a handheld power meter. This power meter
might be replaced by a semiconductor detector and the corresponding electronics in a
real application.

The sensing unit includes four OADMs arranged in bus structure. The new design pro-
posed here for remote sensing connects the monitoring station and the remote sensing
unit using a unique 50 km long SMF section. The available SNR is limited by the non-
ideal isolation between ports of the circulator; in this case, the signal SNR is ~13 dB.
Analytically the SNR can be calculated as follows:

SNR =1, Ly (5.1)

where |.,; refers to the isolation between circulator’'s port 1 and 3 and L is the total
loss of the network between the source and the output port. In this system, |.,,~47dB
and L~34dB. Thus, the 13 dB SNR were analytically demonstrated. Therefore, the
maximum length achievable is limited by the isolation between circulator’s port 1 and 3.
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@

Monitoring station Transmission channel Sensing unit

Figure 5.16. Experimental setup for the proposed sensor array
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The principle of operation of the proposed sensor system is based on the wavelength
selective behavior of the OADMs. There are two different alternatives. Firstly, when the
TLS wavelength does not match with any OADM operation wavelength, the TLS signal is
not affected by the OADMs and it is transmitted back to the monitoring station. Howe-
ver, when the TLS wavelength does fit with one of the OADMs wavelengths, the sig-
nal is launched through the “drop” port where an intensity sensor will be placed. This
sensor modulates the extracted signal that will be re-coupled to the bus that connects
the OADMs using the “add” port. By using different wavelength coding for the selected
OADMs, the system distinguishes each intensity sensor. The OADMs central wavelengths
chosen were 1540, 1543, 1544.5 and 1548 nm. Unlike others wavelength coded sensor
multiplexing systems which use high sophisticated detection devices, because of the
sequential emission of the different wavelengths, this system can use a low-cost power-
meter if the fixed wavelengths emitted are synchronized with the detection system.

Other important issue to take into account in intensity modulated sensor systems is
the sensor intensity referencing. This structure is able to solve this matter by using an
additional wavelength, centered in 1550.25 nm, which is launched to the network before
each sensor reading to characterize the fiber network loss unassociated to the sensors
and other laser fluctuations, for avoiding measurement errors. This sensor multiplexing
structure has been designed for any “in-transmission” intensity sensors multiplexing
showing the versatility of the proposed sensor system. Moreover, the low insertion loss
presented in the 0ADMs allows the multiplexing of a large amount of sensors limited by
the OADMs bandwidth and the TLS wavelength range.

Four different intensity sensors for displacement measurements were selected in or-
der to experimentally demonstrate the system versatility: a sensor based on an LPG,
another on a fiber-optic taper; a third one based on micro-bending using a single mode
fiber and finally a high sensitivity structure based on the a photonic crystal fiber (PCF)
which is inserted into a fiber loop mirror previously presented in chapter 2.1.1. It is im-
portant to highlight the ability of the proposed system of multiplexing any “in-transmis-
sion” intensity sensor, such as strain, displacement or any parameter whose dynamic
range fits within the available SNR.
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Figure 5.17. (a) Spectra of the different sensors and (b) power stability of the 1544,4 nm emission line.
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Figure 5.18. Experimental results for the different sensors tested. (a) Taper, (b) Long Period Grating, (c) Photonic Crystal Fiber
sensor and (d) Single Mode Fiber microbending sensor.
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The optical spectrum of each sensor and the aforementioned additional reference wave-
length was measured. Figure 5.17 (a) depicts the spectra lines of the sensors (black) and
reference (blue). As the tunable laser does not work in multi-wavelength operation, the
trace shown in Figure 2 (a) is the combination of each sensor wavelength and the refe-
rence wavelength. Although, the reference signal allows differentiating between power
variations induced by the sensor and other power oscillations, there is always certain
inherent instability which belongs to the TLS which will affect directly to the final sensor
resolution. For this reason, the TLS stability has been studied and its result is depicted
in figure 5.17 (b). It presents a 0.08 dB of maximum deviation measuring one trace per
minute during 30 minutes.

Figure 5.18 presents the characterization of the sensors. Figure 5.18 (a) depicts the
taper strain behavior when it is placed in a high precision motorized stage fixed in both
extremes of the sensor achieving a fiber bending. The taper is placed in the point of
maximum bending to achieve a sensitivity of 0.73 dB/mm. In the same way, the LPG
is characterized. It is also placed in the motorized stages for achieving the maximum
bending in the point where the LPG is placed. Thus, the LPG filter, which is approxima-
tely centered in the selected wavelength, makes a frequency shift proportionally to the
strain as itis shown in figure 5.18 (b). The frequency shift varies the intensity of the laser
source taking into account the LPG filter shape. It presents a sensitivity of 1.83 dB/mm.

Figure 5.18 (c) shows the PCF micro displacement sensor behavior when it is stressed
with two bending plates. The bending plates are controlled by the same high precision
motorized stages. The fiber is placed inside a Sagnac interferometer and this interfe-
rence varies proportionally to the stress applied as in 2.1.1. The sensor offers a sensi-
tivity of 4.82 dB/mm. Finally, presented in figure 5.18 (d), a basic micro-displacement
sensor based on a SMF bended by the same bending plates was characterized. This last
sensor is as simple as a SMF placed between the “add” and “drop” port is bent. This
sensor presents a 15.5 dB/mm sensitivity with the sole drawback of the cladding mode
coupling effects observable in the results.

5.1.3.2. 100 km remote PCF intensity sensors multiplexing by using OADMs

As was mentioned in the previous section, the utilization of an optical circulator to
launch and receive signals using a single fiber cable limits the achievable SNR. In the
previous case, for a 50 km long remote application, using a TLS with an output power
of 10 dBm the crosstalk introduced by the circulator limited the SNR to 13 dB. If longer
remote multiplexing networks are desired, the network should include optical amplifi-
cation, or alternatively, to use different fibers for launching and receiving the signals,
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eliminating the circulator in the header of the network. This last option was employed
for an ultra-long (100 km) multiplexing system, that also used OADMs, designed for PCF
based sensors. Again, because PCF sensors multiplexing is, up to date, a challenge, the
PCF/FLM micro-displacement structure presented in section 2.1.1 and depicted in figu-
re 5.10 was used into the multiplexing network, being the sensors mentioned as S1...S4
into figure 5.19 schematic setup.
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Figure 5.19. Schematic setup of the proposed remote PCF sensor multiplexing system. WS: WaveShaper tunable filter, EDFA:
Erbium Doped Fiber Amplifier, A&D: Add-Drop Multiplexer.

The sensor network based on OADMs is the same as the previous system. The OADMs
were arranged in a bus configuration, where the sensors were placed between the
“drop” and “add”. The only difference is how the signals travel from the monitoring sta-
tion to the sensor network. As aforementioned, one fiber reaches the input branch of the
sensor network and a different fiber leaves the network towards the detection stage.

Now, the monitoring station is formed by a home-made fiber optic laser based on a ring
structure. This laser structure presents better stability (0.04 dB) than the semiconduc-
tor TLS used in the previous system (0.08 dB) which, finally, affects to the maximum
measurement resolution. The laser consists of an EDFA as gain medium; the program-
mable tunable filter also employed in section 5.2.2 (Finisar WaveShaper 1000S) which
sequentially selects each OADM wavelength; and a 90:10 low insertion loss coupler. On
the other hand, the output port is composed by two different monitoring devices: an op-
tical spectrum analyzer (OSA) and the low cost solution, a handheld power-meter.
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Figure 5.20. Spectrum overview of the four sensors and the additional reference line

Figure 5.20 depicts each sensor laser wavelength and again, an additional wavelength
for referencing the system losses. Taking into account that the fiber laser does not work
in multi-wavelength operation, the results depicted in Figure 5.20 are the combination
of each OADM channel laser spectrum and the reference wavelength. The reference
wavelength is different than the others OADM operation wavelengths because it travels
directly to the detection stage carrying the network loss or fiber failure information.
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Figure 5.21. Stability measurements along 30 minutes each 30 seconds

The instabilities have high influence in the precision of the intensity sensor system. Con-
sequently, the stability of the fiber laser is a key parameter to be assessed. Figure 5.21
provides the system stability along 30 minutes. The maximum deviation measured was
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~0.04 dB which corresponds to the 1548 nm sensor. This high intensity stability guaran-
tees the high resolution operation of the selected PCF sensing head.

Figure 5.22 depicts one sensor behavior. The graph shows the 1539 nm PCF sensor
when it is detected using an OSA (black squares) and with a power meter (red circles).
Both experimental results were in good agreement. The little deviation between each
detection method is attributed to the extra power displayed by the power meter. It gi-
ves the integration of the entire operation spectrum, and the OSA shows the maximum
power of each detected peak.

110' ny [}
™ ...l... [ ] glf‘l'A
0,8 ey
_ =2
> 0,64
$ .:..I o
5 0,4 o
% ....I @
a 0,21
l1.
0,0 ~d
150 200 250 300 350 400
Displacement (um)

Figure 5.22. Micro displacement result measured with an 0SA (black squares) and with a
power-meter (DET, red circles).

The sensor showed a sensitivity of 0.026 dB/um. In addition, a repeatability study has
been done with a result of £0.8% accuracy between consecutive sensor readings. Taking
into account the 0.04 dB stability and the £0.8% repeatability results, the final precision
of each sensor is £1.5 ym. These results were also in very good agreement with the
measured data obtained in section 2.1.1. Finally, it can be considered other post proces-
sing techniques for enhancing the linearity of the sensors may be used as reported in
(8].

5.2. ULTRA-LONG LASER SYSTEMS FOR REMOTE FIBER BRAGG GRATINGS
ARRAYS INTERROGATION

In section 5.1.2 a 75 km long multiplexing lasing structure was demonstrated to moni-
toring PCF transmissive sensors. This section is devoted to explore the length limits of
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these lasing networks. Now it was selected FBGs as sensors in order to codify the sen-
sing information into wavelength and not into intensity. In this way, the intensity dynamic
range of each sensor is not going to be altered when measuring. Thus, an array of 11
FBG sensors is going to be remotely interrogated using two different lasing structures:
a linear laser cavity and a ring cavity.

5.2.1.100 km sensor laser structure based on a ring cavity

Figure 5.23 schematically depicts the demonstrated 100 km long distance fiber ring
laser for FBG sensors multiplexing. The sensing unit includes a linear array of 11 FBGs
(centered from 1540 nm to 1552 nm with a free bandwidth of 1.2 nm between two con-
secutive FBGs. The bandwidths of the FBG are in the range of 0.23-0.25 nm and the
reflectivity’s are around 96-97%). They play simultaneously a dual-role: as wavelength
selective reflectors for the lasing structure and as the sensing transducers elements of
the sensor system. As the picture shows, the FBGs are connected to the transmission
channel through a circulator which inserts the FBGs' reflected signals into the ring, en-
suring unidirectional operation and therefore avoiding undesired effects such as spatial
hole-burning (SHB).
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Figure 5.23. Experimental set up for the 100 km-long distance fiber ring laser which interrogates eleven FBGs.

The transmission channel is composed of two paths of 100 km-long of SMF. The need
to double the fiber length may seem detrimental to the cost of the system, however, it
has an ancillary impact if the total expense of a real installation is considered. From a
technical point of view, this double path configuration addresses one of the principal
problems of remote sensor system, the double-Rayleigh scattering, because the reflec-
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ted signal travels though a different path than the launched signal and the distributed
Raman amplification.

Finally, regarding the monitoring station, it consists of: a Raman laser from IPG Fiber-
tech emitting at 1445 nm; a commercial EDFA from MPB technologies; and the program-
mable tunable filter from Finisar (WaveShaper 1000S). As mentioned before, this last
device offers two interesting characteristics: it is possible to select the bandwidth from
40to0 0.08 nm and it is also possible to choose the filter center wavelength with a preci-
sion of 8 pm in the communications C Band (1527.4-1567.4 nm). The monitoring station
also includes a wavelength division multiplexer (WDM) which combines the signal and
the Raman pump, and a 95:5 coupler to extract a 5% of the laser output power from the
ring.

The operation mode of the ultra-long fiber laser scheme as mention before, obeys the
basic requirement of any fiber laser: lasing will take place when the total gain in the
cavity overcomes the total cavity losses. The laser is set above the lasing threshold
thanks to the distributed Raman amplification and the extra EDFA amplification. Then,
the tunable filter sweeps in wavelength and select which FBG is going to overcome the
laser condition at each time. Therefore, this device has a key function: on the one hand,
it avoids the multi-wavelength operation and thus, the serial configuration of the FBG is
not an obstacle; and on the other hand, it removes the amplified spontaneous emission
from the EDFA outside the lasing wavelength, increasing the efficiency of the Raman
amplification in the wavelength of interest. Furthermore, the tunable laser bandwidth
is wide enough so that non-linear effects do not arise. More specifically it avoids stimu-
lated Brillouin scattering (SBS), which was the most concerning process because of its
low threshold.
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Figure 5.24. Results of the 100 km remote sensor system: (a) Output power of the laser depending on the
Raman pump power; (b) Spectrum of the reflected signals from the eleven remotely multiplexed FBGs.
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Figure 5.24 (a) presents the output power behavior of the 100 km system when the Ra-
man pump power varies. Unsurprisingly, there is an evident threshold power around 1
W and from this value the output power increases linearly. Thus, this fact confirms that
the 100 km system is based on a fiber ring laser having a 200 km-long cavity. Figure
5.24 (b) shows the spectra of the 100 km remote sensor system when P ump R@Man=1 2
Wand P_,,=15 dBm are launched into the system and the OSA sensitivity used was -75
dBm and 0.1 nm resolution. Eleven channels are observed because eleven FBGs are in-
serted in the array. From this figure, the optical signal to noise ratio (OSNR) varies from
48 dB, in the best case, to 38 dB in the worst case. The OSNRs are determined by the
non-uniform shape of the hybrid amplification EDF-Raman gain profile and the position
of the FBGs in the array. Nevertheless, this difference in the OSNR does not have any in-
fluence in the sensor system itself; due to the fact that, as it is well known, FBGs encode
the information into the wavelength which is an absolute parameter. It is important to
mention that the figure superposes the individual measurements carried out when the
tunable filter is tuned into each FBG and the spectra when the laser has completed a full
scan of the bandwidth of interest.

The high signal to noise ratio shown in Figure 5.24 (b) implied reaching further distan-
ces and the sensors could be located further away from the monitoring station.

5.2.2. 200 km sensor laser structure based on a distributed cavity.

The set-up of the second interrogation fiber Bragg grating system in order to reach
further distances is displayed in figure 5.25. Drawing a first comparison between figure
5.23 and figure 5.25, it is obvious that the sensing unit and the transmission channel of
both schemes are identical; while the monitoring station of both systems are completely
different, and thus, their operation modes are also different.
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Figure 5.25. Experimental set-up for the 200 km long distance system based on a random fiber laser
which interrogates eleven FBGs.
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The operation mode of the 200 km remote sensor system is based on a random fiber
laser. As previously mentioned, any fiber laser needs an optical cavity with the purpo-
se of trapping the light. The first mirror of the cavity is composed by a loop which is
able to reflect all the light. This mirror is constituted by a circulator and a tunable filter
(bandwidth of 0.25 nm). The second mirror is based on a random distributed feedback
using Rayleigh backscattering, it can be seen as an open cavity but it contributes to
the positive feedback in order to reach the threshold lasing operation. The process of
Rayleigh scattering in a standard single mode fiber involves a small percentage of the
total power. However, the situation changes significantly when the Rayleigh scattering
is amplified. Thus, the Rayleigh scattering is built up along the fiber and is amplified in
such a way that the total gain in the cavity overcomes the total losses, and as a direct
result, the laser signal is created. This laser signal can be tuned in wavelength by the tu-
nable filter and is then used to interrogate the fiber Bragg gratings located 200 km away
from the monitoring station. Finally, the reflected signal is sent through the second path
to the output port where an optical spectrum analyzer (OSA) collects the information.

An identical study than the previous ring laser was made for this 200 km remote sensor
system. First of all, the output power of the laser depending of the Raman pump power
was assessed as can be seen in figure 5.26 (a). The random fiber laser has a power
threshold of 1.2 W. Taking into account this power threshold, the study of the 200 km re-
mote sensor system has been carried out with Ppump Raman=1.5W and a 0SA-resolution
of 0.1 nm and a sensitivity of -75 dBm was used. Figure 5.26 (b) displays that the OSNR
vary from 17 dB, in the best case, to 10 dB in the worst case.
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Figure 5.26. Results of the 200 km remote sensor system: (a) Output power of the laser depending on the Raman pump power;
(b) Spectrum of the reflected signals from the eleven remotely multiplexed FBGs.
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Finally, to evaluate the sensing performance of the 200 km long system the wavelength
shift has been analyzed varying the temperature from 25 °C to 70 °C. Thus, the last FBG
of the array has been placed into a climatic chamber in order to observe its behavior.
The shift of the Bragg wavelength of the FBG sensors can be precisely interrogated
when they are remotely placed: the center wavelength shift presents a linear behavior
and the temperature sensitivity is 11.3 pm/°C.

5.3. REMOTE POWERED BY LIGHT FIBER OPTIC SWITCH FOR SENSOR NET-
WORKS APPLICATIONS.

Optical powering is a key enabler for a new generation of autonomous multifunctional
intelligent subscriber and sensor networks [9]. Power by light optical switching was
already demonstrated by Ogawa, who developed a multi-point optical sensing system
presented in [10]. This author proposed a new multi-point optical system (MPOSS), ba-
sed on both technologies of optical pass switching and remote power supply to the node
using a high-power light source. This section is devoted to the development of a fiber
optic switch supplied remotely using power by light techniques, for its use in fiber optic
sensor networks applications. Although the proposed solution is focused on the design
of a remotely controlled fiber optic switch, this technique can be adapted to control
other electro-optical or electro-mechanical devices.
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Figure 5.27. Electronics setup for the powered by light remote control of the fiber optic switch.
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One of the main components of the setup is the photovoltaic power converter (PPC)
PPC9LW made by JDSU. This cell converts 125 mW of a pump laser source that emits
at a wavelength of 1445 nm, to a maximum of 44.79 mW (4.05 V-11.06 mA) of electrical
power. It is remarkable that the 1445 nm operation wavelength was chosen because of
the achievable Raman pump laser for amplification of the FBGs sensors signals. There-
fore, the 1445 nm laser can be used for illuminating the PPC and, on the other hand, for
Raman amplification purposes. Another important component is the fiber optic switch
(FOSw) itself. For the proposed application, the most important feature of the FOSw is
the power consumption. A MEMS FOSw made by DiCon Fiberoptics, Inc (MEMS 1 x 2
Switch) was chosen. Its power consumption is lower than 120 pW, satisfying the low-
power requirements. The main drawback of this device is the optical channel selection
method. It has 3 electrical inputs. One of the inputs is the reference arm and the other
two have different voltages configurations to select each fiber optic channel. In this case
the voltage configuration is: for channel 1 CNTL 1=15.715 V and CNTL 2=10.127 V; for
channel 2 CNTL 1=22.078 V and CNTL 2=10.098 V. Because of this, the electronics in-
volved is more complex slightly increasing the power consumption of the system. On
one hand, the supply voltage required by the switch is higher than the voltage provided
by the PPC. On the other hand, it is essential to achieve low power operation. Thus, the
adopted solution, depicted in figure 5.27, consists of three electronic blocks: the integra-
tion stage, the channel selection control and the voltage converters.

The main purpose of the integration stage is to accumulate the electrical charge gene-
rated by the PPC, improving simultaneously the stability of the circuit. A 1 mF grounded
capacitor was chosen for this aim. Finally, a 5 V DC converter has been used at the out-
put of the block to set the supply voltage of the following stages.

Next, the channel selection stage is formed by three different ways to control the FOSw.
The simplest technique consists of using a digital function generator with amplitude of
5V to control the channel selection as aforementioned. In the automatic mode of opera-
tion, an electronic channel controller of the FOSw (figure 5.27) was designed by using a
classical astable circuit based on NOT logic gates. Inverter gates from the CMOS 4000
series have been employed due to their good performance in terms of power consump-
tion. The limited speed of this family of logic gates is not critical in this case, as a very
low frequency control signal is required. The frequency is tuned by a variable resistor
and the system is stable from ~1 Hz to ~0.05 Hz (20 s.). It has been also developed an
alternative optical control system for the switch if remote control is preferred. Channel
1 is selected when an optical intensity, higher than ~-28 dBm at 1560 nm, illuminates a
PIN detector. When this wavelength is not present or, when the power level reached by
the photo-detector at the selected wavelength is below ~-28 dBm, channel 2 is active.
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The final step is the DC-DC conversion stage. Two independent DC-DC converters have
been used, because two different voltage combinations for each FOSw cantilever are
needed. A high-efficiency integrated circuit MAX1771 DS fabricated by MAXIM was em-
ployed. The selection of the output voltage of the chip is externally controlled by an
adjustable resistive network, whose equivalent resistance is adjusted by employing
electronic switches controlled by the channel selection stage. Because each converter
has to generate two different voltages for the FOSw channel selection, four different
configurations of the resistive network are required in total.
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Figure 5.28. Zoom of the FOSw rise flank response of one channel 50 (a) and 100 km (b) fiber away.

Once the electronics were designed, assembled and tested, the powered by light remote
FOSw was checked. The system performs correctly using, in a first approach, a 50 km
fiber length with a pump power of 400 MW @1445 nm and a maximum of 100 km was
achieved using ~3 W power from the same laser source. Figure 5.28 shows a zoom of
the rise flank of one FOSw channel operating at 50 km (a) and 100 km (b) from the hea-
der of the system. In order to measure the FOSw response, the light at the output ports
of the FOSw was detected and monitored by an oscilloscope. The measured switching
time was ~2 ms. Both results are in good agreement demonstrating the system perfor-
mance independence when the feeding power is enough. The design of the electronics
fixes an input voltage threshold. When it is overcome, the switching behavior is indepen-
dent to the incoming optical power and fiber length.
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5.3.1 Remote powered by light fiber optic switch for robust interrogation of FBG sensor
networks

Structural health monitoring FBG sensor systems usually presents network breakages.
During the strain sensing, if the payload applied on the FBG is over its limitation, FBG
breakage will occur. Furthermore, the fiber-fault of FBG-based sensing network also
could affect it survivability and reliability. Some authors have proposed some solutions
to these problems by using resilient sensor networks based on switching at the network
header [11, 12] or inside the network, that implies local electrical biasing [13].
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Figure 5.29. FBGs resilient remote network experimental set-up.

Figure 5.29 shows a proof of concept sensor system that is meant to solve the failures
usually presented in the FBG strain sensor arrays. The main idea is to interrogate the
network remotely by both ends of the FBGs sensor array. In order to achieve this goal,
the powered by light FOSw aforementioned is utilized. If one network breakage occurs,
all the sensors are interrogated successfully. For example, if a breakage were to happen
between the FGS that reflect A, and A, (see figure 5.29); A, A, and A, will be interrogated
during the first switching cycle. On the other cycle, A, A, A, and A, will be detected. The
FOSw selects each branch of the sensor network to be interrogated alternately. There-
fore, the control signal has to be synchronized with the commercial FBG interrogation
unit (SM125 by Smartec), thus, the FOSw will be in phase with the interrogator.

In the proposed setup it was arranged a 7 FBG sensors array and each end of the array
was connected to the 2 outputs of the FOSw. The FBG interrogator was used to interro-
gate the sensor array placed 50 km away from the signal header. Although the FOSw
is able to work up to 100 km, for the proposed setup, this distance was limited to ~50
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km. This was because of the Rayleigh scattering and non linearities generated by the
Raman amplification process which finally masked the FBGs™ signals. As it is previously
explained, in order to interrogate the sensors, each branch of the FBG sensor network
was connected to each output port of the 1x2 FOSw. The 0.5 W of Raman pump power
was multiplexed and de-multiplexed in both extremes of the 50 km network. In this case,
because of the Raman gain, the reflected interrogating signal level was high enough to
saturate the receiver of the interrogator. Thus, a variable attenuator was used to atte-
nuate the received signal at the interrogator input as depicted in figure 5.29. Finally,
the FOSw control wavelength was introduced by using two extra 90:10 couplers at the
extremes of the network.

In summary, seven FBG sensors were multiplexed successfully 50 km from the signal
header, even, when a network failure occurs. The powered by light fiber optic switch
was used for achieving a passive remote sensor system using a single fiber as trans-
mission channel.
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Figure 5.30. FBGs interrogated from hoth array’s ends.

Figure 5.30 shows the results obtained measuring each branch of the FBG network. The
reflections of each branch, depending of the FOSw cycle, are shown in figure 5.30 (a).
The reflected signal from each sensor had different amplitude depending on the selec-
ted output of the switch. Thus, with this structure, as it is depicted in figure 5.30 (a), the
sensors array was interrogated from both branches, having double measurements co-
rresponding to both directions. Figure 5.30 (b) shows the result obtained when a breaka-
ge occurs between A3 and A4. In this situation, the first switching cycle measures the
first three sensors and in the other cycle the other four ones were measured. Thus, the
full sensor network scanning time is doubled, being this its main drawback.
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5.3.2. Application of the Remote Power-by-Light Switching in a Simplified BOTDA Sensor
Network

5 km

Figure 5.31. Structure of the BOTDA sensor network. WDM: wavelength division multiplexer; PPC: pho-
toelectric cell; OC: optical control; LS: Laser Source; 1445: 1445 nm Raman pump.

The proposed sensor network is depicted in figure 5.31. It consists of a BOTDA system,
previously proposed in [14], used to interrogate a 25 km long fiber channel, where the
central 5 km are connected through two RFOSw, where the structures to be sensed
and multiplexed are intended to be located. For controlling these switches different ele-
ments have to be added to the typical BOTDA network. The powered by light remote
switches need, on one hand, a high power pump source at 1445 nm to feed both pho-
toelectric cell that supplies the power to the switches. On the other hand, a control sig-
nal is necessary to select the output port of the switch. The 1445 nm Raman pump laser
was used to feed the cell attached to the switches, and it was inserted into the network
using two 1445/1550 nm WDMs. Another optical signal was introduced in the fiber lines
to remotely control both switches” positions by two 90:10 couplers. These couplers are
optimized to operate in the 0 (1300 nm) and C (1550 nm) bands, however, they do not
introduce higher loss at the 1445 nm pump wavelength. Just before the switches, both
signals are subtracted. The control signals were extracted by other two 90:10. The 10%
signal for controlling the switch also included a 10% portion of the Raman pump and of
the Brillouin signal. Thus, this light was filtered by a circulator and FBG centered at the
control signal wavelength. Before arranging the control signal, the Raman pump neces-
sary to feed the switch is removed by other two WDMs with the same characteristics as
the previous ones.
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Figure 5.32. Brillouin frequency shift along the sensing channel 1 (a) and the sensing channel 2 (h).

In order to check the performance of the full sensor network, proof-of-concept experi-
ments were carried out. 400 mW of Raman pump were launched into the fiber (200 mW
on each branch) to feed up the photoelectric cells that act as a power supply for the op-
tical switches. The Raman signal would also contribute to compensate the optical losses
of the two 10 km common sections due to the induced distributed Raman gain along the
fiber; however, given the deployed power, the Raman gain was negligible in the current
setup. Another optical signal was needed to remotely control the switch position. A tuna-
ble laser source tuned at 1546 nm was used but, any stable light source is appropriate
as long as the receiver gets at least -28 dBm at any wavelength between 1310 and 1550
nm. The power of the continuous probe wave was -8 dBm, and the power of the pump
pulses was 24.4 dBm at the entrance of the network. The pulses were 20 ns long, so the
measurements have 2 m as spatial resolution.
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Figure 5.33. Brillouin gain spectra along the sensing channel focused on the 5 km section with 180 m
heated to 60 °C.
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In the section to be monitored, between the switches, 2 fiber spools of 5 km SMF were
placed. At the end of one of them, 180 m of the same fiber was added. The temperature
of this extra section was kept constant at 60 °C. Figure 5.32 shows the value of v, for
each sensed branches. It is clearly distinguished the two 10 km long sections before
and after the 5 km spools. Note that the second section of 10 km is the ensemble of
two spools of 6 and 4 km, respectively, spliced together. Figure 5.32 (b) illustrates the
results obtained for the spool to which 180 m of heated SMF was added. It is clearly
visible that v, in this region has moved up to 10.852 GHz, 39 MHz higher than v for the
previous 5 km, kept at room temperature. This agrees with the well known v shift ratio
in SMF of 1.15 MHz/°C [15]. The difference observed between the two measurements
in the 5 km section (v, varies from 10.808 to 10.813 MHz) is due to slight differences in
the two spools, i.e., different winding tension. The measured temperature precision in
the 5 km was estimated to be 2.8 °C. In Figure 5.33 the Brillouin spectra along the 5 km
+ 180 m section is observed. It can be seen that the Brillouin gain curve shifts to lower
frequencies when entering the 5 km section from the 10 km SMF channel, and moves up
in frequency for the heated 180 m long section.

5.4. FULLY-SWITCHABLE MULTI-WAVELENGTH FIBER LASER BASED INTERRO-
GATOR SYSTEM FOR REMOTE AND VERSATILE FIBER OPTIC SENSORS MUL-
TIPLEXING STRUCTURES

The final section of this chapter shows a sensor system structure which collects, in ge-
neral terms, the philosophy and many concepts used in this PhD work. The switchable
MWEFL presented in the previous chapter is used for interrogating different sensor te-
chnologies in a remote network using the power by light switch proposed before. A well
known FBG sensors array is interrogated sequentially and in the same monitoring cycle,
a group of seven PCF intensity sensors deployed in a star structure are also monitored.

Wavelength reconfigurable laser sources for sensing purposes are a research field
wherein other researches had focused their attention [16]. For example, S. Rota-Rodrigo
et al. proposed a switchable MWFL based on Erbium-doped fiber amplifier for FBG re-
mote sensing [17].

Figure 5.34 shows the experimental setup for a new interrogation system for fiber sen-
sors based on a switchable laser. It is formed by two main blocks highlighted in red dot-
ted boxes labeled as “Switchable laser source” and “Sensor network”. The switchable
laser source is explained thoroughly in the previous chapter; therefore, this section is
focused on explaining the whole sensor network system.
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The sensor network, shown inside the right box of figure 5.34 includes two switched sets
of sensors which are based on completely different operation modes. The first group of
sensors is placed into a star network and consists of 7 PCF interferometric strain sen-
sors. The other group of sensors is the previously utilized array of 11 FBG wavelength
based temperature/strain sensors.

PCF sensors are formed by connecting ~1.5 m of HiBi PCF (PM-1550-01 from NKT Pho-
tonics) into a Sagnac loop mirror structure. When the fiber is strained the achieved
inter-polarization-modes interference shifts in wavelength. Thus, when a fixed wave-
length illuminates the structure, it is reflected and its intensity is modulated proportio-
nally to the interference position corresponding to the applied strain. Therefore, the 7
sensors were connected to an 8 channel WDM (from 1536.61 to 1547.72 in 200GHz ITU
grid spec) and the free channel was connected to a FBG which acts as sensors’ referen-
ce. The other sensor sub-network was the previously mentioned FBG array configura-
tion connecting 11 FBG sensors in series. The FBGs are centered from 1540 to 1552 nm
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Figure 5.35. (a) MWFL configuration for interrogate the PCF intensity sensors network. (b) A composition of a wavelength sweep
of a single emission line.
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Both sub-networks are connected to a remote powered by light fiber optic switch
(RFOSw), previously reported in section 5.3, which selects alternatively both networks
depending on a channel selection signal, also labeled as “RFOSw control signal” in fi-
gure 5.34. When the signal is ON, the PCF sensor network is selected. Therefore, the
versatile MWFL creates the two laser configuration needed to interrogate both sensor
networks and to control the RFOSw. The laser spectrum used to interrogate the PCF
sensors sub-network is depicted in figure 5.35 (a). The Raman pump excess of the ran-
dom mirror structure is also used to feed this RFOSw. The RFOSw converts 125 mW of
the residual Raman pump of the distributed mirror onto 35 mW of electrical power with
the photovoltaic power converter (PCC) already presented. The residual Raman pump is
collected from the distributed mirror by a 1445/1550 WDM and attenuated because it is
too high and can damage the PPC.

The 8 emission lines which correspond with the 8 WDM channels and the control signal
on the right (@1554.13 nm) are shown in figure 5.35 (a). When the control signal is OFF,
FBG sensors channel is selected. In this mode, the laser structure works as a wave-
length sweep laser with 0.1 nm resolution. Figure 5.35 (b) illustrates 11 emission lines
which correspond with the 11 FBG sensors. Through the 1550 port (A) the MWFL laser
result is launched. The control signal, only for the PCF sensors case, is filtered and redi-
rected to the RFOSw by the first circulator of the sensors network and it is selected
using a FBG centered at its wavelength. The following second circulator has the objecti-
ve of illuminating the RFOSw and collecting the sensor information towards the system
output port placed after 50 km fiber at the signal header.
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Figure 5.36. (a) Second and fifth PCF strain sensors characterization while the first sensor is non stressed. (b) Full range strain
characterization of the seventh sensor until breackage and (c) spectral composition of the FBG sensors network result.




Chapter V. New Fiber Optic Sensors Networks

Figure 5.36 shows both sensors networks characterization. Figure 5.36 (a) depicts an
example of 2 intensity sensors behavior when the first sensor is not strained. These re-
sults confirm the good multiplexing network performance and crosstalk free operation.
It was also tested the fiber breakage point. Figure 5.36 (b) shows the sensor response
until the fiber was broken. It is visible the interference pattern of the Sagnac structure
in this full measurement range. The measurements were focused on the 2000 pstrain
linear zone before the interference valley. Finally, figure 5.36 (c) illustrates the FBGs
network response reconstruction after the laser sweep. It is a multi-plot composition of
the reflected wavelengths obtained from each FBG sensor.

5.5. CONCLUSIONS

This chapter was devoted to the development of new sensors multiplexing networks
using sensors and laser sources previously shown in chapters 2, 3 and 4. With these
sensors (point and distributed) and light sources, several demanding topics in sensors
multiplexing have been explored. Particularly, PCF sensors multiplexing, remote mul-
tiplexing networks and robust multiplexing of point and distributed sensors, among
another topics.

Some technologies limitations were also overcome. Summarizing the multiplexing net-
works in order of appearance, they were:

e A TDM architecture for remote multiplexing of intensity sensors based on
bendings, developed by delaying 4 different optical paths 4 sensors were pla-
ced inside the network and an in deep study of the wavelength macro-bending
influence was performed. This study confirmed the feasibility of remote TDM
multiplexing of intensity sensors, taking into account problems such as disper-
sion and crosstalk.

e One of the main issues that this PhD work has addressed is the problem of
PCF sensors multiplexing. Here it was proposed, first of all, a fiber optic laser
system based in a ladder structure which multiplexed six PCF sensors by re-
ferencing them in wavelength. Thus, a 75 km long remote sensor network was
developed, keeping the previously reported sensor’s performance. It was also
studied the impact of the filter width on the output power, that was carried out
in order to reach the most efficient system operation.

e OADMs have been demonstrated as suitable devices for WDM addressing of
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different kind of sensors. The already used PCF interferometer sensors were
remotely multiplexed without optical amplification using two different strate-
gies. The last one, based on a two-fiber network allowed us to perform measu-
rements up to 100 km. The system incorporated also a reference wavelength
used to increase the resolution of the system.

e When optical amplification is used in multiplexing networks, longer remo-
te multiplexing systems can be carried out. Two new ultra long multiplexing
systems based on multi-wavelength lasing structures were presented. The
novelty of the proposed systems lies in the topologies which entail attractive
advantages such as reducing the effect of Rayleigh scattering and other li-
miting factors. It was demonstrated that they were able to multiplex up to 11
fiber Bragg gratings, but this number could be increased. Finally, due to the
operation mode of the systems, they act as low noise configurations, where
the OSNR of all the sensors was high enough to interrogate them up to 200 km
away from the monitoring station.

e In order to add robustness and versatility to fiber optic sensor networks, a
remote fiber optic switch which it is able to operate at distances up to 100 km
was also developed. To the best of the author’s knowledge, this is the maxi-
mum distance ever achieved when controlling any instrumentation powered
by light. This FOSw can be controlled by a digital signal generator or by an
automatic signal generator, which frequency could be tuned between 1 Hz to
0.05 Hz. Additionally, a fiber optic channel has been introduced into the system
for controlling the FOSw using a binary optical signal. This is our control circuit
proposal, but this remote FOSw allows the use of other control techniques As
proof of concept applications, this PhD work experimentally demonstrated the
suitability of this FOSw for controlling a resilient FBG sensors network located
50 km away from the interrogation unit and for Brillouin distributed sensing
networks multiplexing.

e Finally, a versatile network structure based on the MWFL presented in sec-
tion 4.5.1 was demonstrated for simultaneous multiplexing of different nature
sensors. Two multiplexing sensors networks were simultaneously interroga-
ted using the remote powered by light fiber optic switch. A sensor sub-net-
work was interrogated using a multiwavelength emission of the laser, and the
other one, by sweeping the emitted wavelength of the same laser. The Raman
pump power excess of the random mirror of the laser was also used to feed
the RFOSw. This technique can multiplex as many sensors networks as output
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ports the switch have. Furthermore, as the control signal was generated by the
fully switchable MWFL, the laser spectrum change also entails the RFOSw port
selection.

All this chapter results have originated the publications in references [18-28]
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Chapter VI. Three Applications of Fiber Optic Sensors in SHM

INTRODUCTION

The development of the “smart cities” desired for the future requires creating “smart
infrastructures” that, hopefully, we will enjoy, having enhanced safety systems, lower
operations costs and minimized deleterious environmental effects. What makes uni-
que the society’s infrastructures such as buildings, roads and rail tracks, tunnels and
bridges from current forms of civil constructions, is that when they fail unexpectedly
they do not cause a huge economic disruption, or worse still, personal damages. That
means to prevent and to solve degradation in buildings and civil constructions, or to
avoid problems with the distribution of goods such as raw materials and fuel, the deli-
very of goods for commerce, the transportation of people to their place of work, or the
transportation of emergency services to places in need of assistance.

University, research centers and spin-off companies offer different commercial pro-
ducts for fiber optic sensing using different kind of sensors. FBG technology is one of
the most extended technologies that are commercially available. Distributed sensing
field is also an attractive solution for large civil structures monitoring where some
companies present different commercial products. [1-5]

During the lasts years, a number of improvements has been carried out in the fiber
optic sensor field, showing in laboratories the great potential of this technology as an
interface between the environment and the human modern applications as structural
health monitoring (SHM), smart structures, biotechnology and others [6]. But it is also
important to perform in-field tests to demonstrate the potential of the laboratory proto-
types in real applications. Thus, this chapter is devoted to the testing of three different
fiber optic sensor systems in real structures.
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6.1. CONCRETE BEAM BENDING TEST MONITORING USING A HIGH STRA-
IN FIBER OPTIC SENSOR

This chapter is opened by a concrete beam bending test monitored by the high strain
fiber optic bending sensor previously presented in chapter 5.1.1. This test has been mo-
nitored simultaneously using FBG sensors and the “eight-shape” intensity sensor. The
sensors were interrogated during all the experiment process by a fiber Bragg grating
interrogator and the OTDR.

0.30m

FBGy

O O C) O<+— 4p16mm

0.50m
Temperatur

FBG,, | — 4@16mm

Figure 6.1. Beam transversal section showing the embedded FBG sensors distribution. Sensors are labeled as FBG for temperature
sensors and FBG,, for the FBG strain sensor. 4816mm. 4 steel beams of 16mm of diameter).

The concrete beam designed for the bending test was made for a HA25/P/20/2B con-
crete (Spanish normative). This is a reinforced concrete with 25Nw/mm? of plastic con-
sistency, 20 mm of maximum gravel size and designed for normal external weather
conditions. The beam reinforcement was made by 8 steel bars (rebar) of 16 mm diame-
ter placed as shown in figure 6.1. The beam dimensions were 6 m length, 0.5 m height
and 0.3 m width. The bending test consisted of a four point test. This means that the
beam was placed on a testing bench fixed on two points and the load was applied at
another two points to achieve a uniform bending moment in the center of the beam. The-
refore, the tensile stress was suffered at the bottom and the compressive stress at the
top of the beam. These areas of the beam are considered ideal for testing and, therefore,
for the overall test purposes [7].
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Figure 6.2. Strain and temperature FBG sensors from Fiber Sensing and the “eight-shape” sensor.

In order to demonstrate the suitability and strain limitations of different sensors, this
experiment was designed to collect the data from the selected sensors in order to verify
the behavior and measurement ranges of these sensors in concrete structures. Figure
6.2 illustrates the sensors which were used in the concrete beam bending test (FBG
sensors pictures courtesy of FiberSensing™ - Sistemas Avangados de Monitorizagao,
S.A[1]). They consist of one embedded FBG strain sensor (figure 6.2 (a)), one embedded
temperature sensor (figure 6.2 (b)), two surface temperature sensors (figure 6.2 (c)) and
the “eight-shape” strain sensor (figure 6.2 (d)). FBG based sensors were interrogated
by the SM125 interrogation unit from Micron Optics, Inc. and the “eight-shape” strain
sensor was interrogated by the EXFO OTDR unit.

200m 1km
‘OTDR ! @ ©,@) @

Figure 6.3 High strain sensor setup used along the bending test.

Figure 6.3 presents the setup used to interrogate the “eight-shape” sensor. In this case
the OTDR is only used for the measurements of the 1200 m section of single mode fiber
SMF28 with the “eight-shape” sensor located at 200 m from the OTDR.
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FBG13

JAY 4
0.25m 2.25m 2.25m 0.25m

Figure 6.4 Beam longitudinal view with the sensors distribution and the bending test configuration setup. FBG sensors are
labeled as FBG., ., ., for temperature sensors and FBG, for the FBG strain sensor.

1213

- o2,

Figure 6.5 Picture of the sensors already installed just before the concrete pouring.

The embedded FBG sensors were installed in the concrete beam before the pouring, as
it is illustrated in figure 6.5. It is visible that the sensors were installed with the help of
the rebar armor using steel wire. On the other hand, the “eight-shape” sensor was ins-
talled just before the bending test. Figure 6.1 shows the beam transversal section also
illustrating the sensor distribution. An external temperature FBG sensor was operative
during all the experiment. Figure 6.4 shows the sensors distribution and the different
beam dimensions. Figure 6.4 also illustrates the four point bending test set-up. The
triangles at the bottom of the beam depict the beam support points and the arrows in
the top of the picture indicate the points where the load is applied (shown as W/2).
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Figure 6.6. Temperature (a) and strain (b) FBG embebed sensors (FBG
concrete curing procces.

s and FBG) response during the

Figure 6.6 depicts the sensors’ response during the first week of experiment. Figu-
re 6.6 (a) shows the temperature response of the two internal sensors and the room
temperature. During the first four days, the temperature difference between the room
temperature and the embedded sensors was high due to the pouring process of the con-
crete. It is observable the well known inner temperature increment when the chemical
process during the curing occurs [8]. Because the experiment was performed in winter
and the ambient temperature was quite low, the maximum temperature reached by the
beam was lower than the expected. The curing process can reach temperatures above
50 °C, depending on the concrete volume and the room temperature. After this period,
the beam internal temperature showed a good correlation with the room temperature.
Nevertheless, when an abrupt room temperature change occurred, because the door
was opened, for example; the internal temperature change was softer due to the mate-
rial inertia.

Concerning the FBG strain sensor, in figure 6.6 (b) sensor’s response is presented. In
order to have the more accurate result, the measurement was compensated using the
data from the closest FBG temperature sensor installed. It is discernible an internal
structural modification of the concrete during the curing process.
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Figure 6.7. Picture (a) and strain sensor measurements (b) obtained during the beam lifting process.

Another step in the procedure was the beam lifting to the test bench. During this process
sensors were measuring, obtaining the results depicted in figure 6.7. Figure 6.7 (a) is a
picture when the beam was almost placed in its final position before the bending test.
When the beam was lifted an abrupt tensile stress at the beam bottom was measured by
the strain sensor, as figure 6.7 (b) illustrates. Once the beam was placed, a subsequent
correction of the position was performed and it was also detected by the sensor.

Table 6.1: Applied load, deformation and events during the test

Ll el (rrfilzfoi:?;?n) e Lezdle) (rrfilzfoi:?;?n)
500 46,79 8000 1723,89
1000 59,81 9000 1907,98
1500 77,77 10000 2050,90
2000 103,01 11000 2196,63
2500 153,21 12000 2334,25
2750 229,14 13000 2430,90
3000 281,03 14000 2550,53
3500 341,20 15000 2675,40
4000 772,94 16000 2922,86
4500 979,34 Crack 17000 3153,41 Beam breakage
5000 1105,22 17000 3320,06 Steel plastic deformation
6000 1315,94 17000 3890,07 FBG breakage
7000 1533,97
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After all sensors were installed, the beam was placed in the test bench and was pre-
pared for the bending test, different weights were applied in the middle of the concrete
beam. As Table 6.1 indicates, initially, 500 kilograms steps were applied from the begin-
ning to the detection of the first crack on the surface of the beam. The crack was detec-
ted when applying a weight of ~4500 kilograms. After this first crack, weight increments
of 1000 kilograms were applied until the breakage of the beam. At this point the steel
came at a state of plastic deformation which indicates that the beam did not withstand
more load. We introduced more deformation until the final breakage of the FBG itself.
Figure 6.8 shows pictures taken of the pole structure before and after the bending test,
respectively.

Figure 6.8. Pre and Post bending test beam pictures.

Both, concrete embedded FBG and “eight-shape” sensors were collecting data of the
concrete beam behavior during the entire bending test. The plots in figure 6.9 show the
strain measurements as a function of time and the weight applied to the beam, respec-
tively. The FBG strain vs. time trace is visible during all the events in the bending test:
the cracking point, all the weight steps and when the FBG broke. The FBG measurement
range was overcome by about 1000 micro-strain above the company specifications. FBG
pre-break measurements that exceeded this range cannot be considered as reliable. In
both plots, OTDR-"eight-shape” strain sensor results are also shown.
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Figure 6.9. Measured strain by the inner FBG and the “eight-shape” sensor during the bending test (a) and measured strain by
the inner FBG and the “eight-shape” sensor versus the applied weight (b).

These “eight-shape” sensor results adjust correctly to the more accurate FBG results.
We would like to remark that the low cost “eight-shape” sensor has a higher measure-
ment range than the utilized FBG. The figure 6.9 (a) plot shows two different events, the
cracking point at 12:15h-4000 kg, and the failure point at 13:50h-17000 kg. The strain
measurement at failure is significantly high. This strain increment, due to the overs-
trained steel, was measured only by the “eight-shape” sensor. Its measuring range was
three times higher than FBGs one. After 1 hour and 30 minutes and when a weight of
12000 Kg was applied (see figure 6.9 (a) and (b)), some deviating points are shown in the
graphic, due to cladding-modes coupling previously studied in chapter 5.1.1.

6.2. FIBER OPTIC SENSORS FOR CORROSION MONITORING IN CONCRE-
TE REINFORCED STEEL BARS.

In this section a corrosion sensing approach for reinforced concrete structures based on
highly birefringent (Hi-Bi) fibers combined with a fiber loop mirror is studied. This sen-
sor instrumented on the re-bar of a concrete beam was fully calibrated on a laboratory
pressure bench before being set inside concrete for an accelerated corrosion test.

The experimental setup, as shown in Figure 6.10, comprises of a fiber loop structure
with a length of Hi-Bi fiber acting as a pressure sensor. When a transverse force, for
example, induced by the rust forming process, is applied on the sensor, it causes a shift
in the interference pattern generated using this technique [9]. In order to align the sen-
sor appropriately onto the re-bar, and to calibrate the sensor, a specialized fiber align-
ment bench was set up. In this work, two different types of fibers were tested and their
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performance was cross-compared. To ensure the sensor to be robust enough to survive
the harsh working conditions during the whole test process, the sensors were protected
by a suitable heat-shrink sleeve.

SLED OSA

1O

PC
Rotator B¢ Hi-Bifiber Rotator

K X

Figure 6.10. Schematic diagram of the fiber loop structure sensor. Both, PANDA and HiBi PCF are depicted
inset.

(a) (b)

Longitudinal pressure actuator
r rotator C— rotator \
l Perspex plates

Figure 6.11. Schematic setup of the utilized fibre pressure test bench a) Front and b) lateral view of the
mobile platform of the bench test.

fiber

IWeight holder

It has already been demonstrated in [10] that the transversal force sensitivity of Hi-Bi
fibers is directly dependent on the angle of the applied force. Therefore, the correct alig-
nment of the fiber before it is installed onto the rebar is critical. In this work, a pressure
bench was set up specifically to ensure the correct alignment of the fibers. As shown
in Figure 6.11 (a), the bench includes two rotators which act as fiber holders and a lon-
gitudinal pressure actuator. The longitudinal pressure actuator is formed by a longitu-
dinal mobile platform, incorporating two 1 cm? Perspex plates as contact surfaces (red
squares in Figure 6.11 (b)), with one being fixed and the other connected to a pulley onto
which different weights are added to control the applied force/pressure.
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Figure 6.12. Obtained data during the sensor alignment process. The lower graph indicates the results obtained from a twisted
fibre, showing the force sensitivity decreasing along the length of the fibre whilst the upper graph shows a significantly
improved and uniform sensitivity as a function of fibre length due to the improvement in fibre alignment.

Figure 6.12 shows the wavelength shift caused in the interference output pattern of the
PANDA fiber when a force of 5 N was exerted at discrete locations. If the fiber was twis-
ted, for the same applied force, the wavelength shift varied from positive to negative va-
lues (red trace) depending on the position of the applied force. This unwanted behavior
can be corrected by using the rotators. Thus, a much improved and uniform sensitivity
(black trace) was achieved due to the enhanced alignment process. After the completion
of the fiber alignment, the fiber was carefully glued onto the rebar.

(a)

Figure 6.13. (a) Instrumented rebar prepared for the concrete sample; (b) the instrumented re-bar cast inside concrete. (c)
Instrumented concrete cylinder prepared for the accelerated corrosion test.
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For the accelerated corrosion tests, two concrete cylinders were prepared, each of
them having an instrumented rebar. Figure 6.13 shows the sample preparation pro-
cess, with the rebars being instrumented with sensors as shown in Figure 6.13 (a) be-
fore being casted inside concrete with a standard concrete mix proportion of 1:2:2.25
(cement:sand:gravel) as shown in Figure 6.13 (b). Two different cylinders, one of them
shownin Figure 6.13 (c), were prepared. One of them was instrumented using a standard
PANDA fiber sensor. The other cylinder used two highly birefringent photonic crystal fi-
bers (HiBi-PCF 070107 developed by UMCS), called PCF1 and PCF2, that were positioned
and protected on opposite extremes. The sensor characterization was divided into two
phases: temperature logging for studying the temperature sensitivity of the fibers and
pressure monitoring during the accelerated corrosion test.

Corrosion of steel in concrete may take months to start, even if it is accelerated in the
laboratory by exposing the steel to either CO, or chloride. As corrosion is an electro-
chemical reaction, electrical methods can be used to accelerate the corrosion process
[11]. This can be achieved in the laboratory by immersing a concrete-steel specimen
in a solution of NaCl and connecting it to a current source. The positive terminal of the
current source is connected to the rebar (anode) and the negative terminal is connected
to a stainless steel mesh (cathode) as Figure 6.13 (c) illustrates.

-10 1 1 1 1 1 1 1

-20 4 E
&
T -30 b
g

-40 3
g —— PANDA

—— PCF 1
03— pcF2 3

1510 1520 1530 1540 1550 1560 1570 1580 1590
Wavelength (nm)

Figure 6.14. a) Interference patterns from different sensors.

Figure 6.14 depicts three interference patterns observed when the sensors are interro-
gated using a commercial FBG interrogator unit (Micron Optics SM125). Figure 6.15 de-
monstrates the temperature insensitivity of the PCF fiber whilst the PANDA fiber shows
a considerable variation in response to a small room temperature variation. Room tem-
perature was measured by a thermocouple electrical temperature sensor and a PC con-
trolled data-logger.
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Figure 6.15. Sensor response to room temperature variation.

The accelerated corrosion test involves three stages. The first stage consisted of con-
necting the current after the concrete sample was immersed in fresh water. The second
was a stationary state with no current being added to the rebar. At the final stage, the
sample was immersed in salted water (a salt proportion of 5% with respect to the used
cement) with the current being switched on.

(a)
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Figure 6.16. (a) The sensor data captured during the accelerated corrosion test and (b) picture of a cracked sample.
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These three consecutive stages are clearly indicated in Figure 6.16 with three diffe-
rent curves representing the three sensors tested. At the start of the experiment all the
sensors have shown an upward trend, showing the PANDA fiber sensor a more abrupt
change, possibly due to its additional response to temperature variation when electrical
current is added to the rebar. During the experiments, visual monitoring of the sample
conditions was frequently carried out. In figure 6.16 (a), these features are labeled on
the data plots, being cracking considered as the most significant event.

For the PANDA fiber, the first visible crack is marked by an arrow in the black plot. As
expected, a decrease in pressure was observed when the first crack appeared (corres-
ponding to a release in pressure between the concrete and the rebar). Although not
many visible cracks appeared during the experiment, it was found that a sudden de-
crease in peak shifts (corresponding to the pressure release from internal failure of the
concrete. Figure 6.16 (b) shows a big crack related to the one marked in the PANDA data
curve. During the whole process, considerable differences in peak shifts were evident
between PCF1 and PCF2 sensors. The installation, the concrete curing/compaction and
other factors can affect the response of the sensors, but red trace results demonstrate
the high sensitivity of the Hi-Bi PCF based sensors when protected with heat shrink
tube in comparison with the PANDA fiber.

6.3. PRELIMINARY RESULTS ON TRAFFIC MONITORING ON ASPHALT PAVE-
MENT STRUCTURES USING FIBER OPTIC SENSORS.

Understanding the behavior of asphalt can result in optimized structures designs, thus
reducing the rehabilitation costs associated with premature failures or with the long
term conservation of roads. Although typical maintenance works of asphalt are focused
in the superficial layer, fatigue in the deeper layers produces a continuous deterioration
of the whole asphalt platform which entails permanent damages [12].

The principal responsible for the roads deterioration are certainly the overloaded vehi-
cles. Therefore, an overload control system is extremely attractive for the organizations
in charge of the roads’ maintenance. The concept of Weigh-In-Motion (WIM) was introdu-
ced more than fifty years ago. WIM is the process by which the static weights of vehicles
are determined by measuring wheel loads while the vehicles are in motion. There are
several advantages of weighing vehicles while they are in motion rather than at rest
[13]. These include savings in time and cost, and that they are safer to operate on busy
roads. These systems have been used generally by public agencies for collecting vehicle
weights as well as several other statistical traffic data, to aid in the pavement cons-
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truction, maintenance, highway safety assessment and improvement, and other several
transportation and highway related planning and design [14].

The last experiment of this chapter presents preliminary results obtained in the insta-
llation process and sensitivity test of the fiber optic when it is embedded in asphalt for
monitoring traffic, structure degradation and detection of overloaded vehicles.

The experiment consisted of installing standard fiber for sensing using different pro-
tections. We also checked different installation methods to optimize fibers” sensitivity
when they are monitored by the distributed sensing system OBR 4600 by Luna, Inc.

(a)

|

Figure 6.17. Pictures of the fibers installation in asphalt. (a) and (b) are pictures of the groove opening and (c) is how the fiber
is placed in the trench hefore protecting it.

Two different fiber cables were used. On the one hand, bare SMF28 fiber with the clas-
sical acrylate coating and, on the other hand, a cable of SMF28 fiber with a special glass
fiber reinforced coating for direct installation in asphalt. The bare fiber was installed
by two protecting methods in between the asphalt layers. The first method consisted
of creating a groove in the asphalt layer surface to place the fiber into it and protected
with an epoxy resin especially designed for asphalt applications. The other protection
method was based on covering the fiber with tar instead resin when was placed also
into the groove in order to achieve a more homogenous medium for the fiber. Tar is one
of the raw materials of asphalt and it is considerably cheaper than the utilized special
resin. Therefore, it is an interesting protection method to be tested.
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Figure 6.18. Schematical layer distribution of the asphalt platform built for the test. Lines in red
correspond to the fiber distribution

An asphalt pavement platform of ~5 m? based on a basic three layer structure was built
for the sensitivity test. The layer height configuration was composed of a sub-base and
intermediate layer of 5 cm and 3 cm of surface course (figure 6.18). Therefore, in each
layer three distributed fiber optic sensing lines were placed, corresponding with each
protection and installation method. One sensing line contained the fiber reinforced with
the glass fiber buffer, other line with the bare fiber inserted in a groove and protected
with epoxy resin and, finally, the bare fiber inserted in other groove and protected with
the tar. Figure 6.17 shows three pictures of the fiber sensors installation in the asphalt.

(a) (b) (e)

@

optical fibers just before the sensitivity test.

Figure 6.19. Pictures of the asphalt platform including

Figure 6.19 illustrates three different pictures showing the pavement when the sensors
were already installed. Picture (a) shows the final structure where the sensor fibers po-
sition are marked in luminous red. In (b) the glass fiber reinforced cable installed in the
sub-base layer is visible and it was taken as reference to measure the layer height. Fi-
nally, the last figure shows a fiber appearing from the trench protected with epoxy resin.
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(b)

Sensitivity of the fibers was tested by setting different loads over the different fiber
sensors (Figure 6.20). In a first stage, it was checked which fibers bore in the installation
process. The bare fibers covered by tar did not support the combination of the high tem-
peratures needed to melt the tar (180° approximately) and the stress applied to them.
When a little stress was applied to them, the fibers broke, thus this low-cost installation
procedure did not work. In the same way, the glass fiber protection was not enough to be
installed directly between layers, without groove in the inter-layers. The only successful
technique was the epoxy resin protection for fibers inside grooves.
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Figure 6.21. (a) Sensor response when a car is placed slightly misaligned respect to the fiber and (b) when one people is
placed over the sensing fiber.

After the installation procedure, only three fibers were ready for the sensitivity test.
Firstly, the surface fibers installed were not enough protected and when a car was pla-
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ced over them, the fibers broke. So finally, in this test, only the internal fibers protected
with epoxy resin were able for load measurements in asphalt. Figure 6.21 depicts two
strain results obtained with the O0BR4600 when it was configured as a distributed sen-
sor interrogator. In chapter 1 it was explained the sensing procedure of the 0BR4600
for distributed strain and temperature measurements. Plot (a) illustrates the distributed
sensor response when a car was placed over the fiber. The two peaks refer to the load
which each tire transferred to the asphalt. The amplitude peaks difference is due to the
small misalignment of the car tire axle respect to the fiber. Figure 6.21 (b) is the sensor
response when a person is placed on the asphalt. This result demonstrates the high
sensitivity of the measuring system to loads. Moreover, when finally a truck was placed
on the working fibers position (figure 6.20 (a)), its weight overstrained them and stop
measuring.

6.4. CONCLUSIONS

The regular assessment of the structural integrity of the major civil infrastructures such
as bridges, dams, tunnels and flyovers is essential as a result of deterioration and da-
mage during their lifetime and to maintain services. This chapter presents three diffe-
rent applications of the fiber optic sensing technologies for SHM purposes. The learned
concepts throughout the PhD work have been applied in 3 experiments offering in-field
demonstrations of previously proven systems and sensors in laboratory experiments.

* The application of a low cost bending sensor for high strain measurements
has been developed and demonstrated. A concrete beam bending test has
been simultaneously monitored by FBGs and the low-cost intensity strain ben-
ding sensor. The ability for high strain measurement of the proposed sensor
was demonstrated during the bending test, showing a wider range of operation
than the FBG.

e A Hi-Bi fiber placed inside a fiber loop mirror for corrosion sensing was
developed for monitoring reinforced concrete structures. This work presents
the complete study of the sensing approach. Firstly, we developed an impro-
ved alignment process to achieve uniform pressure sensitivity along the fiber.
Secondly, an accelerated corrosion test has been undertaken, confirming the
effectiveness of using PCF fibers as sensors for corrosion onset monitoring.
The Hi-Bi PCF fiber showed no temperature sensitivity in comparison with
PANDA based sensors, being these last ones more sensitive. Moreover, the
results gave important information about the state of the concrete structure
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under test, such as detection of the onset of corrosion, corrosion rate, crack
detection and crack propagation.

e Finally, some preliminary results on traffic monitoring over asphalt pave-
ment structures using fiber optic sensors were presented. It was demonstra-
ted the high sensitivity of the fiber when it was installed protected by epoxy
resin in the intermediate asphalt layers. Thus it was demonstrated that it is
sensitive to the load of just one person over the pavement. However, alterna-
tive installation proposals failed, although the fiber reinforced with glass fiber
seems to have high potential when it is correctly installed. Therefore, it has
been demonstrated the possibility of monitoring loads on roads with fiber optic
distributed sensors systems, thus, in the future, improved installation methods
will be checked as well as a more suitable asphalt deploying method will be
developed for the usual lying machines.

Part of the previous experiments have been reported following publications [15-17].




Chapter VI. Three Applications of Fiber Optic Sensors in SHM

6.5. REFERENCES

[1] “FiberSensing, Sistemas Avangados de Monitorizagdo, S.A." http://w3.fibersensing.com/.

[2]  "Micron Optics, Inc.” http://www.micronoptics.com/

[3] ‘07 Optics Ltd” http://www.ozoptics.com

[4]  “Omnisens” http://www.omnisens.com

[5]  “Luna, Inc. http://lunainc.com/

[6] U M. Ldpez-Higuera, “Introduction to fibre optic sensing technology,” Handbook of Optical Fibre Sensing
Technology, 1-23, (2002).

[71 W K Szaroletta, N. L. Denton, “Four Point Bending: A New Look" Proc. 2002 American Society for Engi-
neering Education Annual Conference & Exposition, Session 2168, (2002).

[8] X. Zou, A. Chao, Y. Tian, N. Wu, H. Zhang, T. Y. Yu, X. Wang, "An experimental study on the concrete hydra-
tion process using Fabry-Perot fiber optic temperature sensors,” Measurement, 45, 1077-1082 (2012).

[9] ¢ McCague, M. Fabian, M. Karimi, T. Sun, K. Grattan, L. Jaroszewicz, P Mergo, M. Bravo, “Novel sensor
design using photonic crystal fibres for monitoring the onset of corrosion in reinforced concrete struc-
tures,” Journal of Lightwave Technology, 32, 891-896, (2014).

[10] M. Karimi, M. Fabian, T. Sun, K. T. V. Grattan, K. Schuster, L. Jaroszewicz, and P Mergo, “Transverse force
sensitivity of joint photonic crystal fibres’, IEEE Sensors conference 2012, 1-4, (2012).

[1 1] T. El Maaddawy, and K. Soudki, “Effectiveness of impressed current technique to simulate corrosion of
steel reinforcement in concrete’, Journal of Materials in Civil Engineering, 15, 41-47, (2003).

[12]  S.R.Sharp, K. A. Galal, and M. K. Elfino, “Using Fiber-Optic Sensor Technology to Measure Strains Under
the Asphalt Layer of a Flexible Pavement Structure” Research report for the Virginia Transportation
Research Council (2006). gttp:./www.virginiadot.org/vtrc/main/online_reports/pdf/07-r5.pdf

[13] C. E. Lee, "Standards for Highway Weigh-In-Motion (WIM) Systems.” ASTM Standardization News, pp.
32-37 (1991).

[14]  R.B. Malla, A. Sen, and N. W. Garrick “ A Special Fiber Optic Sensor for Measuring Wheel Loads of Vehi-
cles on Highways” MDPI Sensors, 8, 2551-2568 (2008).

[15] M. Bravo, J. Sdenz, M. Bravo-Navas, and M. Lopez-Amo, “Fiber optic sensors for monitoring a concrete
beam high strain bending test’, Proc, SPIE, 21st OFS conference, 7753, 775363, (2011).

[16] M. Bravo, J. Sdenz, M. Bravo-Navas, and M. Lopez-Amo, “Concrete Beam Bending Test Monitorization
Using a High Strain Fiber Optic Sensor”, Journal of Lightwave Technology, 30, 1085-1089 (2012).

[171 M. Bravo, C. McCague, M. Fabian, L. Jaroszewicz, P Mergo, M. Lopez-Amo, K. T. V. Grattan and T. Sun,
“Reinforced concrete structural corrosion monitoring using Hi-Bi photonic crystal fibers in a fiber loop
structure”, Proc. SPIE, 23rd OFS conference , 9157, 91579V, (2014).

203




na

Universidad
Piblica de Navarra
Nafarroako
Tinibartaitate Publikan



chapfter Vi
CONCLUSIONS AND OPEN RESEARCH LINES




Universidad
Piblica de Navarra

Nafarroako



Chapter VIl. Conclusions and Open Research Lines

7.1. CONCLUSIONS

7.1.1. ENGLISH

The potential use of optical fibers as transducers have attracted the scientific commu-
nity attention, developing transducers for measurements of a variety of physical and
chemical magnitudes. Fiber-optic sensing technology offers the ability of measuring in
a distributed, quasi distributed or punctual way. In this technological framework, a study
about new configurations of sensors, multiplexed and remote networks as well as laser
sources for sensing has been presented in this PhD. work.

Chapter 2 is dedicated to describe three new point sensors. Two of the three proposals
are interferometric in nature and uses PCFs, and the last one is based on a fiber ring
resonator structure in order to enhance the measurement sensitivity. They were deve-
loped to be cost efficient while maintaining a high resolution and high dynamic range
measurements of strain and displacement.

Chapter 3 is devoted to the development of sensors networks by using a commercial
OTDR. Three intensity sensing head structures based on three different reflecting pro-
cesses have been studied. These sensors have been multiplexed successfully using a
bus topology. Furthermore, two of the sensors were interrogated remotely and, in par-
ticular, the FLM/LPG sensor was measured at a distance of 253 km. This distance is, for
the author’s knowledge, the farthest distance in which one fiber optic sensor has been
interrogated without amplification. It was also studied two hybrid multiplexing setups
being able to include different sensing techniques in a single network.

In chapter 4, three different applications of the random distributed feed-back (RDFB)
effect for multi-wavelength and modulated fiber lasers have been experimentally
demonstrated.

In the first section, the basic random-laser structure was filtered by a fiber loop mi-
rror (FLM) interferometer which includes a high birefringence suspended-core photonic
crystal fiber (Hi-Bi SC-PCF) to generate a RDFB multi-wavelength fiber laser (MWFL).
This multi-wavelength Raman fiber laser presents suitable characteristics for sensors
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interrogation. Even more, the configuration can be used as a sensor by simply exploiting
the sensing skills of its internal Sagnac filter.

The second configuration attempts to improve the previous laser by using a program-
mable filter in order to select the desired lasing wavelengths in real time. A maximum
wavelength band of ~20 nm can be reconfigured with a minimum distance of 50 GHz
between lasing channels. This structure can be easily equalized and switched fulfilling
the 100 GHz ITU grid specification for sensing or telecommunication purposes.

In the final point of this chapter, a modulated random mirror laser has been experi-
mentally demonstrated. For the author’'s knowledge, it is the first demonstration of the
internal modulation of a RDFB laser. This structure can be internally modulated by an
EOM with no frequency restrictions attributable to the cavity length. It can be modulated
without the RF filtering problems or mode-locking characteristics of the conventional
fiber laser configurations.

One of the main issues that this PhD. work has addressed is the problem of PCF sensors
multiplexing. Chapter 5 presents new sensors multiplexing networks using sensors and
laser sources previously developed in chapters 2, 3 and 4. With these and other sensors
(point and distributed) and light sources, several demanding topics in sensors multi-
plexing have been explored. Particularly, PCF sensors multiplexing, remote multiplexing
networks and robust multiplexing of point and distributed sensors.

A remote intensity bending sensors multiplexing based on a TDM architecture was
performed. It was also developed an in deep study of the wavelength macro-bending
influence in SMFs. This study confirmed the feasibility of remote TDM multiplexing of
those intensity sensors, taking into account problems such as dispersion and crosstalk.
An up to 75 km fiber optic laser system based on a ladder structure which multiplexed
six PCF sensors is also presented in this chapter. The system includes a filter, whose
bandwidth was optimized in order to reach the most efficient system operation.

Next, OADMs have been demonstrated as suitable devices for WDM addressing of diffe-
rent kind of sensors. The already used PCF interferometer sensors were remotely mul-
tiplexed without optical amplification using two different strategies. The last one net-
work used a double-fiber transmission channel allowing us to perform measurements
up to 100 km. The system incorporated also a reference wavelength used to increase
the resolution of the system.

Two new ultra long multiplexing systems were presented in this chapter. The novelty of
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the proposed systems lies on the topologies which entail attractive advantages such as
reducing the effect of Rayleigh scattering. It was demonstrated that they were able to
remotely multiplex up to 11 fiber Bragg gratings, but this number could be increased.
Due to the operation mode of the systems, they act as low noise configurations, where
the OSNR of all the sensors was high enough to interrogate them up to 200 km away
from the monitoring station.

In order to add robustness and versatility to fiber optic sensor networks, a remote
powered by light fiber optic switch which is able to operate at distances up to 100 km
was also developed. To the best of the author’s knowledge, this is the maximum dis-
tance ever achieved when controlling any instrumentation powered by light. By slightly
changing the control electronics, it can be also used to control other low consumption
devices. As proof of concept applications, this PhD. work experimentally demonstrated
the suitability of this FOSw for controlling a resilient FBG sensors network located 50
km away from the interrogation unit and for the multiplexing of Brillouin distributed
Sensors.

Finally, a versatile network structure based on the switchable RDFB-MWFL was de-
monstrated for simultaneous multiplexing of sensors of different nature. Two multi-
plexing sensors sub-networks were simultaneously interrogated using the remote
powered by light fiber optic switch. The Raman pump power excess of the random mi-
rror of the laser was used to feed the RFOSw. This technique can multiplex as many sen-
sors sub-networks as output ports the switch have. Furthermore, as the control signal
was generated by the fully switchable MWFL, the laser spectrum change also entails the
RFOSw port selection.

Chapter 6 presents three different in field applications of the fiber optic sensing tech-
nologies for SHM purposes applying sensors and systems shown in previous chapters.
The first application proved a low cost bending sensor for high strain measurements
in a concrete beam bending test. It showed a wider range of operation than the FBGs
based sensors. Next, a Hi-Bi fiber sensor placed inside a fiber loop mirror for corro-
sion sensing was developed for reinforced concrete structures monitoring. The results
gave important information about the state of the concrete structure under test, such as
detection of the onset of corrosion, corrosion rate, crack detection and crack propaga-
tion. Finally, some preliminary results about traffic monitoring over asphalt pavement
structures using fiber optic sensors were presented. The high sensitivity of the fiber
was demonstrated when it was installed protected by epoxy resin in the intermediate
asphalt layers.
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7.1.2 CASTELLANO

La comunidad cientifica ha desarrollado a dia de hoy, utilizando fibra éptica, transduc-
tores para la medida de una gran variedad de magnitudes fisicas y quimicas. Ademas,
la tecnologia de fibra dptica ofrece la posibilidad de medir de manera distribuida, cuasi
distribuida o puntual. En este marco tecnoldgico, este trabajo de doctorado presenta un
estudio sobre nuevas configuraciones de sensores, de multiplexacién y de redes remo-
tas, al igual que de fuentes de luz laser para interrogacion de sensores.

Asi, el capitulo 2 esta dedicado a describir el desarrollo de tres sensores puntuales. Dos
de las tres propuestas son de naturaleza interferométrica y utilizan fibras de cristal
fotdnico. La ultima estd basada en una estructura resonante en anillo cuyo objeto es
mejorar la sensibilidad de las medidas de los transductores. En concreto, estos anillos
de coste reducido se desarrollaron para conseguir una alta resolucién y gran rango di-
namico en medidas de deformacidn y desplazamiento.

El capitulo 3 se centra en el desarrollo de redes de sensores utilizando un OTDR comer-
cial. Para estas redes se han estudiado tres transductores de intensidad basados en
tres procesos reflexivos diferentes. Estos sensores se multiplexaron satisfactoriamen-
te utilizando una topologia de bus. Ademas, se interrogaron remotamente dos de esos
sensores y, en particular, se monitorizé un sensor FLM/LPG a una distancia de 253 km.
Esta es, en conocimiento del autor, la mayor distancia de interrogacién remota obtenida
para sensores de fibra dptica sin necesidad de utilizar amplificadores épticos. También
se estudiaron dos esquemas de multiplexacidn hibridos que permiten incluir diferentes
técnicas de medida en una misma red.

En el capitulo 4 se demuestran experimentalmente tres aplicaciones del efecto de
realimentacién distribuida random para laseres multi-longitud de onda y también su
modulacion.

En la primera seccién del capitulo, la estructura bdsica de un ldser Raman de reali-
mentacidn distribuida se filtra usando un interferémetro basado en un espejo en fibra
(FLM). Este espejo, que incluye una fibra de cristal foténico de nucleo suspendido alta-
mente birrefringente (Hi-Bi SC-PCF), sirve para generar laseres multi-longitud de onda
(MWFLs). Estos laseres pueden utilizarse para interrogar sensores o como sensores en
si mismos explotando las caracteristicas internas del filtro Sagnac.

La segunda configuracidn trata de mejorar el ldser anterior utilizando un filtro progra-
mable para seleccionar las lineas de emisién del laser en tiempo real. Permite confi-
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gurar un ancho de banda maximo de ~20 nm con una distancia minima entre lineas de
emision de 50 GHz. Esta estructura puede ecualizarse y conmutarse de manera sencilla,
cumpliendo la rejilla de 100 GHz de la especificacidn ITU, para aplicaciones de sensores
o de comunicaciones.

En el punto final de este capitulo, se demuestra experimentalmente un laser “random”
modulado internamente. Esta es la primera vez, en conocimiento del autor, que se de-
muestra la capacidad de modulacién de manera interna de un laser basado en el efecto
RDFB. Esta estructura puede modularse internamente por un EOM (modulador electro-
optico) sin ninguna restricciéon frecuencial causada por reflexiones discretas dentro
de la cavidad. Asi, el laser puede modularse sin problemas de filtrado RF o sin exhibir
los pulsos habituales generados por el enganche de modos en las configuraciones de
laseres de fibra convencionales.

Uno de los principales objetivos en el que se ha centrado este trabajo de doctorado ha
sido la multiplexacién de sensores realizados con fibra de cristal fotdnico. El capitulo
5 presenta nuevas redes de multiplexacion de sensores utilizando los sensores y las
fuentes laser anteriormente desarrolladas en los capitulos 2, 3y 4. Asi se han abordado
algunos temas muy exigentes en el ambito de la multiplexacion de sensores. Particu-
larmente, la multiplexacién de sensores PCF, las redes de multiplexacién de sensores
remotos y la multiplexacidn robusta de sensores puntuales y distribuidos.

En este capitulo se presenta un sistema laser de hasta 75 km basado en una estructura
en escalera en la que se multiplexan seis sensores PCF. Este sistema incluye un filtro
cuyo ancho de banda fue optimizado para conseguir la mayor eficiencia en la operacidn
del sistema.

A continuacién se demostro la capacidad de los OADMs como dispositivos para la mul-
tiplexacion en longitud de onda de diferentes sensores. Los sensores interferometricos
PCF, ya utilizados anteriormente, se multiplexaron de manera remota sin necesidad de
amplificacién usando dos estrategias diferentes. En concreto, la segunda red presen-
tada usa un canal de transmision de doble fibra, permitiendo realizar medidas hasta a
100 km de distancia. El sistema también incorpora una longitud de onda de referencia
utilizada para aumentar la resolucidn del sistema.

En el ambito de los sensores desarrollados con fibras convencionales, se demostré un
sistema de multiplexacion de sensores de curvatura basado en la multiplexacion en
el dominio temporal. También se realizé un estudio en profundidad de la influencia en
longitud de onda de las macro-curvaturas en fibras monomodo estandar. Este estudio
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valido la medida remota y la multiplexacion de estos sensores de intensidad, teniendo
en cuenta los problemas de dispersién y diafonia.

Este capitulo también incluye dos sistemas ultra largos de multiplexacion. La nove-
dad de estos sistemas radica en las topologias desarrolladas. Estas presentan ventajas
atractivas como, por ejemplo, la reduccion del efecto de la dispersiéon Rayleigh. Se de-
mostro que eran validas para multiplexar 11 sensores FBG, aunque este nimero podria
incrementarse. Debido al modo de operacidon de los sistemas disenados, éstos actian
como configuraciones de bajo ruido, y asi la relacion senal-ruido de todos los sensores
es adecuada para interrogarlos a distancias de hasta 200 km, desde una estacion de
monitorizacion.

También se desarrolld, para anadir robustez y versatilidad a las redes de sensores de
fibra dptica, un conmutador dptico tele-alimentado que puede operar a distancias de
hasta 100 km. Esta distancia no habia sido alcanzada previamente seguln nuestros da-
tos. Mediante un diseno adecuado de la electrdnica de control, puede usarse para con-
trolar cualquier equipo de bajo consumo. Asi en este trabajo de doctorado se demuestra
experimentalmente la capacidad de este conmutador 6ptico para controlar una red de
sensores FBG redundante localizada a 50 km de la unidad de interrogacion. También se
utilizo para la multiplexacion de sensores distribuidos basados en el efecto Brillouin.

Finalmente, se demostré una red versatil basada en el laser RDFB-MWFL conmutable
para la multiplexaciéon simultdnea de sensores de diferente naturaleza. Se interrogaron
dos sub-redes de multiplexacién de sensores utilizando también el conmutador éptico
tele-alimentado. El exceso de bombeo Raman utilizado para la generacion del espe-
jo distribuido del laser se utilizé para alimentar el conmutador. Esta técnica permite
multiplexar tantas sub-redes de sensores como salidas tenga un conmutador éptico.
Ademas, como la senal de control se genera por el propio ldser MWFL conmutable, el
cambio de espectro del ldser también conlleva la seleccidn de puerto del conmutador
tele-alimentado.

Por ultimo, el capitulo 6 presenta tres demostraciones de campo de los sensores y de
las tecnologias de medida presentadas en los capitulos anteriores para monitorizacidn
de salud estructural. La primera aplicacion estad dedicada a validar un sensor de cur-
vatura econdémico para medidas de altas deformaciones durante la prueba de carga de
una viga de hormigoén. Se demostroé un rango de operacion mayor que los sensores FBG.
A continuacidn, se desarrolléd un sensor basado en una fibra altamente birrefringente
incluida dentro de un espejo de fibra (FLM) para la medida de corrosion en estructuras
de hormigdn armado. Los resultados ofrecieron informacién importante sobre el estado
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de la corrosidn interna, sobre la cantidad de corrosidn, y también sobre la deteccién y
propagacién de fisuras. Finalmente, se presentaron algunos resultados preliminares
sobre monitorizacion de trafico en estructuras de asfalto utilizando sensores de fibra
optica. Se demostré la alta sensibilidad de la fibra dptica para esta aplicacion, instalan-
dose nuestra fibra con proteccién de resina epoxi en las capas intermedias del asfalto.
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/7.2. OPEN RESEARCH LINES

Once the conclusions have been exposed, some open research lines should be conside-
red in further detail for future. The most challenging research lines related to this PhD.
work are going to be considered. These open lines entail the following topics: random
lasers, PCF sensors development and multiplexing, remote sensing and power by light
optoelectronic devices.

Regarding random lasers, the interesting lasing characteristics that this structure
offers could be used for many new applications in the optical communications and sen-
sing fields. For instance, once the internal modulation of these lasing structures was
demonstrated, time domain sensor multiplexing or distributed sensing can be proposed
based on them. The performance of the switchable multi-wavelength laser structure
can also be improved. More emission lines, narrower emission lines and faster swit-
ching time are three topics to be improved.

Associated with the PCF sensors, there are promising open research lines to explore.
The PCF’s structures and propagation characteristics make them extremely interes-
ting for sensing purposes. However, one of the main disadvantages of these fibers is
their splicing complexity. Hence, new splicing methods of PCF should be studied. Ideally,
smart splicing programs that auto configure its splicing parameters would be a solu-
tion. Other idea regarding the use of these fibers as sensors, is the fiber customization
by using a femtosecond laser. Thus, different sensing structures such as FBGs on PCFs
could be performed. Finally, the development of fiber networks which multiplex PCF
sensors is a challenge to overcome in order to achieve cost efficient sensing solutions.

Finally, concerning remote sensing, the future lines might the following: to increase the
distance, the signal to noise ratio and the number of sensors in the same network. In this
regard, power by light optoelectronics feeding could be interesting to reach the challen-
ges described. Therefore, different optoelectronic units should be adapted to power by
light operation. MEMS technology seems to be the most suitable technology due to its
low consumption characteristic.




Chapter VII. Conclusions and Open Research Lines

7.3. PUBLICATIONS

In the frame of this PhD work, 18 journal contributions (12 as first author and 6 as co-
author) and 15 conference papers (10 as first author and 5 as co-author) have been
published, as listed in Appendix A.
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