Interrogation Systems for Fiber Bragg Grating-Based Sensors

Maria-Iulia Comanici

Department of Electrical and Computer Engineering
McGill University
Montreal, Canada

June, 2010

A thesis submitted to McGill University in partial fulfilment of the requirements of the

degree of Master of Engineering

© Maria-Iulia Comanici






Abstract

As the potential application of fiber optic sensors broadens, there is much interest
in finding measurement systems that are simple, cost effective and show high power
efficiency. The latter is extremely useful when dealing with multiplexed sensors
distributed over large distances, which results in high signal attenuation and limits the
number of sensors that can be interrogated by a minimum number of measurement units.
In this thesis we explore a fiber laser-based wavelength-to-power mapping interrogation
system for wavelength-division-multiplexed FBG sensors, and we prove that such
solution offers increased measurement reliability with high power efficiency.

Another aspect of improving the performance of sensing systems is the ability to
measure multiple parameters, which are extremely useful when working with FBG-based
sensors experiencing similar changes in spectral characteristics in response to changes in
temperature or strain. These can be discriminated when they can be measured using
different interrogation methods. For this purpose, we first explore and evaluate the
performance of a vibration sensor designed by QPS Photronics, and we prove that it can
be used to measure temperature and/or strain by translating the changes in its sinusoidal
multi-wavelength spectrum to changes in the response of a single pass-band microwave
photonic filter (MPF). The operation principle is based on monitoring the shift of the
main filter band as temperature or strain changes. We demonstrate that such a system can

achieve high-speed measurement with variable sensitivity.



Abrégé

Avec la croissance de ’application potentielle des capteurs a fibres optiques, il
est important de trouver des systémes de mesure simples, a colt réduit, et présentant une
efficacité de puissance ¢levée. Celle-ci est extrémement utile quand il s’agit de
multiplexer des capteurs distribués sur des grandes distances, ce qui contribue a
I’augmentation de 1’atténuation du signal optique et impose une limite au nombre de
capteurs qui peuvent étre interrogés en utilisant un minimum d’unités de mesure. Dans
cette thése nous explorons un systéme d’interrogation basé sur un laser a fibre optique
pour réaliser la traduction de la longueur d’onde en une mesure de puissance pour les
capteurs a base de réseaux de Bragg. Nous prouvons que grace a cette solution nous
pouvons augmenter la fiabilité de la mesure avec une efficacité de puissance ¢levée ainsi
que de réduire les erreurs de la mesure.

Pour augmenter la performance d’un systéme de capteurs, il est aussi important de
pouvoir mesurer de paramétres additionnels. Ceci est extrémement important quand le
capteur est base sur des réseaux de Bragg qui ont une réponse similaire aux changements
de température ou tension. Ces deux facteurs peuvent étre distingués en utilisant des
méthodes d’interrogation différentes. Ainsi, nous explorons et évaluons premi¢rement la
performance d’un capteur de vibration congu par QPS Photronics. Nous prouvons qu’il
est possible de mesurer aussi la température et/ou la tension en traduisant les
changements du spectre a plusieurs longueurs d’onde en des changements de la réponse
d’un filtre a micro-ondes photoniques (MPF) a une seule bande passante. Le principe de
I’opération du systéme est base sur la surveillance du déplacement de la bande passante
principale du filtre quand la température ou la tension de la fibre changent. Nous
montrons qu’un tel systéme est capable d’assurer une mesure trés rapide avec une

sensibilité variable.
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1. Introduction

1.1 Fiber Optic Sensing

Sensing plays an important role in many applications using equipment that
experiences degradation over time due to external forces or environmental factors. For
example, civil structures experience degradation by being exposed to rain and to
changing temperature. Moreover, these factors combined with exposure to external forces
lead to cracks that can cause failure. Therefore, to avoid damage, it is important to detect
and replace the equipment that experiences a certain amount of degradation, which in
many cases can be considered dangerous. In this context, it is important to have sensors
capable to detect changes in the physical or in the chemical composition of structures
accurately. With the advent of fiber optic communications, it has been observed that
using a dielectric medium to guide information in the form of light is more efficient than
using metallic media to transmit electrical signals. Besides their excellent transmission
characteristics, optical fiber sensors are attractive because they show the ability to
confine the signal so that no electro-magnetic interference is experienced—a common
issue encountered when using electrical signals: their operation requires electro-magnetic
isolation and thus adds complexity to the detection system. Moreover, optical fibers are
light and compact, which makes them useful in remote sensing and allows for packaging

flexibility.

1.2 Characteristics of Fiber Optic Sensor Systems

A sensing system is built using the components shown in Figure 1.1. As observed,
signal de-multiplexing can be achieved either in transmission or in reflection mode, as in
Figure 1.1 a) and b), respectively. The light source is either broadband or pulsed,
depending on the type of signal the sensor head is designed to process [1.1]. The optical
sensor head responds to changes in environmental conditions by modulating the signal
characteristics; these can then be detected using a photo-detector or an optical instrument
that is able to measure the signal characteristic that has been modified; this change can be
reflected in the wavelength, power, polarization, or phase of the optical signal. The

detection system can be improved by processing the signal to get the accurate
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measurement of the parameter the information is encoded into. The performance of a
sensor system is determined by the extent to which, following calibration, a unique
processed value corresponds to a particular environmental condition. Moreover, the
sensitivity of the sensor and its measurement range play equally important roles. The
former is defined by the change in the detected signal per unit of environmental condition
change, while the latter defines the number of values that the system is able to accurately
measure. In most applications, the sensors are used in real time, and the response time

becomes an important parameter in evaluating the accuracy of the sensing system [1.1].

a)

Optical .
Light Source Sensor Head Detection System
Optical Fiber Optical Fiber
b)
Light Source Coupler Sensor Head
Optical Fiber Optical Fiber

Detection System

Figure 1.1: Fiber optic sensing system: a) transmission mode; b) reflection mode.

1.3 Types of Fiber Optic Sensors

Extensive studies show that optical fibers are sensitive to changes in external
environmental parameters such as temperature, strain, and pressure. The former induces a
change in refractive index which affects the guiding properties of the optical fibers. Strain
and pressure affect the geometry of the fiber and thus induce changes in the effective
refractive index, which characterizes the propagation mode area and losses.

These characteristics are reflected in the intensity or in the spectral characteristics of

the optical signal detected at the output of the fiber: external factors modulate either the
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light’s amplitude or wavelength [1.2]. Moreover, progress in the field of fiber
interferometers allows translating changes in phase or in spectral characteristics to
changes in signal intensity. This approach extends the range of applications and the
ability to tailor the sensing characteristics. Another classification of fiber optic sensor is
based on whether the sensing region is lumped at the sensing location—point sensor—or
it is distributed along the length of the fiber—distributed sensing [1.1]. The latter takes
advantage of and explores techniques based on stimulated Brillouin scattering, stimulated

Raman scattering, or optical time-domain spectrometers [1.3].

1.4 Fiber Bragg Grating (FBG) Sensors

FBGs can be used as point sensors because they are built by writing periodic
structures resulting from the modulation of optical fibers’ core refractive index over a
short fiber length. Their spectral characteristics replicate the changes imposed on the
effective refractive index resulting by the exposure to changing strain and temperature. In
particular, FBGs reflect a narrow band of wavelengths centered about the Bragg
(resonance) wavelength, which shifts in response to the aforementioned environmental
factors. As a result, many applications aimed at monitoring strain and temperature
changes have been explored and find practical use [1.4]. Of particular interest is the
application of FBG sensors to structural health monitoring [1.5][1.6]. In this context, R.
Maaskant et al. discuss the application of surface attached FBGs to monitoring the
condition of different materials-based pre-stressed tendons, which are embedded in
concrete girders, used in the structure of the Beddington Trail Bridge in Calgary,
(Alberta, Canada) [1.5]. In the study, the strain monitoring helped researchers to identify
the long-term behaviour of different materials and the effectiveness of using a newly
proposed material— Carbon Fiber Composite Cable (CFCC). Other practical applications
to civil structures have been used in monitoring the condition of Horsetail Falls Bridge in
Oregon. In this case, the strains from twenty-six FBGs were successfully measured
[1.7][1.8]. Saouma et al. have succeeded at applying FBG-based strain measurement to
evaluate the properties of aluminum as a composite material for civil structures
[1.7][1.9]. In another study, H.L. Ho et al. propose an FBG-based sensing system capable

of detecting the static and dynamic responses of strain and temperature as applied to
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studying the heat transfer properties of non-stationary flow and the induced vibrations.
The static detection system involves using a scanning tuneable filter whose wavelength is
tuned to the Bragg wavelength of the sensing FBGs and is placed before detecting the
reflection spectrum of the grating. After the static measurement is completed, the
dynamic measurement is achieved by setting the tuneable filter center wavelength to a
wavelength where the slope of the FBG reflection spectrum is maximum—a point where
the dynamic measurement is the most sensitive. Therefore, as dynamic strain is applied to
the system is detected from a change in the voltage signal detected at the output of the
tuneable filter [1.10]. The same principle can be also used to aerospace and civil
applications, to determine the properties of composite materials, and to monitor the effect
of static and dynamic load on electric transmission lines. An example of using a tuneable
filter based detection system is provided by V.M. Murukeshan ef al. in [1.11]. In this
case, the sensor is used to monitor the cure process of composite materials, and is based
on embedded FBG sensors. Temperature measurements have also been achieved using
FBG sensors. For example, for application to civil structures, FBG temperature sensors
are packaged to achieve isolation from strain and pressure effects [1.12].

Moreover, other parameters that are related to temperature or strain can be monitored.
For example, to build a hydrophone, sound waves have the same effect strain has on
FBGs, i.e., it causes a physical change in the length of the grating, and, consequently, its
pitch. As a result of this phenomenon, the reflection wavelength shifts as it would under
the effect of strain, with the difference that, in terms of sensitivity, sound waves have the
same effect as pressure [1.13]. Recently, Y.-L. Park et al. propose embedding FBGs in
robot component structures to measure contact or grasping forces. This parameter is
measured using the information provided by changes in strain as forces are applied to
FBGs [1.14]. Furthermore, as presented by F. Xie et al., a Michelson interferometer built
using FBGs can be used to measure displacement. Here, the property that FBGs are
sensitive to temperature is used to compensate for environmental changes and thus
measure the desired parameter—displacement—only [1.15]. Another application would
be creating an acceleration sensor whose information can be converted to FBG strain

changes, as proposed by J. Chang et a/ in [1.16].
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1.5 Motivation and Thesis Contributions
Today, knowledge on the propagation and physical characteristics of optical fibers
has led to the emergence of a number of applications. Even though sensing using FBG
technology is mature enough to provide the necessary tools to generate, to transmit, and
to modulate light in response to desired external parameters, the detection unit
performance is limited by the propagation properties in guiding media. Specific
limitations include the following:
e Power efficiency is limited by the losses incurred by the propagation distance, which
is relatively long in most applications, especially remote sensing.
e The decoding method deployed usually involves using expensive, often bulky, and
thus unpractical, instrumentation.

¢ Finally, multiplexing enhances the complexity of detection systems.

This thesis is aimed at providing simplified and less expensive solutions to decoding
the information provided by two different designs of FBG-based sensors. First, chapter
two introduces the theory behind light propagation in such structures. The chapters that
follow provide solutions to the aforementioned problems that prevent the practical use of
FBG sensors. Chapter 3 provides the characterization of a currently deployed vibration
sensing system design. Next, in Chapter 4, the possibility to map this sensor’s spectral
information to microwave photonic filter variation to measure temperature 1is
experimentally proven. Finally, previous studies show that using wavelength to power
mapping using edge filters can simplify the method used to measure the changes induced
when axial strain is applied to FBGs: instead of using an optical spectrum analyzer to
measure wavelength change, a power meter, which is cheaper and less bulky, can be used
to measure change in power. However, insertion losses are associated to both FBGs and
filters, and, as a result, the simplified detection method comes at the expense of high
transmission powers because this type of sensors find use in sensing over long distances.
Therefore, Chapter 5 of this thesis proves the ability to combine the partial reflectivity
and wavelength selectivity of FBGs in a fiber laser configuration to obtain improved
mapping and enhanced power efficiency, which are associated to the lasing nature of the

system. In this context, the performances of ring and of standing wave fiber laser
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configurations will be compared and discussed. Performance will be evaluated in terms
of the ability to achieve lasing at all FBGs in the sensor array and in terms of
measurement sensitivity and power efficiency. In this contect, the received power needs
to be enhanced by at least 20 dB to satisfy the improved measurement capability over
long distances. Moreover, the ability to use different sources and fiber laser gain media

will be investigated for the purpose of reducing the overall system cost.

The studies that are presented in this thesis can also be found in the following
publications:

e M.-I. Comanici and L. R. Chen, “Improved arrayed waveguide grating-based
interrogation system for fiber Bragg grating sensors,” [4th OptoElectronics and
Communications Conference (OECC), 13-17 July 2009, Hong Kong, paper WQ3.

e P. Kung, M.-I. Comanici, and L.R. Chen, “Fiber Bragg grating vibration sensors for
condition monitoring of hydro-electric turbine windings,” Photons, vol.7 no. 2, 2009.

e M.-I. Comanici, L. R. Chen, and P. Kung, "Interrogating fiber Bragg grating sensors

based on single bandpass microwave photonic filtering," International Topical Meeting
on Microwave Photonics, 5 - 9 October 2010, Montreal, QC, paper FRI-5.
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2. Fiber Bragg Gratings Background

2.1 Introduction

With the advent of optical communications, optical fiber plays an important role in
signal transmission. Also, work has been invested in fabricating in-fiber devices capable
of tailoring the properties of light so optical fibers can be used to perform other tasks,
which usually are accomplished by electronic devices and thus involve conversion losses
and limit the system’s speed. One such in-fiber structure is the FBG, whose properties
were investigated after the discovery of photosensitivity: by doping the core of a single
mode optical fiber with certain compounds, ultraviolet (UV) radiation can be absorbed
and thus induce a permanent refractive index change [2.1]. Different methods are used in
combination with the photosensitivity effect to obtain the periodic modulation of the core
refractive index, which is able, through partial reflection at each high-low and low-high
refractive index change, to reconstruct a reflected signal whose spectrum is centered at a

wavelength that satisfies the Bragg condition: 4, =2nA, where A is the pitch of the

periodically modulated core refractive index, and 7 is the effective refractive index [2.2].

The structure of an FBG and its spectral characteristics are shown in Figure 2.1.

E.(2) FBG

Input signal
——t) oo
Reflected signal E(2)

E@ | | >
=0 z=
1 ! I
> - -
A Ab Ab
Input spectrum Reflected spectrum Transmitted spectrum

Figure 2.1: Schematic for the coupling between the wave reflected off the FBG and the
input wave [2.8].

This chapter first describes the principle behind the writing of FBGs in the core of
optical fibers. This is followed by the presentation of the coupled mode theory behind the
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operation of FBGs. Next, the principles behind the effect of two environmental and
physical factors, i.e., temperature and strain, are presented, followed by a discussion on

the methods used to measure and discriminate these parameters.

2.2 Principles Behind FBGs Fabrication

The photosensitivity effect was first observed in highly Ge doped fiber. However,
other methods to increase photosensitivity in single mode fibers usually used in
telecommunications include hydrogenation (hydrogen loading), flame brushing, and
boron co-doping. Hydrogenation is achieved because, under conditions of high pressure
and high temperature, hydrogen diffuses into the Ge-Si core. This method is not
permanent, so as the hydrogen concentration decreases, the strength of the
photosensitivity effect decreases. The next method is flame brushing and involves
hydrogen diffusion into the fiber core under very high temperatures (up to 1700° C). [2.3]
This is achieved by repeatedly (and for short periods of time) exposing the region to be
photosynthesized to a hydrogen-rich flame. The high temperature causes the hydrogen
diffusion. The major problem encountered when using high temperatures is the
possibility of damaging the fiber. While the aforementioned methods increase
photosensitivity through the formation of germanium-oxygen deficiency centers, boron
co-doping helps to enhance photosensitivity through photo-induced stress relaxation,
which affects the thermo-mechanical interaction between the boron doped core and the
silica cladding. This implies the accumulation of thermo-elastic stress in the core [2.3].

In the writing process, the properties of FBGs depend on the wavelength of the
ultraviolet light for photosensitivity and on the inscription method for the refractive index
distribution, which sets the resonance reflected wavelength. There are two methods of
writing FBGs into the core of an optical fiber: holographic and non-interferometric [2.1].
Holographic inscription uses interfering UV light to create the periodic pattern induced
by the photosensitive effect. A first mechanism (illustrated in Figure 2.2) to create the
interference would be to split an incoming radiation into two separate beams that
experience different optical path lengths. However, since these paths are sensitive to
external environmental conditions, this technique needs to be applied in a controlled

environment to avoid FBG inscription errors.
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Figure 2.2: Interferometric method of writhing FBGs in optical fiber’s core [2.1].

An alternative that is widely used involves using a phase mask, which is a diffractive
optical element (DOE) aimed at spatially modulating the UV beam (see Figure 2.3) [2.1].
This technique achieves the modulation of the core refractive index by creating an
interference pattern between the +1 and -1 orders of the diffraction mask. Note that it is
important to suppress the 0™ order to achieve proper interference between the first order
modes; this is achieved by tailoring the mask’s grating corrugations depth, and the
process is dependent on the wavelength of the incident UV beam. The refractive index

modulation pitch of the FBG A only depends on the DOE’s period A ., 1.e.,

Bragg _ grating

_ ADOE

Bragg grating = Therefore, the phase mask method allows improving the

fabrication cost, reliability and repeatability. [2.4]
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Figure 2.3: Phase-mask (diffraction based) FBG writing method [2.6].

2.3 Coupling Properties of FBGs
FBGs are written in the guiding region of a single mode fiber, and their refractive

index varies sinusoidally according to the equation n(z) = n, + n, cos(Kz), where z is the
spatial direction of propagation, n, is the average refractive index, n, is the refractive

index modulation depth, and K is a constant that is related to the pitch of the grating (A)

by the equation K =2T7[ [2.5]. FBGs act as reflectors when coupling between the

forward and the backward propagating waves is achieved, i.e., power is transferred
between the forward and counter-propagating waves of the same mode. [2.5][2.7-2.8]
When coupling between the forward core mode and the forward cladding mode occurs,
the power that is coupled for transmission is lost in the cladding mode for a narrow band
of wavelengths. This phenomenon is observed in long period gratings, which act as
transmission mode filtering components with no reflected power [2.9-2.11].

For the case when the Bragg grating is uniform, the forward E,(z)and backward

E (z) waves propagating through a FBG are described by the following coupling

equations:
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dE (z)

i JKE (2)e ** (2.1)
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dz

In Equations (2.1) and (2.2), x is the coupling constant, and o characterizes the phase

matching condition [2.5][2.8]. The Ilatter is defined by the following relation:

1

5=%(2ﬂ—K)=27zneﬁ{z—%} where the parameters S, K, n,,A,and A, are the
B

e >

magnitude of the propagation vector, the magnitude of the grating vector as defined
earlier, the effective refractive index, the operation wavelength, and the Bragg
wavelength, respectively [2.8].

Using the transfer matrix theory presented by T. Erdogan in [2.7], and denoting the
length of the FBG as /, the following relationship between the input at z=0 and the output

at z=[ electric fields is the following:

josinh(al) . ksinh(al)
EON_ 715D i 7= T
E_(0) o T xsinh(al) cosh(al) — josinh(al)
a a
(2.3)

2 2 meﬂr .
where a =+/|lk| —6° and k= . The newly introduced parameter I represents the
VIK] J y p p

fraction of the input power that is confined to the core of the fiber grating (confinement
factor) [2.8]. Note that it is assumed that there is no input from the right of the fiber as
referenced by Figure 2.1, 1.e., E (/) =0.

The transfer function is useful to find the reflectance of the FBG as a function of the

operation wavelength, which is given as

=|Er(0)|2 _|T21(/1)|2 _ x* sinh? (ad)

R |E0)| |T,,(2)|  a?®cosh?(al)+ & sinh? ()

(2.4)

Owing to their wavelength dependent characteristics, uniform FBGs have been
extensively used as filter and WDM components, which take advantage of the ability of
such periodic structures to reflect a narrowband of wavelengths [2.13]. Many applications

require the characteristics of the grating to be tailored so as to achieve certain functions.

26



In this context, sometimes it is desirable to have non-uniform gratings. For example,
FBGs characterized by non-uniform periodicity can be applied to long distance systems
because they offer the possibility to tailor the width of optical pulses, and can be applied
to dispersion compensation [2.13][2.16]. When the periodicity of the grating changes
with distance along its length, the grating is said to be chirped; when the refractive
modulated index varies with propagation distance, the FBG is said to be apodized [2.14].
In the case when non-uniform gratings are used, the reflection characteristics of the
gratings can be calculated by dividing the grating into segments each of which can be
treated a uniform grating over a small distance. Therefore, each segment can be
characterized by its own transmission matrix. This way, the signal that is output from the
left to the (j+1/)th segment is the transmited signal from the jth grating segment, and the
wave that is reflected by the (j+/)th segment, is the input from the right to the jth
segment. Mathematically, this can be represented as follows:

ol B =

E (0) 0

where N is the number of segments along the length of the FBG [2.15].

2.3.1 Non-uniform FBGs Used as Sensors

Recently, different types of non-uniform FBGs find application to sensing. For
example, in [2.17] Y. Okabe et al. proposed using the capability of chirped FBGs to
detect cracks along the length of a structure. This relies on the change in the chirped FBG
spectrum owing to the tensile load imposed by cracks. The same characteristics of
chirped FBGs were used in [2.18] by D. Inaudi et al. to detect damage caused to carbon
fiber reinforced plastic. Moreover, there are novel structures such as tilted FBGs,
characterized by a tilt in the index modulation pattern relatively to the propagation axis of
the optical fiber. The spectral characteristic of tilted FBGs is the presence of a large
number of resonances centered on the Bragg wavelength in the transmission spectrum.
Since the response of such structures also depends on the cladding modes, it can be used
to measure refractive index [2.19]. In general, FBG sensing relies on the sensitivity to
strain and temperature to achieve the measurement of different parameters. Over the past

years, the sensitivity to temperature and to strain of FBGs has been used as tuning
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parameters in optical filtering [2.20]. Recently, these properties have shown potential and
practical use in fiber optic sensing. However, strain and temperature have a similar effect
on the spectra of FBGs, and, as a result, interrogation systems have to be designed to
discriminate the desired parameter, irrespective of the effect the other has on the

measurement.

2.4 Strain and Temperature Effect on FBGs

As discussed earlier, the Bragg wavelength of an FBG depends on both the effective
refractive index, and on the pitch of the periodic structure. The change in the resonance
wavelength of the FBG due to changes in temperature and applied strain is given in the

following equation:

on OA on OA
Ay, =2 A—L+n, ~—|Al+2) A—L +n, —— |AT 2.6
Brass { a7 az} { or 7 or 2)
where, n,, A, Al,and AT are the effective refractive index of the FBG, its period, the

change in length due to longitudinal strain, and the change in temperature, respectively

[2.10].

2.4.1 Strain Effect on FBGs

In Equation (2.6), the first term in brackets describes the effect strain has on the FBG,
i.e., a change in length owing to tension induces a change in the grating pitch, and a
change in refractive index as a result of the strain optic effect [2.10]. Therefore, the strain
=1

dependent term can be expressed as A4, (I—Pjﬁ )g [2.21], where P is

ragg strain Bragg,0
the index-weighted strain optic coeffiecient at a certain temperature, denoted by the alpha
in the subscript, and ¢ is the applied strain, which is defined as A///[2.10]. Note the zero
in the subscript of the Bragg wavelength expresses the resonance reflection wavelength

when no strain is applied to the FBG. The strain optic coefficient has the components as

2
. on
defined by P =?ﬁ[p12 —v(p,, + pp,)] [2.10], where p,, and p,, are the strain-optic

tensors, which are characteristic of the glass materials [2.22-2.24], and v is the Poisson’s
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ratio [2.1][2.24-2.25]. The typical value for the effective strain optic coefficient in silica
glass is 0.22 [2.26].

2.4.2 Temperature Effect on FBGs
The second term in Equation (2.6) accounts for the temperature effect on the

resonance  frequency of an FBG, which can be  expressed as

AR rage semp = Abrage (a AT, )AT , with «, ((%)(g—?j) as the thermal expansion
coefficient and with «, Z(lj(g—;j as the thermo-optic coefficient [2.9][2.26-2.27]; they
n

have values of 0.55x10°K ™" and 8.0x10°K ™", respectively [2.26].

2.43 FBG Temperature and Strain Sensors Interrogation

As shown in Figure 2.4, the simplest interrogation system for the wavelength encoded
FBG based sensors involves the use of an optical spectrum analyzer to detect the change
in wavelength with changing either temperature or strain. However, this is not practical

because OSAs are expensive and experience low wavelength scanning speed [2.29].

3dB
Coupler FBG

BBS NS—< T 11

OSA

Figure 2.4: OSA based interrogation system for FBG strain or temperature sensors.

To avoid using expensive instrumentation to measure the response of FBGs due to
changing strain or temperature, a number of passive or active detection schemes have
been used [2.29]. For example, devices whose spectrum power level changes with
wavelength can be used as filtering elements capable of associating a power level to each
shift in wavelength. This method is presented by Q. Wang et al. in [2.30] and by G.
Lloyd et al. in [2.31], and its schematic is shown in Figure 2.5. In this case, the input

signal is the reflection spectrum from the FBG under test. As a result, the ratio of the
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detected signal at a certain wavelength Ay 18 given by

j 1, (DT, (A)dA

R(4,)=-10lo
0 €10 I]go (D)d

, where [, (4)and T,(4)are the spectral response

of the input signal and the spectral transmission response of the edge filter, which
experiences an increasing or a decreasing variation in power with increasing wavelength
[2.29]. This method can be used to account for the power fluctuation in the incoming
light while passing through the system, i.e., a change in the total incident power is
reflected in the power of the FBG’s reflection spectrum. Therefore, the ratio of the latter
to the former cancels out the undesirable power fluctuation. Among the edge filters that
have been previously used include long period FBGs, which, as mentioned earlier,
experience a filtering response in transmission mode, ramp filters [2.30], thin film filters
[2.32], interference filters [2.33], Sagnac loop filters [2.34], single-multiple-single-mode
(SMS) fiber filters [2.35], and AWGs [2.36].

Input signal Edge filter Detectors
> | >
~
B easured
Splitter Reference arm wavelength

Figure 2.5: Passive interrogation system for FBGs [2.30].

Other interrogation systems include active elements to measure the response of FBGs.
For example, tuneable filters were used as wavelength selective elements to measure the
shift in the Bragg wavelength as temperature or strain conditions change [2.29]. Other
active methods involve using interference based detection systems. For example, in
[2.37] Kersey et al. propose a Mach-Zehnder interferometer based fiber interrogation

system able to achieve relatively large measurement resolution.
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2.4.4 Temperature Independent Strain Sensing

When using the detection systems presented in the previous section, in practice it is
important to be able to measure strain independently of changes in temperature. As
discussed, the two affect the spectrum of the FBG in a similar manner. A straightforward
method, as proposed by Y.-J. Chiang et al. in [2.38] involves using a pair of FBGs, both
susceptible to temperature effect, with one of them being protected from strain. In this
case, it is desirable that both FBGs experience the same sensitivity to temperature so its
effect can be isolated from the strain effect. Another method involves using nonlinear
effects such as stimulated Brillouin scattering to discriminate temperature from strain
measurements [2.39]. Furthermore, it has been proposed that using LPGs with known
temperature responses can help to only measure strain. This approach, however, suffers
from longer physical length, LPGs and FBGs show different sensitivities to bends, and
LPGs experience relatively large bandwidths, which imposes a limit on the measurement
accuracy and on the number of sensors that can be multiplexed [2.40]. Another strain-
temperature discrimination system involves using different cladding FBGs, which
experience different shifts in wavelength owing to temperature change. In this case, the
FBGs can have different resonance wavelengths, and, thus, their response can be
measured using wavelength division multiplexing. One problem with this approach is that
there are issues related to the need for splicing, with splicing strength limiting the
measurement accuracy [2.41]. As in [2.42], interference based methods use an
unbalanced Mach-Zehnder interferometer with two FBGs of different diameters to
discriminate temperature from strain. Moreover, rare-earth components doped fiber can
be used to achieve temperature and strain measurements independently. For example, in
[2.43], J. Jung et al. propose writing an FBG in a length of Er-Yb doped fiber. This way,
it is proven that the ASE power of the Er-Yb doped amplifier decreases monotonically
with temperature. Therefore, a relationship can be found between the Bragg shift owing
to strain, and the effect temperature has on the ASE of the amplifier. Moreover, the
ability to obtain different signal properties for different polarization states can be used to
achieve strain-temperature discrimination. For example, O. Hadeler ef al. propose using a
distributed feedback grating fiber laser system with two polarizations and using two of

their properties to measure the two environmental factors separately: polarization beat
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frequency and the polarization absolute wavelength [2.44]. Recent work shows that it is
possible to use novel fiber grating structures such as, for example, tilted FBGs, which
was proposed by E. Chehura ef al. in [2.45]. This method relies on the property that the
core and the cladding have different responses to temperature, and the loss fringe pattern
in the transmission spectrum of tilted FBGs depends on the coupling between the

cladding and the core modes.

2.5 Summary

In this chapter, the theory behind FBGs, which is necessary to understand the
properties that make these in-fiber structures useful for sensing, is provided. A first
aspect involves understanding the fiber composition that allows using UV light to change
the refractive index in a periodic fashion to achieve the narrowband reflection spectrum.
Moreover, the fabrication methods that are most frequently used to inscribe FBGs in the
core of an optical fiber are reviewed. These are in general chosen according to the quality
of the writing process, and, in practical sensing systems design, gives an idea on the cost
of fabricating the sensor components. Next, the coupled mode theory allows the designer
to understand how different external or environmental factors influence the properties of
the spectral component of a signal passing through an FBG. This discussion is followed
by a presentation of the way the information provided by the signal modulated by the
guiding structure has been used in different configurations to achieve the required
parameter measurements more effectively. A review of past studies is included, which
may help in the development of new and innovative sensing systems. Since both
temperature and strain affect the same parameter of an FBG’s reflection spectrum,
detection systems able to differentiate between these so as to achieve the desired
measurement are necessary. Therefore, it is mandatory to be familiar with the existing
temperature-strain - discrimination methods that can be used to achieve reliable

measurement.
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3. Fiber Bragg Grating Vibration Sensors for Condition Monitoring

3.1 Introduction

Today the ability to perform condition monitoring finds prevalent use in industry.
This includes applications that involve the necessity to assess the condition of certain
hydro-electric generators’ key components. Over time, hydro-electric turbine windings
experience deterioration, resulting in an increase in vibration amplitude. If the amplitude
of these vibrations increases above a certain threshold, fire and/or damage to the
equipment and eventually to neighbouring components can occur. The possibility to
monitor vibration amplitudes would allow for replacing the windings before they cause
hazards. Since for such applications the working conditions involve high electric and
magnetic fields, fiber optic sensors, which are immune to electromagnetic interference,
are a suitable option. Because of their fiber optic nature, FBG sensors have found
extensive use in applications that require strain and temperature monitoring primarily
because they are immune to electromagnetic interference. Moreover, they are compact,
light, low-cost, and they can be multiplexed along the same fiber [3.1]. Besides their
ability to sense strain or temperature, FBGs can be used for vibration measurements. For
example, a proposed method is to embed the FBG in a flexible structure and correlate its
wavelength shift due to strain to the curvature of the surface as vibration is applied [3.2-
3.4]. Another proposed design involves measuring vibration by inscribing the sensing
FBGs onto tapered optical fiber. This imposes a chirp on the grating and any disturbance
of the structure leads to a change in this chirp, which can be quantitatively related to
vibration change [3.5]. Recently, QPS Photronics (Montreal, QC) has developed an
interference based vibration sensor especially designed for vibration measurement in
hydro-electric turbine windings that makes use of the FBG technology to measure
vibration amplitude and frequency. The purpose of this chapter is primarily to
characterize these sensors, which need to be operated at either 100 Hz or 120 Hz, i.e., at
twice the wire line frequencies of 50 Hz and 60 Hz, respectively that typically are used
[3.6]. Different sensor packages have been investigated to assess the impact they have on
the sensor’s vibration resonant frequencies, on the operability regions, and on the

measured amplitude resolution that can be obtained. For design optimization purposes,
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the different designs were evaluated in terms of measurement repeatability, which is
correlated to the sensor reliability. Moreover, repeatability measurements are aimed at
ensuring that the different sensor designs satisfy the sensing requirements. The chapter is
organized as follows: first, the design and detection principle of the VibroFiber™ sensor
is presented. This is followed by a presentation of the types of measurements performed
on the vibration sensor, i.e. amplitude and frequency of vibration, which are illustrated
through experimental results on different sensor packaging designs. The final section
focuses on the power budget needed to achieve time division multiplexing (TDM)
capabilities for FBG-based sensors. TDM is required to achieve lower cost sensing

systems by increasing the number of sensors that can be monitored.

3.2 VibroFiber™ System Design

3.2.1 Operation Principle

As illustrated in Figure 3.1, the VibroFiber ™ sensor head consists of two identical,
low reflectivity FBGs written on the same single mode fiber and spaced by 5 mm to 20
mm [3.7]. This structure forms a low-finesse cavity, which is characterized by low
reflectivity mirrors, which cause the interference signal spectrum to experience sinusoidal
fringe variation [3.8]. For example, Figure 3.2 shows the calculated reflection response of
two partial reflectors (e.g. FBGs) separated by 10 mm for different reflectivities. Note
that at low reflectivities (7% and 17%) the variation is sinusoidal, and this is no longer
observed high reflectivities (57% or 87%). As shown in Figure 3.3, the overall reflection
spectrum of the VibroFiber™ consists of interference fringes within an envelope

corresponding to the reflection spectra of the individual FBGs. The cavity modes are

2
separated by the free spectral range (FSR)A4 = 2’17 , where A is the center wavelength of
nL

the reflection spectrum, 7 is the effective mode index of the fiber, and L is the spatial
separation between the FBGs, which changes in response to a vibration applied to the

fiber. As a result, the FSR of the FBG sensor head also changes.
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Figure 3.1: Schematic for the VibroFiber™ sensor head.
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Figure 3.2: Fiber Fabry-Perot cavity reflection spectrum for different reflectivities of the
interferometer reflectors.
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3.2.2 Sensor Packaging

A first design, package type A, involves placing the fiber end containing the FBG pair
centered between two rectangular adhesive polyamide sheets, which affects the effect of
vibration on the sensing structure. As such, the length and the width of the polyamide
sheet influence sensing characteristics such as measurement repeatability and reliability,
and vibration resonant frequency. The polyamide covered sensor head is placed inside a
protection case, which is designed to protect the fiber from harsh environmental factors
such as impact, or from dust and other particles in the air. Also, the package is designed
to fit between the windings of the hydro-electric turbine: the package sides are flat and

parallel to the rectangular polyamide sheet, as illustrated in Figure 3.4.

Figure 3.4: Sensor head placement inside the protection case.

The second design alternative, package type B, consists of replacing the polyamide
sheet by two thin, rigid, plastic plates, each provided with a v-groove at its center so the
fiber head can easily be placed so as to avoid axial pressure. As illustrated in Figure 3.5, a
movable plastic piece is placed over the sensor head such that slight pressure can be
applied at different locations along the length of the fiber sensor head. Depending on the
distance from the FBG pair where the pressure is applied, different vibration resonance
frequencies are obtained. The operability region can thus be tuned. For optimum
vibration transmission, the sensor head thus formed is placed in the same casing as in the

polyamide sheet covered FBG pair sensor head.
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3.2.3 Sensor Measurement System and Instrumentation

To measure the response to vibration of the different sensor designs, the system in
Figure 3.6 was used. The vibration sensor was placed and fixed on the horizontal plate of
a tuneable shaker, which allowed for both the amplitude and the frequency of vibration to
be changed. Figure 3.7 illustrates the way the sensor is placed on the shaker plate. Note
that in practical applications, the sensor case is glued to the windings at specific
locations, which accounts for the method used to fix the sensor onto the shake plate. The
same can be achieved by using adhesive tape. The elector-optic processing unit, which is
illustrated in Figure 3.8, incorporates both the optical (laser) source and the detection
circuit. The source power is distributed among a number of channels (4, 8 or 16,
typically), each of which is used to monitor the response of distinct sensors.

Computer Software

Vibration Sensor

[: Electro-optic
; ; signal processing
Optical Fibre g .
Connection unit USB Connection

Figure 3.6: Controlled sensor test system.
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Figure 3.8: VibroFiber'" detection system.

For each channel, as illustrated in Figure 3.9, the optical (laser) signal sent to the fiber
is fixed at the wavelength that intersects the reflection spectrum at the midpoint of the
rising edge close to the central fringe (denoted by ‘A’ in the inset). At the detector, the
power of the reflection spectrum at this wavelength is measured. As the FSR of the
VibroFiber™ changes with the change in FBG spatial separation (due to the applied
vibration), the power at the bias wavelength fluctuates between the values corresponding

to the maximum and minimum of an interference fringe [3.9].
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Figure 3.9: Wavelength at which the laser is biased for the vibration measurement.

The detection circuit is connected to a LabView designed virtual instrument which
accounts for the measurement calibration and for the conversion of the voltage
measurement provided by the detector to a vibration measurement (in micrometer units).
The user interface allows performing the calibration of the sensor each time data
acquisition is performed. It also provides the numeric values for the measurements of
vibration amplitude and frequency. The user interface for the data acquisition software is
illustrated in Figure 3.10, which shows a typical plot of the measured change in the
optical power at the signal wavelength as a function of time. As observed, for a periodic
vibration applied to the sensor head, the corresponding detected signal varies sinusoidally
in time, and the user interface displays the measured peak-to-peak amplitude and
frequency of the vibration. Note that different versions of the software allow for different
capabilities. For example, the latest version allows the continuous calibration and data
acquisition in real time, with the possibility of recording snap-shots of data acquired at
different moments in time. Moreover, data may be sampled at different rates, and over a
certain period of time (1 s by default, but it can be changed manually). For the user
interface, the waveform of the sampled data waveform, the measured frequency, and the

measured amplitude are displayed in the same window.
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Figure 3.10: User interface illustrating the measurement of the Vlbratlon signal.

3.3 Sensor Test Characterization
There are two tests that can be performed to evaluate the operability and sensitivity
of a vibration sensor: (1) a frequency response characterization and (2) an amplitude
response characterization. Moreover, for each vibration amplitude and frequency
selected, a repeatability test proves the degree of reliability of the sensor. For a
measurement, the shaker is set to vibrate at the desired frequency and amplitude, and, as
mentioned in the previous section, data can be collected either in real time or in a single

acquisition over a certain period of time.

3.3.1 Frequency Response Measurement

The first test is performed starting with the assumption that a sensor must be operated
at a frequency where the measured amplitude does not change abruptly with small
fluctuations about the operating frequency. Ideally, the sensors have a resonance
frequency located far from the vibration frequency for which the amplitude is monitored.
To get an idea of the operability region, the vibration amplitude is set at 10 um and the
frequency is swept from 50 Hz to 1000 Hz (or 1500 Hz) in steps of 100 Hz. A typical plot

for a measured frequency response is shown in Figure 3.11. Note that the measured
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values need to be calibrated to obtain the actual value of the amplitude of vibration

applied. The calibration method is presented in section 3.3.2.
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Figure 3.11: Measured frequency response for a VibroFiber ™ vibration sensor (sensor
package of type A).

Once the frequency response is obtained, a good operability region can be found by
choosing the frequency intervals for which the measured amplitude varies with an error
of 10 % around the mean of the measurement. For example, from the data used to obtain
the plot in Figure 3.11, the possible operability regions extend either from 100 Hz to 300
Hz, or from 1200 Hz to 1500 Hz. Table 3.1 gives an example of how these regions can be
quantitatively characterized. The higher and lower frequency regions experience errors of
9.14 % and 6.66 %, respectively. As a result, the sensor can be used at frequencies that

are within both regions.
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Table 3.1: Example of measuring the operability regions for a VibroFiber'.

3.3.2 Amplitude Response Measurement

This measurement represents a first factor that is used in evaluating sensor reliability,
and it gives a measure of sensor sensitivity. In this case, the frequency is set at a value
that lies within the pre-determined operability region, and the amplitude is swept from 5
pum to 100 um in steps of 5 um. As illustrated in Figure 3.12, with the vibration
frequency set at 100 Hz, the measured amplitude is plotted against the applied vibration
amplitude, where a package of type A is used. As observed, the curve is linear, which
means that there is a one-to-one correspondence between the applied and the measured
vibration amplitudes. Moreover, the plot in Figure 3.12 is used to calibrate the measured
and the actual vibration amplitudes, with the slope giving a measure of the sensitivity of
the sensor. Note that, in the case of a sensor, any calibration curve that does not allow

two applied vibration amplitudes to correspond to the same measured amplitude value

can be used to achieve reliable measurement.
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Measured Amplitude (um)
Frequency Measurement Number
(Hz) 1 | 23] 4|5 ]| 6| 7| 8 |Mean
100 0.47[0.46]0.47/0.46/0.47[0.47]0.47|0.46| 0.47
150 0.38{0.41]0.38/0.43/0.4310.43]0.33]0.46| 0.41
200 0.42]0.38]0.45/0.40/0.42[0.42]0.41[0.43] 0.42
250 0.42[0.41]0.39/0.39/0.4210.41]0.43]0.40| 0.41
300 0.46[0.46]0.45/0.45/0.46]/0.45[0.460.45| 0.45
0.43 Mean (um)
Standard
0.03 | Deviation (um)
6.66 Error (%)
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Figure 3.12: Amplitude response plot for a vibration sensor (sensor package of type A).

3.3.3 Repeatability Test

As a second test of sensor reliability, the measurement repeatability ensures that for a
certain vibration condition, the value measured by the detection system does not change
considerably for different data acquisitions [3.10]. For this test trial, measurements were
repeated and data was recorded six to eight times for the same vibration conditions, and
using the same measurement unit. In general, the measurement error, which is given as a
measure of coefficient of variation and defined as the standard deviation divided by the
mean [3.11][3.12], needs to be at most 5%. To obtain a qualitative interpretation of the
results, all repeated measurements can be plotted on the same graph. A qualitative
example of a good repeatability performance is shown in Figure 3.13. The data
corresponding to this graph is shown in Table 3.2, and the associated averages, standard
deviations, and errors are shown in Table 3.3. The calculated error values in the
operability region found from the frequency response measurements, which covers the
range from 100 Hz to 300 Hz, are less than 5 % for every vibration condition, with a
repeatability error of 10.002 % at 150 Hz. Note that a larger number of repeated

measurements would give a more accurate quantitative repeatability measure.
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Figure 3.13: Qualitative characterization of the vibration sensor measurement
repeatability (sensor package of type A): M1 to M8 represent the different measurements
recorded.

Table 3.2: Measured acquired vibration amplitude as a function of frequency.

Measured amplitude (um)
Measurement number
Frequency (Hz)| 1 2 3 4 5 6 7 8
100 0.47310.46110.474] 0.46 | 0.47 | 0.47 [0.474]0.463
150 0.383]0.406]0.382]0.429]0.427]0.425| 0.33 [0.464
200 0.423]10.382]0.451]0.402]0.422]0.423{0.405[0.426
250 0.415] 0.41 10.389]0.387]0.423]0.409{0.426{0.399
300 0.455]10.45610.45210.45410.456]0.452{0.457[0.446
400 0.58 [0.591 0.59 [0.582]0.592]0.594]0.591]0.584
500 0.76910.79610.765]0.77210.765]0.738 | 0.766 | 0.741
600 1.717[1.7121.736]1.72211.699]1.732|1.747|1.721
650 4.766(4.7984.74214.821|4.77214.7674.75214.819
700 5.146|5.177]5.126]5.1925.185]5.1765.158 | 5.201
750 1.686[1.675|1.678]1.654]1.661]1.448]1.655]1.672
800 0.938]10.944] 0.95 10.939]0.937]0.921{0.931{0.939
900 0.427| 0.4 10.418]0.377]0.414]0.393]0.408|0.398
1000 0.78210.77410.79210.78310.795]0.796 [ 0.783 [ 0.799
1100 0.39810.405]0.414]0.409]0.408 | 0.406 | 0.401 [ 0.41
1200 0.31 {0.316(0.315/0.316/0.311]0.317]0.315]0.314
1300 0.257] 0.26 10.256]0.253]0.265]0.264]0.269(0.253
1400 0.219] 0.23 10.225] 0.22 ]0.225] 0.23 {0.231{0.222
1500 0.22210.216]0.219]0.223] 0.22 10.223]0.217]0.221
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Table 3.3: Quantitative characterization of the VibroFiber'" measurement repeatability.

Frequency (Hz) Average (um) Standard Deviation (um) Error (%)
100 0.468 0.0059 1.258
150 0.406 0.0407 10.022
200 0.417 0.0205 4.907
250 0.407 0.0145 3.572
300 0.454 0.0035 0.782
400 0.588 0.0052 0.886
500 0.764 0.0182 2.385
600 1.723 0.0149 0.867
650 4.780 0.0297 0.622
700 5.170 0.0251 0.486
750 1.641 0.0789 4.805
800 0.937 0.0086 0.918
900 0.404 0.0158 3.901
1000 0.788 0.0087 1.106
1100 0.406 0.0051 1.254
1200 0.314 0.0025 0.793
1300 0.260 0.0059 2.273
1400 0.225 0.0047 2.092
1500 0.220 0.0026 1.200
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3.4 Case Study

A set of sensors of type A were tested to find the relationship between the sensor
design and the measurement characteristics. For this purpose, four sensors of different
designs in terms of the encased sensor head lengths, with the casing package length held
constant, were characterized and compared based on frequency response and on the
position of the resonant frequency, which defines the operability region, and based on

measurement linearity (or sensor reliability).

3.4.1 Sensor 1300-10

A. Sensor Design

For this design, a 45 mm long sensor head is placed between two adhesive polyamide
sheets of dimensions 15 mm by 53 mm. Figure 3.14 shows the position of the sensor head
and of the grating relative to the sensor package case. Note that in this figure, the green
lines represent the position of the grating sensor along the encased fiber length, which is

constant.

45 mm

I —

| |
L Polyamide covered sensor head
Sensor protection case

Figure 3.14: Design for sensor 1300-10.

B. Frequency Response

With the vibration amplitude set at 30 pm, the sensor frequency response as shown in
Figure 3.15 illustrates the existence of two resonant frequencies, one at 50 Hz, and a
smaller one at 300 Hz. Also, the intended operating frequency, i.e., 100 Hz, is located
between the two frequency peaks. This makes the sensor useful in this region.
Furthermore, relatively high values could be collected at frequencies in the kHz region,
which means that the sensor may be used for high frequency applications. Some
customers require that the sensor can be reliably used in the range form 100 Hz to 400

Hz. From error calculations, the sensor values are almost constant in the region from 100
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Hz to 200 Hz (the measurement values within this region differ by an error of 7.12 %),

and this can be considered as one of the operability regions of the sensor.
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Figure 3. 15: Frequency response for sensor V1300-10.

C. Linearity

The line approximating the measurement dependence on vibration amplitude for a
frequency of 100 Hz is shown in Figure 3.16. As observed, measurement increases quite
linearly (with a relatively high slope of 0.0981) with increasing vibration amplitude,
which means that the sensor may be confidently used at 100 Hz to measure changes in

vibration amplitude.
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Figure 3.16: Plot of the measured value as a function of vibration amplitude at frequency
100 Hz for sensor V1300-10.

3.4.2 Sensor 1300-19

A. Sensor Design

Next, a sensor head of 40 mm is placed between two adhesive polyamide sheets of
dimensions 9.5 mm by 48 mm. Figure 3.17 shows the position of the grating inside the

packaging case.

40 mm

r —

| |
L Polyamide covered sensor head
Sensor protection case

Figure 3.17: Design for sensor 1300-19.

B. Measurement Frequency Response

When the vibration amplitude is set to 30 pum, the frequency response is illustrated in
Figure 3.18. As observed, the sensor experiences two resonant frequencies, one at 40 Hz,
and a smaller one at 125 Hz. The resonance at the higher frequency makes it difficult to

the use the sensor around 100 Hz. Nevertheless, operability region can be considered at
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frequencies between 400 Hz and 600 Hz, and between 800 Hz to 1000 Hz, since the

measured amplitude is quite invariable with changing frequency.
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Figure 3.18: Frequency response for sensor V1300-19.

C. Linearity

As observed in Figure 3.19, even though at 100 Hz the operability of the sensor is
restricted by resonance, the measurement increases linearly with increasing vibration
amplitude (slope of 0.1668). However, since small changes in frequency may lead to high
changes in measurement, the measurement repeatability is compromised when the sensor

is operated at around 100 Hz.

53



25

= + *
20 y = 0.1668x + 0.7373

R? = 0.9808 o
15
/
L 2
10 / L4
5

0 20 40 60 80 100 120 140
Applied Vibration Amplitude (um)

(um)

Measured Vibration Amplitude

Figure 3.19: Plot of the measured value as a function of vibration amplitude at 100 Hz
for sensor V1300-19.

3.4.3 Sensor 1300-20

A. Sensor Design

For this design a 30 mm long sensor head is placed between two polyamide sheets of
dimensions 8.5 mm by 38 mm each. The diagram showing the position of the sensor head

inside the protecting case is shown in Figure 3.20.

30 mm

| |
| |

Polyamide covered sensor head
Sensor protection case

Figure 3.20: Design for sensor 1300-20.

B. Measurement Frequency Response
As observed in Figure 3.21, with the vibration amplitude set at 30 um, the sensor
experiences a resonant frequency at 125 Hz. Thus, the VibroFiber"’s use at around 100

Hz is limited.
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Figure 3.21: Frequency response for sensor V1300-20.

C. Linearity

Even though the operability of the sensor is restricted by the resonance at 125 Hz, the
amplitude response at 100 Hz increases linearly (with a relatively high slope of 0.3891)
with increasing vibration amplitude, as shown in Figure 3.22. However, the repeatability
of measurements may be influenced by the abrupt changes in measurement around the

resonant frequency, and specifically at 100 Hz.

= 2 NN W Ww b b
g O o0 O o1 O O O O
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0 20 40 60 80 100 120
Vibration Amplitude (um)

Figure 3.22: Plot of the measured value as a function of vibration amplitude at 100 Hz
for sensor V1300-20.
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3.4.4 Sensor V1300-22

A. Sensor Design

This design consists of a 15 mm long sensor head placed between two polyamide
sheets of dimensions 15 mm by 23 mm each. The diagram showing the position of the

sensor head inside the sensor case is shown in Figure 3.23.

Polyamide covered sensor head
— 15 mm ———

[ —t/

Figure 3.23: Design for sensor 1300-22.

Sensor protection case

B. Measurement Frequency Response

As illustrated in Figure 3.24, from the frequency response measured at a vibration
amplitude of 30 pm, this sensor experiences two resonant frequencies, one at 150 Hz, and
a smaller one at 750 Hz. As observed, the first resonant frequency is very close to 100
Hz, which means that, in this region, small changes in frequency may result in different
measurement results, thus compromising the repeatability. Nevertheless, the sensor can
be used in a region around 400 Hz because, from 300 Hz to 500 Hz, where the

measurement varies with an error of 3.01 %.
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Figure 3.24: Frequency response for rensor V1300-22.

56



C. Linearity

As shown in Figure 3.25, the linearity of this sensor is not as good as for previous
designs which have longer sensor head designs. Also, the measured amplitude is
relatively low, which means that energy is distributed among the many harmonics
observed in the detected signal spectrum. For example, when the vibration amplitude is
10 um at 159.2 Hz, the spectrum in Figure 3.26 shows that the difference between the
energies of the first harmonic and that of the main frequency is less than 20 dB. Thus, a

large amount of energy is transferred to the first harmonic.
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Figure 3.25: Plot of the measured value as a function of vibration amplitude at frequency
100 Hz for sensor V1300-22.
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Figure 3.26: Spectrum of sensor 1300-22 when the frequency is 150 Hz and the vibration
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The results for the four designs tested show that, for the specified conditions, the best
suited design is the one with the longest sensor head. However, depending on the
application the sensor is intended to be used for, the intermediate size sensor head
designs may also be used: they show almost constant variation with frequency for the
region 400 Hz to 1500 Hz. However, to reach a decision about the best sensor head
length, these tests need to include a higher number of designs of each type. Moreover,
these tests ignored the repeatability measurement, which makes it possible to further

decide on the proper operability of the vibration sensor.

3.5 Summary of Measurement Results

The results of testing a number of type A and B packaged sensors are summarized in
Tables 3.4 to 3.9. From a calibration curve perspective, sensor packages of type A show
better linearity than packages of type B. Here linearity is represented by the value of R-
squared, which needs to be as close to 1 as possible. For example, most sensors of type A
(56 % of the ones tested) show R-squared values greater than 0.99, with the lowest value
of 0.9473. On the other hand, the lowest R-squared value for type B packaged sensors is
0.8776, with only 21 % of sensors having linearity higher than 0.99. Moreover, Tables
3.4 and 3.5 show that for different sensors with operability regions around 100 Hz, the
slopes of the calibration curves vary from 0.0377 to 0.5675. This shows that the sensors
experience a large difference from one design to another, which is undesirable in
practical applications.

Table 3.4: Sensor versions V1295 with packages of type B.

Sensor (V1295-) | Operability Region (Hz) | Resonant Frequency (Hz) | Slope | R_squared
6 100-300 NA 0.0476| 0.9414
8 100-250 650 0.3137| 0.9493
10 100-400 NA 0.0176| 0.9787
11 100-350 NA 0.0701| 0.9687
13 100-400 900 0.0969 | 0.9909
16 100-350 NA 0.055 | 0.9614
17 100-400 800 0.055 | 0.9916
18 100-400 NA 0.0666 | 0.8776

58



Table 3.5: Sensor versions V1300 with packages of type B.

Sensor (V1300-) | Operability Region (Hz) | Resonant Frequency (Hz) | Slope | R_squared
2 100-400 750 0.5675| 0.9597
5 100-400 850 0.0407| 0.9524
7 100-200 700 0.069 | 0.9979
8 100-300 700 0.0383| 0.9757
11 100-300 650 0.0377| 0.9955
14 100-400 650 0.0404| 0.9959
Table 3.6: Sensors with packages of type A.
Operability Resonant
Sensor Code [Region (Hz) [Frequency (Hz) | Slope [R squared
V1l 100-300 550 0.0689 | 0.9644
T126316V6 | 100-400 700 0.0158 | 0.9985
V1280-20 | 500-700 200 0.0853 | 0.9959
T126317V6 | 100-300 600 0.0216 | 0.9972
V18 100-300 700 0.0122 | 0.9738
126-12 500-900 300 0.0291 | 0.9863
\%i 100-400 700 0.1532| 0.9878
Table 3.7: Sensor versions V1264 with packages of type A.
Sensor Code (V1264-) | Operability Region (Hz) | Resonant Frequency (Hz) | Slope | R squared
7 300-600 1400 and 100(lower) |0.0117 | 0.9645
9 100-300, 1000-1400 600 0.1259| 0.9938
11 40-70, 100-300, 1100-1500 700 182 0.9995
12 100-200 350 and 1100(lower) | 0.0411 | 0.9886

Table 3.8: Sensor versions V1300 with packages of type A

Sensor Code Operability Region | Resonant Frequency R Sensor Head
(V1300) (Hz) (Hz) Slope squared Length(mm)
10 100-200 50 and 300(lower) 0.0981 0.9823 45
19 400-700 40 and 125(lower) 0.1668 0.9808 40
20 300-500 125 0.3891 0.9988 30
22 NA 150 0.0677 0.9129 15
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Table 3.9: Sensor versions V1280 with packages of type A.

Sensor (V1280-) | Operability Region (Hz) | Resonant Frequency (Hz) | Slope | R squared
1 100-200 400 0.0838 | 0.9986
2 100-400 800 0.0784 | 0.9974
3 100-300 700 0.1079 | 0.9979
4 100-400 675 0.0729 | 0.9942
5 100-300 650 0.2272| 0.9995
6 100-200 470 0.1999 | 0.9626
7 100-400 800 and 1300 (lower) |0.0902| 0.9864
8 100-250 475 0.2356 | 0.9967
9 700-900 375 0.0729 | 0.9937
10 100-400 700 0.1662 | 0.9999
11 800-1400 500 0.2016| 0.9974
12 100-200 and 800-1400 450 0.0551| 0.9995
13 100-300 600 0.2983 | 0.9473
14 90-100 450 and 1500(lower) |0.2272| 0.9681
15 100-500 950 0.225 | 0.9979

21 100-250, 800-1400 500 0.1461 | 0.9997

3.6 Power Budget for TDM Applications

3.6.1 Objective

One of the advantages that wavelength-encoded information based sensors, such as
the VibroFiber'™ proposed by QPS Photronics, is the possibility to measure the response
from multiple sensors using wavelength multiplexing techniques. Moreover, for each
spatial channel (i.e., each fiber length connected to one of the channel inputs), TDM can
be used to further increase the number of sensors that can be interrogated [3.13]. The
power budget analysis is used to find the number of sensors that can be multiplexed over

different spans of SMF length and for different sensor reflectivity values.
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3.6.2 Power Budget Experiment

To characterize the power budget for the sensor system, the system in Figure 3.26
was used. The laser source is divided among the channels of the detection system
proposed by QPS Photronics. First, the power meter is connected directly to the input
laser source (point A in Figure 3.27) to find the amount of power that is launched down
the sensor link. The measured value was -9.15 dBm. Then the VOA is connected between
the source and the sensor under test. The attenuation introduced by the VOA is increased
until no signal can be measured by the High Performance System (HPS) 1600 software.
The measurement gives a loss tolerance of 6.35 dB. This means that the round trip
tolerated loss is 12.7 dB. The power detected at the output of the system is the difference
between the power launched into the system and the tolerated loss. Therefore, the

minimum power needed to detect a signal at the output is -21.85 dBm.

3dB coupler ) ) VibroFibre

Laser Source == i VOA | { ]
A [ AhSimth

" Detector |

Figure 3.27: Power budget measurement system.

For the given system, the components amounting for the total loss are the optical
fiber, which accounts for the distance over which the sensors are distributed, the system
margin, and sensor loss owing to the reflection of a narrow band of frequencies as light
passes through each sensor. Fiber loss is obtained quantitatively by multiplying the
attenuation per kilometre (0.2 dB/km) by the total length of the fiber used, and the system
margin is assumed to be 6 dB [3.14].

For a TDM configuration, a number of sensors are connected in series using either
APC connectors or splicing (Figure 3.28). To connect the sensors uniformly over a large
distance, additional fiber lengths need to be added, which increases the number of
connectors. We assume that the APC connector loss is 0.3 dB, while splicing loss is 0.03
dB [3.14].

In the power budget simulation, to calculate the loss of a sensor, the components
considered are (1) the overall connector loss, which is given by4 x N x CL , where CL

represents the connector loss; and (2) the overall grating loss calculated as

61



10xlog, (P, / Pyoivea) - Therefore, the loss due to the gratings is

in re

10log,,(1-R)*/R )—20Nlog,,(1-R).

LastSensor

) i
Fiber Fiber Fiber Fiber
Length Length Length Length

Figure 3.28: The system of N cascaded sensors: continuous vertical line represents a
connector; double oblique lines represent the sensor double grating configuration. Note
that the vertical lines represent APC connectors or splices.

The four parameters that influence loss in the TDM configuration are FBG sensor
reflectivity, fiber length, the type of connector, and the launch power. Depending on
these parameters, the results for the number of sensors as functions of these parameters
are illustrated in the figures that follow. The reflectivity of the last sensor is assumed to
be 0.1 because the sensor cavity operability needs a sensor’s reflectivity to be small.
Figures 3.29 and 3.30 show the number of sensors that can be interrogated using TDM as
a function of sensor reflectivity for different parameter values. As observed, the number
of sensors that can be interrogated decreases with increasing the sensor distribution
distance. On the other hand, for a given propagation distance, the number of sensors that
can be measured using TDM considerably increases as the APC adaptors are replaced by
fusion splices. Moreover, the ability to measure a large number of sensor on one channel

improved because a relatively high power was used, i.e., 10 dBm.
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Figure 3.29: Number of sensors that may be interrogated as a function of reflectivity, at
different total lengths, when the input power is 10 dBm, the sensors are connected using

splicing, and the last sensor reflectivity is 0.1.
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Figure 3.30: Number of sensors that may be interrogated as a function of sensor
reflectivity, at different total lengths, when the input power is 10 dBm, the sensors are
connected using APC connectors, and the last sensor reflectivity is 0.1.
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If the laser power is decreased to 0 dBm, the number of sensors decreases such that no
sensors can be interrogated when the fiber length is 15 km or larger. Figure 3.31
illustrates the number of sensors when the fiber length is 10 km for two different

reflectivity values of the last sensor (0.1 and 0.2).

12
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Figure 3.31: Number of sensors that may be interrogated for two different last sensor
reflectivity values when the input power is 0 dBm, the fiber length is 10 km and the
sensors are connected using splicing.

As the last sensor’s reflectivity is increased, the number of sensors that can be
interrogated at lower powers increases. However, when the power is -9.15 dBm, with a
reflectivity of 0.8 for the last sensor and with splicing, for a fiber length of 10 km, the
number of sensors that can be interrogated is only 2 (Figure 3.32). For the same input
power, the same fiber length and last sensor reflectivity, when APC connectors are used,
no sensor can be interrogated. Therefore, a combination of power amplification and
increase in the last sensor’s reflectivity would result in a reasonable number of sensors
that can be interrogated by using TDM. Note that if the last FBG pair is to be used as
sensor, the FBG’s reflectivity must be lower than 0.8. Therefore, the power delivered to
each channel needs to be increased to be able to measure the response of sensors

distributed over distances larger than 10 km.
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Figure 3.32: Number of sensors that can be interrogated as a function of sensor
reflectivity when the input power is -9.15 dBm, the sensors are connected using splicing
over a distance of 10 km, and the last sensor reflectivity is 0.8.
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3.7 Discussion and Summary

The characterization of the vibration sensors proposed by QPS Photronics is
important because the ability to tailor the sensor response by different packaging methods
offers the possibility to achieve sensing for a broad range of applications. For example,
even though their initial purpose was to monitor vibrations in hydro-electric turbine
windings, which vibrate at around 100 Hz, VibroFiber™ sensors find potential use to
monitoring the condition of other equipment units experiencing a different vibration
frequency. Moreover, experimental results show that the vibration sensor can experience
different sensitivities, event though they experience different degrees of repeatability.
Therefore, when choosing a desired design, it is important to find a trade-off between
operability region, sensitivity, and reliability (this depends both on the linearity of the
vibration amplitude response and on measurement repeatability).

Moreover, the wavelength-encoded information provided by the VibroFiber ™ and its
fiber optic nature allow the sensor to be multiplexed either in the by WDM or by TDM.
As provided in this chapter, a rigorous evaluation of the power budget of the system
allows the system designer to find a trade-off between the number of sensors that can be
multiplexed, the distance over which they are distributed, and the spectral characteristics
of the FBG-based sensor used. As discussed, the power budget characteristics for
different conditions are as follows:

e Depending on the type of connecting the fiber chords, splicing offers the possibility to
multiplex a larger number of sensors, e.g., if the sensor distribution distance is 25 km,

a maximum of 11 and 3 sensors can be measured when splicing the fiber and when

using APC connectors, respectively.

e The number of sensors that can be interrogated decreases with increasing the distance
over which the sensors are distributed.

e As the reflectivity of the last sensor increases, the number of sensors that can be
multiplexed increases.

e As the power delivered to the multiplexed sensors increases, the number of sensors
that can be interrogated increases. This also allows increasing the number distance

over which the sensors are distributed.
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From the conditions summarized above, given certain power availability conditions,
the system can be designed to optimize the number of sensors that can be multiplexed,
which depends on the nature of the measurement required, e.g., long or short distance

sensing.
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4. Microwave Photonic Filter-based Interrogation System for

VibroFiber™ Sensors

4.1 Introduction

Conventionally, sensing using FBGs involves processing the information encoded in
the shift of the Bragg wavelength with strain or temperature. Usually this information is
extracted by monitoring wavelength shift using an optical spectrum analyzer, or power
change using a wavelength-to-power mapping method, which involves using an edge
filter. In this experiment, we extend the use of the FBG pair written on the same fiber and
separated by 5 to 20 mm. This results in a cavity whose reflection spectrum forms an
interference fringe pattern that follows the shape of the individual FBG’s reflection
spectrum, whose FSR changes with changing FBG separation. As discussed earlier, QPS
Photronics used this characteristic to design a sensor capable of monitoring the periodic
change in cavity length imposed by vibrations at a fixed frequency. A microwave
photonic filter (MPF) is obtained when modulating a multi-wavelength optical source
with an RF signal guided through a dispersion medium. We propose using the FBG pair
multi-wavelength signal as the source to a MPF system to detect changes in temperature
and/or strain. These affect both the center wavelength of the FBG reflection spectrum and
the optical path length of the cavity. The former influences the dispersion characteristics
of the delay medium, and the latter results in a change in the FSR of the interference
signal reflected off the FBG pair structure. We prove that these changes modify the MPF
characteristics and allow reliable measurement with increased speed (useful for real-time
strain monitoring), and with variable sensitivity and operation range. Note that the
packaging method of the vibration sensor allows sensitivity to temperature only.
Therefore, the detection principle is proven by monitoring the response of the system to
temperature.

In this chapter, the first section presents the theory behind MPF systems. Section two
focuses on the effect temperature has on the vibration sensor structure, followed by the
results of a conventional method used to measure temperature using the FBG technology,
i.e., monitoring the shift in peak wavelength of the FBG pair reflection spectrum with

increasing temperature. The final section presents the way the vibration sensor can be
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incorporated in a MPF system to achieve temperature measurement; here the principles
behind this approach and relevant results are presented. A discussion of the performance
achieved and future work solutions that may improve system performance are provided in

the conclusion.

4.2 Microwave Photonic Filter Background

A MPF has been historically used in the context of processing radio frequency (RF)
signals in the optical domain. The basic structure of such a system is shown in Figure 4.1.
As observed, a MPF is obtained when the light from a multi-wavelength optical source
(or from a number of sources at different wavelengths) is modulated using an RF signal
and sent to a dispersive medium that causes the individual wavelength components to be
delayed with respect to each other, and this results in a change in the modulated optical
signal, which also depends on the frequency of the modulating RF signal. The delay
experienced by the spectral components of the optical input depends on the wavelength
spacing between adjacent peaks (AA ) of the multi-wavelength source, on the length of
the dispersive medium (L), and on its dispersion coefficient (D),

ie.,Ar=DLAA[4.1][4.2].

Optical ~ Modulator Optical Optical Electrical
; signal signal signal signal
Optical Sources Delay Component PD —
i(frr)
RF Signal
V(/zr)

Figure 4.1: General schematic for a MPF system [4.3][4.4].

The responses of MPFs when using double sideband and single sideband amplitude

modulation can be defined in [4.3], respectively, as

H s (frr )| = Reos(B, frr 1 2) Zpk exp(—if g (k —1)AT) (4.1)
and
[H 555 (fue)| = R Py xp(=if e (k= D)AT) (42)
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In these equations, R is the photo-detector responsivity, f,. is the modulating signal
frequency, p, is the peak amplitude of wavelength number £, f, is the group delay slope

of the dispersive medium, N is the number of peaks in the multi-wavelength source, and
At 1is the delay experienced by each wavelength component. In practice, the amplitude
modulation that results from using an electro-optic Mach-Zehnder Modulator (MZM) is

double sideband, which causes carrier suppression at certain RF frequencies after the
modulated signal passes through a dispersive medium. The second term, cos(/f3, fr- /2)

characterizes the dispersion of the delay medium, and predicts the modulating
frequencies at which carrier suppression occurs. The modulating frequency at which this
phenomenon observed depends on the dispersion of the delay medium and on its length,
which acts as the tuning element of the carrier suppression characteristic. Equations (4.1)
and (4.2) also show that the resulting MPF is periodic, with a free spectral range that is
inversely proportional to the time delay imposed on the modulated signal by the
dispersive medium, which can be used as tuning element if the system is designed such
that one or more of the components on which the time delay depends can be changed.
Studies show that there are different methods to tailor the response of a MPF by
changing its delay component and/or source characteristics. For example, switching
between propagation paths characterized by different delay line lengths can be used to
change the delay the different wavelength components of a multi-wavelength source to
change the FSR of a MPF. Another possibility is having dispersive media such as single
mode fibers, dispersion compensating fibers, or linearly chirped fiber Bragg gratings
combined with tuneable sources. Furthermore, fixed wavelength sources can be
combined with tuneable delay lines capable to induce a change in filter characteristics,
and special chirped FBGs are part of this category [4.3]. There are two types of filters,
which are characterized according to their delay component characteristics. First, when
optical fiber is used, the MPFs are refered to as fiber delay line filters. They have been
extensively investigated since 1980, and, as reported in [4.5], a shift of the filter peaks
was achieved in this case using tuneable sources, with a delay element composed of
highly dispersive fiber lines. On the other hand, in [4.6] tunability of the filter peaks was
achieved using dispersion shifted fibers combined with longer lengths of high dispersion

fiber. Moreover, filtering can be achieved by incorporating fiber gratings. For example,
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some applications use AWGs as delay components because they of their wavelength
selectivity property [4.4][4.7-4.9], which, as discussed in [4.1], can also be used as
spectrum slicing components. These can also be built using FBGs, which can easily be
tuned by applying strain or by changing the ambient temperature [4.10]. Also, in [4.11],
D. Hunter ef al. use a number of FBGs in series as spectrum slicing or as tap elements,
and the distance between them serves as the delay components of the system. In [4.12], S.
Torres et al. use chirped FBGs of different dispersions as delay components. In their
approach, tuning is achieved by applying the same strain to the gratings, whose behaviour
changes with dispersion.

In this work, we consider the spectrum slicing property of an FBG pair in a fiber
delay line MPF. Its FSR can be changed by applying different temperatures, which affect
the spectral characteristics of an FBG pair structure. In this case, the signal that passes

through the delay medium changes in response to temperature.

4.3 Fiber Bragg Grating Pair Based Sensor Temperature Response

As introduced earlier, an FBG pair sensor consists of an in-fiber Frabry-Perot
interferometer having as partial reflectors two FBGs separated by a small distance (as
referred in Figure 3.1). Therefore, the structure can be used to slice a broadband source

into a multi-wavelength signal. The wavelength separation between peaks can be

2
calculated as A =

L where n and L are the effective refractive index and the length of
n

the cavity, respectively, andAis the wavelength corresponding to the peak of the
reflection spectrum [4.13]. Moreover, the reflectivities of the FBGs are very low, e.g.
10% to 20%, and, as a result, the resulting taps have an almost sinusoidal variation. The
reflection spectrum and its fringe shape were presented in Figure 3.2. For the packaged
FBG pair sensor for which the measurement was taken, the FSR is approximately 80 pm.
As mentioned earlier, FBGs reflection spectra are sensitive to temperature, which
affects the effective refractive index, a parameter the wavelength reflected by the FBG
depends on. Moreover, the spectrum of the FBG pair structure follows the spectrum of
the individual gratings. Thus, the most common method to monitor wavelength shift as a

result of temperature change is to use an optical spectrum analyzer (OSA) and measure
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the center wavelength. As such, the experimental setup used is as illustrated in Figure 4.2.

Light from a broadband source (BBS), which corresponds to the ASE from an EDFA, is

sent to the FBG pair-based sensor through a circulator. The reflected signal is sent to a

high resolution OSA (of 0.16 pm resolution bandwidth) from Apex Technologies. Note

that the high resolution is necessary to observe the interference peaks inside the FBG

spectrum envelope. To obtain the temperature response, the spectrum was first measured

at room temperature (25°C). Then, the sensor was placed in boiling water at 100° C, and

a measurement of its spectrum was recorded. Then, the temperature was periodically

measured using a thermometer, and measurements were taken at intervals of 10°C from

80°C to 40°C. Figures 4.3a) and 4.3b) show how temperature change affects the

reflection spectrum. For clarity, only the spectra at two temperatures are shown in each

plot.
FBG pair sensor
2 3
EDFA A OSA
Circulator

Figure 4.2: Setup used to measure FBG pair spectrum change with temperature.
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The sensitivity of the temperature measurement method is found by plotting the
Bragg wavelength, which corresponds to the center wavelength of the spectrum, versus
temperature, which is shown in Figure 4.4. As observed, the sensitivity is 12.1 pm/°C,
which closely corresponds to the typical sensitivities observed in previous temperature
measurement methods that employ FBG as sensing elements: sensitivities of 16 pm/°C
and of 13 pm/° C were reported in [4.15] and [4.16], respectively. Therefore, for precise
measurements, wavelength shift with temperature requires using OSAs with resolutions

lower than 10 pm.

1543.2

1543 y = 0.0121x + 1541.8

R? = 0.9835
1542.8
/
1542.6

1542.4 /
1542.2

1542 T T T T T
0 20 40 60 80 100 120

Temperature (degrees Celsius)

Center Wavelength (nm)

Figure 4.4: Reflection spectrum center wavelength of an FBG pair as a function of
temperature.

When temperature changes are applied to the FBG pair, the refractive index of the
fiber between the FBGs also changes, and this implies a change in the optical path length
of the cavity. As a result, the free spectral range of the interference pattern is expected to
change with temperature. The average fringe separation was thus calculated from the
traces of the reflection spectra measured at different temperatures. For this purpose, the
separations between adjacent peaks that had power levels grater than the level 6 dB lower
than the peak value were calculated. For each temperature, the average FSRs are shown
in Table 4.1. As observed, the fringe separation of the interference spectrum changed

from 80.85 pm at room temperature (25°C) to 81.03 pm at 100° C. Since the change is so
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small, the FSRs at temperatures in between these two values are within the

aforementioned extremes.

Table 4.1: Average free spectral range for the reflection spectrum of the FBG pair as a
function of temperature.

Temperature (°C) Free Spectral Range (pm)
25 80.85
40 80.97
50 80.98
60 80.93
70 80.95
80 80.93
100 81.03

As presented in this section, for the FBG pair, temperature affects both the center
wavelength of the reflection spectrum for the individual gratings and the fringe separation
of the interference pattern inside the FBG spectrum. The observed insignificant change in
FSR as a function of temperature can only be measured with even higher resolution
optical spectrum analyzers. Therefore, to avoid using these, the multi-wavelength nature
of the FBG pair structure reflection spectrum allows it to be used as spectrum slicing
element in a fiber delay MPF system. Moreover, since the filter peaks separation is
dependent on the characteristics of the multi-wavelength source, whose spectral
characteristics change with temperature, it is worthwhile to use a MPF as an interrogation
unit, i.e., take advantage of the changes on the filtering characteristics by temperature

change.
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4.4 Microwave Phototnic Filter-based Temperature Measurement

As mentioned earlier, the spectrum slicing property of the FBG pair structure allows
it to be used to achieve the source to a MPF system. For convenience, a lightwave
spectrum analyzer (LCA) was used to provide the RF frequency bias to the amplitude
modulator used to modulate the multi-wavelength signal. The delay medium used was a
length of SMF, for which the length had to be determined according to the characteristics
of the source used so as to avoid the aforementioned carrier suppression effect that would
suppress certain filter peaks. This section first presents how changing the source
characteristics affects the response of the MPF. Then, the effect of the delay component
on the filter variation is explored, and the section ends with the presentation of the
experimental results for the MPF approach used to measure temperature with the FBG

pair sensor.

4.4.1 Temperature Effect on the Response of a MPF
Theoretically, since the Bragg wavelength is directly proportional to the refractive
index— A =2nA where Ais the pitch of the grating—the free spectral range also

Bragg

2nA?

changes asAA = [4.14]. Therefore, the FSR of the grating increases with

increasing temperature, which affects both the optical path length of the cavity and the
reflection spectrum center wavelength. This implies an increase in the time delay
experienced by the different wavelength components of the source after passing through
the dispersive medium. Since the frequency spacing between the peaks of the MPF is
inversely proportional to the time delay [4.13], as temperature increases, the peak
frequency of the filter decreases, i.e., the free spectral range of the filter decreases.

As discussed in [4.3], the sinusoidal variation of the fringes of the reflection spectrum
for the FBG pair structure, which results from the low reflectivity of the gratings, disrupts
the periodic nature of the filter, and results in a two peaks filtering response: one peak

corresponds to the direct current (DC) value, which can be ignored, and another peak at a

frequency given by f,, = . Figure 4.5 illustrates the MPF response over 20 GHz.

DLAA
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Figure 4.5: MPF response at room temperature when the single mode fiber length is 85
km.

4.4.2 Effect of Delay Fiber Length on the Characteristics of the MPF

As a consequence to the expected two peak variation of the MPF in response to the
FBG pair structure used as source, the first experiment performed on the system is
finding the appropriate length of SM fiber used here as delay component that does not
result in carrier suppression at the frequencies where the filter peaks are predicted by
Equation (4.2). For this purpose, theoretical simulations were performed to find the
potential lengths of fiber that do not result in filter peak suppression. The plot of the first
maximum of the carrier suppression term and the wavelength spacing between the filter
peaks as functions of SMF fiber length are shown on the same graph in Figure 4.6. As
observed from simulation, any length of fiber between 65 km and 85 km shows potential

use in achieving double peak filtering response.
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Figure 4.6: First maximum superimposed on the estimated wavelength spacing between
the filter peaks as functions of SMF fiber length.

The setup in Figure 4.7 was used to confirm that the lengths of fiber predicted by

theory result in the expected two peaks filter response. An example of a dispersion

transfer function obtained for an SMF length of 85 km, whose dips account for carrier

suppression at those frequencies, and the measured MPF response are shown on the same

plot in Figure 4.8 where FSR represents the theoretical calculation for the frequency

spacing between the two peaks of the MPF. For the plots in the same figure, the observed

decrease in amplitude of the curve characterizing dispersion can be explained by the

decreasing linear variation of the EO-MZM, which is illustrated in Figure 4.9.

CW at 1542.2nm

RF modulating signal

Length of
: SMF
MZM |
High Power PD
EDFA

LCA

Figure 4.7: Experimental setup used to find the optimum SMF fiber length.
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Microwave Photonic Filter Response when the SMF fiber length is L=85 km and FSR=9.0732 GHz
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Figure 4.8: MPF response superimposed on the dispersion response of the SMF fiber of
length 85 km used as delay line.
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Figure 4.9: Measured modulator transfer function over 20 GHz of RF frequency.
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4.4.3 Temperature Measurement Using a MPF System

The experimental setup used to obtain the MPF based interrogation system for
temperature change monitoring is shown in Figure 4.10. Light from a BBS is sliced using
reflection off the FBG pair. The resulting multi-wavelength source is sent to a modulator
using the RF frequency from a LCA as modulating signal. The modulated optical signal
is amplified before it is sent to an 85 km length of SMF fiber, which acts as the dispersive
medium (delay component) of the MPF system. Amplification before the fiber is
necessary to avoid information loss due to attenuation over such a long fiber distance.
The RF signal is swept over a 20 GHz frequency span, so the LCA displays the detected
electrical signal, which is obtained after the output to the 85 km SMF passes through a
photo-detector.

FBG pair sensor o
RF modulating signal

2 : ‘ 85km SMF
BBS ), MZM | Pl Lca
Circulator High Power PD
EDFA

Figure 4.10: MPF experimental setup.

First, the LCA was used to measure the filter response at room temperature. Then, the
sensor was immersed into the kettle where water was boiled, and the temperature was
measured using a thermometer. Next, a measurement of the MPF was performed. The
process was repeated for subsequent lower temperatures, at temperatures spaced by 10
°C, for a range from 80 to 40 °C. The MPF shift is shown in Figure 4.11. As predicted by
theory, the filter peak moves toward lower frequencies. Also, biasing the modulator at a
fixed RF frequency causes the measured power to change with increasing temperature as
follows: if the modulating frequency corresponds to a value on the rising edge of the
filter, the power measurement increases with increasing temperature. This is shown in
Figure 4.12. On the other hand, if the modulator is modulated with an RF frequency value
on the falling edge of the filter, the measured power decreases with increasing

temperature, and this is illustrated in Figure 4.13. As observed in Figures 4.12 and 4.13,
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sensitivity increases as the bias point approaches the edges of the filter. However, this
imposes a limit on the range of temperatures that can be measured using this
measurement configuration. Thus, when choosing the bias frequency, the trade-off
between sensitivity and measurement range must be considered. For example, the
frequency of modulation can be set at a value located at the midpoint on either the rising

or the falling edges of the filter response.

Filter temperature response when the fiber length is 85 km
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Figure 4.11: Shift in the MPF as temperature is increased from 25 to 100 °C.
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modulator RF bias frequencies located on the falling edge of the second filter peak.
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When setting the RF frequency is at 8.98 GHz (rising edge), the observed sensitivity
is 0.0024 /°C. On the other hand, choosing the bias frequency at 9.24 GHz, the sensitivity
1s -0.0036 /°C. This can be observed in Figures 4.14 and 4.15, which illustrate the plot of
normalized power as a function of temperature graphs when the modulator is biased at
8.98 GHz and 9.24 GHz, respectively. Note that the normalized power was used to
account for the power fluctuation that may have resulted from alternating spectrum and

MPF response measurements.
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Figure 4.14: Graph of normalized power variation as a function of temperature when the
bias RF frequency is 8.98 GHz.
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Figure 4.15: Graph of normalized power variation as a function of temperature when the
bias RF frequency is 9.24 GHz.
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4.5 Conclusion and Discussion

As presented, the proposed interrogation system takes advantage of the MPF systems’
ability to translate the response of a multi-wavelength source in the optical domain to a
filtering variation in the microwave domain to monitor the changes in the spectral
response of an FBG pair. This experiences a sinusoidal response, which gives the MPF a
single passband filtering variation. Moreover, the interrogation system allows tailoring
the sensitivity and the operability range to satisfy the requirements of different
applications. However, using an 85 km long SMF as delay medium involves increased
losses and the need to use additional amplifiers, which add noise to the system. At the
same time, such lengths of fiber make the system bulky and unpractical. One solution
would be increasing the multi-wavelength fringe separation, which can be achieved by
decreasing the FBG separation. Also, using fibers of increased dispersion can allow for
the use of more compact fiber based delay media. In terms of demodulation method,
since the system is based on power measurement, the outcome is dependent on power
fluctuations. Also, as discussed, carrier suppression influences the amplitude variation of
the MPF. This may induce changes in the amplitude of the peak power, which has the
same effect as power fluctuation. Therefore, future work may include a power fluctuation
compensation method, such as normalization, which was used to assess the effect of

temperature (as in the experiment) or strain on the change in the filter peaks separation.
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5. Improved Arrayed Waveguide Grating-based Interrogation

System for Fiber Bragg Grating Sensors

5.1 Introduction

FBGs find extensive use for sensing environmental and mechanical parameters. For
example, they have been used to measure strain, which is the result of mechanically
perturbing the fiber, and temperature and pressure, which characterize the surrounding
medium conditions. All these parameters have an effect on the physical and chemical
structure of FBGs, which in turn affect the properties of the light that passes through
them. In particular, as discussed earlier, strain affects the period of the alternating
refractive index structure, with an insignificant effect on the effective refractive index,
which, in comparison, changes significantly with temperature. While the sensor response
measurement techniques are mature enough, extensive work is invested in minimizing
interrogation systems cost and complexity. A method that simplifies sensor interrogation
systems is multiplexing, which allows using the same measurement unit to monitor two
or more sensors. Given the wavelength-encoded information provided by FBGs,
wavelength-division-multiplexing (WDM) plays an important role in achieving multi-
sensor monitoring. However, for applications where a large number of sensors are
distributed over long distances, avoiding loss of information and measurement errors
relies on using high powers at the transmitter end, or alternately, including amplifiers,
which add noise and complexity to the overall system. Another important aspect in the
measurement of FBG-based sensor systems is the portability of the detection
instrumentation. In general, wavelength-encoded information involves using OSAs. To
avoid using such bulky and expensive instruments, mapping wavelength information to
power quantities has been widely explored. This can be achieved using any filtering
device whose amplitude varies with wavelength, i.e., an edge filter. The basic mapping
principle is shown in Figure 5.1 [5.1], where a linear edge filter was used for the purpose
of illustration. As observed, the portion of the FBG spectrum that overlaps with the filter
spectrum is transmitted. Also, as wavelength changes, the amplitude of the filter
increases or decreases, and this affects the amplitude of the measured spectrum.

Consequently, the measured power changes, and this leads to the ability to detect the
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wavelength change using a power meter, which is less expensive and is more compact. In
practice, an edge filter is achieved using any device whose spectrum has an increasing or
a decreasing variation with wavelength. For example, another FBG in transmission mode
can be used: either its rising or its falling edge can perform as the mapping element to
demodulate the wavelength change response of the FBG under test. The same way, as
previous work shows, a long period grating can be used because it shows a filtering

response in transmission mode only.

A

Power

v

Wavelength

Figure 5.1: Principle of mapping wavelength to power using an edge filter [5.1].

Studies show that AWG channels can be used as edge filters to achieve mapping the
FBG wavelength-encoded information to power quantity [5.2-5.6]. The methods
proposed have in common the use of the ASE from an amplifier as BBSs to extract the
spectral information of a number of FBGs. Then, spectrum reflecting off each FBG is
sent to one, and distinctive, AWG channel to achieve wavelength to power mapping. In
this chapter, starting from the aforementioned work, we propose providing the system
with a feedback mechanism to achieve a lasing configuration. In this chapter we prove
that this system achieves improved measurement performance with enhanced power
efficiency. For this purpose, we compared both systems in terms of power efficiency and
mapping capabilities. Moreover, we explored the effect of using different fiber laser
configurations, and we observed the effect of changing the broadband source, which in
this case also acts as the amplifying medium of the fiber laser interrogation system. In
particular, the comparison of using a semiconductor optical amplifier (SOA) and an

EDFA both as broadband sources and as gain media will be provided.
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5.2 Fiber Laser Systems

Fiber laser systems find application in many areas because they can be implemented
from readily available components such as optical amplifiers, optical filters, couplers and
optical fibers. The two basic designs that are generally used to achieve fiber laser systems
are the linear cavity (standing wave) and the ring configurations, which are shown in
Figures 5.2a) and 5.2b), respectively. The basic components are amplifiers (one or a
cascade of amplifiers), which acts as the amplifying medium of the lasing system, a filter,
which is used to select the wavelength of the laser light emitted, and a positive feedback
mechanism. In the standing wave configuration, the feedback is achieved by placing the
amplifier and the filter between two reflective components. These may be in-fiber
reflectors, or external reflectors. For the latter, partial or total reflective components
covering a wide range of wavelengths can be used, and various methods have been used
to obtain in-fiber reflectors. For example, wideband FBGs written in the core of optical
fibers can act as reflectors. Note that the system does not need an external source because
lasing is triggered by the ASE from the amplifier. This is similar to a conventionally built
laser: the first photon is emitted through spontaneous emission, which is regarded as a

process generating noise photons [5.7].

Optical
Coupler
Optical Filter
Reflector
Optical Output Reflector
Amplifier
Output
N—
Optical . .
- Coupler Optical Filter
Optical
Amplifier
‘_
Isolator

Figure 5.2: Fiber laser configurations: a) standing wave configuration; b) ring
configuration.
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The fiber laser can be made tunable by using tunable filters. For example, when used
as filters, FBG’s center wavelength can be tuned by either changing temperature, or by
applying strain to the periodic structure. Also, tunable FP filters have been used as tuning
element in fiber lasers. For example, in [5.8], a tunable Fabry-Perot filter uses the change
in mirrors separation distance to set the lasing wavelength. However, in-fiber filters are
more attractive because they offer the fiber compatibility advantage, which leads to a
decrease in coupling losses [5.9]. Thus, FBGs, with their wavelength selectivity property,
play an important role in defining the wavelength operation in fiber laser system.
Moreover, given their sensitivity to temperature and strain, FBGs have been investigated
in the context of building tunable fiber laser systems. The possibility to tailor their
spectrum characteristics made them useful in a number of applications useful for WDM-
based systems.

Since FBG-based sensor systems employ the WDM technology to improve
measurement efficiency, FBG-based fiber laser systems have been extensively
investigated. For example, in [5.10] and in [5.11] sampled FBGs are used to achieve
lasing at two wavelengths in an EDFA-based fiber laser. Moreover, as presented in [5.12]
combining FBGs in cavity structures has also been proven useful to obtain multi-
wavelength operation when EDFAs are used as fiber laser gain media. As discussed in
these works, this is difficult to achieve owing to rare earth doped fiber media’s
homogeneous spectral broadening at room temperature, which increases mode
competition [5.13]. Nevertheless, EDFAs are desirable amplifying media because they
offer high gain, high saturation power, and its gain is highly independent of polarization
[5.14]. On the other hand, other amplifiers capable of triggering multi-wavelength
operation in fiber laser systems have been explored, and SOAs are part of the amplifying
devices that are characterized by inhomogeneous spectral broadening, which allows
multi-wavelength fiber laser operation [5.15]. SOAs also offer low power consumption,
they are compact and can be produced in large quantities [5.16]. In the context of using
fiber lasers as interrogation systems for FBG-based sensors, in [5.17] S. Tanaka et al.
proposed using a fiber laser ring system to monitor the response of FBG vibration
sensors. In this case, the fiber laser serves as the source used to measure the vibration

sensors’ response.
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As mentioned before, in this experiment the FBGs act as the filter elements, which
are used to select the lasing wavelengths, for both the standing wave and the ring
configurations, and as one end partial reflectors for the former. It is expected that the
lasing peaks obtained, which characterize the external factors to be measured, can offer
better power efficiency, and, eventually, better measurement resolution, which depends
on the linewidth of the laser modes. As presented by N. Voo et al. in [5.18], in a fiber
laser system, the linewidth is inversely proportional to the laser output power (P), and

directly proportional to the original linewidth of the wavelength selective elementAv .,

i.e., the linewidth is defined by Schawlow-Townes as

Zﬂ'h V(A Vﬁlter )2
VvV =
P

(5.1)

where v is the frequency of the lasing wavelength. This phenomenon is observed in
cavities and results from the effect spontaneous emissions have on the phase of the laser

[5.18].

5.3 AWGs as Edge Filter Components

AWGs are passive fiber optic compatible structures frequently used in WDM systems
for filtering, add/drop multiplexing, or laser stabilizers [5.19]. These applications take
advantage of AWGs’ multi-channel wavelength-selective properties, which can be
observed in the basic physical structure of an AWG illustrated in Figure 5.3. As
observed, light is coupled into a receiving waveguide, and different wavelength
components are directed and coupled to a number of output waveguides. The wavelength
division of the input light is achieved by passing the signal through a free propagation
region (FPR) before being coupled to a set of waveguides of different special lengths.
These are chosen so the difference between the optical path lengths (OPL) of two

adjacent channels is proportional to the center wavelength 4. of the AWG, i.e.,
n,AL =mA, (5.2)
where n,; is the effective refractive index inside the AWG waveguides, AL is the length

difference between adjacent channels, and m is an integer number that denotes the order

of the array. [5.20][5.21]. Two signals traveling inside waveguides of different spatial
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lengths experience different phase changes, whose difference determines the nature of the

filter, i.e., if the phase difference A¢ is 27, the AWG is periodic, with the FSR given by

n
U—‘[ < J, where v, is the center frequency of the AWG, and n, is the group index of

m I’lg

the FPR. The purpose of having different lengths for the array waveguides is to bend the
output beams so they can be coupled through an output FPR to different output
waveguides [5.21].

a)

input aperture

object plane

tfransmitter
waveguide receiver
wavequides

Figure 5.3: (a) AWG geometric structure; (b) Geometric representation of the FPR.

Equation (5.2) predicts that the optical path length difference dependence on
temperature provides a method for tuning the wavelength slicing properties of AWGs.
This property and the multi-channel characteristic of AWGs have been used for
wavelength interrogation of an array of multiplexed FBGs. For example, in [5.20], to
measure wavelength change for an FBG, the detection AWG was temperature tuned to
achieve the overlap between the centers of one of its channels with the center of the
reflection spectrum of the sensor. However, this method relies on wavelength decoding,
which involves external tuning and adds complexity to the interrogation system. Previous
studies propose taking advantage of the wavelength Gaussian shape of the AWG
spectrum, which is imposed by the mode profiles of the array waveguides, to achieve a
power measurement-based interrogation of FBGs. The principle behind the operation of
such system is the change in the overlap between the AWG and the FBG spectra, as the

sensor’s wavelength changes. The power resulting from the overlap of the two spectra
can be expressed mathematically as P = (1— a)I: I ()R ey (AT 4y (k, A)dA

(5.3)
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where « is the amount of attenuation, / (A4) is the intensity of the input signal,

Ry (1) =R, exp{— M} (5.4)

2
O rpg

is the reflection transfer function of the sensing FBG of center wavelength A,.,. and of

bandwidth
FWHM
Oy = —F7—— 5.5
FBG 2 /2 11’1 2 ( )
1)
and T,,.(k,A)=T, exp{— (/12—2"):| (5.6)
o

1s the transmission transfer function of the kth AWG channel of center

wavelengthl 4, and of full width at half maximum (FWHM)o . In equations (5.4) and
(5.6), R, and T are the reflectivity of the FBG and the transmission function of the

AWG channel, respectively [5.19]. As a result, within the same AWG channel, a change
in the FBG center wavelength results in a change in the measured power levels at the
output of the AWG. As an example, [5.4] proposes an interrogation system based on
sweeping of the center wavelength of FBGs with temperature across an AWG channel,
and monitoring the output power measurement. On the other hand, in [5.19], the AWG
center wavelength is first tuned to have the sensing FBG overlap with two adjacent
channels. As the center wavelength of the FBG changes, the amount of overlap with one
channel changes relatively to the overlap with the other channel. Therefore, the power
ratio between the two channels changes accordingly. When using the AWG as an edge
filter for wavelength-to-power mapping, it is important to consider the wavelength

measurement error, which is defined as
AL =/(4’ + 43)C (5.7)
where A4, and A4, are the bandwidths of the AWG and of the FBG spectra, respectively,

and C represents the fluctuation intensity [5.3]. Therefore, since the AWG channel
bandwidth is kept constant, any method that can decrease the FBG spectrum bandwidth

can improve the measurement accuracy.
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5.4 Experimental Setup and Measurement Method

The setup in Figure 5.4 was proposed as the conventional method to achieve
wavelength to power mapping to measure the response of FBGs that are subject to
different strains or temperatures—both processes involve a shift in the Bragg wavelength.
Figures 5.5 and 5.6 show, respectively, the standing wave and the ring fiber laser
configurations used to achieve improved wavelength to power mapping. Here, as
mentioned before, the broadband light is the ASE from an optical amplifier. As a result, if
light is fed back into the device, amplification is achieved. Therefore, in this case the
source has two roles: to provide the broadband light which is sliced by the sensing FBGs,
and to amplify the light that is fed back trough the amplifier. This method thus reduces
the number of components used in the system. For most amplifiers, the gain distribution
is polarization dependent, and, thus, the systems in Figures 5.5 and 5.6 use polarization
controllers to achieve optimum gain distribution. Note that the circulator used in the
system in Figure 5.4 can be replaced by a 3 dB coupler to achieve direct performances
comparisons of the conventional with the standing wave and with the ring fiber laser
systems. Also, for the ring configuration in Figure 5.6, the circulator is used to ensure
unidirectional signal propagation inside the ring.

As discussed earlier, fiber laser systems require a mode selection element that defines
the wavelength of the light emitted by the laser. This is usually achieved using an optical
filter. Since in reflection mode FBGs act as narrowband filtering elements, multi-
wavelength lasing can be obtained when using the sensing FBGs. For experimental
purposes, the four FBGs in Figures 5.4 to 5.6 were used as strain sensors. The FBGs were
written on separate fibers and linked in series using connectors. For the FBGs numbered
from 1 to 4, the Bragg wavelength distribution is as follows: 1536.40 nm, 1538.32 nm,
1540.03 nm, and 1554.12 nm with bandwidths of 200 pm, 220 pm, 230 pm, and 70 pm,
respectively. For the AWG in Figures 5.4, 5.5 and 5.6, the channel spacing is 100 GHz at
1550 nm with spectrum bandwidth of 400 pm.
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Figure 5.4: Conventional wavelength to power mapping system.
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Figure 5.5: Standing wave fiber laser system used to achieve wavelength to power
mapping.
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Figure 5.6: Ring fiber laser system used to achieve wavelength to power mapping.
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Figure 5.7 illustrates the mechanism used to apply strain to the FBG in a controlled
and quantitative manner. The fiber was pivoted and clamped at two ends: one is fixed,
and the other is free to glide (moveable end). Each clamp consists of two metal slides,
with the bottom one being fixed to the elongation system’s table. Using screws, the top
slide can be pasted unto the former to hold the fiber in place at the pivoting points. For
protection purposes, the fiber was placed between two polymer sheets before being
clamped between the metal slides. Rotating the knob in the clockwise direction causes a
metallic cylindrical piece to push the moving pivotal end toward the fixed end. This
makes the fiber relax, i.e., no strain is applied to the fiber. Changing the direction of the
knob’s rotation has the opposite effect, i.e., the moving pivotal end moves away from the
fixed end, resulting in the fiber being elongated, and thus strain is applied to the FBG.
The Vernier scale provided is chosen such that, when the knob is rotated by 50 units, the
moving pivotal piece changes position by 0.5 mm. As a result, the fiber is elongated by
10 um in one rotational unit. To find the zero strain point, a calibration measurement is
performed for each FBG. As such, the spectrum of each FBG is monitored using an
optical spectrum analyzer, and its center wavelength is recorded every Vernier unit over a
certain range. From the plot of FBG reflection spectrum center wavelength as a function
of Vernier reading, the linear variation of the curve is extrapolated, and this leads to
finding the zero strain position. The elongation of the fiber (AL ) can be obtained by
subtracting the zero strain point from subsequent readings. Then, the strain (&) is
calculated by taking the ratio of the fiber elongation to the entire length of fiber placed
between the pivotal points of the strain system L, which is the sum of the FBG length and

the surrounding fiber length, i.e., ¢ = % [5.22]. The plot of wavelength as a function of

strain represents the calibration curve for the wavelength to power mapping process.

= =

Knob and Movable end Fixed end
Vernier scale

Figure 5.7: Mechanism to apply and measure strain.
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Next, the signal reflected off the FBGs was connected to the AWG input, and the
power was measured at the output of the channels that overlapped with one of the FBG
spectra. As the fiber is strained and the reflection spectrum of an FBG moves towards
longer wavelengths, the amount of FBG-AWG spectrum overlap and thus the power level
change. Therefore, for each of the systems in Figures 5.3 through 5.5, the plot of power
as a function of strain was obtained. Then, the linear calibration curve allowed the one to
one mapping of the power as a function of strain to the power as a function of wavelength

curve.

5.5 Experimental Results

5.5.1 Using an SOA as Broadband Source

A first experiment performed involves using the ASE from a SOA as the broadband
source to the systems in Figure 5.4. For the fiber laser systems in Figures 5.5 and 5.6, as
mentioned before, the SOA plays both the role of broadband source sliced by the sensing
FBGs and of gain medium. For the SOA used (COVEGA 1117), the ASE power used is
1.16 mW at a driving current of 350 mA. The FBGs spectra for the conventional (non-
lasing) system, for the standing wave fiber laser configuration, and for the ring fiber laser
configuration are shown in Figures 5.8, 5.9, and 5.10, respectively. Compared to the
former configuration, for the fiber laser systems, the main observation is that, as
expected, when the lasing characteristic is achieved, the peak powers increase. For
example, using the standing wave fiber laser system results in a peak power amplification
by 30 to 35 dB for FBGs 1 to 3, and by 45 dB for FBG 4.With the ring fiber laser
configuration, the gain can reach 40 dB (for example, for FBG 2). Moreover, the 3 dB
level bandwidths decrease for the FBG spectra: as observed in Figures 5.8 to 5.10, the
standing wave configuration leads to a reduction in 3 dB bandwidth of about 100 pm or
more for FBGs 1 to 3 and of 20 pm for FBG 4. Note that according to Equation (5.7), the
reduction in FBG bandwidth leads to a reduction in the error of measuring the
wavelength shift associated with a certain change in power measured at the output of the
AWG. For example, assuming that C=1 and that the AWG channel bandwidth is 400 pm,
when the conventional wavelength-to-power mapping system is used, the wavelength

measurement errors for FBG number 1 is 447 pm. However, when the standing-wave and
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the ring fiber laser configurations are used, the errors are 413 pm and 411 pm,
respectively. These are smaller than the error obtained when using the non-lasing
configuration. The same tendency is observed in Table 5.1, which includes the
measurement errors for the other three FBGs. Moreover, the power level enhancement

allows multiplexing a number of sensors over large distances.
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Figure 5.8: FBG reflection spectra for the conventional wavelength to power mapping
system.
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Figure 5.9: FBG reflection spectra for the standing wave fiber laser wavelength to power
mapping system.
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Figure 5.10: FBG reflection spectra for the ring fiber laser wavelength to power mapping
system.

Table 5.1 summarizes the bandwidth change for the FBGs when using the two lasing

systems and the conventional mapping system.

Table 5.1: Summary of FBG reflection spectra measured bandwidths with the associated
wavelength measurement errors.

Non-Lasing Standing Wave Ring

FBG Center
no. Wavelength 3dBBW | Error | 3dBBW | Error | 3dBBW | Error
(nm) (pm) (pm) (pm) (pm) (pm) (pm)
1 1536.40 200 447 106 413 96 411
2 1538.32 220 456 121 418 104 413
3 1540.03 230 461 110 415 112 415
4 1554.12 70 406 54 404 40 402

For the SOA based interrogation systems, the curve that led to finding the zero strain

point corresponding to the strain mechanism used and the calibration curve for the FBG

with reflection spectrum centered at 1538.32 nm are shown in Figures 5.11 and 5.12,

respectively.
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Figure 5.11: Curve used to extract the zero strain point for the FBG whose reflection
spectrum is centered at 1538.32 nm.

The measured sensitivity of the wavelength shift with applied strain, which is found
by taking the slope of the calibration curve in Figure 5.12, is 1.06 pm/ustrain and matches
the approximate sensitivity of 1.15 pm/ustrain usually obtained for silica FBGs at 1550
nm [5.23]. Table 5.2 shows that this value is close to the measured sensitivities of all four

FBGs used in the experiment.
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Figure 5.12: Calibration curve for the FBG whose reflection spectrum is centered at
1538.32 nm
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Table 5.2: Summary of FBGs sensitivities to strain.

FBG no. | Center Wavelength (nm) | Strain Sensitivity (pm/ pstrain)
1 1536.40 1.02
2 1538.32 1.06
3 1540.03 0.87
4 1554.12 1.29

For the FBG centered at 1538.32 nm, the measured power at the output of its
corresponding AWG channel as a function of strain is plotted in Figure 5.13. This plot
can be used as illustrated as in Figure 5.14, which illustrates how the calibration curve

can be used to obtain the power variation with wavelength change.

Power (dBm)

Strain (mstrain)

Figure 5.13: Measured power as a function of strain plot.
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Figure 5.14: Mapping curve showing the wavelength corresponding to the power level
measured for different strain levels.

As observed in Figure 5.15, a first advantage of using one of the fiber laser
configurations is power enhancement. This is advantageous when using low reflectivity
FBGs, for which, after passing through the AWG, the reflected power is too low to be
measured using a power meter. In this experiment, the last FBG in the array has the
lowest power level; thus, it was not possible to record the power at the output of its
corresponding AWG channel. On the other hand, using either the standing wave or the
ring configuration, adjusting the polarization controller allows equalizing the peaks. As a
result, the sensor of Bragg wavelength at 1554.12 nm experienced the highest gain when
the fiber ring interrogation systems were used—this can also be seen in Figures 5.8, 5.9
and 5.10, which show the FBGs spectra for the different measurement systems used.

When contrasting the mapping resolution of the three methods, it is important to
consider the system’s sensitivity, which is given by the slope of the almost linear regions
corresponding to the falling and to the rising edges of the mapping curve. In this context,
the superimposed plot of normalized power as a function of strain in Figure 5.16 shows
that on the rising edge of the filtering variation, the ring fiber laser configuration shows
the most sensitivity, followed by the measurements made using the standing wave fiber

laser system. On the other hand, the falling edge shows that the three systems have about
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the same sensitivity. As a result, the main advantage brought about by the use of a fiber

laser system in enhanced power efficiency.

¢ Conventional non-lasing system = Standing wave fiber laser system
Ring fiber laser system

Power (dBm)

Strain (mstrain)

Figure 5.15: Measured power at the output of the AWG corresponding to the FBG of

reflection spectrum center wavelength at 1538.323 nm for the three wavelength-to-power
mapping systems.

‘ # Conventional non-lasing system m Standing wave fiber laser system - Ring fiber laser system ‘
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Figure 5.16: Measured normalized power at the output of the AWG corresponding to the
FBG of reflection spectrum center wavelength at 1538.32 nm for the three wavelength-
to-power mapping systems used to evaluate measurement resolution.
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5.5.2 Using an EDFA as Broadband Source

Since, in the absence of an input, the ASE from EDFAs can also be used as
broadband sources, the effect of having the SOA replaced by an EDFA in the previous
systems was investigated. Commercially available EDFAs include an isolator and thus
have unidirectional operation. Therefore they cannot be used in a standing wave lasing
configuration, which was achieved by building an in-house EDFA that allows
bidirectional propagation. The amplifier block diagram is shown in Figure 5.17: the TEC
controller is used to drive the 980 nm pump laser diode. As with the use of an SOA, in
the absence of the 1550 nm input, the EDFA output consists of ASE, which can be used

as a broadband source. For the measurements, the driving current used was 85 mA, which

results in an ASE power of 3.98 mW.

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————
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Figure 5.17: In-house built EDFA for the FBG-based strain sensors interrogation
systems.

One of the issues encountered when using EDFAs as gain media in fiber laser
systems 1is the single wavelength imposed by the homogenous gain broadening that
characterizes Erbium doped media. This was observed experimentally when adding the
fiber mirror used to establish the standing wave fiber laser configuration. As a result,
measurements were performed for one FBG only for the purpose of exploring the
improvement in performance that can be achieved using an amplifying medium other
than an SOA. Note that for the ring fiber laser configuration, a unidirectional EDFA was
used, instead of the in-house built EDFA.

The measured power as a function of applied strain for the standing wave and for the
ring fiber laser configurations against the non-lasing configurations are shown in Figures
5.18 and 5.19, respectively. As observed, the measured power at the output of the

corresponding AWG channel is enhanced when either fiber laser interrogation system is
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used. Moreover, the wavelength to power mapping resolution improvement is much
easily detected when the SOA is replaced by an EDFA. Note that the separate
comparisons of the lasing configurations against the non-lasing configuration are plotted

on different graphs because different EDFAs were used for the two former systems.

‘ « Conventional non-lasing system = Standing wave fiber laser system ‘

Power (dBm)

Strain (mstrain)

Figure 5.18: Measured power at the output of the AWG as a function of strain for the
sensor whose reflection spectrum is centered at 1538.32 nm when the in-house built
EDFA is used.

‘ + Conventional non-lasing system = Ring fiber laser system ‘

Power (dBm)
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Figure 5.19: Measured power at the output of the AWG as a function of strain for the
sensor whose reflection spectrum is centered at 1538.32 nm when a unidirectional EDFA
is used.
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The resolution plots of normalized power as a function of applied strain are shown in
Figures 5.20 and 5.21, respectively, for the systems using an in-house built EDFA and an
INO EDFA. These figures show that the ring fiber laser configuration provides better

resolution than the standing wave configuration.

‘ + Conventional non-lasinf system = Standing wave fiber laser system ‘

Normalized Power (dB)
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Figure 5.20: Normalized measured power at the output of the AWG as a function of
strain for the sensor whose reflection spectrum is centered at 1538.32 nm when the in-
house built EDFA is used.
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Figure 5.21: Normalized measured power at the output of the AWG as a function of
strain for the sensor whose reflection spectrum is centered at 1538.32 nm when a
unidirectional EDFA is used.
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As previously reported and as predicted by theory, using the lasing interrogation
systems cause the 3 dB level bandwidth of the FBG spectrum to narrow. As such, for the
FBG centered at 1538.32 nm, for which the EDFA-based fiber laser response was
investigated, when the in-house built EDFA is used, the non-lasing spectrum bandwidth
is 225 pm, while the lasing bandwidth is 48 pm. When the INO EDFA is used in the ring
configuration, the non-lasing bandwidth is 216 pm, and the lasing bandwidth is 52 pm.
The OSA trace of this FBG when using an EDFA is shown in Figure 5.22. Table 5.3
summarizes the reduction in BW for the FBGs reflection spectra and the associated
decrease in wavelength measurement errors for both cases, when the in-house built
EDFA and the INO EDFA were used as BBSs and gain media in the standing wave and

ring configurations, respectively.
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Figure 5.22: Spectral characteristic of FBG 2 when using the fiber laser configuration
when an EDFA is used as gain medium.

Table 5.3: Summary of FBG reflection spectra measured bandwidths with the associated
wavelength measurement errors when an EDFA is used as BBS and as gain medium:

Non-Lasing (in- Non-Lasing Standing Wave
house) (INO) (in-house) Ring (INO)
Center
Wavelength | 3dB BW | Error | 3dBBW | Error | 3dB BW | Error | 3dB BW | Error
(nm) (pm) | (pm) [ (pm) | (pm) | (pm) | (pm) | (pm) | (pm)
1538.32 225 458 216 454 48 402 52 403
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5.5.3 Continuous-Time Measurement Results

The experimental results presented earlier were measured in a quasi-steady-state
manner. It is also important to investigate the dynamic response of the system, i.e., to
assess the suitability of the system to capture dynamically varying perturbations. For this
purpose, two experiments were conducted using the setup in Figure 5.23. Note that the
experiment was conducted using an RSOA (reflective SOA) as the BBS and gain

medium for the fiber laser system.

Optical

Coupler PC FBG1 FBG2 FBG3 FBG4
-OUt ) [@@) Ly Ly [ [
/\_/ @) T T T T
<

Oscilloscope

Figure 5.23: Experimental setup for time-domain measurements using an RSOA.

A) Strain and Temperature Effect on the Time-Domain Signal
A first set of experiments were conducted using one FBG immersed in a water filled

ultrasonic bath, which emits a signal at 42 kHz. As a result, the FBG is strained or
compressed as the fiber follows the ultrasonic signal. At room temperature, when the
position of the FBG spectrum relatively to its corresponding AWG signal is as shown in
Figure 5.24, the signal measured with the oscilloscope follows a sinusoidal variation in

time, at the same frequency as the ultrasonic signal as illustrated in Figure 5.25.
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Figure 5.24: The FBG and AWG spectra when the former is placed in the ultrasonic bath
at 25 °C.
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Figure 5.25: Response to the ultrasonic signal when the FBG is placed in the ultrasonic
bath at 25 °C.

On the other hand, when the temperature is increased to 50 °C, the FBG is positioned
relatively to the AWG channel as shown in Figure 5.26, and the photodetector signal as
measured with the oscilloscope experiences a higher amplitude sinusoidal variation, as
shown in Figure 5.27. As expected, when the FBG moves towards longer wavelengths

when temperature increases, the DC level follows the AWG power level. In this case, as
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illustrated in Figure 5.28 a) and b), the DC value decreases from 3.33 V to 2.16 V
because at room temperature the spectra of the FBG and AWG overlap at a wavelength
close to the peak of the AWG spectrum, whose slope is steeper on its falling or rising
edges. As a result, at 50 °C, the ultrasonic signal is translated to an oscilloscope signal of

higher amplitude.
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Figure 5.26: The FBG and AWG spectra when the former is placed in the ultrasonic bath
and water is heated to 50 °C.
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Figure 5.27: Response to the ultrasonic signal when the FBG is placed in the ultrasonic
bath at 50 °C.
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Figure 5.28: DC amplitude level when the temperature is a) 25 °C, and b) 50 °C.

B) Strain Calibration Measurements

To quantify the amount of strain applied to the FBG (center wavelength at 1538.32

nm as used in the previous experiments) by the ultrasonic signal, a calibration

measurement that maps wavelength change to mean amplitude change for the DC signal

measured using the oscilloscope is necessary. Thus, Figures 5.29 and 5.30 show the

change in wavelength and the change in DC mean amplitude, respectively as functions of

applied strain, which is quantified by placing the FBG on the strain system used to

perform the discrete measurements. These curves were then used to achieve the mapping

114



curve, whose rising or falling edges are shown in Figure 5.31 a) and b), respectively, to
achieve a one-to-one correlation between the change in wavelength with strain and the

mean amplitude measured with the oscilloscope.
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Figure 5.29: FBG wavelength as a function of applied strain.
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Figure 5.30: Measured mean amplitude measured with the oscilloscope at the output of
the AWG channel corresponding to the FBG under test as a function of applied strain.
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Figure 5.31: Wavelength-to-electric signal mean amplitude mapping when the FBG
overlaps with a) the rising, and b) the falling edges of the AWG channel.
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5.6 Discussion and Conclusion

The experimental results successfully demonstrate that using FBGs as part of fiber
laser systems helps improve the power efficiency of the wavelength to power mapping
procedure previously proposed, i.e., the power enhancement is about 30 dB or more.
However, when using the ring fiber laser configuration shows a gain higher by about 10
dB than the standing wave configuration. Moreover, the results also depend on the
broadband source used. As such, using an SOA as broadband source and as gain medium
shows multiple wavelengths lasing characteristic, while using an EDFA only supports
one wavelength. Experimental work using both gain media confirms the prediction that
fiber laser systems reduce the 3 dB level bandwidth. However, only a slight increase in
wavelength to power mapping resolution is observed. Moreover, using the EDFA as part
of the lasing system shows a slightly increased wavelength to power mapping resolution,
which may be accounted for by the further decrease in FBG reflection spectrum 3 dB
level bandwidth.

Note that the experiments on the FBG wavelength to power mapping systems were
performed at constant temperature. However, from a practical perspective, strain sensors
are usually used in environments that experience temperature fluctuations, which induce
wavelength changes, and may lead to erroneous wavelength to power mapping.
Therefore, to obtain reliable strain measurement, further work may involve incorporating
a temperature compensation system. Moreover, since the system relies on power
measurement, it is important that the fiber laser power levels remain stable in time and
are insensitive to external physical perturbation. For this purpose, it is important to work
with amplifiers showing relatively low polarization dependence, such that any external
disturbance to the fiber or to the FBGs does not affect the power of the lasing mode. This
is a problem encountered when using SOAs, whose gain dependence on polarization
ranges from very high to very low values. One advantage of having a gain that is highly
dependent on polarization is the ability to achieve improved wavelength selectivity;
nevertheless, small changes in fiber birefringence amount for large changes in the power
level of the lasing wavelengths. Therefore, when evaluating the performance of a fiber
laser system, it is necessary to have not only the required lasing characteristics, which for

sensor systems imposes a restraint on the number of lasing wavelengths, but also a high
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degree of stability, which increases the chances of having reliable parameter

measurement.
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6. Conclusion and Future Work

This thesis proposes and demonstrates the feasibility of using a number of
interrogation systems for FBG-based sensors. As presented in Chapter 2, understanding
the theory behind such sensors, and acquiring knowledge about previous work performed
toward designing practical detection systems are important for identifying existing issues.
This leads to finding cost effective and reliable solutions. Moreover, before
commercialization, it is important to make sure the sensors can be reliably used.
Therefore, Chapter 3 provided an example of characterizing a ready-to-be-
commercialized vibration sensor based on a twin FBG pair, and the tests performed on
them include operability region, sensor reliability, which is given by the ability of the
sensor to measure a unique value for every vibration amplitude and frequency conditions.
It was found that a typical calibration curve is linear, with the slope giving the sensor’s
sensitivity. Moreover, it is important to make sure that, for a given vibration condition,
the measurement does not vary considerably, so the system does not measure a different
condition than the real one, thus leading to detection errors. In the same chapter, it was
found that multiplexing requires a trade-off between the sensor design and the sensing
requirements, i.e., if the sensors are designed to acquire data over long distances, the
maximum number of sensors can be tailored by increasing the reflectivity of the last
sensor in the array, or by decreasing the reflectivities of the preceding FBGs. Another
alternative would be to increase the power sent to the multiplexed sensors. On the other
hand, for pre-defined system conditions, the number of sensors that can be time-division
multiplexed can be increased by decreasing the length span over which sensing is
performed.

Chapter 4 presents an extension of the basic design of the vibration sensor to achieve
either temperature or strain measurements. As discussed, temperature measurement is
used to prove that the ability of the FBG pair structure to slice a broadband beam can be
used to tune the peak of a single passband MPF. It was found that, for given temperature
conditions, the MPF has a unique value that depends on the dispersion characteristic of
the fiber in response to the change experienced by the FBG pair reflection spectrum: both

the center wavelength and the FSR of the interference signal increase with temperature;

122



however, the former changes more compared to the latter. It was demonstrated that,
driving the modulator in the MPF system with an RF signal falling on either the rising or
the falling edge of the pass-band of the filter results in a linear change in the measured
power at the output. It was observed that the MPF characteristic changes so different
linearity and sensitivities are obtained—this gives flexibility to the measurement system.
For the proposed system, the delay component was an 85 km long SMF, which added
loss to the system and made it unpractical. Therefore, future work involves designing the
FBG pair so the interference pattern FSR increases, e.g. decrease the separation between
the FBGs. Moreover, keeping the sensor design intact, a shorter length of higher
dispersion fiber can be used as the MPF delay element to obtain the observed filtering
characteristics. In terms of application, in the future the sensor may be used as
temperature compensation component when measuring vibration or strain. Note that the
latter can greatly benefit from using an MPF system, which is characterized by high
speed capability and would allow the fast real-time monitoring of strain.

A second system presented in Chapter 5 provided a solution to obtaining portable,
cost effective, and power efficient interrogation systems for FBG strain or temperature
sensors. The experimental work treated the measurement of strain, and it involved using
an AWG to map the wavelength-encoded information to a power measurement, which
allows using cheap and portable instrumentation such as power meters to detect the
changes in the FBG reflection spectrum with strain. Moreover, the system was designed
in a fiber laser configuration, which provided amplified power (by up to 35 dB), thus
increasing the power efficiency of the system. Another aspect that was investigated in
this work is the effect the gain medium has both the lasing characteristic of the system
(power efficiency) and on the mapping characteristics. The two BBS explored were
SOAs and EDFAs. It was found that the former experiences better lasing behaviour than
the latter, which, even though it provides slightly improved mapping, experiences single
wavelength lasing, and this prevents the effective use of WDM sensor systems. For this
work, future work involves investigating the number of sensors supported by the lasing
system, i.e., for a given BBS and gain medium, what would the maximum number of
sensors that experience lasing with equalized power levels be. Moreover, in general lasers

experience instabilities with changing polarization or fiber birefringence, and, therefore,
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for practical applications, it is important to characterize the system in terms of stability.
Another important parameter that needs to be explored to extend the study to practical

applications would be achieving a practical temperature compensation scheme.
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