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Abstract

Optical fiber sensors have already been developed from the experimental stage to prac-
tical applications in the past 20 years. There is no doubt that this technology can bring
a wealth of applications, ranging from sensors in medical industry, aerospace and wind-
energy industries, through to distributed sensors in oil and gas industry. Among a large
amount of physical and chemical parameters which optical fiber sensors could measure,
temperature and strain are the most widely studied. This thesis presents several low-cost
optical fiber sensor configurations primarily for temperature and strain measurement.

Several basic optical fiber components which are good candidates as optical fiber sen-
sors are used in our experiments, such as fiber Bragg gratings (FBGs), multimode fibers
(MMFs), small-core dispersion compensation fibers (SCDCFs), high-birefringence fiber
loop mirrors (HBFLMs), and polarization-maintaining photonic crystal fibers (PMPCFs).
Temperature and strain cross sensitivity is a crucial issue when designing high perfor-
mance optical fiber sensors, since most of the sensing components are both sensitive to
temperature and strain. This would introduce an error when measuring each of them inde-
pendently. We developed several schemes to overcome this problem by cascading an FBG
and a section of MMF | inserting an FBG into an HBFLM, and space division multiplexing
two HBFLMs. By measuring the wavelength shifts of the two independent components’
spectra in each scheme, simultaneous measurement of temperature and strain could be
achieved. However, all the above schemes need optical spectrum analyzers to monitor
the spectral information, which increases the cost of the system and limits the operation
speed. In order to avoid using optical spectrum analyzers, we use an intensity-based in-
terrogation method with MMFs and HBFLMs as edge filters. By measuring power ratio
changes, instead of monitoring spectra shifts, simultaneous measurement of temperature
and strain could be realized with a low cost and high speed. The resolutions of the above
five configurations are between 0.26 — 1.2 °C in temperature and 9.21 — 29.5 pe in strain,
which are sufficient for certain applications.

We also investigate the sensing applications with the SCDCEF. Since the cutoff wave-
length of this kind of fiber is around 1663 nm, which makes it naturally an MMF in the
wavelength range of 1550 nm. By slightly offsetting the core of the SCDCF with respect
to that of the standard single-mode fiber (SMF), a high extinction ratio could be achieved
with almost 9 dB. When a lateral force (lateral strain) applied on the SCDCF, extinction
ratio will decrease. The change of the extinction ratio is almost independent of temperature
variation. The measured extinction ratio change has a good quadratic relationship with
respect to applied lateral force. This feature could be used to measure lateral force (lateral
strain). In addition, we also use this feature to realize simultaneous measurement of both
the longitudinal strain and lateral strain, since the applied longitudinal strain results in
the whole spectrum shift. Moreover, a miniature high temperature sensor could also be
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made using the SCDCF. One end of a 4-mm long SCDCF is spliced directly to SMF with
the other end cleaved. By monitoring the reflection spectrum of the SCDCF, temperature
information could be obtained. This sensing head is very compact and could realize high
temperature measurement up to 600 °C.

Recently, a kind of PMPCF has been found to have very small responses to tempera-
ture change. This offers an opportunity to measure other parameters without considering
temperature influence. We construct a compact 7-mm long transmission-type sensor with
this kind of PMPCF. The interference spectrum generated by the coupling of cladding
modes and core mode is obtained by slightly offsetting the PMPCF core to SMF core. The
experiment shows that the interference spectrum is almost unchanged within the temper-
ature range of 25 — 60 °C. The presented sensor has the potential to be used to measure
strain and refractive index in the normal environment without temperature discrimination
for practical applications.
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Chapter 1

Introduction

Ever since ancient times, one of the most important needs of people has been to communi-
cate, which created interest in designing and developing communication system for sending
messages from one distant place to another. In 1966, Dr. K. C. Kao and his colleagues
in Standard Telecommunication Laboratories Ltd. first introduced the concept of guiding
light with optical fibers [I]. Later, since the inception of optical fiber communications,
optical fibers, which are glass or plastic cylindrical waveguides that carry light along their
length, are irreplaceable in any communication system all over the world. In addition,
over the past 30 years, another industry, optoelectronics industry has led to the emergence
of many new product areas, including compact disc players, personal copiers, and laser
printers, etc., due to both the quality improvements and cost reductions in optoelectronic
components [2].

In parallel with these developments, optical fiber sensors, which have been a major
user of the technology associated with the optoelectronics and fiber optic communications
industries, have fascinated the researchers and tantalized the application engineers for over
forty years. There is no doubt that this technology can bring a wealth of applications, rang-
ing from sensors in the medical industry for monitoring important biological functions, the
aerospace and wind-energy industries for monitoring the health of the massive structures,
through to vast distributed sensors in oil industry. Many components associated with
optical fiber communications and optoelectronics industries are developed for optical fiber
sensor applications nowadays. The capability of optical fiber sensors to displace traditional
sensors for sensing applications has been enhanced, since component prices have fallen and
the component quality has been improved greatly.



1.1 Applications of Optical Fiber Sensors

Following the fast development of the optical fiber sensor technology in recent years, many
kinds of optical fiber sensors have been designed and developed to measure various pa-
rameters. To date, more than 70 different parameters could be measured or monitored
by optical fiber sensors, such as rotation, acceleration, electric and magnetic fields, tem-
perature, pressure, acoustics, vibration, strain, humidity, viscosity, refractive index, etc.
Optical fiber sensors have become more and more important, and in many industries, they
gradually become indispensable, such as in civil, medical and military applications.

1.1.1 Civil Applications

1 Pressure and
temperature (pT)

= Flow and phase
fraction

@ Seismic

== Distributed
temperature sensor

Seismic array

pT guage

Figure 1.1: Oil and gas reservoirs are drained using several wells from one topside facility.
The well heads can be located several kilometers from the platform below the sea. Based
on data provided by distributed flow sensors and pT gauges, the production from each
well and each zone within a well is controlled using downhole control valves. Reprinted by
permission from Macmillan Publishers Ltd: Nature Photonics, 2:147-149, copyright 2008.

First of all, optical fiber sensors have become very important tools in the oil and
gas industry, helping engineers not only locate and monitor the wells, but also extract
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the largest possible percentage of oil and gas out of them. Within oil or gas wells, the
environmental conditions are challenging with temperature over 100 °C and sometimes even
as high as 200 °C. The reliability of conventional electrical sensors decreases under such
harsh environment, and the electrical sensors may even increase the possibility of explosion
inside the oil or gas wells. The reason that optical fiber sensors could offer high reliability for
in-well applications is their passive nature. Today, most of the optical fiber sensors available
to the oil and gas industry are intrinsic, that is, the sensing element is the fiber itself and
the light does not have to exit and re-enter the fiber core. Hence, after the first optical fiber
sensor based on fiber coupled micro-machined silicon resonators was installed in an oil well
in 1993 for temperature and pressure measurement [3], many pressure, temperature, flow
and seismic sensors have been installed in reservoirs permanently over the past 20 years.
Such optical fiber sensors are widely used to map reservoirs, image and characterize the
geophysical properties of rock formations, and to monitor the processes separating oil, gas
and water.

Figure 1.2: The Airbus A380, the largest passenger aircraft in the world, uses composites
extensively. Airbus is actively investigating the use of fibre-optic sensors on the A380.
Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics, 2:153-154,
copyright 2008.

Secondly, optical fiber sensors could also find applications to check pipeline integrity,
to detect pipeline buckling [4], to detect wall-thinning defects [B] 6] [7], or pipeline leaks
[8]. Pipelines provide one of the safest and most reliable approaches for transportation
of gases and liquids; however pipeline failures would cost millions dollars loss and may
have a severe effect on surrounding environment. Hence, monitoring the integrity and
health of the pipelines is very important for pipeline industries all over the world. For
example, Italy researchers have shown that optical fiber sensors can be used to monitor
the structural integrity of a pipeline, and the deformations of the rock or soil surrounding
the pipeline [9]. They could measure the amount of pipeline dislocation and its direction
by measuring normal strain using stimulated Brillouin scattering along three longitudinal



directions running down the pipeline. Another research group in Canada has used a dis-
tributed fiber sensor to detect localized pipe-wall buckling in an energy pipe by measuring
the longitudinal and hoop strain distributions along the outer surface of the pipe [4]. They
also have used the similar technique to identify several inner wall cutouts in an end-capped
steel pipe by measuring the axial and hoop strain distributions along the outer surface of
the pipe [B]. Since the spatial resolution has already been achieved in centimeter range
along tens of kilometer measurement range [10, 11}, 12} [13], these technologies have already
penetrated into the market, and many distributed sensor systems have already been com-
mercialized, such as OZ Optics Ltd.’s Foresight™ series of fiber optic distributed strain
and temperature sensors (DSTS). They are expected to play a very important role in the
pipeline industries to save money for inspection and maintenance.

Figure 1.3: Optical sensors are being used to monitor the structural health of large compos-
ite structures such as turbine blades. Reprinted by permission from Macmillan Publishers
Ltd: Nature Photonics, 2:143, copyright 2008.

Thirdly, the health of some massive structures, such as aircrafts, wind-turbine blades,
bridges, dams, etc., needs to be monitored in a continuous manner to avoid some disaster
accidents. For example, researchers in Germany have tested optical fiber sensors based on
Bragg gratings in the tail of the new Airbus A340/600, and Airbus is actively investigating
the use of optical fiber sensors on the A380 [14]. Embedded into the structure of the
aircraft, optical fiber sensors which could measure strain offer the aerospace industry with
the opportunity to schedule inspection, service and retirement of the aircraft based on the
actual loads experienced by the structure. Another example where optical fiber sensors
are playing a valuable role is wind-turbine blade, since the wind turbines become larger



and larger which might bring many new engineering challenges. Optical fiber sensors could
provide an understanding of real-time loads and blade history that is very important to
both the manufacturers and wind-farm owners.

Moreover, optical fiber sensors could also find many other civil applications, such as an-
alyzing the impact of traffic on concrete slabs [15], detecting hydrogen leaks [16], intrusion

[17, 18], vibration [19, 20, 21], etc.

1.1.2 Medical Applications

Optical fiber sensors have a potential that they could be made with a miniature size, which
would help them be used in many medical applications, especially in the development of
minimally invasive surgical tools. Although the penetration into the medical market is

Figure 1.4: Thanks to their miniature size, optical-fibre sensors have real potential in
many medical applications, especially in the development of minimally invasive surgical
tools. Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics, 2:150-
152, copyright 2008.

slow because of high cost, an increasing number of medical procedures are benefiting from
the advantages that these tiny sensors can bring. An example of a medical application
is a miniature pressure sensor, which can be used in neurology for intracranial pressure
monitoring [22]. In addition, such optical fiber sensors which could measure strain and



temperature can be positioned at the tip of instrumented catheters to give useful feedback
in surgical procedures.

Although most high-volume medical applications for optical fiber sensors involve mea-
suring physical parameters, chemical sensing is also a growing market. For example, optical
fiber sensors that could detect dissolved oxygen and carbon dioxide or pH are now com-
mercially available. Moreover, since optical fiber sensors are immune to electromagnetic
interference, they are perfectly suitable for applications involving high electromagnetic
field, such as in magnetic resonance-imaging systems.

On the other hand, optical fiber biosensors are very attractive in medical applications,
by measuring absorbance, reflectance, fluorescence, etc., to sense a biological species of
interest [23]. For example, the simplest optical biosensors use absorbance measurements
to determine any changes in the concentration of analytes that absorb a given wavelength
of light. A fiber optic pH sensor [24] and a fiber optic oxygen sensor [25] have been
developed for use in medical applications. In addition, Piunno et al. [20], 27] reported
one of the first biosensors for direct analysis of DNA hybridization by use of an optical
fiber, and researchers in Virginia Institute and State University developed a microgap fiber
multicavity Fabry-Pérot sensor for biosensing [28].

1.1.3 Military Applications

Optical fiber sensors, which could provide rotational rate information precisely, have at-
tracted intensive research interests over more than 30 years. This kind of sensor has been
well-known as fiber optic gyroscope (FOG) [29]. The physical principle that explains the
operation of an FOG is known as Sagnac effect [30]. The FOG has been used for automobile
navigation as a heading sensor in Nissan’s luxury sedans since 1995 [31]. Commercial air-
craft attitude heading reference system is one of the earliest medium-performance FOGs
[32, 33]. Nowadays, they provide the dominant solution in many applications, such as
navigation, guidance, control, and stabilization of missiles, aircrafts, automobiles, attitude
heading and reference systems, robotics, satellites, etc.

Optical fiber hydrophone, which is an acoustic sensor using optical fiber as the sensing
element, is another kind of sensor which could be developed for military applications. The
development of optical fiber hydrophone started in the late 1970s [34], B5]. The United
States developed their fiber optic hydrophones used in the Navy ships for underwater ex-
ploration since 1990. The fiber optic hydrophones could also realize critical infrastructure
protection and littoral security missions demand by providing solutions for shallow water
antisubmarine warfare, harbor security and perimeter security applications. Besides the
military applications, optical fiber hydrophones could also be used for geophysical appli-
cations, such as seismic exploration for oil reservoirs.



1.2 Advantages of Optical Fiber Sensors

The advantages of optical fiber sensors are well known and have been widely extolled in
the research literature on the subject. The conventional electro-mechanical sensor systems
have been well established for a long time, and they have been proven to have reliability
records and reasonable manufacturing costs; therefore, fiber-based sensor systems have to
exhibit superior advantages in order to penetrate into the market to replace the existing
conventional sensors. The advantages which keep optical fiber sensors survival include elec-
tromagnetic interference immunity, high sensitivity, lightweight, small size, environmental
ruggedness, multiplexing and distributed capacities, etc.

1.2.1 Electromagnetic Interference Immunity

The optical fiber itself is usually made of glass or plastic material. Since most of fiber
sensing heads are the pure fiber with no electric circuits, the external electromagnetic dis-
turbance would not influence the way the light propagating inside optical fibers. In other
words, because the sensing information is carried by photons not electrons, optical fiber
sensors are intrinsically insensitive to electromagnetic interference. This feature offers an
superior advantage of the optical fiber sensors compared to their electronic counterparts.
For example, electrical, radiofrequency or microwave instruments can generate electromag-
netic interference in the medical operating environment. Optical fiber sensors working in
this environment could be made much smaller than the electrical sensors, since they do not
need to be shielded. The miniature size is probably one of the most important concerns in
the space-constrained and instrument-crowded medical environment.

1.2.2 High Sensitivity

Another advantage of optical fiber sensors is that they have high sensitivity. Since by
measuring the change of the light signal, such as the wavelength, phase, intensity, etc., it
is easy to achieve high sensitivity with optical fiber sensors. Usually, a small perturbation
of the surrounding environment would affect the physical properties of the optical fiber,
such as its refractive index, length, configuration, etc., then, these changes in turn, would
affect the condition under which the light propagates in fibers. Only a small variation of
the surrounding environment would result in a large change of the light signal by properly
designing the sensing head.



1.2.3 Lightweight, Small Size, Environmental Ruggedness

Optical fibers have the diameters on the order of millimeters, and are very lightweight.
This offers optical fiber sensors an advantage that they could be easily embedded into the
structures which need to be monitored. On the other hand, the glass is in general a very
stable material, so that optical fiber sensors could survive for the applications in the harsh
environment. For example, in oil well, the humility and high temperature condition would
not allow the long-time operation of the electrical devices. In addition, the optical fiber
sensor is passive in nature, which is much safer when long-time monitoring is needed in
the oil well, where electrical devices might result in a disaster explosion. For under water
application, optical fiber sensors are the best choices because of their stability in nature,
and do not need other sophisticated water-proof systems to shield the sensing head.

1.2.4 Multiplexing and Distributed Capacities

Optical fiber sensors have already appeared to have a distinct edge over the competition
with the conventional sensors, which attributes to their multiplexing and distributed ca-
pacities. An interesting application for health monitoring of the massive structures, such
as the dams, wind turbines, bridges, pipelines, etc., needs the sensors to have the ability
to continuously monitor the structures over long distance. In addition, the sensors need to
tell the location over which a strain has been accumulated or the position that has been
deformed. Optical fiber sensors are a good candidate for such applications. One solution
is to cascade point sensors to form a mesh, and then embed this point sensor web to the
structures to achieve the quasi-distributed sensing. An alternative solution is to use light
scattering (e.g., Brillouin scattering, Rayleigh scattering, etc.) in an optical fiber to realize
such applications. The main advantage of such distributed sensors is that they have sim-
ple sensing head (i.e., one long length fiber could act as the sensing head), and they could
achieve fully distributed sensing for the case that the positions which need to be monitored
are not known. To date, the spatial resolution of such sensors has been achieved down to
centimeter range, and the measurement range could be achieved up to tens of kilometers
which is sufficient for most of the applications.

1.3 Classifications of Optical Fiber Sensors

To date, a huge amount of optical fiber sensors have been successfully developed and find
their way toward the “real-world” applications. Basically, optical fiber sensors consist of
four major components: optical source, signal waveguide (e.g., optical fiber), sensing head,
and detector (see Fig. 1.5). Light propagates along an optical fiber passing through the
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Figure 1.5: Basic optical fiber sensor configuration consisting of optical source, optical
fiber, sensing head, and detector.

sensing head, where certain properties of the light wave would be modulated when the
sensing head is influenced by the external variations which need to be monitored. The
modulated light wave (containing the information) is then received by the detector, and
after the demodulation, the external varying parameters which need to be measured could
be obtained.

In general, optical fiber sensors are loosely grouped into two basic categories referred
to as extrinsic and intrinsic sensors. For extrinsic sensors, sensing takes place in a region
outside the fiber. Fig. 1.6 shows the case of an extrinsic optical fiber sensor. The optical
fiber leads up to a so-called “black box” which impresses information which needs to be
monitored onto the light beam in response to environmental effects. An optical fiber then

Black Box
Optical Fiber, l Optical Fiber
Optical Light Datector
Source Modulator

I

Environmental Signal

Figure 1.6: Extrinsic optical fiber sensors consisting of optical fiber that leads up to and
out of a “black box” that modulated the light beam passing through it under environment
change.

guides the light with the information impressed by the surrounding environment back to
detector [2]. Note that the “black box” usually contains other electrical or optical devices;
hence, the extrinsic sensors also refer to as hybrid optical fiber sensors.

For intrinsic sensors, one or more of the physical properties of the fiber undergo a
change under environment variation. In other words, the intrinsic optical fiber sensor uses
an optical fiber to carry the light beam, and the environmental effect impresses information
onto the light beam while it is in the optical fiber. The illustration is shown in Fig. 1.7.
The intrinsic optical fiber sensors could also refer to as all-fiber sensors.

However, there are many other classification methods for optical fiber sensors in order
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Figure 1.7: Intrinsic optical fiber sensors rely on the light beam propagating through the
optical fiber modulated by the environmental effect directly.

to be convenient to users, researchers, or engineers. Since there are a variety of kinds of
optical fiber sensors, it is hard to make a very comprehensive illustrations. The following
subsections only introduce some basic categorizations.

1.3.1 According to Application

According to different parameters the sensor could measure, or according to different ap-
plications, optical fiber sensors could be categorized as temperature sensors, strain sensors,
displacement sensors, current sensors, pressure sensors, vibration sensors, chemical sensors,
etc. This is a straightforward method to categorize fiber sensors. The users could find the
optical fiber sensors easily to meet their requirements. For most of the optical fiber sensor
manufactures, they advertise their sensor products according to applications in order to
become “user-friendly”.

1.3.2 According to Measurable Spatial Scope

Optical fiber sensors could also be categorized as point sensors, quasi-distributed sensors,
and fully distributed sensors. One advantage of optical fiber sensors is that they could be
made with a small size, and these point sensors could be used to measure the parameters of
certain points in the space. For example, in medical application, temperature and pressure
inside certain tissues are important information which needs to be monitored during the
surgery. Thanks to the miniature size of optical fiber sensors, they become more and more
important in such applications. Many optical fiber components could serve as point sensing
head, such as fiber Bragg gratings (FBGs) [30], optical fiber Fabry-Pérot interferometers
[37], multimode fiber interferometers [38], etc.

Quasi-distributed sensors are able to measure the parameters of many separate points
in the space simultaneously, by multiplexing the point sensors to form a sensing mesh.
For instance, if people are interested in certain points on some massive structures, or only
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some positions need to be monitored, by space division multiplexing FBGs, and placing the
FBGs on these positions, all the changes on these points could be monitored simultaneously.
This could be achieved because the sensing information is encoded directly into wavelength,
which is an absolute parameter. Many quasi-distributed sensing applications with FBG
arrays have already been reported, but with different demodulation technique, such as
using Fabry-Pérot filters [39, 40], acousto-optic filters [41], and FBG-based filters [42], etc.

However, for monitoring the health of some massive structures, the locations which need
to be monitored are usually not known. This requires the sensors to have the ability for
fully distributed sensing, by embedding the sensing fiber into the structure. Although point
sensors could realize quasi-distributed sensing, their localized nature only gives incomplete
information about the structure health. Hence, there is a need for a technique that detects
faults and assesses the severity of damage of the whole structure. Such a sensor must
perform fully distributed temperature and strain measurements over several meters to
tens of kilometers. Fully distributed fiber sensors, which are based on Rayleigh scattering
[43], Raman scattering [44], and Brillouin scattering [45], could realize this purpose. For
example, the technique based on Brillouin scattering called Brillouin Optical Time Domain
Analysis (BOTDA) shows very good feature to realize health monitoring of the massive
structures, and has already been commercialized.

1.3.3 According to Modulation Process

Light wave propagating along optical fiber could be characterized in terms of four factors,
which are intensity, phase, state of polarization, and wavelength (frequency). When the
surrounding environment has certain perturbation on the sensing head, at least one of the
four factors change according to the influence. By measuring the light signal variation, one
could obtain the useful information of the surrounding environment change. Therefore,
optical fiber sensors could be categorized according to the modulation process as intensity
modulation sensors, phase modulation sensors, polarization modulation sensors, as well as
wavelength modulation sensors.

1.3.4 According to Technology

Another easy way to categorize optical fiber sensors is according to different technolo-
gies, such as fiber grating sensors, fiber Fabry-Pérot interferometer sensors [37], high-
birefringence fiber loop mirror sensors [46], polarization-optical time domain refrectometry
(P-OTDR) sensors [17, 18], BOTDA sensors [15], [45], etc. Since there are so many tech-
nologies nowadays which could find perfect applications as optical fiber sensors, it is hard
to list them all. However, most of these technologies are well-known, so that only the
technologies which are closely related to this thesis will be presented in the next chapter.
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1.4 Thesis Content Summary

Chapter 1 is the introduction which gives an overview of the optical fiber sensors, including
the applications, the advantages, and the classifications.

In Chapter 2, some basic optical fiber sensor technologies are reviewed. Only the
technologies which are directly related the content of this thesis are discussed, such as
fiber grating sensors, multimode fiber sensors, high-birefringence fiber loop mirror sensors,
and the interrogation methods for FBG sensors. Since optical fiber sensors are usually
sensitive to several parameters simultaneously (e.g., temperature and strain), it is necessary
to develop method and scheme for multi-parameter discrimination. The method will be
introduced at the end of this chapter.

Chapter 3 discusses the detail experiments based on FBGs and multimode fibers achiev-
ing temperature and strain discrimination. Two schemes are introduced. The first one is
using an FBG cascaded with a section of multimode fiber. By measuring a pair of wave-
length shifts from the FBG and the multimode fiber interferometer with an optical spec-
trum analyzer, simultaneous measurement of strain and temperature could be achieved.
The performance is improved with an alternative scheme where multimode fiber interfer-
ometers are used as edge filters. By measuring a pair of power ratio changes instead of
the wavelength shifts, optical spectrum analyzers are not needed; therefore, the sensing
scheme is more cost-effective and has a higher operation speed.

Simultaneous measurement of strain and temperature with FBGs and high-birefringence
fiber loop mirrors (HBFLMs) are illustrated in Chapter 4. Three configurations are pre-
sented. The first one is to insert an FBG into an HBFLM. The second scheme is to space
division multiplex two HBFLMs as a sensing head. By measuring a pair of wavelength shifts
from the FBG and the HBFLM (the first scheme), or sequentially from two HBFLMs (the
second scheme) with an optical spectrum analyzer, simultaneous measurement of strain
and temperature could be achieved. The performance is improved with the third scheme,
where HBFLMs are used as edge filters. By measuring a pair of power ratio changes instead
of the wavelength shifts, optical spectrum analyzers are not needed.

In Chapter 5, a small core diameter multimode fiber based interferometer is proposed,
and its application in optical fiber sensors to measure temperature, lateral force (lateral
strain), longitudinal strain is discussed in detail. Four configurations are introduced. A
simple lateral force sensor is introduced first by measuring the extinction ratio change of
the interference spectrum. Then, we extend this sensing head to the simultaneous mea-
surement of lateral and longitudinal strain by monitoring the extinction ratio variation and
the spectrum shifts at the same time. The third scheme is to adopt the intensity-based
interrogation method for lateral force measurement without using an optical spectrum an-
alyzer. Finally, a high-temperature sensor with only 4-mm long sensing head is presented.
The measurement range could be achieved up to 600 °C with a high sensitivity.
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Chapter 6 presents a compact fiber sensor using a polarization-maintaining photonic
crystal fiber (PMPCF) to measure strain and refractive index. By slightly offsetting the
single-mode fiber core with respect to that of the PMPCF, interference spectrum could be
generated due to the coupling between the cladding and core modes. A 7-mm long sensing
head could be achieved for strain and refractive index measurement. The most interesting
feature of this kind of sensor is its temperature-insensitive property.

In the last chapter, Chapter 7, several schemes of passively Q-switched and mode-locked
erbium doped fiber lasers using single-walled carbon nanotubes as saturable absorbers are
presented. Although at a glance, the topic on optical fiber lasers is very different from
that on the optical fiber sensors, fiber lasers have the potential to be used as the sources
for the sensors. For instance, for distributed sensing, pulsed lasers are usually used as
the source. Since optical fiber lasers are very compatible with the fiber sensors, pulsed
fiber lasers would be a good choice. In addition, when study short pulse fiber lasers,
many nonlinear effects need be considered, and these effects also exist in designing high-
performance long distance distributed fiber sensor; therefore, this would, in turn, help
to develop better sensor systems. Finally, some future topics on fully distributed fiber
sensors will be discussed. All the work presented in Chapters 1-6 are focusing on point
sensors. However, fully distributed fiber sensors is an important branch of optical fiber
sensor family. A short review and the existing problems will be discussed; then the feasible
solutions will be presented for the future work.
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Chapter 2

Basic Optical Fiber Sensor
Technologies: Fiber Grating Sensors,
Fiber Interferometer Sensors, and
Measurands Discrimination

2.1 Fiber Grating Sensors

Fiber gratings are simple, intrinsic sensing elements which can be photo-inscribed into a
silica fiber. They have all the advantages normally attributed to optical fiber sensors. In
more detail, a periodic structure is written into the core of an optical fiber and this periodic
structure will reflect specific optical wavelength, which is dependent on the periodicity.
Vary the periodicity, vary the wavelength. Since this period depends upon environmental
temperature and externally applied strains and pressures, we have the basis for a simple
sensor (e.g., a fiber grating) which could be easily interrogated. In this section, the detailed
fabrication of the fiber grating will not be discussed, and interested readers could find more
details about this topic in Ref. [I], 2, [3, 4], 5] [6 [7]. Instead, the classifications of the fiber
gratings, the sensing principle as well as the interrogation methods will be introduced in
detail.

2.1.1 Classifications of Fiber Gratings

There are many different kinds of fiber gratings nowadays, and in general they could be
considered as two main categories, uniform and nonuniform gratings.
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I. Uniform Gratings

Uniform gratings refer to the periodicity of the grating is uniform along the axis of the fiber
core and the modulation depth of the refractive index is constant. Considering the length
of the grating pitch and the direction of the refractive index variation, usually there are
three kinds of uniform gratings: fiber Bragg gratings (FBGs), long-period fiber gratings
(LPGs), and tilted fiber Bragg gratings (TFBGs).

a) Fiber Bragg Gratings

O;) )00

Figure 2.1: Fiber Bragg grating: the variation of the refractive index in the fiber core is
uniform along the axis; the modulation depth of the refractive index is constant.

The periodicity of the FBG is usually on the order of 100 nm, and the modulation
depth of the refractive index is about 10 — 1073. The variation of the refractive index
is along the direction of fiber core axis, shown in Fig. 2.1. The operation principle could
be considered as a one-dimensional photonic crystal, which has a forbidden band where
electromagnetic wave with certain wavelength cannot exist. The wavelength bandwidth
depends on several parameters, particularly on the grating length, but typically is around
0.05 nm to 0.3 nm for most sensor applications. Besides serving as an optical fiber sensor
element, FBGs could also find applications in optical communications, such as wavelength
division multiplexing, add-drop multiplexers [8], etc. Detailed principles of FBGs are
discussed in the next subsection.

b) Long-Period Fiber Gratings

Oj) oo OO 0B O

Figure 2.2: Long-period fiber grating: the variation of the refractive index in the fiber core
is uniform and along the axis; the modulation depth of the refractive index is constant;
the periodicity is much longer than that of an FBG.

LPGs, which were first introduced in 1995 by Vengsarkar et al. [9], are different from
FBGs in terms of the length of the periodicity. A typical LPG has a period of about
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hundreds of micrometers (see Fig. 2.2), a length of about 1 — 3 c¢m, and index modulation
depth of 107* or greater [10]. Since the period is much longer than the operation wavelength
in the communication band, LPGs are not the reflection-type devices compared to FBGs.
The principle could be understood as that the LPG couples light out of the core and into
the cladding at specific wavelengths, depending on the grating pitch and refractive indices.
The light in the cladding quickly decays due to losses at the cladding/air interface, leaving a
series of loss bands or resonances in the guided mode; therefore, LPGs are transmission-type
devices. LPGs were initially developed for the use as band-rejection filters [I1], and have
been used for gain-flattening of erbium-doped fiber amplifiers [12]. Moreover, LPGs also
present unique opportunities as optical fiber sensors not long after their first development.
The resonance wavelength of the LPG depends on the index difference between the core
and the cladding, and hence any variation caused by strain, temperature, or changes in the
external refractive index can cause large wavelength shifts in the resonances [13], 14] [15].

c¢) Tilted Fiber Bragg Gratings

@) LD LT,

Figure 2.3: Tilted fiber Bragg grating: the variation direction of the refractive index has
an angel to the axis of the fiber core.

TFBGs have similar period length as that of the FBGs. However, the main difference
compared to LPGs and FBGs is that the variation direction of the refractive index has an
angle to the axis of the fiber core, shown in Fig. 2.3. The typical transmission spectrum
of the TFBG shows multiple resonances. The main dip corresponds to the so-called Bragg
resonance which results from the coupling between the co- and counter-propagating core
modes. The other resonances are due to the coupling between the core mode and counter-
propagating cladding modes of the fiber, since the tilted grating results in part of the light
reflected into the cladding. These cladding modes attenuate rapidly along the propagation
due to the loss in the cladding. Therefore these peaks are observable in the transmission
spectrum, but not in reflection. TFBGs could find applications in optical fiber sensors to
measure temperature, strain, bending, refractive index, vibration, etc. [16, [17, 18, 19].

II. Nonuniform Gratings

Nonuniform gratings refer to the periodicity of the grating is nonuniform along the axis of
the fiber core and the modulation depth of the refractive index does not need to be constant.
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Usually there are many kinds of nonuniform gratings, such as chirped fiber Bragg gratings,
superimposed multiple fiber Bragg gratings, and superstructure fiber Bragg gratings.

a) Chirped Fiber Bragg Gratings

Oj) )0J000)0)0)000

Figure 2.4: Chirped fiber Bragg grating: the variation of the refractive index in the fiber
core is nonuniform and has a linear decreasing variation of the grating period.

Chirped fiber Bragg gratings were originally designed for dispersion compensation in
high bit-rate telecommunication systems [20]. A chirp is achieved simply by varying the
grating period, the average index, or both along the length of the grating (see Fig. 2.4
for example). One method for making chirped gratings is to taper a fiber in the region of
the grating [21]. The decreasing core size decreases the effective refractive index along the
length of the taper, resulting in a chirp. Another method involves bonding an unchirped
grating to a substrate with a “soft glue” that allows a strain gradient to be formed along the
grating length through the differential shear strength of the glue [22]. Chirped fiber Bragg
gratings behave uniquely in the presence of strain and temperature fields. In principle,
such devices could be used to measure strain and temperature simultaneously by carefully
calibrating and measuring the grating spectrum shift and broadening simultaneously [23].

b) Superimposed Multiple Fiber Bragg Gratings

Superimposed multiple fiber Bragg gratings refer to several Bragg gratings inscribed at
the same location on an optical fiber [24]. This is of interest as a device in fiber commu-
nications, lasers and sensor systems, because multiple Bragg gratings at the same location
basically perform a comb function and this device is ideally suitable for multiplexing and
demultiplexing signals. After superimposing several Bragg gratings on an optical fiber at
the same location, the individual grating reflectivity would be reduced, and the Bragg
wavelength changes as well due to the variation of the effective refractive index. Although
the reflectivity of the individual grating is less that 70% after 7 gratings are superimposed
[24], all the gratings at the same location offer new opportunities in optical integrated
technology, where the issue of size is always a concern.

¢) Superstructure Fiber Bragg Graings

A superstructure fiber Bragg grating refers to a grating fiber structure fabricated with
a modulated exposure over the length of the gratings [25]. Therefore, the Bragg grating
superstructure has a periodically varying envelope of the refractive index modulation. The
reflection spectrum of such superstructure gratings shows a series of regularly spaced peaks,
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providing extra degrees of freedom which can be exploited in the design of grating based
devices. These superstructure gratings can be used as comb filters for signal processing,
and for increasing the tunability of the fiber laser-grating reflector.

For different applications, there are many other kinds of gratings, such as writing
gratings in multimode fibers, birefringent fibers [26], in the splice point of two different
fibers [27, 28], etc. It is hard to list all the fiber gratings; however, the principles of different
kinds of gratings are similar. In Section 2.1.2, the basic principle of the FBG is introduced,
so that the principles of other different kinds of fiber gratings could be understood.

2.1.2 Principle of Fiber Bragg Grating Sensor

In this thesis, only FBGs are used in the experiments. The principle of the FBG and its
applications in optical fiber sensors are introduced. Other kinds of the fiber gratings have
similar principles, which could be easily understood based on the context of this section.

The basic operation principle of an FBG sensor system is to monitor the shift in wave-
length of the reflected Bragg signal with the changes in the measurand. The Bragg wave-
length Ag, or resonance condition of a grating, is expressed as:

A = 2ncppA, (2.1)

where A is the grating periodicity and n.s; is the effective refractive index of the fiber
core. When such a device is illuminated by a broadband light source, a narrowband spectral
component at the Bragg wavelength is reflected by the grating. This spectral component is
missing in the transmitted light. The bandwidth of the reflected signal depends on several
parameters, particularly on the grating length, but typically is around 0.05 — 0.3 nm in
most sensor applications. Perturbation (e.g., external strain or temperature variation) of
the grating results in a shift in the Bragg wavelength of the grating which can be detected
in either the reflected or transmitted spectrum.

Most of the work on FBG sensors has been focusing on the use of these devices for
providing point sensing of strain or temperature. The temperature response arises due to
the inherent thermal expansion of the fiber material and the temperature dependence of
the refractive index. The strain response arises due to both the elongation of the sensor (or
corresponding fractional change in grating periodicity), and the change in the refractive
index of the fiber due to photoelastic effects. The shift of the Bragg wavelength with strain
and temperature can be expressed as (Appendix A)

Alp
AB

1 8neff
Nefs 8T

= {1 - (n;ff) [p12 — v(p11 +P12)]} e+ (o + VAT, (2.2)

18



where € is the applied strain; AT is the temperature change; the coefficients, p;;, are the
Pockel’s coefficients of the strain-optic tensor; v is Poisson’s ratio; and « is the coefficient
of thermal expansion of the fiber material (e.g., silica). The factor (nZ;;/2)[p12 — v(p11 +
p12)] has a numerical value of around 0.22. The measured strain response at constant
temperature is found to be [10]

1

E(S(?—EB =0.78 x 10 pue 1. (2.3)
As a rule of thumb, this responsivity gives the measurement of the Bragg wavelength shift
with strain of 1 nm per 1000 pe (micro-strain) at 1300 nm (e.g., one micro-strain equals
to one meter long fiber elongated by one micrometer). In silica fibers, the temperature
response is dominated by the term of dn.ss/0T, which accounts for almost 95% of the
observed wavelength shift. The normalized thermal responsivity at constant strain is

—— =06. 107°° . 2.4
gr = 067 x 107%°C (2.4)

A wavelength resolution of ~ 1 pm is required to resolve a temperature change of ~ 0.1
°C, or a strain change of 1 ue [10]. Although this wavelength resolution could be achieved
using laboratory instrumentation such as optical spectrum analyzers and tunable lasers, the
capability to resolve changes on this order using compact, packaged electro-optics devices
is not easy. This has been the focus of a large amount of research work in the grating
sensor field for demodulation of wavelength signal. There are many interrogation methods
developed, which will be introduced in Section 2.1.3.

Since the sensing information of the FBG is encoded directly into the wavelength,
which is an absolute parameter, the output does not depend directly on the total light
intensities, powers, losses in the connecting fibers and couplers, or source power. This is
widely acknowledged as one of key advantages of FBG sensors. The wavelength encoded
nature of the output also enables wavelength division multiplexing by allowing each FBG
sensor to be assigned to a different slice of the available source spectrum.

2.1.3 Fiber Bragg Grating Sensor Interrogation

Interrogators or demodulators in fiber grating sensor systems are the measurand-reading
units that extract measurand information from the light signals coming from the sensing
heads. As mentioned, the measurand is encoded spectrally for FBG sensors, and hence
the interrogators are usually meant to measure the Bragg wavelength shifts and convert
the results to measurand data. In the laboratory, when one is designing and developing
fiber grating sensors, optical spectrum analyzers are usually used in monitoring grating
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reflection or transmission spectra. However, optical spectrum analyzers are not practical
for “real-world” applications in the sensor systems, not only because of their high prices
but also due to their slow scanning speed which limits dynamic sensing.

To date, many interrogators have already been developed with both passive and active
detection schemes. In this section, several interrogation methods are reviewed.

I. Passive Detection Schemes

Passive detection scheme interrogators refer to those that do not use any electrical, mechan-
ical, or optical active devices. The simplest way to think about measuring the wavelength
shift of light reflected from an FBG without monitoring the spectrum is to use a linearly
wavelength-dependent optical filter. By monitoring the reflected light power change in-
stead of monitoring the spectrum shift, optical spectrum analyzers would be replaced in
the sensor system. Indeed, this method was one of the first proposed methods for the prac-
tical wavelength change interrogation system of FBG sensors. Fig. 2.5 shows the concept

FBG

Transmission

Z'B
Wavelength

Figure 2.5: Transmission of a linearly wavelength-dependent optical filter (edge filter)
interrogator. FBG refers to the spectrum of the light reflected by a sensor FBG.

of this wavelength interrogator for an FBG sensor. The light transmittance of the filter
is linearly dependent on wavelength. According to the linear response range, this type of
filter is sometimes called an edge filter (which has a narrow linear range with a sharp slope,
as a sharp edge of a bandpass filter) or a broadband filter (which has a wide range with
a less sharp slope, as a boundary of a broadband filter). There is a tradeoff between the
measurable range and the sensitivity.
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This wavelength-change interrogator is based on intensity measurement. Information
associated to wavelength variation is obtained by monitoring the intensity of the light beam
after passing the filter at the detector. Many interrogators discussed in this subsection are
based on the intensity measurement. For the intensity-based demodulators, the use of
intensity referencing is necessary because the light intensity might be changed not only
due to the reflection wavelength variation but also due to the power fluctuation of the
light source, the disturbance in the light-guiding path, or the intensity dependence of
light source on the wavelength. In other words, although the intensity-based measurement
has the advantage of having a simple and compact structure, it does not use the key
advantage of an FBG sensor: the fact that the information of the measurand is encoded
spectrally, but not in its intensity. Fig. 2.6 shows the schematic diagram of the FBG sensor

Circulator FBG Sensor

Broadband
e @ Hm—

Source 1 2

Coupler

18|14 eBp3

Detector Detector

Figure 2.6: FBG sensor configuration with an edge filter as an interogator.

system adopting the wavelength dependent optical filter demodulator with the intensity
referencing. The light reflected from the FBG is split into two paths; one of them passes
through the wavelength-dependent filter, while the other one is used as a reference. The
coupler has a K/ Ks splitting ratio, and the light split with a coupling ratio of K /(K;+K>)
is filtered. The linearized model of the filter function F'(\) (see Fig. 2.5) can be expressed

" FO) = SO — o), (2.5)

where S is a constant determined by the slope of the filter and F'()) is equal to zero at Ag.
If we assume the narrow band reflected Bragg peak of the FBG has a Gaussian function
of spectral width A\ (at 1/e-intensity point) and the Bragg wavelength is Ag, the output
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intensity of the filtered Ig and reference Ir beams could be expressed as (Appendix B)

K \/_ A)\
Ie =1, — 2.
and K,
In= LR—22 VT Ay (2.7)

Ki+ K, 4

respectively, where I is the intensity of the light incident on the FBG and R is the
reflectivity of the FBG at Bragg wavelength. The intensity ratio at the two detectors is
then given by [29]

1 K AN

i = S?:(AB — X+ m). (2.8)
Equation (2.8) is linearly dependent on the Bragg wavelength change but independent of
light intensity variation due to the source fluctuations, etc. That is because the intensity
variations are cancelled out by comparing the signal I with the reference Iz. Therefore, by
measuring the power ratio change instead of the wavelength change, FBG spectral signal
could be interrogated without using optical spectrum analyzers.

There are many kinds of edge filters that could be used for this intensity-based interro-
gation method. From the previous discussion, it is obvious that as long as the transmission
spectrum of the filter has a linear region, it could be used as an edge filter for FBG sensor
interrogation. Such filters could be wavelength division multiplexing couplers [30], biconi-
cal fiber filters [31], polarization-maintaining fiber loop mirror filters [32], etc., all of which
have been developed for interrogating the FBG sensor systems.

Besides the edge filter based interrogation technique, many other passive detection
schemes have already been reported. For example, Fallon et al. used an identical chirped
grating pair with a quasi-square reflection spectrum to measure strain applied on one of
the chirped grating (the sensing grating) [33]. When a strain is applied to the sensing
grating, the received power increases due to the mismatch of the reflection spectra of the
two gratings. This scheme can be extended to a multiplexing scheme [34], where multiple
sensors are arranged in a serial or parallel or a combination of both. Another example
is to use charge-coupled devices (CCDs) as interrogators. This technique is very suitable
for multi-point fiber grating sensors. Light from FBGs incidents on a fixed diffractive
element such as a finely ruled diffraction grating and then is focussed to a CCD. For a
light incident to the diffraction grating, the diffraction angle is dependent on the light
wavelength; therefore, lights with different wavelengths would illuminate different areas of
pixels of the CCD [10), 35, [36].
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II. Active Detection Schemes

Active detection scheme interrogators usually require more complex systems compared to
the passive ones involving tracking, scanning, or modulating mechanisms to monitor Bragg
wavelength shifts from single or multiple FBGs; however, the active schemes show better
resolution, such as a Fourier transform spectrometer interrogator with a wavelength shift
resolution of 15 pm [37] or even 5 pm [38], tunable Fabry-Pérot filter interrogator with a
resolution of 1 pm [39], acousto-optic tunable filter interrogator [40], matched fiber Bragg
grating pair interrogator [41], Mach-Zehnder interferometer interrogator [42], etc. Many
other schemes have also been reported; however, since active demodulation technique is
rather complex and only passive schemes would be used in this thesis, details of the active
schemes will not be discussed. The theories and the applications for active detection
schemes could be found in Ref. [43].

2.2 Fiber Interferometer Sensors

There are many kinds of fiber interferometers nowadays, such as Fabry-Pérot interferome-
ters, Mach-Zehndner interferometers, etc., and many of them have already found applica-
tions in optical fiber sensors. Since the interfering spectra are usually directly related to
the length of the optical path, these sensors have high sensitivity to many external pertur-
bations, such as temperature, strain, pressure, etc. which could vary the optical path. In
this section, several simple and basic interferometer sensors are introduced.

2.2.1 Fabry-Pérot Interferometer Sensors

The Fabry-Pérot interferometer (FPI), sometimes also called the Fabry-Pérot etalon, con-
sists of two mirrors of reflectance R; and R, separated by a cavity of length L containing
a medium of refractive index n. After its invention in the late 19th century [44], the bulk-
optics version of the FPI has been widely used for high-resolution spectroscopy. In the
early 1980s, the first results on fiber-optic versions of the FPI were reported. In the late
1980s, fiber FPIs began to be applied to sense temperature, strain, and ultrasonic pressure
in composite materials. Fiber FPIs are extremely sensitive to perturbations that affect the
optical path length between the two mirrors. The sensing region can be very compact.
Mathematical analysis developed decades ago for the bulk FPI also applies to the fiber-
optic versions of interest here. The individual mirrors in the FPI can be characterized by
transmissions T; and reflectivities R;, such that T; + R; = 1 (i = 1,2). The excess loss,
which corresponds to the portion of the incident power absorbed or scattered out of the
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Figure 2.7: Fabry-Pérot interferometer, with P;, P,, and P, the incident, reflected, and
transmitted optical power, respectively.
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Figure 2.8: Typical Fabry-Pérot interferometer reflection spectrum.

beam by the mirror is neglected. The FPI reflectivity Rrpp; and transmission Trp; are
found to be [45] (Appendix C)

Rl + R2 — 2\/ RlRQ COS(2¢)
1+ RiRy — 2¢/ Ry Ry cos(29) ’

(2.9)

RFPI =

and
e

" 1+ RiRy — 2R Ra co8(20)

where Rpp; represents the ratio of the power reflected by the FPI to the incident power;
Trpr is the ratio of the transmitted power to the incident power; and 2¢, the round-trip

(2.10)

TFPI
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propagation phase shift in the interferometer, is given by

_47rnL
=

2¢ (2.11)
with n the refractive index in the region between the mirrors and A the free-space optical
wavelength.

The typical reflection spectrum of the FPI is shown in Fig. 2.8. From Eq. (2.11), the
phase is directly related to the refractive index n and length L. When the surrounding
environment varies, the refractive index and the length changes, the phase will change, and
the spectrum will shift. By monitoring the shift of the spectrum, fiber FPI could be used
as an optical fiber sensor.

2.2.2 Fiber Mach-Zehnder Interferometer Sensors

The Mach-Zehnder interferometer (MZI) is a device used to determine the relative phase
shift between two collimated beams from a coherent light source. The interferometer has
been used, among other things, to measure small phase shifts in one of the two beams
caused by a small sample or the change in length of one of the paths. They could be used
as wavelength-dependent multiplexers [46] as well as optical fiber sensors. For the fiber

L+ AL
3-dB Coupler 3-dB Coupler

£

Figure 2.9: Configuration of a basic Mach-Zehnder interferometer, which consists of two
3-dB couplers, two arms with different length.

MZI, the principle is the same as bulk-optics based MZI. Fig. 2.9 illustrates an individual
fiber MZI. This MZI consists of three stages, an initial 3-dB directional coupler which splits
the input signals, a central section where one of the fiber lengths is longer by AL than the
other to give a wavelength dependent phase shift between the two arms, and another 3-dB
coupler which recombines the signals at the output. In the central region, when the signals
in the two arms come from the same light source, the outputs from these two guides have
a phase difference A¢ given by

2mn, 2mNng

Ap = ) (L+AL) —

L. (2.12)
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Note that this phase difference can arise either from a different path length (given by
AL) or through a refractive index difference if ny # ny. Here, we take both arms to have
the same index and let ny = ny = n (e.g., the same optical fiber for the two paths). Then

we can write Eq. (2.12) as
2mn

The typical transmission spectrum of an MZI is shown in Fig. 2.10. From Eq. (2.13), we
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Figure 2.10: Typical transmission spectrum of an Mach-Zehnder interferometer.

see that it is very similar to the case of the fiber FPI for sensing application. As long as the
environment change modifies the refractive index or the length of the fiber, the phase will
change, so does the spectrum. By monitoring the spectrum shift, it is feasible to obtain
the environmental change information.

2.2.3 Multimode Fiber Interferometer Sensors

Recently, all-fiber MZI sensors based on mode interference have increasingly aroused re-
search interests because they are compact and easy to fabricate [47, 48], [49], 50, 511, [52] 53].
Multimode fiber (MMF') interferometer is one kind of fiber MZI. The sensor configuration
is shown in Fig. 2.11: a section of MMF is sandwiched between two single-mode fibers
(SMFs). The fundamental mode that propagates along the SMF will couple into the MMF.
When the light couples into the MMF, many modes are excited, each of which has a differ-
ent propagation constant. When they recouple back into the SMF after passing through
a section of MMF, the modes interfere, since each mode has experienced a different phase
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Figure 2.11: Schematic of all-fiber multimode fiber interferometer. SMF: single-mode fiber;
MMEF': multimode fiber; OSA: optical spectrum analyzer.

shift (This could be considered as the case of MZI because different modes have passed
different lengths of optical path due to the different propagation constants). If only two
dominant modes (LPg; and LPgy) are excited, the resultant interference fringe pattern is
approximately sinusoidal with a uniform extinction ratio determined by the ratio of the
intensities in the two modes (e.g., the best mode operation is to launch equal power in
the two modes). If other higher-order modes are excited, the interference fringe pattern
will be modulated by their presence, shown in Fig. 2.12. In MMFs, most of the power
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7L i
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Figure 2.12: Typical transmission spectrum of a multimode fiber interferometer.

will be dominantly distributed in the lowest-order mode while only a small portion power
propagates in the higher-order modes. Therefore, it is reasonable to consider only two
lowest-order modes; then, the measured intensity of the MMF interferometer is given by

2w AnL

]:Il—I—IQ—f-Q\/ IllgCOS( ), (214)

where I; and I, are the intensities distributed in the first and the second-order modes,
respectively; I is the measured intensity; L is the length of the MMF; X is the light
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wavelength in vacuum; An = ny — nq, and ny; and ny are the mode indices. Therefore, a
section of MMF sandwiched between two SMFs serves as an MZI and can be used as a
sensor. The free spectral range (F'SR) of the interfering spectrum is given by Eq. (2.14)
as FSR ~ \?/(AnL).

When a strain is applied to the MMFs or ambient temperature changes, the mode
indices and the fiber length will change, and thus the transmission peaks will shift. When
the phase in Eq. (2.14) equals 2Nx, (N = 1,2,3,...) for a wavelength, the transmission
reaches its peak value at this wavelength as

A= AnL/N. (2.15)
By differentiating Eq. (2.15), we have (Appendix D)

AN [ 0dn 1oL
AN |An OT LoT

! a(A”)] e, (2.16)

] AT + {1 + An e
where, ¢ = AL/L indicates the applied strain. Eq. (2.16) is very similar to the expression
that describes the Bragg wavelength shift of an FBG with respect to the temperature
and applied strain. Both the changes of the strain and temperature contribute to the
wavelength shifts. By monitoring the wavelength shifts of the spectrum, it is feasible to
use the MMF based interferometer as an optical fiber sensor.

2.2.4 High-Birefringence Fiber Loop Mirror Interferometer Sen-
sors

Fiber loop mirror (FLM) is a very attractive device for use in optical fiber communications
or for use as an optical fiber sensor [54]. A high-birefringence fiber loop mirror (HBFLM) is
a specific fiber loop mirror which is usually formed by a 3-dB optical coupler, a polarization
controller, and a section of high-birefringence fiber (HBF), as shown in Fig. 2.13. The
HBFLM acts like a bandpass filter for the input signal. The input light is split into
two beams propagating clockwisely and counterclockwisely by means of the 3-dB coupler.
Each of the resultant beams is decomposed into two beams after it travels through the
HBF. The polarization controller changes the polarization states of both the clockwise
and counterclockwise beams. The counterpropagating beams recombine at the coupler
and exhibit interference due to the phase difference experienced in the HBF for different
polarization components. The transmission spectrum of the HBFLM is approximately a
periodic function of the inverse wavelength as follows (Appendix E)

T(\) = [sin(6; + 62) cos (%)]2, (2.17)
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Figure 2.13: Schematic of a high-birefringence fiber loop mirror; PC: polarization con-
troller; OSA: optical spectrum analyzer; OC: optical coupler; HBF: high-birefringence
fiber.

where #; and 6y are the angles between the light at both ends of the HBF and the fast
or slow axis of the HBF, respectively; and B, L and \ are the birefringence, the length
of HBF and the operation wavelength, respectively. Thus, the HBFLM characteristic is
similar to an MZI and can be used as a sensor. The F'SR of the HBFLM filter interference
spectrum can be given by Eq. (2.17) as:

)\2
FSR~ —. 2.18
BI (2.18)
The transmission spectrum of the HBFLM is shown in Fig. 2.14. When a strain applied
on the HBF or there is a temperature change, the spectrum of the HBFLM would shift.
Hence, the HBFLM could be used as an optical fiber sensor.

2.3 Measurands Discrimination

In general, optical fiber sensing elements are sensitive to two or many parameters simultane-
ously, which could be confirmed by the discussion in the last two sections. Two-parameter
or multi-parameter measurement is an important topic in optical fiber sensing field, not
only because it could in general minimize the complexity, size, and cost of the sensing sys-
tems, but also because it could perform multi-parameter discrimination in situations where
cross-sensitivity is a crucial issue. For example, the measurement of slowly varying strain
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Figure 2.14: Typical transmission spectrum of a high-birefringence fiber loop mirror.

is an important application of optical fiber sensors, but such measurement is very often
severely influenced by the surrounding temperature variation. Hence, measuring these two
parameters simultaneously ia very necessary. The simplest way of discriminating strain and
temperature is to use two separated sensing elements. The first element is isolated from
strain. Provided the two sensing elements are under the same temperature, the output
from the first sensor can be used to obtain an actual strain value which excludes the tem-
perature influence from the second one. However, when sensors must be embedded with
minimum intrusion on the measurement structure, the use of a second sensing element is
not a good choice. In these cases, strain and temperature discrimination (or sets of other
measurands) must be realized by a single sensing element with a compact configuration.

The reason of measurands cross-sensitivity could be understood easily. As examples,
from the discussion in the last two sections, all the equations indicating the spectrum or
phase shift is related to both the temperature and strain variation simultaneously. Simi-
larly, other environment perturbations would also result in the spectrum change. To date,
many sensor configurations have already been developed for different parameter discrim-
ination. The first sensing head reported for the simultaneous measurement of strain and
temperature was demonstrated by Xu et al. in 1994 [55] 56]. They used two superimposed
FBGs operating at two different wavelengths for temperature and strain discrimination,
since the two Bragg wavelengths have slightly different sensitivities with respect to tem-
perature and strain respectively. Later on, similar idea has been adopted by many other
groups around the world, and a large mount of work has been reported on this topic. For
example, different schemes have been developed for temperature and strain discrimination
[27, 28], 57, 58], 59, [60], displacement and temperature discrimination [61), 62, [63], 64 65, [66],
pressure and temperature discrimination [67, 68 [69], strain and curvature discrimination

30



[70], etc.

The principle of this idea that allows simultaneous measurement of two parameters is
that the two characteristics of the sensing head structure that change differently under
the action of the measurands. If this is the case, it is always possible to write down two
independent equations that permit explicit solutions of the actual value of each measurands.
This idea could be easily applied to the case that more than two parameters need to be
measured. In the following text, the detailed theoretical analysis for the recovery of strain
and temperature is given. The applications for other cases could be easily extended from
the discussion below.

To recover temperature and strain variations from a single sensing fiber, measurements
are made on two parameters at the same time. The parameters that can be measured, 6,
and 0y, usually assumed to be related to the desired measurands (e.g., temperature and
strain) through a linear transform represented in matrix format as:

0 =KV, (2.19)
where
o= { 01 } , (2.20)
6
and
v { AT ] , (2.21)
€
and
KTl Kal
K= ) 2.22
{ Kry Ko } (222)

K is usually referred to as the transfer matrix from ¥ to © or the characteristic matrix of
the sensor. If the determinant of K, D

D =Kp K. — KoK, (2.23)
is not equal to zero, Eq. (2.19) could be inverted and AT and € could be calculated as
v =K"'e. (2.24)
In the above equation, K ! represents the inverse of matrix K and can be written as

1 [ Ka2 _K51:|

K==
_KTQ KTI

5 (2.25)

The recovery of temperature and strain is influenced by a range of errors that include the
precision with which © can be determined and any errors presented in the estimation of
the elements of the matrix K (usually determined from calibration experiments).
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For given measurement errors,d (f;) and 0 (63), the tolerance of the measured strain
and temperature change are given by:

{ J (AT) } — abs (K) { 0 (61) } (2.26)

The measurement errors of #’s are determined by the resolution of equipment and the
measurement bandwidth, which is true for all optical sensing applications. Large absolute
value of the coefficient matrix determinant D is usually desirable for high-resolution mea-
surement. By properly designing the sensing head, it is feasible to achieve temperature
and strain discrimination with high resolution. With this basic principle, the next problem
is to design the sensing head with two characteristics that change differently under the
action of the measurands. The next two chapters will present several novel configurations
which could realize temperature and strain discrimination with this idea.
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Chapter 3

Simultaneous Measurement of Strain
and Temperature with Fiber Bragg
Grating and Multimode Fibers

3.1 Introduction

There has been considerable interest in developing methods which enable optical fibers to
measure strain and temperature simultaneously [1l, 2l Bl 4, 5] 6] [7, 8, © 10, 11, 12, 13].
These optical fiber sensors are usually made by detecting two physical parameters which
have different sensitivities to temperature and strain. Fiber Bragg gratings (FBGs) have
been of great interest in optical sensing technology in recent years because they are small,
cost-effective, easy to manufacture, and their optical spectra have good linear responses
with respect to variations of temperature and strain. Many techniques based on FBGs
have been reported for simultaneous strain and temperature discrimination, such as using
two superimposed FBGs [3], 4], two resolvable wavelengths in a tilted FBG [5], two FBGs
written in fibers of different diameters [6] or compositions [7], and a single FBG written
across a splice point between fibers of different refractive index [§] or between fibers with
different levels of doping elements [9]. Alternatively, the measurement from an FBG may
be combined with that of a different sensing technique, such as using hybrid FBG/long-
period fiber grating (LPG) [10], superstructure FBG [11], a sampled FBG combined with
an LPG [12], and an FBG combined with a polarization-maintaining fiber loop mirror [I3].
Many other techniques can also be found in the review article [14] on this topic.

On the other hand, all fiber Mach-Zehnder interferometer (MZI) sensors based on mode
interference have increasingly aroused research interests in the past several years, because
they are compact and easy to fabricate. For example, Wang and Farrell proposed an all-
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fiber multi-mode-interference-based refractometer for chemical sensing [15], Mehta et al.
investigated multi-mode interference-based MZIs for displacement sensors [16], and Frazao
et al. demonstrated a curvature sensor based on multimode interference combined with
an LPG [I7]. Temperature and strain sensors were also widely studied based on all-fiber
MZIs, but employing different multi-mode fibers (MMFs) [18, 19, 20, 21]. Since MMF has
different strain and temperature sensitivity responses from those of the FBG, it is feasible
to realize simultaneous measurement of the strain and temperature variations based on
their combination.

In the second section of this chapter, an all-fiber sensor is presented for simultaneous
strain and temperature discrimination using an FBG combined with a section of MMF as
a sensing head. The MMF acts as an MZI and the interference fringes are sensitive to the
applied strain and ambient temperature. By measuring the resonance wavelength shifts of
the MMF and the FBG, the applied strain and temperature changes can be determined
simultaneously. The sensor resolution depends not only on the sensitivities of the individual
sensing heads but also on their combination. Three kinds of MMF's and two FBGs are used
in the experiment, and the sensitivity performances of three combinations are investigated.
The experimental results show that the strain and temperature coefficients of the MMF
are very different for different fiber core sizes and materials, and high resolution could
be achieved by selecting a suitable combination of the MMF and FBG. This feature may
provide a new approach to optimize the sensor resolution.

However, the scheme that an FBG is cascaded with a section of MMF has to use an
optical spectrum analyzer (OSA) [22] to monitor the spectrum shift. Since OSAs are very
expensive and have slow scanning speed, there is considerable interest in developing inter-
rogation methods for FBG sensors, whose measurand information is encoded spectrally, by
monitoring the change of parameters other than the resonance wavelength shifts. Many
passive detection interrogators involving no tracking, scanning, or modulating mechanisms
have been reported, such as using linearly wavelength-dependent devices [23, 24], 25| 26],
identical chirped grating pairs [27], and charge-coupled device (CCD) spectrometers [28].
For active detection schemes which require more complex systems compared to the passive
ones, Fabry-Pérot filter interrogators [29], fiber Fourier transform spectrometer interroga-
tors [30], and many other techniques have also been demonstrated. The most cost-effective
method among both the passive and active schemes is to develop an intensity-based inter-
rogation system using a linearly wavelength-dependent optical filter. Sensor systems that
adopt this type of demodulator have been commercialized.

In the third section of this chapter, an improved configuration suitable for simultaneous
strain and temperature measurement using an FBG combined with two sections of MMF's
based on this intensity-based interrogation technique is demonstrated. The two sections
of MMF's act as edge filters with one of them dependent on temperature change. By
measuring power changes instead of spectrum shifts, simultaneous temperature and strain
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measurement can be achieved at a lower cost and higher speed compared to the scheme
in Section 3.2. In addition, compared to Refs. [23] 24 25 26] where an infrared high-pass
filter, a wavelength-division-multiplexing coupler, a biconical fiber filter, and a polarization-
maintaining fiber loop mirror filter are used, the MMF filter is easier to make and more
cost-effective.

3.2 FBG Cascades with MMF

An all-fiber sensor capable of simultaneous measurement of temperature and strain is
presented. The sensing head is formed by an FBG combined with a section of MMF' that
acts as an MZI for temperature and strain discrimination. The strain and temperature
coefficients of the MMF's vary with the core sizes and materials. This feature can be used
to improve the strain and temperature resolution by suitably choosing the MMF. However,
in order to extract the information from the sensing head, an optical spectrum analyzer
has to be used, which makes the system expensive and have a slow scanning speed. In
Section 3.3, an improved design will eliminate these drawbacks by measuring the optical
power changes instead of monitoring the spectrum shifts.

3.2.1 Experiment Setup

Single Mode Fiber Fiber Bragg Grating Multi-Mode Fiber Single Mode Fiber

Optical Optical
Broadband Spectrum
Source Analyzer

L} Heating Tube Translation Stage «——

Figure 3.1: Experiment setup: an FBG cascaded with a section of MMF for strain and
temperature discrimination.

As shown in Fig. 3.1, the FBG and MMF are spliced to form an all-fiber transmission-
type sensor. The FBG is written in SMF-28. The section of MMF acts as an MZI. The
proposed scheme is actually a special filter with an FBG followed by an all-fiber MZI. The
fundamental mode that propagates along the single-mode fiber (SMF') will couple into the
MMF at splice point A, and the power will be dominantly distributed in the lowest-order
mode, while only a small portion of power propagates in the higher-order modes. The
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different modes will interfere and recouple into the SMF at splice point B. When only the
first two lowest-order modes are considered, the measured intensity is given by

2w AnL

I'=1+ Iy +2+/ 1115 cos( ) (3.1)
where I; and I are the intensities distributed in the first and the second-order modes,
respectively; I is the measured intensity; L is the length of the MMF; X is the light
wavelength in vacuum; An = ny—ny, and n; and ny are the mode indices. The free spectral
range (F'SR) of the interfering spectrum is given by Eq. (3.1) as FSR ~ \?/(AnL).

When a strain is applied to the MMF or ambient temperature changes, the mode
indices and the fiber length will change, and thus the transmission peaks will shift. When
the phase in Eq. (3.1) equals 2N7, (N = 1,2,3,...) for a wavelength, the transmission
reaches its peak value at this wavelength as

A= AnL/N. (3.2)

By differentiating Eq. (3.2), we have

1 8(An)] - (3.3)

AN 1 9(An) 10L
N\ Anar +58_T}AT+[1+A_77, 7

where, ¢ = AL/L indicates the applied strain. Eq. (3.3) is very similar to the expression
that describes the resonance shift of FBGs with respect to the temperature and applied
strain [I1]. Both the changes of the strain and temperature contribute to the wavelength
shifts. If the sensitivities of the temperature and strain of the MMF are different from
those of the FBG, simultaneous measurement of temperature and strain can be achieved
using this simple scheme.

Next, we consider the case that a strain is applied to both the MMF and FBG or an
ambient temperature of both the MMF and FBG changes. Then, the mode indices, the
fiber length and the grating pitch will change; therefore, the resonance wavelengths will
shift. The shifts of the resonance wavelengths for the FBG and MMF can be expressed as:

{A)\FBG }:{ arsa (rsa He } (3.4)

AXvimr aymr CMMF AT

where AArppg and Ay r are FBG and MMF wavelength shifts; ¢ and AT are applied
strain and ambient temperature change, respectively; and arpa, (rFea, Oymr, and Cyyr
are the corresponding strain and temperature coefficients that can be determined by ex-

periment. The applied strain and the temperature changes can then be simultaneously
obtained from Eq. (3.4):
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{ y ] =M { Adrpa ] , (3.5)

where
M—l — i [ CMMF _CFBG :| : (36)
D —QpMMF OFBG

with D = appaCumr — avmrCrpaa, the determinant of the coefficient matrix. For given
wavelength measurement errors, 0 (AArpg) and 6 (AXyar), the tolerance of the measured
strain and temperature are given by:

38 | -mor [38) ] o

The wavelength measurement errors are determined by the resolution of the OSA and
the bandwidth of the FBG and MMF resonance, which is true for all optical sensing ap-
plications. A large absolute value of the coefficient matrix determinant is usually desirable
for high-resolution measurement. Fortunately, we found that the strain and temperature
coefficients of the MMF's could vary over a large range with the core sizes and materials.
This may provide us a very easy and cost-effective approach to improve the sensing resolu-
tions for simultaneous strain and temperature measurements by choosing the MMF with
proper strain and temperature coefficients.

3.2.2 Experiment Results and Discussion

As shown in Fig. 3.1, the experiment setup consists of an optical broadband source, an
FBG, a section of MMF and SMF, and an OSA with a resolution of 0.06 nm. The sensing
head is placed in a copper tube with a diameter of 1.5 ¢cm, which is wrapped by a heating
tape to control the ambient temperature change surrounding the sensing head. A digital
thermometer is inserted inside the heating tube (through a very small aperature) to monitor
the temperature. One side of the fiber is attached to a translation stage with a resolution
of 10 um to control the applied strain. Three different kinds of MMFs, MMF;(i = 1,2, 3)
and two FBGs, FBG,(j = 1,2) are used in our experiment. All three of these MMFs
and the two FBGs are commercially available. Table 3.1 lists the standard parameters
and lengths of the MMF's used in our experiment as well as the wavelength spacing of
the resultant interference spectrum. Note that MMF}5 is originally designed for dispersion
compensation applications, with a large dispersion parameter of —270 ps/nm/km at 1550
nm and a cutoff wavelength of 1663 nm. Table 3.2 lists the center wavelengths, reflectivity,
and optical bandwidths of the FBGs.
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Table 3.1: Typical parameters and segment lengths of MMF's used in the experiment and
wavelength spacing of the resultant interference spectrum

Fiber Type Numerical Core/Cladding  Length Wavelength Company
Aperature  Diameter (um)  (m) Spacing (nm)
MMF, 0.29 100/140 1.4 6.4 POFC
MMF, 0.275 62.5/125 1.4 6.8 POFC
MMF; 0.342 1.9/115.7 0.24 0.5 Sumitomo
Electric

Table 3.2: Center wavelength, reflectivity and optical bandwidth of the FBGs used in the
experiment

FBG Center wavelength (nm) Reflectivity Optical bandwidth (nm)

FBG, 1560.05 84.5% 0.21
FBG, 1560.03 63.1% 0.17

Three different combinations, Scheme; (FBG; combined with MMF), Scheme, (FBG,
combined with MMF5), and Schemes (FBG; combined with MMF3) are studied. Figs. 3.2-
3.4 show the transmission spectra of Scheme;, Scheme, and Schemejs, respectively, carrying
the spectral responses from both the FBG and MMF',| which together can be used as sensing
head for temperature and strain discrimination. The length of each MMF, MMF;, MMF,
and MMF3, is approximately 1.4 m, 1.4 m and 24 cm, resulting in the wavelength spacing
6.4 nm, 6.8 nm and 0.5 nm, respectively. The interfering visibility is determined by the
ratio of the intensities of the two interfering modes; when I,/(I; + I5) = 1%, 7% and
15.2%, the extinction ratio is approximately 2 dB, 5 dB and 8 dB, respectively. In Fig.
3.4, we optimize the extinction ratio from 2 dB to 8 dB, by slightly offsetting the center
of the core of SMF with respect to that of the MMF3 at point A, but without offsetting
at point B, in order to obtain two modes with similar amounts of power to interfere with
each other [9]. However, this introduces significant loss to the transmission about 6 dB.
Further improvement of the extinction ratio may be obtained by offsetting both ends, but
with the compromise of the insertion loss.

The applied strain and ambient temperature changes can be determined by measuring
the resonance wavelength shifts of the FBG and MMF. To determine the strain and tem-
perature coefficients, strain and temperature changes are applied to the fiber separately.
We first measure the strain responses of the FBG and MMF by measuring the wavelength
shifts as a function of the applied strain under the room temperature of 22 °C, as shown in
Figs. 3.5-3.7. Figs. 3.8-3.10 show the wavelength shifts of the FBG and MMF with respect
to temperature changes when the tube is heated from 22 °C to 90 °C under zero strain.
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Figure 3.2: Transmission spectrum shows that the FBG; spectrum is superimposed on
that of the MMF;.
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Figure 3.3: Transmission spectrum shows that the FBG, spectrum is superimposed on
that of the MMF5.
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Figure 3.4: Transmission spectrum shows that the FBG; spectrum is superimposed on
that of the MMFs;.
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Figure 3.5: Wavelength shifts as a function of applied strain for FBG; combined with
MMF;.
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Figure 3.6: Wavelength shifts as a function of applied strain for FBGs combined with
MMF,.
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Figure 3.7: Wavelength shifts as a function of applied strain for FBG; combined with
MMFs5.
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Figure 3.8: Wavelength shifts as a function of ambient temperature for FBG; combined
with MMF,.

The slopes of the curves in each of Figs. 3.5-3.10 are used to extract the values of the
a’s and (’s shown inside the figure frames. It can be seen that the measured wavelength
shifts have a good linear behavior with variations in strain and temperature. Note that
the strain and temperature coefficients of the MMF's are very different: there are all blue
shifts for the strain responses (i.e. negative slopes), while there are one redshift and two
blueshifts for the temprature responses. Both the spectra of FBGs and MMFs are almost
linearly shifted with temperature and strain, respectively, over the measurement ranges,
which makes it reasonable to omit the contribution of the cross-sensitivity.

For given measurement errors of wavelength shifts, the strain and temperature errors
are given in Eq. (3.7). Assuming a wavelength resolution of 10 pm for the FBG and MMF,
the measurement errors of the strain and temperature for the three combinations are listed
in Table 3.3. The condition number [31] of the coefficient matrix for each combination is
also list in Table 3.3, which provides a common method of assessing the performance of
a temperature-strain discrimination system. A smaller condition number is preferred. It
is very clear that the combination of FBG;+MMF; (with the smallest condition number)
results in good strain and temperature resolutions of 9.21 pe in strain and 0.26 °C in
temperature, whereas 3 — 10 times resolution degradation are obtained for the other two
combinations (with much greater condition numbers). Note that for the combination of
FBG;+MMF}3, the strain responses are in opposite directions (i.e., one has a blueshift and
the other has a redshift), and the temperature responses are in the same direction (i.e.,
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Figure 3.9: Wavelength shifts as a function of ambient temperature for FBGy combined
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Figure 3.10: Wavelength shifts as a function of ambient temperature for FBG; combined
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Figure 3.11: 3D plot illustrating simultaneous measurement of strain and temperature by

measuring the wavelength shifts of the FBG; and MMFj.

both have a redshift). This suggests that when using the combination of two types of fiber-
based elements with similar sensitivities as a sensing head for simultaneous measurement
of temperature and strain, it is desirable to choose the two elements with opposing trends
in one type of measurement (e.g., strain) and similar but distinct trends in the other type
of measurement (e.g., temperature). For the proposed structure based on MMF and FBG,
by properly selecting the MMF, one may obtain a high sensing resolution for simultaneous
strain and temperature measurement.

Table 3.3: Coefficient matrices, matrix condition number, and corresponding resolutions
of strain and temperature for the combination of FBG; + MMF;

Resolution

Combinations of Coefficient Inversed Coefficient Matrix strain(ue)
Sensor Head Matrix (M) Matrix (M 1) Condition No. N he),
temperature(®°C)
1.14 x 10~ 3 0.0126 —2.6426 —0.5294 3 31.72
FBG1+MMF; { o en s 10-% 00620 ] { 0 4185 0. 0479 ] 10 175.36 [ 360 }
1.14 x 1073 0.0126 4.5864 0.2374 3 48.24
FBG2+MMF; [ ~17.81 x 1073 —0.2434 ] { —0.3356  —0.0215 ] x 10 1125.32 [ 3.57 }
1.14 x 1073 0.0126 0.7539 —0.1673 3 9.21
FBG1+MMF3 { —0.84 x 10~3  0.0568 ] { 0.0112  0.0151 ] 10 44.96 { 0.26 ]

For the combination of FBG;+MMF3, the coefficient matrix is listed in Table 3.3. By
using Eq. (3.5), the simultaneous measurement of strain and temperature is shown in
Fig. 3.11. There are two planes, individually indicating the applied strain and temper-
ature changes. For a given pair wavelength shifts AArppe and AXypp, the strain and
temperature can be determined simultaneously.
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Figure 3.12: Experiment setup using an intensity-based interrogation method. OC: optical
coupler; MMF: multimode fiber; PM: power meter.

3.3 MMF Serves as an Edge Filter

An improved all-fiber sensor capable of simultaneous measurement of strain and temper-
ature is presented. The sensor system is formed by an FBG and two sections of MMFs.
One section of the MMF is isolated from strain and acts as a temperature-dependent edge
filter, while the other is isolated from both strain and temperature changes. By monitoring
the optical power changes, it is feasible to obtain information that permits simultaneous
measurement of strain and temperature with a low-cost and simple structure.

3.3.1 Operation Principle and Experiment Setup

Fig. 3.12 presents the experiment setup. A broadband source is used to illuminate an FBG
via an optical circulator. The FBG is written in standard SMF. The reflected light from
the FBG is split into two paths by a 3-dB optical coupler (OC) after passing through the
circulator. In one path, the power P is directly measured by a power meter, PM3, as a
reference to eliminate any power fluctuation from the optical source and the dependency of
the light source intensity on the wavelength [23| 25]; in the other path the light is split again
by a second 3-dB OC. The resultant two beams pass through two sections of MMFs, MMF'1
and MMF2, and their powers P, and P, are measured by the other two power meters, PM1
and PM2, respectively. Both the FBG and MMF2 are inserted loosely through a copper
tube with a diameter of 1.5 ¢m, which is wrapped with heating tape. Outside the tube,
one side of the fiber on which the FBG is inscribed is attached to a translation stage with
a resolution of 10 pm, while MMF?2 is isolated from strain. MMF1 is placed outside of the
tube, isolated from both strain and temperature. Both of the MMF's, more strictly speaking
the SMF-MMF-SMF structures, act as MZIs based on intermodal interference [22]. When
the light is coupled into the MMF, many modes are excited, each of which has a different
propagation constant. When they recouple back into the SMF after passing through a
section of MMF, the modes interfere. Each mode has experienced a different phase shift.
If only two dominant modes (LPg; and LPgs) are excited, the resultant interference fringe
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Figure 3.13: Transmission spectra of MMF1 and MMF2.

pattern is approximately sinusoidal with a uniform extinction ratio determined by the ratio
of the intensities of the two modes (e.g., the best mode operation is to launch equal power of
the two modes). If other higher-order modes are excited, the interference fringe pattern will
be modulated by the influences of higher-order modes. The measured transmission spectra
of the MMFs are shown in Fig. 3.13. The graded-index MMFs used in our experiment
have a numerical aperture (NA) of 0.29 and core/cladding diameters of 100/140 pm. Since
Fig. 3.13 shows that the interference fringe pattern is rather uniform, confirming that there
are two modes interfering primarily in our case. This is reasonable because higher-order
modes usually have less power compared to the lower-order modes. An extinction ratio of
approximate 3 dB is achieved, indicating that the power of LPy, mode is very low (only
3% of the total power). The fringe contrast could be increased by slightly offsetting the
center of core of the MMF with respect to that of the SMF [22]; however, high loss could
be introduced. In the present work, a 3-dB extinction ratio is good enough for the sensor
operation. The lengths of MMF1 and MMF?2 are selected of 70 cm and 30 cm, respectively,
so that for both MMF's the approximate middle of the fringe’s slope falls on the FBG’s
central wavelength. All the MMFs and SMFs are fusion spliced directly to avoid drift in
the interference spectra due to the possible long-term change in these connections. The
FBG has a reflectivity of 84.5%, an optical bandwidth of 0.21 nm, and a center wavelength
of 1560.05 nm, which is located in the linear region of the filter spectra of MMF1 and
MMF?2, with slopes S7 and S5, respectively. The slopes can be simply increased by using
longer MMF's, but the measurement range would then be reduced, since there is a tradeoff
between this range and the sensitivity.
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When there is an ambient temperature change AT in °C at a fixed strain, the change
in power ratio A(P;/Ps) is given by A(P,/Ps) = S1Kprpa)AT, where Kp(ppg) refers to
the wavelength shift of the FBG spectrum per °C. We use the ratio of P; to the reference
power P; to eliminate optical source fluctuations. However, for the power ratio change
A(P,/Ps3), one has to account for the temperature influence on the MMF2 spectrum,
which also has a linear response with respect to temperature change [22]. Thus, the
power ratio change can be expressed as A(Py/P3) = So[Kprpa) — Krumra)| AT, where
Krunra) refers to the wavelength shift of the MMF2 spectrum per °C, provided that
the slope Sy remains constant when the temperature changes (see Figs. 14-16 in Section
3.3.2). When the strain is applied to the FBG at constant temperature, the power ratio
changes A(P;/Ps;) and A(P,/P;) can be simply obtained as A(P/Ps) = S1 K. (rpa)e and
A(Py/P3) = So K. (ppa)e, respectively, with € being the applied strain in pe (microstrain)
and K.(rpq) referring to the wavelength shift of the FBG spectrum per pe of applied strain.
The overall power ratio changes can be described as

=l o &) 55

where oy = S1K (ppe) and oy = S2 K, (ppe) are the strain coefficients for A(P;/Ps) and
A(P,/Ps), respectively, and 81 = S1 Krrpe) and By = So|Kr(rpe) — Krmmra)] are the cor-
responding temperature coefficients, which can be determined experimentally. Note that
the introduction of the temperature coefficient of MMF2, Kr(yarr2), makes the determi-
nant of the coefficient matrix non-zero so that one can invert Eq. (3.8) to discriminate
strain and temperature simultaneously from a measurement of the pair of power ratio
changes.

3.3.2 Experiment and Discussion

Before measuring the matrix coefficients in Eq. (3.8), it is important to test the operating
range of the sensor system first. Generally, the Bragg wavelength shift is ~ 1.2 pm/ue
with the applied strain and ~ 13 pm/°C with the temperature change near 1550 nm.
With such a small amount of wavelength shift, the FBG resonance wavelength always falls
within the linear region of the MMF1 spectrum for a large strain and temperature range
(see Fig. 3.13). However, the MMF2 spectrum also shifts when the temperature changes
with a relatively large sensitivity [22]. It is, therefore, necessary to know the operating
temperature range within which the Bragg wavelength falls in the linear region of the
MMEF2 spectrum. Fig. 3.14 shows the shift of the MMF2 transmission spectrum as the
temperature increases from room temperature of 24 °C to 80 °C. The sensitivity of the
spectrum shift is about —55 pm/°C. In order to examine the slope variations in detail, the
spectrum in 1559 — 1562 nm is also shown in Fig. 3.15. This wavelength range is sufficient,
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Figure 3.14: Transmission spectra of MMF2 with zero strain at different temperatures
from 24 °C to 80 °C in the wavelength range of 1530-1590 nm.

because the Bragg wavelength shift is less than 2 nm in our experiment. Fig. 3.16 gives
the slopes of the MMF2 spectrum at different temperatures, showing that the maximum
fractional slope change from 24 °C to 80 °C is around 4%. Although this variation could
influence the accuracy of our sensor system, it is acceptable according to our experiment
results (see Fig. 3.18). In this temperature range, the resonance wavelength of the FBG
always falls in the linear region; therefore, the proposed sensor system is expected to operate
within a temperature range of about 60 °C. In order to obtain the matrix coefficients in
Eq. (3.8), strain and temperature are applied on the sensing head separately within the
operating range. We first measure the strain responses of the sensing head by obtaining the
power ratio changes as a function of the applied strain at the room temperature of 24 °C, as
shown in Fig. 3.17. Figure 3.18 shows the power ratio changes with respect to temperature
changes by heating the tube from 24 °C to 80 °C under zero strain. The measured power
ratio changes have good linear behavior with variations in strain and temperature. The
slope of the two curves in each of Figs. 3.17 and 3.18 are used to extract the values of
the two o’s and (3’s shown inside the figure frames. By inverting Eq. (3.8), the strain and
temperature can be obtained simultaneously from

|- o R A, -

after the pair of power ratio changes, A(P;/P3) and A(P,/P3), have been measured. For
a given measurement error of the power ratio change of 1%, the estimated resolutions of
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Figure 3.15: Transmission spectra of MMF2 with zero strain at different temperatures
from 24 °C to 80 °C in the wavelength range of 1559 — 1562 nm.
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Figure 3.16: The slopes of MMF2 spectrum at different temperatures.
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the proposed sensor system are about £25.8 pe and £1.2 °C [22], over the measurement
ranges of 1000 pe and 60 °C.

3.4 Conclusion

A transmission-type simultaneous strain and temperature sensing technique has been
demonstrated based on a combination of an FBG and a section of MMF. The applied
strain and ambient temperature changes can be obtained by measuring the wavelength
shifts of the FBG and the MMF that acts as an MZI. The measurement resolution is very
sensitive to the strain and temperature coefficients of the FBG and MMF and their com-
bination. Since the strain and temperature coefficients of MMFs vary with the fiber core
sizes and materials, we demonstrate a good combination of FBG;+MMF; for simultaneous
strain and temperature discrimination: 9.21 ue and 0.26 °C can be achieved for a 10 pm
wavelength resolution. However, an OSA has to be used to measure wavelength shifts,
which is not practical in “real-world” application.

In order to avoid using OSAs, a new temperature and strain sensor system based on
an FBG and two sections of MMF's is described. Simultaneous measurement of strain and
temperature can be achieved using an interrogation method based on edge filter techniques.
Since the proposed sensor system does not require OSAs or any other sophisticated active
demodulation schemes, its cost and complexity are significantly reduced. The resolutions
of the proposed sensor system are estimated as +25.8 pue and +1.2 °C for an 1% error of the
power ratio measurement, which can be attributed to the resolution of the power meters.
These figures are comparable to the resolution of most of the grating sensors reported
in the literature [14] for simultaneous measurement of strain and temperature. Although
some configurations indeed have better performance than the proposed sensor, e.g., 0.7 °C
and 15.6 pe [14], OSAs have to be used to monitor the spectrum shift. Compared to the
interrogated grating sensors [23] 24] 25], 26], 27, 28 29, [30], although very good resolutions
of 1 pe [29]and 0.05 °C [30] can be achieved, the discrimination of these two measurands is
not reported. In addition, an MMF filter is simpler, less expensive, and easier to fabricate
than the interrogators demonstrated above.
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Chapter 4

Simultaneous Measurement of Strain
and Temperature with Fiber Bragg
Grating and High-Birefringence
Fiber Loop Mirrors

4.1 Introduction

Optical fiber sensors have aroused intensive research in recent years because they are com-
pact, light weight, resistant to electromagnetic interference, and easy to be embedded into
other structures. Fiber Bragg gratings (FBGs) are good candidates because they have
the features of wavelength encoding and multiplexing capability. Since FBGs are sensitive
to both temperature and strain, many configurations have been reported to discriminate
these two measurands by detecting two physical parameters that have different sensitivi-
ties to temperature and strain, such as using two superimposed FBGs [I], two resolvable
wavelengths in a tilted FBG [2], inserting an FBG [3] or a long-period fiber grating [4] into
a high-birefringence fiber loop mirror (HBFLM). Many other techniques can be found in
the review paper [5].

On the other hand, HBFLMs have increasingly aroused research interests in the past
several years, because they are stable, flexible, and easy to manufacture. The method of
operation of HBFLMs is based on optical multibeam interference between clockwise and
counterclockwise beams in the fiber loop. They can be used in optical communications
as gain flattening of erbium-doped fiber amplifiers [0], wavelength division multiplexing
filters [7], and wavelength filters in multi-wavelength fiber lasers [8]. Recently, there has
been considerable interest in developing HBFLM sensors to measure strain [9], temper-
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ature [10], and other physical parameters [I1, [12]. Special attention has been paid to
simultaneous measurement of temperature and strain [4], 13| 4] by using HBFLMs. Dif-
ferent configurations based on HBFLM structure have been proposed and demonstrated
for simultaneous strain and temperature discrimination. Sun et al. [13] used two different
types of high-birefringence fiber (HBF) in series inserted in a fiber loop mirror as a sensing
head to produce two wavelength dips with different sensitivities to temperature and strain.
Frazao et al. [14] presented a configuration using two concatenated HBFLMs with one loop
containing a section of photonic crystal fiber, which might increase the cost of the sensor
system. In addition, the complexity of the sensing head could limit the applicability of the
system. Frazao et al. [4] also reported another approach by using a long-period fiber grat-
ing (LPG) inserted in an HBFLM. However, it is difficult to accurately measure the center
wavelength of the LPG due to its large bandwidth [15]. Additionally, the performance of
this configuration may be limited by the poor property of the system’s coefficient matrix,
which maps the temperature and strain changes to the wavelength shifts of the LPG and
HBFLM spectrum. More specifically, the absolute value of the determinant of this matrix
is very small, which may introduce significant errors and give low accuracy [3] [5].

In the second section of this chapter, an alternative configuration suitable for strain
and temperature discrimination based on an HBFLM combined with an FBG serving as a
sensing head is presented. The bandwidth of the FBG is much narrower than that of the
LPG. Since the HBFLM has different strain and temperature sensitivity responses from
those of the FBG, it is feasible to realize simultaneous measurement of the strain and tem-
perature variations based on their combination. By measuring the resonance wavelength
shifts of the HBFLM and the FBG accurately, and constructing a well-conditioned coeffi-
cient matrix based on this configuration, the applied strain and temperature changes can
be determined simultaneously with high resolution.

Considering that the HBFLMs usually have higher sensitivities of strain and temper-
ature than those of the FBGs, a scheme which could measure strain and temperature
simultaneously is introduced in Section 4.3 by space division multiplexing two HBFLMs.
Temperature and strain can be discriminatively measured by sequentially monitoring the
resonance wavelength shifts of two HBFLMs constructed with the same HBF. Theoreti-
cal results show that this scheme can provide high resolutions in temperature and strain.
Experimental results show that the temperature and strain resolutions could reach +0.5
°C and £10 pue, respectively. Moreover, it is expected to have applications in distributed
HBFLM sensing.

Both the above configurations have to use optical spectrum analyzers (OSAs) to monitor
the wavelength shifts of the spectrum. OSAs are usually used to obtain spectral information
that reflects the responses of the sensing head to temperature and strain, but they are
very expensive and have slow scanning speed. Thus, there is considerable interest in
developing methods [16, 17, 18|, 19} 20, 21, 22 23] which monitor parameters other than
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wavelength information provided by the sensing head. Many passive detection interrogators
involving no tracking, scanning, or modulating mechanisms have been reported, such as
using linearly wavelength-dependent devices [16], 17, [18] [19], identical chirped grating pairs
[20], and charge-coupled device (CCD) spectrometers [2I]. For active detection schemes
which require more complex systems compared to the passive ones, Fabry-Pérot filter
interrogators [22], fiber Fourier transform spectrometer interrogators [23], and many other
techniques have also been demonstrated. The most cost-effective method among both the
passive and active schemes is to develop an intensity-based interrogation system using
a linearly wavelength-dependent optical filter. Sensor systems that adopt this type of
demodulator have been commercialized. By adopting suitable interrogators, the optical
fiber sensor systems become more compact, cost-effective and competitive. However, note
that most reports on simultaneous measurement of temperature and strain have to use
OSAs to monitor wavelength shifts which may limit their practical applications [5].

In Section 4.4, an all-fiber sensor configuration that is feasible to measure temperature
and strain simultaneously using an FBG and two HBFLMs is demonstrated. For the
configuration that an FBG is inserted into an HBFLM, an OSA has to be used to monitor
the wavelength shift of both the FBG and HBFLM. In the present sensor system, the two
HBFLMs act as two interrogators with one of them dependent on both temperature and
strain. By monitoring power changes instead of wavelength shifts, simultaneous strain and
temperature could be achieved with a low cost and high speed. Note that simultaneous
measurement, of these two measurands could also be achieved without an OSA by using
two sections of multimode fibers as presented in Section 3.3, but the HBFLMs could be
found to have higher sensitivities than those of the multimode fiber interferometers.

4.2 An FBG Inserts inside an HBFLM

An all-fiber sensor for simultaneous measurement of temperature and strain is presented.
The sensing head is formed by introducing an FBG into an HBFLM that acts as a Mach-
Zehnder interferometer (MZI) for temperature and strain discrimination. The sensing head
is rather simple, which only consists two section of optical fibers, an FBG and a section
of HBF. However, in order to extract the information from the sensing head, OSAs have
to be used, which makes the system expensive and have a slow scanning speed. In Section
4.4, an improved design will eliminate these drawbacks by measuring the optical power
changes instead of the wavelength shifts.
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Figure 4.1: Experiment setup: An FBG inserted inside a HBFLM. x: the spliced point.

4.2.1 Operation Principle and Experiment Setup

Our experiment setup is shown in Fig. 4.1. A fiber loop mirror is formed by a 3-dB optical
coupler (OC), a polarization controller (PC), an FBG and a section of HBF. The FBG is
written in SMF-28. The fiber loop mirror acts like a bandpass filter for the input signal.
The input light is split into two beams propagating clockwisely and counterclockwisely by
means of the 3-dB coupler. Each of the resultant beams is decomposed into two beams
after it travels through the HBF. The PC changes the polarization states of both the
clockwise and counterclockwise beams. The counterpropagating beams recombine at the
coupler and exhibit interference due to the phase difference. The transmission spectrum
of the HBFLM is approximately a periodic function of the inverse wavelength as follows:

T(\) = [sin(0; + 02) cos (%)]Q, (4.1)

where 0, and 6, are the angles between the light at both ends of the HBF and the fast
or slow axis of the HBF, respectively; and B, L and \ are the birefringence, the length
of HBF and the operation wavelength, respectively. Thus, the loop filter characteristic is

similar to an MZI and can be used as a sensor. The free spectral range (F'SR) of the
HBFLM filter can be given by Eq. (4.1) as:

2

A
F ~ —. 4.2
SR BI (4.2)
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For the light whose wavelength is falling inside the forbidden band of the FBG, the coun-
terpropagating beams will both be reflected at points A and B back to the coupler by the
FBG. By properly adjusting the PC, the resultant FBG spectrum can be superimposed on
the HBFLM spectrum. When a strain is applied to the HBF and FBG or when there is
an ambient temperature change, the birefringence, the fiber length and the grating pitch
will change, and therefore the resonance wavelengths will shift. The shifts of the resonance
wavelengths for the FBG and the HBFLM can be expressed as:

[ A)\FBG 1 . |: KT(FBG) Ks(FBG) :| |: AT:|

= 4.3
ANgBrLm Krprovy Kemprow € (4:3)

where A\rpe and AAgprry are FBG and HBFLM wavelength shifts in nanometers; AT
and ¢ are ambient temperature change in °C and applied strain in ue, respectively; and
KT(FBG)7 Ks(FBG)’ KT(HBFLM) and Ke(HBFLM) are the corresponding temperature and
strain coefficients which can be determined from the experiment. The temperature change
and the applied strain can then be simultaneously obtained from Eq. (4.3):

{AT] _ i{ Ko uprovy —Kerpo) } [ AMrBa } (4.4)
£ D | —Krwsrivy Krre AXuBrLM
with

D = KrrpeyKeaprivy — Krasriv) Ke(ra), (4.5)

being the determinant of the coefficient matrix. For optical sensing devices, the sensing
resolution is one of the key performance parameters. The most obvious form of the errors
is attributed to the inaccuracies in measuring the wavelength. For given wavelength mea-
surement errors § (AAppg) and 6 (AXgprra) , the tolerances of the measured temperature
0(AT) and strain d(e) are given by [24]:

{&AT) 1 :ii{ Kewprowmn| |Kerpo)) 1 [ |6(AXpBG)|
4(e) |D| Krwpriw| | Krrse)) |6(ANaBFLM)|

The wavelength measurement errors are determined by the resolution of the OSA and the
bandwidth of the FBG and HBFLM resonance. To obtain a high sensing resolution, it is
preferable to have a large absolute value of the determinant of the coefficient matrix, |D|.
Obviously, this could be achieved when the two terms in Eq. (4.5), Krrpe)Kemprim)
and KrgprimKe(rBa), have different signs. This feature is extremely important if the
absolute values of these two terms are very close to each other, as can be seen from
the example listed in Table 4.1 (see Section 4.2.2). This suggests that when using the
combination of two types of fiber-based elements with similar sensitivities as a sensing
head for simultaneous measurement of temperature and strain, it is desirable to choose the
two elements with opposing trends in one type of measurement (e.g. strain) and similar but
distinct trends in the other type of the measurement (e.g. temperature) [3]. In addition,
Eq. (4.6) also provides us an effective way to compare two different schemes which are
performed under different experimental conditions.

(4.6)
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Figure 4.2: Transmission spectrum of the FBG and HBFLM at zero strain and room
temperature (22.3 °C).

4.2.2 Experiment and Discussion

The experiment setup shown in Fig. 4.1 consists of an optical broadband source, an OSA
with a resolution of 0.06 nm, and a fiber loop mirror formed by a 3-dB OC, a PC, an FBG
and a section of HBF. The sensing head (FBG and HBF) is placed in a copper tube with a
diameter of 1.5 cm, which is wrapped by a heating tape. One side of the fiber is attached
to a translation stage with a resolution of 10 yum. The FBG has a center wavelength of
1560.05 nm with 84.5% reflectivity and optical bandwidth of 0.21 nm. The HBF (Bow-
Tie style) is a polarization-maintaining single mode optical fiber for the wavelength of
1550 nm with a beat length of 2.0 mm at 633 nm and an attenuation of 2 dB/km. The
transmission spectrum at room temperature (22.3 °C) with zero strain is shown in Fig.
4.2. The FBG spectrum is superimposed on the spectrum of the HBFLM. The ambient
temperature change and the applied strain can be determined by measuring the resonance
wavelength shifts of the FBG and HBFLM. To determine the temperature and strain
coefficients of the FBG and HBFLM, temperature change and strain are applied to the
fiber separately. The length of HBF is approximately 12 cm, resulting in a wavelength
spacing of approximately 44 nm giving a birefringence of ~ 4.55 x 10~* at 1550 nm by
Eq. (4.2). This value is determined from requiring the HBFLM spectrum to produce two
minima in order to have broader temperature and strain range. In Fig. 4.3, we indicate the
transmission spectrum at 40 °C with zero strain, where the second minimum of the HBFLM
spectrum has appeared on the right, while the minimum appeared at room temperature
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Figure 4.3: Transmission spectrum of the FBG and HBFLM at zero strain and room
temperature (40 °C) showing two minima.

in Fig. 4.2 has moved to the left. As the temperature is increasing above 40 °C, we begin
to use the second minimum as a reference, realizing a broader temperature testing range.
From Eq. (4.1), the resonance wavelength must fulfill the relation BL = g,\, with g,
being a positive half-integer and )\, being the corresponding resonance wavelength. The
temperature or strain sensitivity of each resonance wavelength is proportional to 1/g, [11],
which is the only factor responsible for the sensitivity difference between different resonance
wavelengths when the birefringence is assumed to be the same in the operation wavelength
range. Since g, has a value of about 35.5 evaluated at the 1550-nm wavelength band with
the parameters of the HBF used in our experiment, it is acceptable to ignore the sensitivity
difference between the first (< 1/g,) and the second (x 1/(g, — 1)) minimum in our case
where the percent difference is less than 3%. We first obtain the strain responses of the
FBG and HBFLM, shown in Fig. 4.4, by measuring the wavelength shifts as a function
of the applied strain at room temperature of 22.3 °C. Fig. 4.5 shows the wavelength
shifts of the FBG and HBFLM as a function of temperature when the tube is heated
from 22.3 °C to 80 °C under zero strain. The measured wavelength shifts are observed to
vary linearly with strain and temperature. The negative temperature response is due to
the strong effect arising from the birefringence change, which decreases with the increase

of the temperature. From these measurements, we obtain the coefficient matrix for the
FBG+HBFLM set-up which is given in Table 4.1.

For given measurement errors of wavelength shifts, the errors in strain and temperature
are given by Eq. (4.6). Since the performance comparison of different schemes should
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Table 4.1: The coefficient matrices and the corresponding resolutions of strain and tem-
perature for the combination of FBG+HBFLM and of LPG+HBFLM in Ref. [4]

G}
Combinations of sensor head Coefficient matrix Inversed coefficient matrix Resolutions of { tem;i’;.:j&:;() ) ]
/ 0.0112 0.0011 1 2.53 —0.11 0.77
FBG+HBFLM —1.6025  0.0253 0.2046 [ 160.25  1.12 } [ 47.32 ]
' 0.085 —0.0043 1 2.98 0.43 12.18
LPG+HEFLM —0.55  0.0298 0.0168 { 55.0 8.5 ] [ 226.79 }
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Figure 4.6: Sensor output obtained by Eq. (4.4) for the applied strain at a fixed tempera-
ture of 58 °C and temperature variations under a constant strain of 350 ue, respectively.

be made under the same experiment conditions which cannot be guaranteed when the
experiments are reported by different groups, these theoretical calculations provide us an
effective way by assuming each configuration has the same measurement error. Assuming
a wavelength shift measurement error of 0.06 nm for both the FBG and HBFLM and
using Eq. (4.6), we calculate the corresponding resolutions of the proposed FBG+HBFLM
configuration (see Table 4.1), which can be compared with those of the LPG+HBFLM
configuration of Ref. [4]. Clearly, due to its smaller absolute value of the determinant
|D|, the latter scheme results in a poorer performance. However, the performance of
the system in Ref. [4] could be improved by choosing another kind of HBF, such as an
elliptical core fiber; the HBFLM spectrum based on this type of HBF has a blue shift for
both temperature and strain measurements.

For the proposed combination of FBG+HBFLM, we also investigate its performance
experimentally by applying strain variations at a fixed temperature of 58 °C, and tem-
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BBS

Figure 4.7: SDM HBFLM sensing structure (inset shows the strain sensing structure).

perature variations under a constant strain of 350 ue, respectively. From the pairs of the
measured FBG and HBFLM wavelength shifts and using Eq. (4.4), we obtained the cor-
responding sensor outputs shown in Fig. 4.6. Maximum errors are found to be around +1
°C in temperature and +21 pe in strain. This resolution is different from the calculated
results of Table 4.1 due to the finite accuracy of the devices, such as the OSA, heating
tube and the translation stage.

4.3 Space Division Multiplex HBFLMs

An alternative fiber sensor scheme for discriminative measurement of temperature and
strain by space division multiplexing HBFLMs is presented. Discriminative measurement of
strain and temperature can be realized by sequentially measuring the resonance wavelength
shifts of two HBFLMs constructed with the same HBF. This scheme can provide not only
high resolutions in temperature and strain but also has potential applications in distributed
HBFLM sensing.

4.3.1 Operation Principle

Fig. 4.7 shows the space division multiplexing (SDM) HBFLM sensing structure. Two 3-
dB couplers of C1 and C2 are used to construct HBFLM1 and HBFLM2, respectively. The
emitted light of a broadband source (BBS) couples into HBFLM1 and HBFLM2 through
another 3-dB coupler (C0), and the transmitted lights from HBFLM1 and HBFLM2 are
monitored by an OSA through a 1 x 2 optical switch (OS). The switch time of the OS
is only a few milliseconds. The HBFLM is formed by a fused coupler with one section of
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HBF between its one-sided coupling arms and has similar filter characteristic to an MZI.
The resonance condition can be given by

xlB _ Nr

= =T, (4.7)

where N is an integer, [ is the length of the HBF, X is the operation wavelength, and
B = ng —n, is the birefringence with ny and n. being the refractive indices of the ordinary
(0) and extraordinary (e) light, respectively.

When ambient temperature change AT or axial strain ¢ is applied to the HBF, the
birefringence and the fiber length will change accordingly. Thus, the interference spectrum
will have a wavelength shift, which can be expressed as % ~ (a+¢&)AT and % ~ (14+pe)e,
where L ol

1 0B
1 0B
= —— 4.1
Pe= B o (4.10)

are the thermal expansion, effective thermo-optic, and effective strain-optic coefficients of
the HBF.

In our experiment, the strain ¢ is applied by bonding part of the HBF with a length of
le in an HBFLM to a uniform cantilever beam (UCB). The corresponding strain induced
by the force F' applied to the end of the beam can be expressed as

6L,

- Ebh2l
where L, h, b and E are the length, thickness, width at the fixed end, and Young’s modulus
of the beam, respectively. Both the HBFs are put into a thermostated container, with part

of the HBF in HBFLM1 attaching to the UCB and the HBF in HBFLM2 isolating from
strain. The measurement coefficient matrix of temperature and strain can be expressed as

< ﬁt ) - ( g; [%1 ) ( AgT ) : (4.12)

€ (4.11)

where »
K = (a+ TeﬁJrg)Al, (4.13)
Ko = (14 pe)A, (4.14)
Krs = (a0 + &), (4.15)
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are the corresponding temperature and strain coefficients. [ is the thermal expansion
coefficient induced by the beam material and bonding material, and % is a coefficient
related to the bonding quality of the HBF; A\; and Ay are the measured wavelengths for
HBFLM1 and HBFLM2; AX; and A)\y are HBFLM1 and HBFLM2 wavelength shifts in
nanometers; AT and € are ambient temperature change in °C and applied strain in ue,
respectively.

The sensing resolution is one of the key performance parameters for the optical fiber
sensors. For given wavelength measurement errors of §(A);) and 6(A)y) , the tolerances
of the measured temperature 6(AT') and strain 6(Ae) can be expressed as

(50" ) =5 (et ) (ot ) o

D = —K.Krs. (4.17)

where

The wavelength measurement errors are determined by the resolution of the OSA and
the bandwidth of the HBFLM resonance. It can be seen that large absolute value of the
determinant D of the coefficient matrix leads to high resolutions in temperature and strain.

4.3.2 Experiment Results and Discussions

The lengths of the HBF constructing the HBFLM1 and HBFLM2 are about 15.3 and 16.2
cm, respectively. The HBF is a PANDA polarization-maintaining fiber with a beat length
of 3.1 mm at 1550 nm and the birefringence of about 6.69 x 10~*. In order to obtain
stable and compact sensing heads, the HBFs are spliced to single-mode fibers (SMFs) at
a fixed polarization angle without PCs inserted in the HBFLMs. Part of the HBF (about
5.8 cm) in HBFLM1 is attached to the centric surface of a UCB made up of acrylic glass
with Young’s modulus of 2700 MPa. The length, thickness and width of the UCB are 12.7,
0.35, and 1.5 cm, respectively. The sensing heads are placed in a thermostated container
which is used to control the temperature. With the increase of the temperature, both the
transmission spectra of the HBFLM1 and HBFLM2 have blue shifts, as shown in Figs. 4.8
and 4.9.

To obtain the matrix coefficients in Eq. (4.12), we first measure the wavelength shifts
of both HBFLM1 (under the strain of 0 and 114 pe) and HBFLM2 (under the strain
of 0 ) with respect to the temperature variation as shown in Fig. 4.10. Experimental
results show that there is a good linear relationship between the temperature and the
wavelength shift when the temperature varies from 40 °C to 80 °C. When the applied
strains are 0 and 114 pe for HBFLM1, the temperature sensitivities are —0.7832 nm/°C
and —0.7782 nm/°C, respectively. The temperature coefficient Kr; is about —0.78 nm/°C
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at different strains for HBFLM1 with a fluctuation of less than 2%. Within the temperature
range of 40 °C to 80 °C, the temperature sensitivity of HBFLM2 is —1.01 nm/°C. The
negative temperature response and high sensitivity are mainly related to the large negative
thermo-optic coefficient of the HBF, since the thermal expansion coefficient is generally
two orders of magnitude smaller than the thermo-optic coefficient for the optical fiber. If
we ignore the thermal expansion coefficient, the thermo-optic coefficient of the HBF used
in our experiment is about —6.4 x 10~% which is much larger than that of the FBG of about
7.1x 1075 used in Ref. [15,25]. It can be seen that the temperature sensitivity of HBFLM2
is larger than that of HBFLM1, which attributes to positive temperature compensation of
the beam material and bonding material to the HBF in HBFLM1.

We next measure the wavelength shifts of HBFLM1 spectrum with respect to the
applied strain at different temperatures. As shown in Fig. 4.11, the strain sensitivities are
0.01358 nm/pe and 0.01365 nm/pe under the temperatures of 27 °C and 50 °C, respectively.
Within the strain range of 0 — 627 pue, the strain coefficient K., is about 0.01362 nm/pue
at different temperatures for HBFLM1 with a fluctuation of less than 1%. The fluctuation
can be reduced by improving the bonding quality. According to the above experimental
results, the measurement coefficient matrix can be achieved as

AN\ ([ —078 001362 [ AT
(A)\Q)_(—l.()l 0 )( e ) (4.18)

To compare the performance of this sensing scheme with other schemes [4, 25], assuming
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Figure 4.11: Relationship between the strain and the wavelength of HBFLM1 at different
temperatures.

a wavelength shift measurement error of 0.06 nm for the HBFLMs, the calculated corre-
sponding temperature and strain resolutions reaches 0.06 °C and 7.8 ue according to Eq.
(4.16). It can be seen that these calculated resolutions are better than those presented in
Ref. [4, 25] due to a relative large absolute value of the determinant D.

As the temperature increases from 40 °C to 50 °C, the measured resonance wavelength
of HBFLM1 under the strain of 114 pe changes from 1562.7 nm to 1556.88 nm, while that
of HBFLM2 changes from 1567.86 nm to 1558.2 nm, as shown in Fig. 4.10. According to
Eq. (4.18), the calculated values of temperature variation and the applied strain are 9.56
°C and 122 pe, respectively, which match the applied values of temperature variation of 10
°C and strain of 114 ue very well. Repeated experimental results show that the maximum
errors are found to be around 0.5 °C in temperature and £10 ue in strain. The resolutions
are different from the calculated results of 0.06 °C and 7.8 pe due to the finite accuracy of
the experimental devices, such as the OSA, the UCB and the thermostated container.

When using HBFLM1 to measure strain on the cantilever beam, there is a cross sensi-
tivity to temperature depending upon beam material, bonding material, bonding quality,
etc. It can be seen that the wavelength shifts with respect to temperature change turn out
to be slightly nonlinear as temperature increases from 27 °C to 40 °C shown in Fig. 4.10
due to the above cross effect. It should also be noted that when the temperature is over
80 °C, the wavelength changes abnormally, which is limited by the thermal property of
the beam material and bonding material. Higher stable thermal materials can be used to
reduce this limitation. The SDM number of the HBFLMs can be increased by employing

66



Circulator Heating Tube Translation stage

Optical FBG ‘
Broadband Q 7

Source
- t a3 §°
o

HBF2

HBFLM2
3-dB 0OC2
50%

{PM2

0C3

5%

@ 45%

3-dB OC1
HBFLM1

og HBF1
o |

Figure 4.12: Experiment setup using an intensity-based interrogation method with HBFLM
as edge filters.

multichannel coupler and OS. In order to reduce the cost of the SDM sensing system,
optical intensity-referenced interrogation method can be applied.

4.4 HBFLM Serves as an Edge Filter

Similar to the case where Multimode fiber (MMF) serves as an edge filter, HBFLM could
also be used as an edge filter to improve the sensing scheme. Although compared to
MMF edge filter, HBFLM is more complicated and expensive, it has higher sensitivity. In
this section, we will introduce the edge filter made from an HBFLM, and demonstrate its
application for temperature and strain discrimination.

4.4.1 Experiment Setup and Operation Principle

Fig. 4.12 shows the experiment setup. An FBG is illuminated by an optical broadband
source via an optical circulator. The FBG is written in standard SMF, with a center
wavelength of 1555.7 nm, an optical bandwidth of about 0.2 nm, and a reflectivity of
about 99%. The reflected light from the FBG is split into three passes by a 3 x 1 optical
coupler (OC3) after passing through the circulator. In one path from the 5% OC3 port,
the power P3 is measured by a power meter, PM3, as a reference to eliminate any power
fluctuation from the optical source and the dependency of the light source intensity on the
wavelength. In the other two paths, the two beams from the 45% and 50% OC3 ports, pass
through HBFLM1 and HBFLMZ2, and their powers P1 and P2 are measured by the other
two power meters, PM1 and PM2, respectively. Each HBFLM is formed by a 3-dB OC,
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Figure 4.13: Transmission spectra of the HBFLMs.

a PC, and a section of HBF. Both the FBG and HBF2 are inserted loosely into a copper
tube with a diameter of 1.5 cm which is wrapped by a heating tape. Outside the tube, one
side of the fiber in HBFLM2 is attached to a translation stage with a resolution of 10 ue,
while FBG is isolated from strain. HBF'1 is placed outside the tube, isolated from both
strain and temperature.

Fig. 4.13 shows the transmission spectra of the two HBFLMs. The HBFs are an
elliptical core polarization-maintaining single-mode optical fiber operating at 1550 nm with
a birefringence of 1.5 x 107%. The lengths of HBF1 and HBF2 are 24 cm and 16 cm.
By adjusting the PCs, the Bragg wavelength falls in the linear region of the HBFLMs’
spectra with slopes of S7 and Sy, respectively. When there is an ambient temperature
change AT in degree Celsius at a fixed strain, the power ratio change A(P;/P;) can be
given as A(P/P3) = S1Kprpe)AT, where Kp(ppg) refers to the wavelength shift of the
FBG spectrum per degree Celsius. However, for the power ratio change A(P/P;), one
has to account the temperature influence on HBFLM2 spectrum, which also has a linear
response with respect to temperature change [25]. Thus, the power ratio change can be
expressed as A(Pl/Pg) = SQ[KT(FBg) - KT(HBFLMQ)]AT where KT(HBFLMQ) refers to the
wavelength shift of the HBFLM2 spectrum per degree Celsius, provided that the slope So
of the HBFLM2 spectrum remains constant when the temperature changes (see Fig. 4.15).
When the strain € in microstrain (ue) is applied on the HBF2 with constant temperature,
the power ratio change A(P;/Ps) is expected to be zero since the Bragg wavelength of the
FBG does not change; A(P,/Ps) can be obtained as A(Py/P3) = So K. (uprrm2)e, where
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K (uprrmo) refers to the wavelength shift of the HBFLM2 spectrum per pe of applied
strain. The overall power ratio changes can be described as

{ﬁggﬁz; ] - { o g; } MT} ) (4.19)

where oy = 0 and oy = SoK.mprrm2) are the strain coefficients for A(P;/Ps;) and
A(P/P3) respectively, and 3, = SIKT(FBG) and [y = 52[KT(FBG’) - KT(HBFLM2)] are
the corresponding temperature coefficients, which can be determined by the experiment.
Note that strain could also be applied to the FBG as in Ref. [26] instead of the HBF2.

4.4.2 Experiment and Discussion

Before measuring the matrix coefficients in Eq. (4.19), it is important to test the operating
range of the sensor system first, since the HBFLM2 spectrum shifts with both the tem-
perature and strain variations. Fig. 4.14 shows the transmission spectra of HBFLM2 with
different strains under the temperature of 23 °C, while HBFLM2 spectra under different
temperatures with zero strain are shown in Fig. 4.15. Both figures indicate the working
range within which the Bragg wavelength falls in the linear region of the HBFLM?2 spec-
trum. The Bragg wavelength always falls in the linear region of the HBFLM1 spectrum for
a large temperature range, because the temperature sensitivity of the FBG is about only
~ 13 pm/°C near 1550 nm. It can be seen that the proposed sensor scheme is expected
to work within a temperature range of about 10 °C. Although the working range is much
smaller than that in Ref. [26], the sensor scheme has a much higher temperature sensitiv-
ity, because the HBFLM has a much higher sensitivity than the MMF filter. From Figs.
4.14 and 4.15, it can be seen that the slopes for different temperature and strain remains
almost constant within the working range.

In order to obtain the matrix coefficients in Eq. (4.19), strain and temperature are
applied on the sensing head separately in the operating range. We first measure the strain
responses of the sensing head by measuring the power ratio changes as a function of the
applied strain at a temperature of 23 °C, as shown in Fig. 4.16. Fig. 4.17 shows the power
ratio changes with respect to temperature changes by heating the tube from 23 °C to 34
°C under zero strain. The measured power ratio changes have good linear behavior with
variations in strain and temperature. By inverting Eq. (4.19), the strain and temperature
can be obtained simultaneously from

[ET] :;_0;{ 1_.52151 65'77 } {ﬁﬁﬁ;ﬁjﬂ , (4.20)
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Figure 4.14: Transmission spectra of HBFLM2 with different applied strains under 23 °C.
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Figure 4.15: Transmission spectra of HBFLM2 under different temperatures with zero
strain.
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after the pair power ratio changes, A(P;/Ps;) and A(P,/P;)), have been measured. The
calculated resolutions of the proposed sensor system can reach about £0.2 °C in tempera-
ture and £29.5 pe in strain with the resolution of the power meter of 1 nW. However, it is
hard to achieve these resolutions experimentally. All the devices need to be operated very
accurately, and the power measured by the power meter must also be very accurate.

4.5 Conclusion

A sensing head based on a combination of an FBG and an HBFLM is described. The
applied strain and ambient temperature change can be obtained by measuring the wave-
length shifts of the FBG and the HBFLM filter that acts as an MZI. The experiment result
shows that the proposed sensor can simultaneously measure strain and temperature with
a resolution of +1 °C in temperature and +21 pe in strain.

An alternative all-fiber sensing scheme to realize discriminative measurement of temper-
ature and strain by SDM two HBFLMs constructed with the same HBF is proposed and
experimentally demonstrated. The advantage is that HBFLMs have higher sensitivities
with respect to strain and temperature than those of the FBGs. With the SDM technique
and sequential measurement of the resonance wavelength shifts of the HBFLMs, discrim-
inative measurement of temperature and strain can be realized with high resolutions in
temperature and strain. It is also expected to have applications in distributed HBFLM
sensing.

In order to avoid using OSAs to monitor the wavelength shifts, an improved temperature
and strain sensor system based on an FBG and two HBFLMs is presented. Simultaneous
measurement of strain and temperature can be achieved using an intensity-based interro-
gation method with low cost and high speed. The resolutions of the sensor system were
estimated as +0.2 °C in temperature and £29.5 pe in strain, which can be attributed to
the resolutions of the power meters.
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Chapter 5

Small Core Diameter Multimode
Fiber Based Intermodal
Interferometer and Its Applications
in Fiber Sensors

5.1 Introduction

Different types of force sensors based on fiber Bragg gratings (FBGs), Mach-Zehnder in-
terferometers (MZIs), high-birefringence fibers, etc. have been developed. Among them,
the use of an FBG has to adopt a specially designed beam to realize the temperature and
force discrimination [I], 2], 3], which leads to a complicated sensing structure. In addition,
the force sensors with two FBGs [4, [5] to realize the temperature and force discrimination
result not only in measurement errors due to the temperature-strain cross effect of the
FBG sensor, but also a complicated structure and high price. The force sensor based on
MZI [6] has to use a complicated sensing structure to tune the reference arm. Moreover,
the fabrication of MZI is complicated. High-birefringence fiber-based sensor [7] could re-
alize the distributed force measurement, but the temperature influence is not considered.
Compared to the above fiber sensors, multimode fiber (MMF) interference sensors based
on modal interference [§] have the advantages of low cost and simple structure, which have
attracted much attention. Reported MMF interference sensors are focusing on the strain
and temperature measurement [9 10, 1T}, 12, 13, 14]. However, most of the MMF' inter-
ference strain sensors do not consider the temperature influence [9 13]. One method to
overcome the temperature influence on the MMF interference sensor has been presented in
Chapter 3. By cascading an FBG to the MMF interferometer, simultaneous measurement
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of strain and temperature can be realized. However, the MMF interferometer has to be
cascaded to an FBG.

In the second section of this chapter, a temperature- and phase-independent lateral
force sensor based on a core-offset MMF interferometer is presented. The MMF used in this
chapter is actually a small core-diameter dispersion compensation fiber (DCF). The DCF
was originally designed for dispersion compensation applications, with a core/cladding
diameter of 1.9/115.7 pum, a large dispersion parameter of —270 ps/nm/km at 1550 nm,
and a cutoff wavelength of 1663 nm. It is claimed as an MMF because the fact of the
cutoff wavelength at 1663 nm makes it naturally an MMF at wavelengths shorter than
1663 nm. By misaligning a fused cross section between the single-mode fiber (SMF) and
MMF, a core-offset MMF interferometer with high optical intensity extinction ratio can be
obtained. This extinction ratio will change with the variations of the lateral force applied
to a short section of the MMF, while the interference phase will remain almost constant.
Moreover, it is independent on the temperature variations. Experimental results show that
the extinction ratio varies quadratically with the applied lateral force. This type of sensor
has the advantages of temperature- and phase-independency, high sensitivity, low cost, and
simple structure.

Since lateral force or lateral strain could be measured by considering the extinction ratio
change of the interference spectrum, it is expected to apply this feature to measure more
than one direction of strain simultaneously (longitudinal strain would result in spectrum
shifts). Several multidirectional strain sensors [15, [16] have been reported, such as using
a planar fiber optic sensor array [15], or forming an SMF MZI [16] where three sensing
arms are needed. However, each of them has to use more than two sensing heads and
has a very complex structure, which increases the cost of the system and limits its “real-
world” application. Moreover, it is interesting to realize multiparameter measurement with
a compact sensing head in today’s industry, but most of the reported MMF sensors [9] [13],
17, [I§] are focusing on one-parameter measurement. One simple and compact sensor with
only one sensing head to realize multidirectional strain measurement and multiparameter
measurement is very attractive.

In the third section of this chapter, we apply the core-offset MMF interferometer devel-
oped in Section 5.2 for this purpose. We found that this type of interferometer with only
one sensing head can effectively realize simultaneous measurement of transverse and lon-
gitudinal strain or simultaneous measurement of transverse strain and temperature. The
extinction ratio of the interference spectrum will change with the variations of the trans-
verse force applied to a short section of the MMF, while the interference phase will remain
almost constant. Moreover, it is almost independent of the longitudinal strain variation
applied to the whole MMF or temperature variations, which can be applied to measure
both the transverse and longitudinal strain, or both transverse strain and temperature
simultaneously.
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On the other hand, there is considerable interest in developing methods by monitoring
other parameters other than wavelength information provided by the sensor head, because
the spectrum information is usually obtained by optical spectrum analyzers (OSAs) which
are expensive and have a slow scanning speed. Many passive detection interrogators in-
volving no tracking, scanning, or modulating mechanisms have been reported, such as
using linearly wavelength-dependent devices [19, 20} 21} 22], identical chirped grating pairs
[23], and charge-coupled device (CCD) spectrometers [24]. For active detection schemes
which require more complex systems compared to the passive ones, Fabry-Pérot filter in-
terrogators [25], fiber Fourier transform spectrometer interrogators [26], and many other
techniques have also been demonstrated. The most cost-effective method among both
the passive and active schemes is to develop an intensity-based interrogation system us-
ing a linearly wavelength-dependent optical filter. Sensor systems that adopt this type of
demodulator have been commercialized.

In the fourth section, we present an improved fiber sensor configuration that is feasible
to measure lateral force using a core-offset MMF' interferometer illustrated in Section 5.2.
When a lateral force is applied to a short section of the MMF, the extinction ratio decreases
accordingly. By measuring optical power variations instead of the spectrum change, lateral
force measurement can be achieved with a low cost and high speed. In addition, the sensor
head can be encapsulated into the temperature compensation material to meet practical
application.

Moreover, to meet the increasing demands of modern industry, it is interesting to
develop compact sensor for high temperature measurement. Miniature fiber sensors are
desired in high-temperature sensing, since it is difficult to fabricate a bare fiber sensing
head or to coat a special layer on the sensing head to avoid fiber coating burning if the
sensing fiber is too long. In addition, long sensing head is usually easily influenced by
other ambient disturbances besides temperature. Although miniature high-temperature
fiber sensors based on Fabry-Pérot interferometer (FPI) [27, 28, 29] are demonstrated,
they need complicated fabrication process such as etching [27] and laser micromachining
[28] to form a single FPI cavity, or cascading three sections of fibers (a photonic crystal
fiber, a hollow optical fiber and an SMF) to form a hybrid FPI cavity [29]. Moreover,
the length of the fiber FPI sensors is generally more than 1 cm. On the other hand, a
miniature high-temperature fiber sensor based on modal interference was fabricated with
a 1.2 cm length by cascading two MMFs and three SMFs [10]; however, the structure of
the sensing head is rather complex, and the fabrication process is not easy.

In Section 5.5, a miniature high-sensitivity, high-temperature fiber sensor with a small-
core MMF interferometer is presented. The sensing head has an SMF-MMF configuration
formed with a 4-mm long bare MMF with one end being spliced to a section of SMF
and the other end being cleaved. Within the temperature measurement range of 25 °C to
600 °C, a high sensitivity of 68.6 pm/°C is obtained by monitoring the wavelength shift
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of the interference spectrum. Moreover, our proposed sensor has been made 22 and 84
times smaller than the two sensor schemes in [0, [I1], considering that all the sensors have
the same free spectral range (FSR). This is because the small-core-diameter MMF has a
much larger mode index difference between the two interference modes than that of the
conventional step-index or graded-index MMF'. Such a unique property allows us to make
compact and miniaturized optical fiber sensor for high-temperature sensing.

5.2 Temperature- and Phase-Independent Lateral Force
Sensor

A lateral force sensor based on a core-offset MMF' interferometer is presented. High ex-
tinction ratio can be obtained by misaligning a fused cross section between the SMF and
MMF. With the variation of the lateral force applied to a short section of the MMF, the
extinction ratio changes while the interference phase remains almost constant. The change
of the extinction ratio is independent of temperature variations as well. The proposed force
sensor has the advantages of temperature- and phase-independency, high sensitivity, low
cost, and simple structure.

5.2.1 Operation Principle

As shown in Fig. 5.1, the core-offset MMF interferometer has a three-segment fiber struc-
ture, where a section of MMF of length L is connected to two standard communication
SMFs. The MMF was originally designed for dispersion compensation applications, with
a large dispersion parameter of —270 ps/nm/km at 1550 nm and a cutoff wavelength of
1663 nm. The core/cladding diameter of the MMF is 1.9/115.7 pm. The SMF-MMF-SMF
structure can act as an MZI, based on intermodal interference. Many modes with different
propagation constants can be excited when the light is coupled into the MMF from SMF at
Point 1. When these modes are re-coupled back into the SMF at Point 2, they will interfere
with each other. If only considering two dominant modes, the transmission spectrum is
approximately a periodic function, given by

27 (ns — ny)L
[=1+1+2VLI COS[M], (5.1)

where [ and 5 are the intensities distributed in the lower-order and higher-order dominant

modes, respectively, with Iy < I1; ny and n; are the effective refractive indices of the two
modes respectively, and X is the wavelength of light in vacuum. The extinction ratio KR

76



MMF

——————— . 3

e _ IF :
T : ] I : :
: e— 1 —» “ Senising MME upporting MMF

Core-affect MMF in1|.'rfl.'rum"b¢‘('r

- ﬂ-nsinr_ siructore
-

\ -

v\ IF "

‘ 1l @
EBS - — O5A
Fiher holder Fiber holder

et

Figure 5.1: Schematic diagram of the experimental setup (Insets show the interferometer
structure and the sensing structure, respectively).

of the interferometer can be given by

ER - 101g(1j—\/_ %)2. (5.2)

Fig. 5.2 shows the extinction ratio as a function of the intensity ratio I5/I; of the two
interfering modes. It can be seen that larger intensity ratio of I/l gives rise to higher
extinction ratio. The extinction ratio for the directly fused 1.9/115.7 um MMF interfer-
ometer without core-offset is generally lower than 4 dB, corresponding to a intensity ratio
of 0.01. In order to obtain a high extinction ratio, we have to increase the intensity ratio
I/ 1, which can be realized by manually offsetting the cores between the SMF and MMF
at splicing Point 2. The core-offset splicing is an effective method to control mode coupling
[30]. The offset dependent loss characteristic is firstly studied with an MMF about 24 cm
in length. The splicing Point 1 is fused directly without core-offset. Using a broadband
source (BBS) with the transmission power spectrum shown as the dotted line in Fig. 5.3,
the transmission power spectra of the interferometer are shown in Fig. 5.3 for different
core-offset distances of d at splicing Point 2. It can be seen that there is a best offset
position to obtain maximum extinction ratio. The rather uniform spectra in Fig. 5.3
confirm that the interference is mainly produced by two dominant modes. Because other
higher-order modes are very weak, they have little influence on the interference.

When a lateral force is applied to a short section of the MMF, deformation is produced
in the MMF, which will result in power loss of the two modes. For a given applied lateral
force, the higher-order mode with intensity I, has more power loss than that of the lower-
order mode. Moreover, the power of the higher-order mode decreases much faster than
that of the lower-order mode when the force increases. Thus, the intensity ratio of the
two interference modes I,/ decreases accordingly with the increase of the lateral force,
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Figure 5.3: Transmission power spectra of the BBS and the MMF interferometer with
core-offset d about 0, 4, 4.2, and 5 um, respectively.
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which will lead to a decrease of the extinction ratio (see Fig. 5.2). With the same lateral
force applied to the MMF, the core-offset interferometer with higher extinction ratio will
have a larger reduction in extinction ratio. The above phenomena can be applied to the
measurement, of the lateral force. When a lateral force is applied to a short section [ of
the MMF, the elongated length Al of the section is far less than L, producing negligible
longitudinal strain (Al/L ~ 0). Thus the phase in Eq. (5.1) is only determined by the
difference of the two effective mode indices at a given value of X\. The birefringence variation
AB per unit length of the core refractive index under the lateral force can be expressed as
B1)
4kF

AB = mrlE’ (5:3)
where £ is strain optical coefficient, F' is the force acting on fiber of length [, and r,
are the outer radius and Young’s Modulus of the fiber, respectively. Under the lateral
force, the two interfering modes approximately experience the same amount of variation
according to Eq. (5.3). Thus the difference between two effective mode indices of ny —ny
almost remains constant. As a result, the interference phase is independent of the lateral
force, which can be applied to phase-independent force measurement.

When the ambient temperature changes, the transmission spectrum of the MMF inter-
ferometer will shift, which is related to the thermal expansion and thermo-optic coefficients
of the MMF material [9] TT]. Although the extinction ratio varies with the applied lateral
force, it does not change with the temperature variation. This feature can be applied to
temperature-independent force measurement.

5.2.2 Experiment Results and Discussions

The sensing structure is shown in Fig. 5.1. With the above fabrication method, a core-
offset MMF interferometer sensor with the MMF length about 22 cm is fabricated. The
extinction ratio reaches 8 dB, as shown in Fig. 5.4. A section of MMF identical to the
sensing MMF is used as a supporting fiber. Rotation of the MMF will lead to nonuniform
interference spectrum mainly because part of the power in the dominant interfering modes
is coupled into other higher-order modes. In order to avoid the rotation of the MMF,
the interferometer is supported by two fiber holders placed on an optical table, and the
supporting MMF and sensing MMF are fixed between two aluminum flakes with smooth
surfaces. The width of the aluminum flake is about 1 cm. The transmission spectrum of the
sensor is monitored by an OSA. With different forces applied to the MMF, the extinction
ratio changes accordingly, while the interference phase remains constant, as shown in Fig.
5.5.

Fig. 5.6 shows the responses of the extinction ratio (see the extinction ratio between
the two arrow marks in Fig. 5.5) to different lateral forces. It can be seen that there is
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Figure 5.5: Measured transmission spectra under different lateral forces.
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Figure 5.6: Extinction ratio responses to different lateral forces.

a good quadratic relationship between the extinction ratio and the force for the 1.9/115.7
pm MMF-based sensor. In addition, another gradient index MMF of length 150 cm and
core/cladding diameter of 50.7/125.3 pm is used to measure the lateral force with the same
sensing mechanism. Again, a good quadratic relationship between the extinction ratio and
the applied force is found, as shown in Fig. 5.6. The extinction ratio of the 50.7/125.3
pm MMF-based sensor is more sensitive to the lateral force than that of the 1.9/115.7 um
MMF-based sensor. However, the interferometer based on the 50.7/125.3 um MMF needs
a longer fiber, which is vulnerable to the influence of the ambient disturbance and is not
suitable for smart sensing in actual measurement environment. The interferometer based
on the 1.9/115.7 pm MMF with shorter length is more suitable for practical applications.

Fig. 5.7 shows the transmission power spectra of the 1.9/115.7 um MMF-based sensor
under different temperatures at a fixed force of 2.94 N. When the temperature increases,
the spectrum has a red shift; a wavelength shift of 1.516 nm is observed when the tem-
perature varies from 23 °C to 50 °C. However, the extinction ratio is almost unaffected
when ambient temperature changes. Additional experimental results show that in the tem-
perature range of 23 — 60 °C, the variation of the extinction ratio with the applied force
can be well described by a quadratic relation. However, when the temperature is over 60
°C, the extinction ratio and phase responses to temperature start to change erratically,
which is attributed to the limitation of the thermal property of the MMF and aluminum
flake materials. The operational temperature range may be extended by encapsulating
temperature compensation materials with negative temperature coefficient to the sensor.
In order to avoid breaking the MMF, the force is controlled in the range of 0 —5.88 N. The
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Figure 5.7: Measured transmission power spectra under different temperatures at a fixed
force of 2.94 N.

operational force range of the sensor can be increased by encapsulating the MMF' sensing
head in materials with high Young’s modulus for practical applications.

5.3 Simultaneous Measurement of Transverse and Lon-
gitudinal Strains

A scheme to realize simultaneous measurement of transverse and longitudinal strains with
only a 22-cm MMF based on MZI principle is presented. With the transverse strain applied
to a short section of the MMF and the longitudinal strain applied to the whole MMF, there
is almost no cross-talk between the extinction ratio variation induced by the transverse
strain and the wavelength shift induced by the longitudinal strain. By monitoring the
extinction ratio and the wavelength variations of the interferometer, the transverse and
longitudinal strains can be measured simultaneously. The longitudinal strain varies linearly
with the wavelength shift of the interference spectrum, while the extinction ratio varies
quadratically with the transverse strain. It has the advantages of low cost, simple and
compact structure.
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Figure 5.8: Experiment setup and transmission spectrum of the interferometer (Inset shows
the transverse sensing structure).

5.3.1 Principle

A. Structure and Characteristics of the Interferometer

Fig. 5.8 shows the experimental setup. A C-band broadband source (BBS) is used as the
light source. The transmission spectrum of the interferometer is measured by an OSA. The
interferometer is formed by about a 22-cm MMF sandwiched between two SMFs (SMF-
28 type), which serves as an MZI based on intermodal interference. The extinction ratio
for the MMF interferometer without core offset is generally small. In order to obtain a
high extinction ratio, we slightly offset a splice between the MMF and the SMF. The
extinction ratio of the typical interference spectrum shown in Fig. 5.8 is more than 9
dB. It can be seen that the interference is mainly produced by two dominant interference
modes, which indicates that other existing modes are carrying much less power compared
to the two interference modes. In order to study the interference modes’ type, several
core-offset MMF interferometers are fabricated with the cladding layer of the MMF being
stripped. After the bare MMF's are immersed in the index-match liquid, the transmission
spectra remain unchanged, which confirms that the interfering modes are core modes. The
extinction ratio, F'R, of the interferometer can be approximately expressed as

ER = 101g(1i_—\/_ %V’ (5.4)

where I7 and I, are the intensity distributed in the lower-order and higher-order interfering
modes, respectively, with I < ;. The extinction ratio is related to the intensity ratio I5/I;
of the two modes and decreases with the reduction of the intensity ratio [I7]. Note that
rotation or twist of the MMF will lead to the variation of the interference spectrum, which
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is mainly because part of the power in the dominant interference modes is coupled into
other weak modes. In order to avoid the influence of rotation or twist of the MMF on the
measurement result, the MMF is supported on an optical table by a fiber holder and a
translation stage, which provides the longitudinal strain to the sensor head; moreover, the
sensing MMF and a supporting MMF (identical to the sensing MMF') are fixed between two
aluminum flakes with smooth surfaces, which provide the transverse strain to the sensor
head, as shown in Fig. 5.8. The width of the aluminum flake is about 1 cm.

B. Sensing Principle

When a transverse force applied to a short section of the MMF, the extinction ratio will
decrease with the increase of the transverse force [I7]. The transverse strain induced by
the transverse force can be expressed as

1+3’y+2'y2F 292 —~v -3

mEbl " wEbl Fl, (5-5)

lexs&y] = |
where ¢, and ¢, are the x and y components of the strain induced by the transverse force;
F' is the force acting on the short section of MMF [; and ~, b, and E are the Poisson’s
coefficient, outer radius, and Young’s modulus of the fiber, respectively. It can be seen
that the transverse strain is proportional to the transverse force directly.

When a longitudinal strain is applied to the MMF, the transmission spectrum of the
MMF interferometer will shift, which is related to only the Poisson’s ratio and effective
strain-optic coefficient of the fiber. The transverse force is applied to only a short section
of MMF, which is much shorter than the whole length of the MMF. As the elongation
of the MMF induced by the transverse force is far less than the length of the MMF, the
resultant longitudinal strain in the short section (where the transverse force is applied) is
negligible; therefore, the interference spectrum produced by the whole MMF will not shift
due to the applied transverse strain. Although the extinction ratio varies with the applied
transverse force, it almost does not change with the variation of the longitudinal strain.
This feature can be used to measure the transverse and longitudinal strain simultaneously.

Moreover, The response of the MMF' interferometer to temperature is only related to
the thermal expansion and thermo-optic coefficients of the fiber material. The extinction
ratio only varies with the applied lateral force, while it does not change with the tempera-
ture variation [I7]. This feature could be applied to realize simultaneous measurement of
transverse strain and temperature.
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Figure 5.9: Transmission spectral response to different longitudinal strains at a fixed trans-
verse force of (a) 0 N and (b) 2.94 N.

5.3.2 Experiment Validation and Discussion
A. Response to Transverse and Longitudinal Strain

Fig. 5.9 shows the transmission power spectra of the sensor under different longitudinal
strain at fixed transverse force of 0 N and 2.94 N. When the longitudinal strain increases,
the transmission spectrum of the sensor has a blue shift. It can be seen that the longi-
tudinal strain only leads to the wavelength shift of the transmission spectra of the sensor
and almost does not affect the extinction ratio. Fig. 5.10 shows the relationship between
the measured wavelength (marked with an arrow in Fig. 5.9) and the longitudinal strain
under fixed transverse force of 0 N and 2.94 N. It can be seen that there is a good lin-
ear relationship between the wavelength and the longitudinal strain under 0 N transverse
force, and the longitudinal strain sensitivity is 0.82 x 1072 nm/ue. The longitudinal strain
resolution is about 12 ue for the OSA with a 10 pm resolution. The response for nonzero
transverse force also has a good linear relationship. For the same longitudinal strain, the
measured wavelengths at different fixed transverse forces are slightly different; the maxi-
mum wavelength deviation is less than 0.02 nm at zero longitudinal strain. Experimental
results show that when the longitudinal strain is larger than 108 pe, the maximum slope
difference under different transverse forces is less than 1 x 107° nm/ue, and the wavelength
deviation induced by the transverse force becomes negligible, as shown in Fig. 5.10. Such
a small crosstalk can be relieved by using a pre-applied longitudinal strain.

Fig. 5.11 shows the transmission spectral response to different transverse forces at a
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Figure 5.10: Relationship between the wavelength and the longitudinal strain under fixed
transverse force of (a) 0 N and (b) 2.94 N.

fixed longitudinal strain of 0 pe and 432 pe. It can be seen that when the transverse
force increases, the extinction ratio decreases accordingly, and the interference phase of
the MMF interferometer is almost unaffected. Fig. 5.12 shows the relationships between
the measured extinction ratio (between the two marked arrows shown in Fig. 5.11) and the
transverse strain €, and €, induced by the transverse force at a fixed longitudinal strain of 0
pe and 432 pe, respectively. There is a good quadratic relationship between the extinction
ratio and the transverse strain under zero longitudinal strain. The response for nonzero
longitudinal strain also has a good quadratic relationship. For the same transverse strain,
the measured extinction ratios at different fixed longitudinal strains are slightly different;
the maximum extinction ratio deviation is less than 0.1 dB, which has negligible influence
on the measured quadratic relationship shown in Fig. 5.12. Note that the transverse
strain resolution is related to amplitude noise, which might arise from the fluctuation of
the BBS or the accuracy of the power measured by the OSA. In addition, the transverse
strain sensitivity increases with an increase of the transverse strain; thus, the resolution is
different at different transverse strain. Experimental results show that an extinction ratio
response can be observed by applying a minimum transverse strain of 3.18 ue. In order to
avoid breaking the MMF, the applied transverse force is controlled in the range of 0-4.41
N, resulting in transverse strain ¢, and ¢, in the range of 0 — 57.3 pe and 0 — 114.66 pe,
respectively. The applied longitudinal strain is controlled in the range of 0 — 864 pe. The
measurement ranges of €,, €,, and €, can be increased by encapsulating the MMF' sensing
head in materials with a high Young’s modulus for practical applications.
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Figure 5.11: Transmission spectral response to different transverse forces at a fixed longi-
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Figure 5.13: Transmission spectral response to temperature under transverse force of 2.94
N.

B. Response to the Temperature and Transverse Force

If only the transverse force is applied to the short section of the MMF, the spectrum of the
interferometer will have a redshift with an increase of the ambient temperature, as shown
in Fig. 5.13. There is a good linear relationship between the wavelength and temperature
change, as shown in Fig. 5.14. The sensitivity reaches 0.058 nm/°C. However, the measured
extinction ratio (between the two arrow marks in Fig. 5.13) is almost unaffected, and the
extinction ratio fluctuation is less than 0.05 dB for a given transverse force, as shown
in Fig. 5.15. The above phenomenon can be used to realize simultaneous measurement
of transverse strain and temperature. Additional experiment shows that the extinction
ratio response to temperature has variations without applying transverse strain when the
temperature is increasing over 60 °C. This is because the core diameter and the length
of the MMF will have a relatively large variation under higher temperature, which will
have corresponding influences on the coupling of the interfering modes. The proposed
MMF interferometer can be used to measure both transverse and longitudinal strains, or
both transverse strain and temperature simultaneously with low crosstalk. In addition,
if it is used as a two-directional (transverse and longitudinal) strains sensor, the sensing
head can be encapsulated in temperature compensation materials in order to reduce the
temperature-strain cross effect.
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Figure 5.15: Measured extinction ratio response to temperature.
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Figure 5.16: Experiment setup. PM: Power meter; OC: Optical coupler.

5.4 Lateral Force Sensor with Intensity-Based Inter-
rogation Technique

A lateral force sensor based on a core-offset MMF interferometer with intensity-based
interrogation technique is reported. An offset between the cores of the single-mode fiber
and MMF is made to produce high extinction ratio. When a lateral force is applied to
a short section of the MMF, the extinction ratio decreases with the interference phase
almost unchanged. In addition to serving as a sensing head, the MMF' can also act as a
filter to realize lateral force measurement by measuring the power change from a power
meter. Experiment results show that the power ratio change has a linear relationship with
respect to the applied lateral force.

5.4.1 Experiment Setup and Operation Principle

Fig. 5.16 shows the experiment setup. A tunable laser is used as a light source. The light
from the laser source is split by a 3-dB OC. In one path, power P2 is directly measured by
a power meter (PM2), as a reference to eliminate any power fluctuation from the optical
source; in the other path, power P1 is measured by another power meter (PM1) after
passing a section of MMF. The MMF was originally designed for dispersion compensation
applications, with a large dispersion parameter of —270 ps/nm/km at 1550 nm and a
cutoff wavelength of 1663 nm. The core/cladding diameter of the MMF is 1.9/115.7 pm.
As shown in Fig. 5.16, the MMF is sandwiched between two SMFs acting as an MZI based
on intermodal interference, with an offset between the MMF core and the SMF core. The
core offset is made to increase the extinction ratio of the interferometer, since the core-
offset splicing is an effective method to control mode coupling. The spectra of the MMF
interferometer and the laser source are shown in Fig. 5.17. The central wavelength of the
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Figure 5.17: Spectra of the MMF interferometer and the laser source.

laser source is adjusted at 1544 nm, one of the peak transmission of the MMF spectrum.
The MMF, more strictly speaking the SMF-MMF-SMF structure, act as an MZI based on
intermodal interference. Many modes are excited when the light is coupled into the MMF'.
Each of the modes has a different propagation constant. When they recouple back into the
SMF after passing through the MMF, the modes interfere. Each mode has experienced a
different phase shift. If only two dominant modes are excited, the resultant interference
fringe pattern is approximately sinusoidal with a uniform extinction ratio determined by
the ratio of the intensities in the two modes (e.g., the best mode operation is to launch equal
power in the two modes). If other higher order modes are excited, the interference fringe
pattern will be modulated by their presence. Since the spectrum in Fig. 5.17 is rather
uniform, confirming that only two modes primarily interfere in our case. The measured
interference shown in Fig. 5.17 can be approximately expressed as

2w AnL

]:]1+IQ+2\/ 11]2(308[ ] s (56)
where I; and I, are the intensities distributed in the two interference modes, respectively;
An is the mode index difference of the two modes; and X is the wavelength of light in
vacuum. The free spectral range (F'SR) of the interfering spectrum can be given by Eq.
(5.6) as
)\2

AnL
It is clear that F'SR of the interfering spectrum is inversely proportional to both the mode
index difference An and the length of the MMF L. F'SR can be found about 0.57 nm from

FSR~ (5.7)
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Fig. 5.17, and the length L of the MMF is about 22 c¢m in our experiment. Thus the mode
index difference of the two interfering modes An can be estimated to have the order of
1072, which is at least 10 times larger than those of the MMF's used in [9, 1T],[12]. In other
words, our proposed sensor can be made at least 10 times smaller than the sensors above,
provided that all the sensors have the same wavelength spacing. This feature indicates that
the proposed MMF has the potential to be used as sensing heads to reduce the configuration
size in the practical application.

From Eq. (5.6), the peak of the spectrum at 1544 nm can be described as

2
I—i550 = I (1 + vV ]2/]1> ) (5.8)

determined by the power ratio of the two modes and the power of the fundamental mode.
The lateral force applied to the MMF will lead to the deformation of the MMF, which must
result in the power losses of all the modes. The higher-order mode will experience more
power loss than the lower-order mode; therefore, the intensity ratio I5/1; is reduced. Hence,
the power P; measured by PM1 decreases when the lateral force increases. In addition, the
lateral force is applied to a short section of MMF producing negligible longitudinal strain,
thus the phase of the interferometer remains almost constant [I7]. These features can be
used to realize lateral force measurement by monitoring the power changes instead of the
spectrum variations.

5.4.2 Experiment and Discussion

As shown in Fig. 5.16, a core-offset MMF interferometer sensor with the MMF length of
about 22 cm is fabricated. The extinction ratio reaches 9 dB, as shown in Fig. 5.17. A
section of MMF identical to the sensing MMF is used as a supporting fiber. In order to
avoid the rotation of the MMF, the interferometer is supported by two fiber holders placed
on an optical table. Both of the MMFs are fixed between two aluminum flakes with smooth
surfaces. The width of the aluminum flake is about 1 cm. With increasing lateral forces
applied to the MMF, the extinction ratio decreases, while the interference phase remains
constant, as shown in Fig. 5.18. Since the maximum at 1544 nm on the spectrum also
decreases, the power passed through the MMF reduces; therefore, the power measured by
PM1 decreases. Thus, the MMF interferometer also serves as a filter. Fig. 5.19 shows the
power ratio (P;/P,) changes as a function of the lateral force. P, was used as a reference
to eliminate any power fluctuation from the optical source. The power ratio variation has
a good linear relationship with respect to the applied lateral force. This is different from
the result reported in Ref. [I7], where the extinction ratio has a quadratic behavior with
respect to the lateral force. In fact, the experiment data in Ref. [I7] can also be fitted as a
first-order exponential function within the operating range, but having a more complicated
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Figure 5.18: Transmission spectra under different lateral forces.
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Figure 5.19: Power ratio change as a function of applied lateral force.
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appearance. Thus, the linear relationship is reasonable in the present case where the MMF
interferometer acts as a filter, because the power changes are measured in W instead of
the extinction ratio measured in dB [I7].

In order to avoid breaking the MMF, the force range is controlled in 0 — 4.5 N. This
range can be increased by encapsulating the sensor head in materials with high Young’s
modulus for practical applications. Moreover, if there is an ambient temperature change,
the spectrum of the interferometer has a red shift, which influences the sensing results. This
problem may be overcomed by encapsulating the sensing head in temperature compensation
materials. In addition, the tunable laser source in our experiment can be changed to other
simple sources to further reduce the cost.

5.5 High-Temperature Measurement

A miniature high-sensitivity, high-temperature fiber sensor with an interferometer based
on a bare small-core-diameter MMF is reported. The sensing head has a SMF-MMF
configuration formed by a 4-mm long bare MMF with one end directly spliced to the SMF
and the other end cleaved. Due to the large mode index difference and high thermo-optic
coefficient induced by two dominant interfering modes, a miniature high-temperature fiber
sensor with a high sensitivity of 68.6 pm/°C is obtained by monitoring the wavelength
shift of the interference spectrum. This type of sensor has the features of small size, high
sensitivity, high stability, simple structure, and low cost.

5.5.1 Experiment Setup and Principle

Fig. 5.20 shows the schematic diagram of the experimental setup. The temperature is
controlled by a tube furnace (Thermolyne type 21100). The temperature of the fiber sensor
is measured by a type-K thermocouple, which is connected to a digital thermometer. The
sensor head is attached to the thermocouple, and both of them are inserted into the tube
furnace. A C-band BBS with an amplified spontaneous emission spectrum centered at 1550
nm is used as the light source. The interference spectra are monitored by an OSA. The
sensing head, as shown in the inset of Fig. 5.20, is fabricated by connecting a 4-mm long
bare MMF to a standard communications SMF, which serves as an interferometer based
on intermode interference. The MMF has a core/cladding diameter of 1.9/115.7 ue, a large
dispersion parameter of —270 ps/nm/km at 1550 nm, and a cutoff wavelength of 1663 nm
which was originally designed for dispersion compensation applications. The free end of
the MMF is cleaved to reflect the light back to the MMF. The emitted light of the BBS
propagates to the end surface of the sensing head through a 3-dB coupler, and then the
reflected light propagates to the OSA through the coupler again. The fundamental mode
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Figure 5.20: Schematic diagram of the experiment setup (Inset shows structure of the
sensing head).

that propagates along the SMF will couple into the MMF and excite different interfering
modes at the SMF-MMF splice point. After Reflecting back to the MMF by the cleaved
end surface of the MMF, these modes will interfere and recouple into the SMF at the
MMF-SMF splice point.

Fig. 5.21 shows the measured reflectivity spectrum of the interferometer and the trans-
mission power spectrum of the applied BBS. The interference can be approximately con-
sidered to be produced by two dominant modes, which indicates that other weak modes
carry much less powers and slightly modulate the interference pattern. The phase differ-
ence between the two dominant modes after propagating through the MMF can be written
as o, = 4rAnL/\, where An = n; — ny is the mode index difference of the two dominant
modes, and ny, ny are the mode indices of the two modes respectively; A is the signal
wavelength in vacuum and L is the length of the MMF. The interference condition of the
two dominant modes can be given by

drAnL
Om = il )\n = N27(N is an integer). (5.9)

When ambient temperature changes, the mode index difference An and the fiber length
L will change accordingly, and thus the interference spectrum will have a wavelength shift
AM. According to Eq. (5.9) the relative wavelength shift AA/A caused by a temperature
change AT can be expressed as
AN

=5~ (o + &AT, (5.10)
where o« = dL/LdT is the thermal expansion coefficient of the MMF material, and £ =
d(An)/(An)dT is the thermo-optic coefficient induced by the two interference modes in
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Figure 5.21: Interference spectrum of the MMF interferometer.

the MMF material. The F'SR of the interfering spectrum can be approximately given by

)\2

FSR = AL

(5.11)

It can be seen that the F'SR is inversely proportional to both the mode index difference
An and the length of the MMF L. According to Eq. (5.11) and Fig. 5.21, the mode
index difference of our proposed MMF interference sensor is about 2.1 x 1072, However,
the mode index difference of the high-temperature 105/125 ym MMF interference sensor
[T1] is about 9.6 x 1074, and that of the 100/140 ym MMF temperature sensor [9] is only
about 2.5 x 10~*. The mode index difference of our proposed interference sensor is about
22 and 84 times larger than that of the two temperature sensors in [9, [I1]. In other words,
our proposed sensor can be made by 22 or 84 times smaller than the two sensors above,
considering that all the sensors have the same F'SR. On the other hand, sensor resolution
is a very important parameter and is dependent on wavelength measurement errors that
are determined by the resolution of OSA and the bandwidth of the resonance peak. For
a fixed value of L, a large value of An gives rise to a small FF'SR and consequently a
small bandwidth of the resonance peak, which will be beneficial to the sensor resolution.
Therefore, the proposed 1.9/115.7 pm MMF interference sensor with a large mode index
difference can be miniaturized readily with a high-temperature resolution. The parameters
of the refractive indices of the core and the cladding of the MMF are not known for us.
The large mode index difference of the MMF' interferometer is attributed to the special
design of the MMF'.
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Figure 5.22: Wavelength shifts of the interference spectrum at different temperatures.

5.5.2 Experiment Results and Discussion

The OSA with a resolution of 0.06 nm is used to measure the transmission spectrum of the
interferometer. When the temperature increases, the MMF interference spectrum has a red
shift while the spectrum almost keeps the same pattern, as shown in Fig. 5.22. To monitor
a broad wavelength shift, we measure the wavelength variation of the point at the arrow
shown in Fig. 5.22, starting with the wavelength of 1534.28 nm at a room temperature
of 25 °C. Fig. 5.23 shows the measured relationship between the wavelength and the
temperature. It can be seen that there is a good linear relationship between the wavelength
and temperature change. Within the temperature range of 25 — 600 °C, the temperature
sensitivity reaches 68.6 pm/°C. Compared with the high-temperature MMF-based sensors
[T1], the proposed high-temperature sensor has higher sensitivity, which is mainly because
of the higher thermo-optic coefficient. The thermal expansion coefficient is generally lower
by 2 orders of magnitude than the thermo-optic coefficient for the optical fiber; ignoring
the thermal expansion coefficient, the thermo-optic coefficient of the MMF used in our
experiment is about 4.4 x 107° while that of the MMF in [I1] is about 9.7 x 107%. As the
F'SR of the proposed fiber sensor is much smaller than the bandwidth of the available BBS,
the length of the sensing head can be shortened further to obtain ultra compact sensing
heads. To test the influence of the ambient disturbance on the sensor, we keep the sensing
head under several fixed temperatures, and we find that the interference spectrum does
not change and has high stability under a fixed temperature, which is attributed to the
small size of the sensing head. In addition, it can be seen that a cleaved surface used as
a reflection mirror provides low reflection. However, the low reflection does not affect our
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measurement accuracy, since we measure the wavelength shift of the spectrum, although
the reflectivity can be increased by coating the MMF end surface with proper materials.

5.6 Conclusion

A simple core-offset MMF interferometer force sensing mechanism has been presented
and demonstrated experimentally. The MMF-based interferometer can be obtained by
misaligning a fused cross section between the SMF and MMF. The advantages of the
sensor include temperature- and phase-independency, high extinction ratio sensitivity, low
cost, and simple structure.

Due to the little crosstalk between the extinction ratio change induced by the transverse
force and the wavelength shift induced by the longitudinal strain variations or temperature
variations, the MMF lateral force sensor could be used to realize simultaneous measurement
of transverse and longitudinal strain or simultaneous measurement of transverse strain and
temperature.

In order to void using OSAs, the improved lateral force sensor based on a core offset
MMF interferometer is presented and demonstrated experimentally. Intensity-based inter-
rogation method is used instead of monitoring the extinction ratio change of the spectrum.
The proposed sensor has the advantages of simple structure and low cost.

Finally, a miniature high-temperature fiber sensor with a bare small-core-diameter
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MMF-based interferometer has been proposed and demonstrated experimentally. Exper-
imental results show that the MMF interference temperature sensor with an only 4-mm
long bare MMF can be operated with high sensitivity of 68.6 pm/°C within the tempera-
ture measurement range of 25 — 600 °C. This type of sensor has the features of small size,
high sensitivity, high stability, simple structure, and low cost. It is expected to be applied
in smart and practical fiber high-temperature sensing.
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Chapter 6

Temperature Insensitive All-Fiber
Compact Polarization-Maintaining
Photonic Crystal Fiber Based
Interferometer and Its Application in
Fiber Sensors

A novel temperature insensitive all-fiber compact polarization-maintaining photonic crystal
fiber (PMPCF) based interferometer is presented. The coupling between the PMPCF and
single-mode fiber (SMF) is investigated experimentally. With an all-fiber compact SMF-
PMPCF-SMF structure, the cladding modes propagating in the PMPCF can be effectively
excited by core offsetting one splice between the PMPCF and SMF. With the increase
of the core-offset, the interference depth of the interference pattern enlarges accordingly.
Under a suitable core-offset, the PMPCF based interferometer with high interference depth
can be obtained. Moreover, the proposed sensor is temperature insensitive due to the ultra-
low thermal characteristics of the PMPCF. We also demonstrate its applications in strain
and refractive index measurement. The sensor has the advantages of small size, simple and
compact all-fiber structure, high sensitivity, and temperature insensitiveness.

6.1 Introduction

Due to the advantages of compact structure and low cost, modal interferometer based
sensors have attracted much interest. Several multimode fiber (MMF') based modal inter-
ferometer sensors with single-mode fiber (SMF)-MMF-SMF [1], 2, 3] and MMF-SMF-MMF
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[4] structures, have been reported recently. However, when they are used for sensing other
measurands such as longitudinal strain, the high thermal response may cause serious cross-
sensitivity effects and reduce the measurement accuracy.

With the commercialization of the polarization-maintaining photonic crystal fibers
(PMPCFs), the applications of PMPCF in optical filters and sensors have attracted in-
tensive research interests. Zhao et al. reported a temperature insensitive PMPCF based
optical fiber Sagnac interferometers (OFSI) [5]. Dong et al. used this type of OFSI as a
temperature-insensitive strain sensor [6]. To construct an all-fiber OFSI, in addition to the
polarization-maintaining fiber, other components, such as a 3-dB coupler and a polariza-
tion controller (PC), generally have to be applied, which may lead to a complex structure
and high cost. Moreover, when the OFSI is used as filters and sensors [3], [6, [7, [8, @],
any disturbance on the components that form the OFSI may lead to the change of the
transmission spectrum of the OFSI, which may limit its practical applications.

In this chapter, we present a novel all-fiber PMPCF based modal interferometer that
has the unique features of small size, simple and compact structure, and temperature-
insensitiveness. We investigate the coupling between the PMPCF and SMF experimentally
in detail. With an all-fiber compact SMF-PMPCF-SMF structure, by core offsetting one
splice between the PMPCF and SMF, the cladding modes propagating in the PMPCF can
be effectively excited. As a result, modal interferences occur due to the coupling between
the core mode and cladding modes. With the increase of the core-offset, the interference
depth of the interference pattern enlarges accordingly. The PMPCF based interferometer
with high interference depth can be obtained under a suitable core-offset. Moreover, the
proposed interferometer is temperature insensitive due to the ultra-low thermal characteris-
tics of the PMPCEF, which makes it a suitable candidate for the applications of temperature
insensitive fiber filters and sensors. By using it as a strain sensor, a strain sensitivity of
1.84 pm/pe is obtained, which is considerably higher than that of 0.23 pm/ue for the OFSI
based sensor [6]. It also has the potential to be used as a refractive index (RI) sensor to
measure the RI in a wide measurement range. For the ordinary PMPCF based OFSI, the
interference is constructed by two core modes (i.e., x- and y-polarized modes). Here, based
on an all-fiber SMF-PMPCF-SMF structure, we focus on using the core-offset method to
excite the cladding modes of the PMPCF to produce the interference with core mode and
the cladding modes. Note that we make use of the ultra-low thermal characteristics of the
specially designed PMPCEF, other than its polarization characteristics, to develop an all-
fiber sensor featured with small size, compact and simple structure, as well as temperature
insensitiveness.
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Figure 6.1: Schematic diagram of the experimental setup.

6.2 Principle

6.2.1 Structure of the PMPCF Interferometer and the Coupling
Between the PMPCF and SMF

The schematic diagram of the experimental setup is shown in Fig. 6.1. When the mismatch
between the cores of two kinds of fibers with different core diameters is introduced, high-
order modes can be excited [I], 2, 10, 11, [12]. Here, an all-fiber compact SMF-PMPCF-SMF
structure is used to construct the interferometer with splice Point 2 being fused without
core-offset and a slight core-offset at splice Point 1. The inset in Fig. 6.1 is a core-offset
photograph of the splice Point 1. The PMPCF used in our experiment is fabricated by
Blaze-Photonics Com., and it has the same parameters as described in [5, 6]. A C-band
broadband source (BBS) with amplified spontaneous emission (ASE) spectrum centered
at 1550 nm is used as the light source. The transmission spectrum of the interferometer is
measured by an OSA of Agilent 86142B. Figs. 6.2 and 6.3 show the core-offset dependent
characteristics of the 7-mm and 11-mm PMPCF based interferometers under different core-
offsets. It can be seen that without the core-offset there is no interference. However, when
the core-offset is introduced, the interference depth increases with the enlargement of the
core-offset, but the insertion loss increases accordingly. A 20-dB interference depth can be
obtained with the 7-mm PMPCEF based interferometer. Comparing Fig. 6.2 with 6.3, it
can also be seen that the longer length PMPCF based interferometer has smaller F\SR.

6.2.2 Sensing Principle of Temperature and Strain

When only one dominant cladding mode is considered, the resonance condition (the dip
on the spectrum) for the interference can be given by

2rBL/\ = N, (6.1)
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Figure 6.2: Coupling between the 7-mm PMPCF and the SMF under different core-offsets.
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Figure 6.3: Coupling between the 11-mm PMPCF and the SMF under different core-offsets.
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where N =1,2,3,..., B =n; —ny, ny and ny are the effective refractive indices of the core
and cladding modes; L is the length of the PMPCF, and A\ is the wavelength of light in
vacuum. The FSR of the interference pattern is given by FSR =~ \?/BL.

When a strain ¢ is applied to the PMPCF or ambient temperature changes, B and L will
have corresponding changes of AB (AB << B) and AL (AL << L), thus the transmission
spectrum will have a wavelength shift of A\X. Since the core and cladding modes propagate
in different waveguide structures in the PMPCF, the strain and temperature must affect the
two modes in different manner. We denote the effective photoelastic constants by p.; and
Pe2, and the thermo-optic coefficients by & and & for the two modes, respectively. AB and
AL induced by the strain can be expressed as AB = (peini — peanz)e and AL = Le. AB
and AL induced by the temperature variation AT can be given by AB = ({111 — &ang) AT
and AL = oLAT (« is the thermal expansion coefficient of the PMPCF). Therefore, the
wavelength shift can be obtained as

AN = [(1 4 pe)e + (a+ E)ATIA, (6.2)

where p, = (pe1n1 — pean2)/B, is a constant that describes the strain-induced variation of
the effective index difference of the two modes, and £ = (§;n; — &ang)/ B, is a constant that
describes the thermal-induced variation of the effective index difference of the two modes.

6.3 Experiment results and discussions

We use the 7-mm PMPCF-based interferometer to demonstrate the temperature, strain
and RI sensing. The OSA with a resolution of 0.06 nm is used to measure the transmission
spectrum of the interferometer. Due to the mismatch of the mode field and numerical
aperture between the PMPCF and the SMF, a large splicing loss is introduced. The total
loss of the two splicing points without core-offset is about 7 dB while that with core-offset
reaches about 8.5 dB. However, the high insertion loss does not affect our measurement
accuracy since we measure the wavelength shift of the spectrum.

6.3.1 Interference Spectrum Response to Temperature

Under the 0.06 nm resolution of the OSA, the interference pattern keeps almost unchanged
and the measured transmission dips under different temperatures are almost overlapped
when the temperature changes from 25 °C to 60 °C, as shown in Fig. 6.4. The ultra-low
thermal characteristic of the sensor is attributed to the low thermal expansion coefficient
« and low effective thermo-optic coefficient ¢ of the PMPCEF. Experimental results show
that when the temperature is over 60 °C, a slight shift for the transmission dip can be
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Figure 6.4: Measured transmission spectra under different temperatures.

observed. So the temperature influence on the interferometer can be neglected when it is
operated in normal environmental condition without very large temperature variations.

6.3.2 Interference Spectrum Response to Strain

With the increase of the applied strain, the transmission spectrum has a corresponding
blue shift, as shown in Fig. 6.5. By measuring the wavelength shift of the transmission
minimum at 1544.74 nm against the applied strain, a good linear relationship between the
wavelength shift and strain is obtained, as shown in Fig. 6.6; the sensitivity reaches —1.84
pm/pe. The proposed sensor shows a considerably higher sensitivity than the OFSI based
sensor (0.23 pm/ue ) [6]. The applied strain is controlled in the range of 0 — 1044.4 pue.
The strain resolution is about 32.6 ue, which is limited by the 0.06 nm resolution of the
OSA. The operational strain range of the sensor can be increased by encapsulating the
sensing head in materials with high Young’s modulus for practical applications.

6.3.3 Interference Spectrum Response to RI

Another unique feature of the interferometer is its high sensitivity to surrounding RI.
Fig. 6.7 shows the measured transmission spectra under different RIs. By measuring the
transmission peak shift, the transmission spectrum response to RI in wavelength shift is
obtained. It can be seen that the responses of the sensor with RI in the ranges of 1.36—1.428
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Figure 6.5: Measured transmission spectra under different applied strains.
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Figure 6.7: Measured transmission spectra under different refractive indices.

and 1.456 — 1.78 are very different. In RI range of 1.36 — 1.428, the transmission spectrum
has a large red shift (42.824 nm) as the RI increases. In the RI range of 1.456 — 1.78,
red shift also occurs in the transmission spectrum, but the spectrum only shifts 8.883 nm,
much less than that in RI range of 1.36 —1.428. It can be seen that the interference pattern
disappears as the RI locates in the range of 1.436—1.44. This is because the cladding modes
are cut-off and propagate out of the cladding of the PMPCF when the ambient RI is close
to that of the cladding. This feature of the proposed sensor could have a potential for the
application to measure RI. In normal environmental condition without large temperature
variations, the proposed strain and RI sensor is temperature insensitive. It should be noted
that the characteristics of high sensitivity and temperature insensitiveness also make the
RI sensor have potential applications in bio-sensing.

6.4 Conclusion

We present a novel temperature insensitive all-fiber compact PMPCF based interferometer.
The coupling between the PMPCF and SMF is investigated experimentally. With an
all-fiber compact SMF-PMPCF-SMF structure, a short length interferometer with high
interference depth of the interference pattern can be obtained by core-offsetting one splice
between the PMPCF and SMF. The sensor is temperature insensitive due to the ultra-low
thermal characteristics of the PMPCF. The interferometer based strain and RI sensors
have the advantages of small size, simple and compact all fiber structure, high sensitivity,
and temperature insensitiveness.

107



Chapter 7

Future Work: Pulsed Fiber Lasers
and Fully Distributed Fiber Sensors
Based on Brillouin Scattering

One of the most important advantages of optical fiber sensors is their capability of inte-
grating a large number of passive optical sensors or sensing regions within a single fiber.
Because of this superior advantage of distributed sensing, optical fiber sensors have al-
ready appeared to have a distinct edge over the competition with the conventional sensors.
Such sensors have already been commercialized and penetrated into the markets for the
applications of oil and gas pipeline monitoring, power line monitoring, health monitoring
of bridges, dams, buildings, aircrafts, wind turbines, etc. (failure of such structures may
result in the losses of the human lives, millions of dollars loss, or severe environmental
pollution, etc.).

As introduced in the first chapter, there are two types of distributed optical fiber
sensors: quasi-distributed optical fiber sensors and fully distributed optical fiber sensors.
Quasi-distributed optical fiber sensors usually refer to multiplexing point sensors to form
a sensing mesh to measure the parameters of many separate points in the space simulta-
neously. However, point sensors’ localized nature only gives incomplete information about
the health of the structure, since the locations over which a strain has been accumulated,
or the position that has been deformed, are usually unknown [I]. Fully distributed fiber
sensors, which are based on light scattering in an optical fiber, could realize this purpose
by not only measuring the amount of the strain or other parameters but also telling where
the change happens. Therefore, this kind of sensors provide an excellent opportunity for
structural-health monitoring of civil-engineering structures by allowing measurements to
be taken along the fiber rather than at discrete points. One of the most successful tech-
niques called Brillouin Optical Time Domain Analysis (BOTDA) [2, 13, [4] based on the
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interaction between pulsed and continuous light waves counterpropagating in an optical
fiber which enhances the Brillouin backscattering intensity (compared to Brillouin Optical
Time Domain Reflectometry where only one pulsed source is used) to realize long distance
distributed sensing has already found its way toward the “real-world” applications, since
the spatial resolution has been achieved on the order of centimeter with high temperature
and strain accuracies [II, 5], ), [7, [§].

However, the problem of cross sensitivity, when an optical fiber sensor is sensitive to
both strain and temperature, also exists for distributed optical fiber sensors. This cross
sensitivity would introduce large errors when monitoring strain which is in general an im-
portant factor for health monitoring of massive structures. An effective method to solve
this problem is to detect two independent physical parameters which have different sen-
sitivities to temperature and strain [9] as introduced in the previous chapters. Since the
conventional BOTDA system is to monitor the Brillouin frequency shift (BFS) which is
sensitive to both the temperature and strain, another factor has to be found and monitored
for temperature and strain discrimination. Many efforts have been made toward this pur-
pose, such as using a pair of optical fibers with different refractive indices [10], monitoring
two acoustic resonance peaks at different orders of Brillouin gain spectrum [11], measuring
the power and the Brillouin frequency pair [12]. However, the above schemes have their
own drawbacks: the sensing head with two fibers makes the system complex, one of the
two Brillouin peaks has low signal-to-noise ratio, and the power measurement introduces
errors due to the fluctuation; and the accuracies of these schemes are not sufficient [13].

Recently, the discrimination of temperature and strain could be achieved using a
polarization-maintaining fiber (PMF) by evaluating the spectrum of stimulated Brillouin
scattering (SBS) and that of the Brillouin dynamic grating (BDG) generated in SBS to ob-
tain two independent responses to strain and temperature [I3]. A BDG refers to a dynamic
acoustic grating generated in SBS. If we consider the case in a PMF, an acoustic phonon
generated by SBS between two counterpropagating writing beams of one polarization is
used as a tunable and dynamic grating for the orthogonally polarized reading beam at
different wavelengths satisfying the phase-matching condition. The reflected probe wave
experiences an ordinary Brillouin shift, and the optical frequency difference between the
writing and the reading beams is determined by the birefringence of the PMF. The BDG
spectrum shift is also sensitive to temperature and strain but with different sensitivities
from those of the BFS, so that the BDG spectrum shift could be used as a second factor
for temperature and strain discrimination. This method provides a better way compared
to the above reports [5], 10, [IT), 12] to discriminate temperature and strain using only one
piece of fiber with high temperature and strain resolutions; much higher resolution could
be achieved. Note that after the BDG was first introduced in a PMF in 2008 [14], many
results have been reported on this topic for different applications [I5], 6], 17, 18]. More
recently, Dong et al. reported a high spatial resolution distributed sensor for temperature
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and strain discrimination by generating the BDG with two short pulses inside the PMF
[19]. However, detailed physical description and the theoretical analysis of the BDG were
missing in all the above reports [14] [15] [16], 17, 18, [19]. In the reported experiment results,
the BDG spectrum has a Gaussian shape [13],[19], and its bandwidth is much wider than
Brillouin linewidth; moreover, the distorted spectrum [I4] and even a two-peak structure
[18] have been observed. Although a simple modal based on the consideration of the BDG
as a moving FBG was developed [20], and a simple explanation that is because of the large
non-uniform birefringence in the PMF was mentioned [18], a comprehensive physical and
mathematical description is very necessary. In addition, in order to use this BDG technique
to design high performance distributed fiber sensors, theoretical analysis and guidance are
indispensable for sensor characteristic optimization.

Future work could start with this theoretical work by solving the five coupled wave
equations (four are for light waves; the other one is for acoustic wave) to give a detailed
investigation on the property of the BDG. Then, with the guidance of the theoretical
analysis, fully distributed fiber sensors for temperature and strain discrimination with
high spatial resolution could be designed and developed with the BDG technique. The
high spatial resolution could be achieved by generating a short BDG inside the fiber. One
recent report on this purpose used two counterpropagating writing pulses of 2 ns duration.
The length of the BDG was about 20 cm, which corresponds to 20 cm spatial resolution.
In order to further improve the resolution, a simple idea is to build a laser source with
shorter pulse duration (e.g., 200 ps corresponds to 2 cm resolution). Admittedly, optical
pulses with nanosecond duration could be achieved by modulating the continuous wave
laser source. When shorter pulses (picosecond range) are needed, Q-switched and mode-
locked lasers are necessary. In the following two sections, several schemes of passively
Q-switched and mode-locked erbium-doped fiber lasers are presented with single-walled
carbon nanotubes as saturable absorbers. They are expected to have the potential to be
used as the source for distributed sensing. In addition, when studying short pulse fiber
lasers, many nonlinear effects need to be considered. This would in turn help us design and
develop better sensing systems. In the last section, Section 7.3, a summary of the future
work will be given.
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7.1 Tunable Passively Q-Switched Erbium-Doped Fiber
Laser with Single-Walled Carbon Nanotubes as a
Saturable Absorber

7.1.1 Introduction

Q-switched erbium-doped fiber lasers (EDFLs) have attracted intensive attention for their
wide applications in fields such as communications, reflectometry, fiber optical sensing,
etc. Compared to actively Q-switched fiber lasers, passively Q-switched ones have the
advantages of compactness and simplicity of design. Many kinds of saturable absorbers
(SAs) have been used to achieve passive Q-switching of the EDFLs, such as the transition
metal-doped crystals that include Co*?:ZnSe [21], Co™:ZnS [22], Cr*2:ZnSe [23], Co™:
MgAl,Oy [23], etc., and the semiconductor quantum-well structures that comprise InGaAs-
InP [24], AlGalnAs [25], etc. However, extra mirrors, lens, or U-bench units have to be
inserted into the laser cavity, which may increase the complexity and the insertion loss of
the configuration.

In order to overcome these limitations, single-walled carbon nanotubes (SWNTs) can
be used as SAs because of their good compatibility with optical fibers. Besides, they have
the advantages of low saturation intensity, subpicosecond recovery time, wide operating
bandwidth, and mechanical and environmental robustness. Recently, different techniques
have been used to integrate SWNTs into fiber devices to construct SAs, such as synthe-
sizing SWNTs directly onto quartz substrates [26], depositing SWNTs onto tapered fibers
[27] or D-shaped fibers [28], making SWNT-polycarbonate composites [29], and optically
driven depositing SWNTs on the ends of optical fibers [30]. However, most of the reports
are focusing on mode-locking with a ring cavity. Q-switching was also mentioned in [20]
and [27], but no detailed demonstration nor tunability was reported. In this section, by
introducing a fiber Bragg grating (FBG) serving as a narrowband external mirror of the
ring cavity, stable all-fiber passively Q-switched EDFL is achieved and studied in detail.
The EDFL can be tuned simply by applying axial strain to the FBG. The SAs are con-
structed by optically driven depositing commercially available SWNTs on the end of a
fiber connector as described in [30], since this method is simple and inexpensive compared
to other techniques [26] 27, 28, 29]. The self-mode-locking effect is also observed, and it
could be suppressed by splicing an extra unpumped erbium-doped fiber (EDF) into the
ring cavity.

However, the pulse duration obtained with this Q-switched technique is pretty long,
on the order of us due to the long cavity length. Although the pulse width could be
shortened in principle by using highly doped active fiber to decrease the length of the
cavity, the generation of sub-nanosecond pulses is not easy. In Section 7.2, erbium-doped
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fiber lasers based on mode-locking technique will be presented. Sub-nanosecond pulse could
be generated with a normal dispersion cavity. This has the potential to be used as the
optical source for fully distributed fiber sensor systems.

7.1.2 Experiment Setup

A homogeneous solution of nanotubes is prepared by mixing approximately 0.5 mg of
SWNTs (diameter of 1 —2 nm) with 10 ml of ethanol and then ultrasonicating for 10 — 20
min. The optical power output of a fixed connection/angled physical contact (FC/APC)
connector from a 980-nm laser diode is first measured as 7 mW. The connector is then
dipped into the solution for around 30 — 40 s before being moved out. The optical power
is measured again after the ethanol was evaporated completely. The power drops since the
SWNTs are deposited on the core of the fiber, and thermophoresis caused by heating due
to optical absorption is a likely candidate responsible for the deposition process [30]. This
procedure is repeated until the loss of the connector is about 3 dB. The typical scanning
electron microscope (SEM) images of the end face of the connector are shown in Figs.
7.1(a)-(c) with different resolutions. The connector with SWNTs is then mated to another
clean connector to construct an SA [see Fig. 7.1(d)] that could be easily spliced in the
cavity of the fiber laser.

980 nm pump

Circulator
1

Figure 7.1: SEM images of the connector end deposited with SWNTs with different magni-
fications (a) x60, (b) x1k, (¢) x10k. (d) Photo of the SA constructed with the connectors.
(e) EDFL configuration.
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The Q-switched EDFL configuration is shown in Fig. 7.1(e). The fiber laser is pumped
by a 980-nm laser diode through a wavelength division multiplexing (WDM) coupler. A
5-m long single-mode EDF is used as a gain medium. The polarization controller (PC) is
utilized for optimization of the laser output. The SA is coupled to the cavity by a circulator
which also acts as an isolator to provide unidirectional operation. An FBG, which has a
central wavelength of 1554.98 nm, an optical bandwidth of 0.2 nm, and a reflectivity of
99%, serves as an external mirror of the ring cavity. The 10% port of an optical coupler
(OC) is used to extract the output power, and an isolator (ISO) is employed to avoid
backward reflection. The overall length of the cavity is about 20 m.

7.1.3 Experimental Results and Discussion
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Figure 7.2: Laser output spectrum of (a) CW mode at a pump power of 9.43 mW and (b)
Q-switch mode at a pump power of 11.1 mW.

The threshold of continuous-wave (CW) operation of the laser is 9.43 mW at a wave-
length of 1554.98 nm. The laser transits to a passive Q-switch mode when the pump
power is increased to 11.1 mW. Both the spectra are shown in Fig. 7.2, with a full-width
at half-maximum (FWHM) bandwidth of less than 0.15 nm. When Q-switching starts,
the spectrum of the laser output shows sideband structure due to multimode oscillation
and cavity perturbations. The typical pulse train has a stable repetition rate as shown in
Fig. 7.3 (pump power of 29.7 mW), which is measured by a photodetector (PD) with a
bandwidth of 100 kHz. The pulse duration (FWHM) in the train is about 7 us with a peak
power of 1.7 mW. The rather long pulse duration is primarily because of the long length
of the laser cavity which gives rise to a long cavity lifetime. Note that the pulse duration
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could, in principle, be reduced by shortening the length of the cavity, e.g., by using a
highly doped EDF of a shorter length. The pulse temporal behavior is further recorded
by a faster PD with a bandwidth of 2 GHz. The repetition rate and pulse duration are
consistent with those measured by the slower PD, but large amplitude modulation on each
Q-switched pulse envelope is observed (red line in the left inset of Fig. 7.3) because of
the self-mode-locking effect. The repetition rate of the mode-locked pulses can reach hun-
dreds of megahertz due to higher order harmonics [31]. This self-mode-locking effect could
be suppressed by splicing an extra 1-m-long unpumped EDF into the cavity between the
SWNTs and the FBG, since the counterpropagating beams in the unpumped EDF form a
standing wave that results in periodic spatial hole-burning which could realize lasing mode
selection. The suppressed Q-switched pulse recorded by the 2-GHz PD is shown in the
right inset of Fig. 7.3. The longer pulse duration is due to the longer cavity length and
the absorption induced from the unpumped EDF. Let us mention that the modulation of
the pulse envelope is still observed occasionally.
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Figure 7.3: Typical oscilloscope trace of the typical laser output at a pump power of 29.7
mW. Left inset: single pulse envelope recorded by 100-kHz PD (black line) and 2-GHz PD
(red line). Right inset: single pulse envelope recorded by 2-GHz PD with an extra 1-m
long unpumped EDF inserted in the laser cavity.

Fig. 7.4 shows the repetition rate of the Q-switched pulses and the average output power
as a function of the pump power. The data is obtained without the extra unpumped EDF.
A stable Q-switched mode is observed within the range 11 — 46 mW of pump power. The
pump power is limited within this range to avoid optical power induced thermal damage of
the SWNTs. The pulse energy is also found to grow monotonically with the increase of the
pump power, since the interpulse period of the proposed Q-switched laser (on the order of
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Figure 7.4: Average output power and pulse repetition rate as a function of pump power
at a wavelength of 1554.98 nm.
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Figure 7.5: Laser output spectra at different wavelengths at a pump power of 29.7 mW.

microseconds) is much longer than the SA’s recovery time (in the range of subpicosecond).
The maximum pulse energy is measured to be 14.1 nJ at a pump power of 45.8 mW with
a pulse peak power of 2 mW. The present laser could be tuned by applying axial strain on
the FBG, and the output spectra for different wavelengths are illustrated in Fig. 7.5. The
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laser output power stays relatively flat from 1555 to 1560 nm. An average value of 139.7
pW, with a standard deviation of 1.98 pW (1.4%), is obtained for the wavelengths within
the tuning range at a pump power of 29.7 mW. The tuning range could be extended by
using a highly stretchable FBG [32].

7.1.4 Conclusion

A low pump threshold tunable passively Q-switched EDFL with SWNTs as an SA is
presented. The SA is constructed by depositing SWNTs on fiber connectors using optical
radiation propagating in the fiber. The work has been repeated by using different SAs
constructed with the same method, and similar experimental results confirm the reliability
of the laser configuration. Self-mode-locking effect is also observed. By introducing an
extra unpumped EDF in the cavity, this effect could be effectively suppressed. Higher
output power could be achieved by depositing the SWNTs onto a D-shaped fiber [28],
because in this case only part of the optical power of the mode interacts with the SWNT's
to give the loss modulation into the laser cavity.

7.2 Passively Mode-Locked Erbium-Doped Fiber Laser
with Single-Walled Carbon Nanotubes as a Sat-
urable Absorber

7.2.1 Introduction

Ultrafast lasers which can generate short optical pulses whose durations are from picosec-
onds down to femtoseconds have a large variety of engineering, industrial, and medical
applications. The properties of short duration, high peak power, broad spectral band-
width, short coherence length of the optical pulses generated by these lasers could be used
for the applications of high speed telecommunications, automotive radar, micromachining,
high resolution optical coherence tomography, video projection, ablation, etc [33]. On the
other hand, compared to conventional solid-state lasers, fiber lasers have the advantages
of high stability, high reliability, compact structure, low cost, immunity to tough environ-
mental changes, etc., because of the all-fiber structure which does not need any complex
water cooling system used in solid-state laser systems, and the potential for miniaturization
and integration due to the small size of the optical fibers. Therefore, many companies are
developing these ultrafast fiber lasers to meet the rapidly growing demand for such lasers
in various fields, such as IMRA America Inc., Calmar Laser Inc., Avesta Project Ltd., etc.
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Mode-locking technique is a key method to generate ultrafast laser pulses. In general,
there are two categories, which are active and passive mode-locking. Active mode-locking
involves using modulators which have to be controlled externally to modulate the amplitude
or phase of the light in the laser cavity. However, the realization of passive mode-locking
is simpler and easier by placing a purely passive SA element inside the laser cavity, so
that the passively mode-locked laser has the potential to be built with a low cost, and
compact structure. Passively mode-locked fiber lasers mostly resort to semiconductor SAs.
However, these bulk structures are not compatible with optical fibers which might sacrifice
the compactness of fiber lasers. Recently, SWNTs turns out to be excellent SAs, because
of their good compatibility with optical fibers, low saturation intensity, fast recovery time,
wide operating bandwidth, and mechanical and environmental robustness. Different meth-
ods have been reported to deposit SWNT's onto optical fibers or fiber related devices. We
will use the same deposition method for SWNT based SA presented in Section 7.1.

The first major concern is the output pulse energy. Soliton fiber lasers are limited to low
pulse energies. At higher energies, nonlinear effects cause wave breaking, which results in
multiple pulsing. Stretched-pulse fiber laser consists of segments of anomalous and normal
group velocity dispersion, which implement the concept of dispersion management [34].
Although it could generate pulse energy higher than that obtained with soliton fiber laser,
the pulse energy is still limited. Many efforts have been made to increase the pulse energy
obtainable from mode-locked fiber lasers by developing similariton fiber lasers. Similariton
fiber lasers generate chirped pulses and operate with positive cavity dispersion comprising
positive dispersion gain fiber [35]. Following the first similariton fiber laser was reported
by Ilday et al. [34], many works have been done on this topic [36} 37, B38| 39} 40, 41, [42] 43].

The second concern is the pulse duration. Fiber lasers working in the normal dispersion
region usually have longer pulse durations compared to the anomalous ones. This could
also offer an opportunity for us to build a pulsed laser source with sub-nanosecond pulse
duration to be used for fully distributed fiber sensor systems. We will first construct an
EDFL working with the anomalous dispersion cavity to confirm the reliability of the SA,
and then develop the normal dispersion EDFL to generate longer pulses with higher energy
in order to find the potential applications in fully distributed fiber sensor systems.

7.2.2 Experiment and Discussion for Anomalous Dispersion Cav-
ity

The mode-locked erbium-doped fiber laser experiment setup with anomalous dispersion

cavity is shown in Fig. 7.6. The fiber laser is pumped by a 980-nm laser diode through

a WDM coupler. A 60-cm long single-mode highly doped EDF is used as a gain medium.
The PC is utilized for optimization of the laser output. The SA (the same SA developed in
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Section 7.1) is spliced into the cavity. An ISO is used to ensure unidirectional operation.
The 10% port of an OC is used to extract the output power, and a second ISO is employed
to avoid backward reflection. Our cavity uses anomalous dispersion fibers, with an overall
negative group velocity dispersion, in order to facilitate soliton-like pulse shaping through
the interplay of group velocity dispersion and self-phase modulation [44].

980 nm pump

Output

Figure 7.6: Mode-locked EDFL configuration. EDF: erbium-doped fiber laser; PC: po-
larization controller; SWNT: single-walled carbon nanotube; OC: optical coupler; ISO:
isolator.

The typical laser pulse train is shown in Fig. 7.7. The pump power is about 36.5 mW
and the average output power is 598.5 pW. The repetition rate is about 20 MHz (interpulse
duration ~ 52 ns) which is consistent with the total length of cavity (~ 10 m) resulting
a single pulse energy of 0.03 nJ. Fig. 7.8 shows the autocorrelator trace, and the pulse
duration (FWHM) is about 1.5 ps. The output laser spectrum is shown in Fig. 7.9. The

II
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Figure 7.7: Pulse train of the mode-locked fiber laser with anomalous dispersion cavity.
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Figure 7.8: Autocorrelator trace of the optical pulse.
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Figure 7.9: Output spectrum of the mode-locked EDFL with a normal dispersion cavity;
the spectral sidebands confirm that the laser is operating in soliton region.

sideband structure indicated in the spectrum arising from periodic cavity perturbations
[45] confirms that the laser is operating in the soliton region. Further increasing the pump
power will result pulse breaking due to the large nonlinear phase accumulation [34]. In
order to achieve higher pulse energy, normal dispersion cavity would be adopted in Section
7.2.2, and the pulse duration could be achieved in the sub-nanosecond range which has the
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potential to be used as a source to generate short length BDG for fully distributed sensor
systems.

7.2.3 Simulation and Experiment for Normal Dispersion Cavity

In order to better understand the features of the normal dispersion cavity mode-locked
EDFL, numerical simulation of the laser operation is also performed using the extended
nonlinear Schrodinger Equation (NLSE). However, in order to obtain insight on the fun-
damental effects governing the laser, only scalar NLSE will be considered [45]. Pulse
propagation in the gain fiber is described by the scalar NLSE which includes the effects of
dispersion, Kerr nonlinearity and saturated gain with a finite bandwidth:

0A(z,T)

5, —i%[ﬁz + ig(z)TQQ]a—QA(z, T)+iy|A(z, T) A(z,T) + @A(z, T), (7.1)

oT?

where A(z,T) is the complex pulse envelop; T is the time in the co-moving frame; 3, is the
group velocity dispersion parameter; 75 is the dipole relaxation time which is related to the
gain bandwidth. ~ is the self-phase modulation coefficient and g(z) is the saturated gain
coefficient given by ¢(z) = go/[1 + E(2)/Esat], where gq is the small signal gain coefficient;
E(z) is the pulse energy and FE,, is the gain saturation energy which is pump-power
dependent.

f

|

Output@

Figure 7.10: Simulation procedure and schematic diagram of the main components of the
laser. SA: saturable absorber.

Erbium-doped fiber

The simulation procedure is shown in Fig. 7.10. The function of the SA is modeled
as a transfer function with the transmittance 7' =1 — ly/[1 + P(T")/ Psat), where [y = 0.2
is the unsaturated loss, P(T) is the instantaneous pulse power, and Py, is the saturation
power. The pulse amplitude is reduced by a factor of 10 after the SA to account for all
linear losses, which can be lumped together without loss of generality.

The numerical model is solved with a standard split-step Fourier method. The simula-
tions are running until the field becomes constant after a finite number of traversals of the
cavity. A typical simulation results of pulse shape and the output spectrum are shown in
Figs. 7.11 and 7.12. The parameters used to obtain the figures are as follows: go = 1 /m;
v =0.0047 /(Wm) for EDF while v = 0.002 /(Wm) for SMF; 3, = —0.02 ps?/m for SMF
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Figure 7.11: Result of the simulation of the output temporal intensity profile.
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Figure 7.12: Result of the simulation of the output power spectrum. Inset shows the
spectrum in logarithm.

while 85 = 0.03434 ps®/m for EDF; T, = 0.025 ps; Es = 1 nJ; Py = 10 W. The length of
the EDF is 32 m; the SMF length is 4.5 m in total. The pulse duration (FWHM) is about
200 ps, and the bandwidth of the spectrum (FWHM) is about 12.8 nm. The simulation
results show that with long length of normal dispersion EDF, it is feasible to generate the
optical pulses with duration in the range of sub-nanosecond. In addition, the spectrum
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shows unique sharp edges which is one of the properties of the normal dispersion fiber laser
(see inset of Fig. 7.12).

— 10015 4—
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Figure 7.14: Experiment result of the output power spectrum with normal dispersion
cavity.

Encouraged by the simulation results, we construct a laser cavity with normal disper-
sion. The experiment setup is very similar with that for anomalous dispersion cavity as
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shown in Fig. 7.6, except that EDF has been replaced with the single-mode high numerical
aperture EDF with large normal dispersion parameter of 0.03434 ps?/m and a 30/70 OC
with 30% output to extract the beam. In order to achieve long pulse duration, 32-m long
EDF is used in the experiment. The total cavity length is about 36.5 m with 4.5-m long
SMF. Therefore, the total dispersion of the cavity is normal. Fig. 7.13 shows the pulse
train, where the interpulse duration is about 180 ns which is consistent with the 36.5-m
long cavity length under the pump power of 51 mW. The average output power is 6.1 mW
resulting a single pulse energy of 1 nJ which is much higher than that obtained with anoma-
lous dispersion cavity. The output spectrum is shown in Fig. 7.14. The wing-structure is
because of the amplified spontaneous emission since we are using pretty long length of the
EDF. The shape edge shown on the spectrum confirms that the laser is operating in the
normal dispersion region which is predicted by the simulation results. Fig. 7.15 shows the

Figure 7.15: Single pulse envelope recorded by the wide-band oscilloscope.

single pulse envelope recorded by a 10 Gb/s wide-band oscilloscope (Agilent 86100A In-
finilum DCA wide-band oscilloscope with 86106 A module). The pulse duration (FWHM)
is about 550 ps. Although the experiment results are different from the simulation results,
the trends agree with each other. This discrepancy arises from the unknown parameters
of the actual SA and active fiber as well as other influences. Further investigation is also
needed here.

7.3 Summary of Future Work

First of all, perform detailed investigations on BDG. The SBS case could be modeled as
three wave-mixing; that is two counterpropagating light waves and an acoustic wave which
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is described in terms of the material density distribution inside the fiber core [46]. For
the BDG case in a PMF, the situation is more complex. Two writing light waves of one
polarization counterpropagating inside the PMF generate the BDG; one probe (reading)
light wave with the orthogonal polarization is reflected by the BDG, and the reflected wave
has the same polarization with the probe beam; the material density obeys the acoustic
wave equation which needs to consider the total electric field (the superposition of the four
light waves) in the fiber. At the steady state, the five coupled equations could be solved
under certain assumptions analytically, and the results are very similar to the general four-
wave mixing (FWM) process inside the fiber. The gain spectrum is neither a Gaussian nor
a Lorentzian shape, but is very similar to the parametric gain profile of the FWM [44].
However, for the general dynamic case without the assumptions, computer simulations
need to be performed. With this comprehensive description, the detailed property of BDG
could be understood, such as the spectrum, the reflectance of the BDG, as well as their
dependence on the pump and probe power. This theoretical analysis would be very useful
in the long run, not only for the understanding of the physical principle but also for the
parameter optimization of the sensor system with the BDG spectrum shift as a second
factor to achieve temperature and strain discrimination.

Secondly, develop compact stable pulse laser source with the pulse duration of sub-
nanosecond for fully distributed fiber sensor system. Although some initial simulation and
experiment work has been carried on for this purpose with SWNTs as a SA (Section 7.2),
the detailed theoretical analysis of the laser characteristics and comprehensive experiment
validation are missing. Actually, mode-locked fiber laser is another important topic which
needs long time comprehensive research and study. With in the cavity, many effects such
as the group velocity dispersion, self-phase modulation, gain dispersion, etc. interact with
each other which makes the problem rather complex. In addition, other deposition method
for SWNT based SA could be used and developed in order to make the laser have better
performance. When studying these effects, it also help us design better sensor systems
since many of the effects are existing in the sensor system as well.

Thirdly, after the source has been developed, we could use the sub-nanosecond optical
pulses counterpropagating inside the PMF to generate short length BDG in order to achieve
high spatial resolution. To date, the shortest BDG achieved is about 20 cm. If we could
generate the BDG with 1-cm length, the spatial resolution could be much improved. Then,
we could use the BDG spectrum shift as the second factor to discriminate temperature
and strain for fully distributed fiber sensor system. However, when using this technique,
theoretical guidance is indispensable to optimize the sensor parameters.

Finally, we could also adopt the differential pulse-pair BOTDA (DPP-BOTDA) method
[7, 18] to achieve high spatial resolution. For the case of generating short BDG, the timing of
the counterpropagating writing beams has to be controlled in order to cover the whole fiber
length. This is not very convenient for fully distributed sensing since this would increase
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the scanning time for obtaining the date for all the positions long the fiber. Therefore,
the DPP-BOTDA method could be considered. Instead of generating a short length BDG,
two CW writing beams could be used to generate the BDG along the whole length of the
PMF. By injecting two pulses with slightly different durations as reading pulses, different
reflected traces are expected to be obtained since different lengths of the pulses would
cover different lengths of the BDG. By subtracting the traces generated by the two pulses
respectively, a high spatial resolution is expected to be achieved. However, in this case,
the theoretical analysis and computer simulation are also indispensable for the sensor
parameter optimization. Therefore, starting with the detailed investigation of the BDG,
following by the experimentation and simulating of the mode-locked fiber laser, a new
project could be carried on for developing powerful fully distributed fiber sensor with a
simple sensing head which could achieve complete temperature and strain discrimination.
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Appendix A

Bragg Wavelength Shifts with Strain
and Temperature

The Bragg wavelength g of a fiber Bragg grating (FBG) is given as follows:

)\B = 27’LeffA, (Al)
where n.¢s is the effective refractive index of the core and A is the periodicity of the
refractive-index modulation (grating pitch).

The change in the Bragg wavelength Ap of an FBG for a given change in length,
assuming isothermal conditions and neglecting higher-order terms, is given by

6neff 8/\
9L —I—neffa—L)AL, (AQ)

Adp = 2(A

where L is the length of the grating. Given that the longitudinal strain by

AL
= — A.
=22 (A3)
and . A
Te
A[nz_] = —2 n3 ffv (A4)
eff eff
and assuming that
oA A
Eq. (A.1) could be rewritten as
n? OA
Adg =20 ——LIN |~ 2o Lo=e. A.
AB { 9 ngff } + 2neyy aLé‘ ( 6)
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By considering strain-optic theory and assuming for low birefringent optical fibers where
the strain-optic tensor is isotropic, the strain sensitivity could be expressed as

AXp
Ap

= (1 - pe)e, (A7)

where p, is the effective photoelastic constant which is given as

Ners
Pe =" [p12 — v(p11 + p12)] (A.8)

where p;; are the Pockel’s coefficients of the strain-optic tensor and v is Poisson’s ratio for
the fiber.

A change in temperature produces the a Bragg wavelength shift due to the the thermal
expansion and a change of the refractive index with temperature. The change for the Bragg
wavelength with respect to temperature change could be expressed as follows

OA One
neffa—T + A 87{f

AXg = 2( VAT, (A.9)
where T is the ambient temperature. By rearranging the above equation, the fractional
Bragg wavelength shift could be given by

A)\B 1 0A 1 8neff

1 6neff
Nefy oT

JAT = (a+

)AT, (A.10)

)\B (KO_T Negy oT

where « is the coefficient of thermal expansion of the fiber material.

Therefore, the shift in Bragg wavelength with strain and temperature could be given
by summing Eqs. (A.7) and (A.10) with the use of Eq. (A.8) as

)AT. (A.11)

AN n?
)\B—{l—( 2ff)[p12—V(p11+p12)]}€+(04+
B
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Appendix B

Power Ratio Expression for Edge
Filter Interrogation Technique of a
Fiber Bragg Grating Sensor

We can model the narrow-band, back-reflected fiber Bragg grating (FBG) peak as a Gaus-
sian function of wavelength with a spectral width of AX (at 1/e-intensity point) and a
center wavelength (Bragg wavelength) of Ag. The spectral intensity of this back-reflected
Bragg peak as a function of wavelength can be given as

T = ToRexpl~( G572 (B.1)

where [ is the intensity of the light incident on the FBG and R is the maximum reflectivity
at the Bragg wavelength. It is assumed that both the [y and R are nonzero over the
wavelength range of interest.

As seen from Fig. 2.6, the reflected light from the FBG is split into two paths, and
the coupler has the splitting ratio of Kj/K,. The light split with a coupling ratio of
K, /(K + K>) is filtered and then detected. The linearized model of the filter function
F(\) can be expressed as (see Fig. 2.5)

FO\) = SO\ — \o), (B.2)

where S is a constant determined by the slope of the filter and F()) is equal to zero at
Ao. Therefore, the intensity of the filtered and unfiltered optical signals, I and Iz can be
given as

K

Jo= —1
ST K, LK,

/ T IO F(A, (B.3)
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and

Ky /Oo

Ip=——"— Ig(N)dA. B.4

L ol B(A) (B.4)

Inserting Eqgs. (B.1) and (B.2) into Egs. (B.3) and (B.4), and using Gaussian integral
formula o

/ exp(—2?)dz = /7, (B.5)

we could obtain

K, /m AN
Jo = [LJRS——L VT (), — A B.
S ORSK1+K2 4 (As A°+2\/7r) A (B.6)

and

K, /rm
Igp = [[R——"— YA\ B.
n= TR (B.7)

The ratio of the filtered to unfiltered outputs is therefore given by
Is K AN

—S—()\B—)\o-i-m

=55 ). (B.8)
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Appendix C

Properties of a Fabry-Pérot
Interferometer

A Fabry-Pérot interferometer (FPI) consists of two plane mirrors with power reflectivities
Ry and R; separated by a distance L and containing a medium of refractive index of n. The
corresponding transmissions of the mirrors are 77 and T, such that T; + R; = 1, (i = 1,2).
We assume a plane wave of a wavelength A incident on the FPI in a direction making an
angle 6; with the normal to the two mirrors as shown in Fig. C.1. This wave is indicated

Figure C.1: Multiple beams interference in a Fabry-Pérot interferometer.

by Ray 0. The transmitted beam from the FPI consists of a superposition of the beam
resulting from a single pass through the two mirrors and from all multiple reflections. The
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transmitted beam, Er is obtained by summing £ of all the beams, as

[e.9]

Er = Z E, = [Egtityexp(jor)] Z ri7r9)"™ exp(2mj¢), (C.1)

m=0

where Fj is amplitude of the incident beam; ¢; and ¢y are electric field transmissions of
the two mirrors, while r; and ry are the corresponding field reflectivities. The relationship
between them are Ry = ri, Ry = r2, T} = 12, and Ty, = t3. 0 and 6, are related by the
Snell’s law. ¢, is the phase shift for a single pass, which includes any phase shift due to
passage through the two mirrors; 2¢ is the phase difference between successive multiple
reflections, and is given by

4mn

2¢ = 2kLcos(0) = TL cos(0). (C.2)
Eq. (C.1) could be summed to give
Br = Eyexp(jon) —— (©3)
= Fyex ) )
‘ P 1 — (r17r2) exp(25¢)
Note that power transmission of the FPI Trp; is given by
|Ex|*
Trpr = —3, (C.4)
| Eo?
and inserting Eq. (C.3) into (C.4), one can obtain
t2¢2 T\T.
Trpr = —— = 2 : (C.5)
L+ riry —2riracos(2¢) 1+ RiRy — 2v/R1 Ry cos(2¢)
The reflectivity of the FPI, Rrp; could be obtained by Rppr =1 — Trpr as
Ry + Ry — 2/ R1R 2
Rppr = — o 175 cos(29) (C.6)

1+ RiRy — 24/ Ry Ry cos(29) '

If we consider the beam is normal incident on the mirror of the FPI, § = 0, so that we
have the same results shown by Eqgs. (2.9)-(2.11) in Chapter 2.
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Appendix D

Resonance Wavelength Shift of
Multimode Fiber Interferometer with
Temperature and Strain

The expression for the resonance wavelength of a multimode fiber (MMF) interferometer
is given as

AnlL
A= —— D.1
N ? ( )
where An = ny — ny, and n; and ny are the mode indices; L is the length of MMF; N is

an integer given as N =1,2,3, ....
When a longitudinal strain is applied on the MMF, by differentiating Eq. (D.1), we
could obtain the wavelength shift, A\, with respect to the elongation of the fiber AL as

AN = [& ;. 9tan) 5] AL. (D.2)

N oL N
Rearranging Eq. (D.2), one could obtain

AnL 1 0(An)AnL]| AL
N TAndL/L N | L

By introducing the longitudinal strain & which is defined by ¢ = 0L/L, Eq. (D.3) could

be reduced to " 1 0(An)
n
— = |1+ ——c¢. D.4

A [+An £ ]E (D-4)

AN = [ (D.3)

When there is an ambient temperature change, the resonance wavelength shift could

be expressed as
d(An) L  OLAn

or N O0I' N

AN = { } AT. (D.5)
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Rearranging,

A\ _ 1 0An)  10L
A |An OT LOT

By summing Egs. (D.4) and (D.6), the resonance wavelength shift of an MMF interferom-
eter with respect to strain and temperature could be expressed as
AN L+ 1 0(An) . 1 0(An) +18_L

A An  Oe An 0T LoT

] AT. (D.6)

} AT. (D.7)
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Appendix E

Transmission of a High-Birefringence
Fiber Loop Mirror

The configuration of a high-birefringence fiber loop mirror (HBFLM) is shown in Fig.
E.1. Tt consists of an optical coupler (OC) with the splitting ratio of K, a section of
high-birefringence fiber (HBF), and polarization controller (PC). #; and 6, are the angles
between the light at both ends of the HBF and the fast or slow axis of the HBF', respectively.
The incident light at the coupler from Port 1 is split into two beams of clockwise and

1 2

—_—

oc Transmitted

2d

HBF

Figure E.1: Schematic illustration of a high-birefringence fiber loop mirror.

counterclockwise propagation. Each of the resultant beams is decomposed into two beams
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after it travels through the HBF. Assuming that the input light ,E;,, at Port 1 of the
coupler is

Ein,y

where E;, , and E;, , are x and y components of the input light. The output light at Ports
3 and 4 of the coupler are given by

E;, = { i } , (E.1)

Es = VKE,, (E.2)

and

Ei=V1— KHE;, (E.3)

respectively, where K is the power-splitting ratio of the coupler in the clockwise direction
and H is the phase delay matrix when the light propagates through the cross arm of the
coupler from Port 1 to Port 4 which is given by

| exp(59) 0
H = { 0 exp(%i) |° (E.4)
Next we express the phase delay matrix 7" induced by the HBF' as
2mn L. | 1 0
T = —1 _ E.5
eXp( 1 \ ) |: 0 eXp(_i27rL(n; ne)) :| ) ( )

where L is the length of the HBF; n, and n. are the refractive indices of ordinary (o)
and extraordinary (e) light respectively; A is the wavelength. In addition, the polarization
state induced by rotation angle 6;, i = 1, 2 could be expressed as polarization-state rotation

matrix R;, 1 =1, 2,
| cos(0;) —sin(6;)
i = [ sin(0;) cos(6;) |- (E-6)

Therefore, the output at Port 1 and Port 2 could be given

Pl ouw =1 — KHRy, TR Es + VKR 'TR;'E,, (E.7)
and
Pyout = VKRyTR\E5+ 1 — KHR;'TR;E,. (E.8)
The expressions for reflectivity R(A) and transmission 7'(A) of the HBFLM could be cal-
culated as ( o
Il out Pl*out Pl out
A)=—"— =2 ’ E.
RQY) = St = e (£.9)
and . rp
I ou *ou ,ou
T(\) = =2 t_ Bow) Poowe (E.10)

L (E;)"Ein
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Substituting Egs. (E.1)-(E.8) to Egs. (E.9) and (E.10), one could obtain

R(\) =4K(1 - K) [1 — sin®(6; + 6s) COSQ(%)} , (E.11)
and
T(\) =(1-2K)*+4K(1 - K) {Sin2(91 + 65) cosZ(%)l , (E.12)

where B = n, — n. is the birefringence of HBF. For a 3-dB coupler, K = 0.5, we could
obtain the following expressions

(E.13)

RN =1— [sin(ﬁl + 0,) cos(“BL )} 2,

and

T\ = {sin(@l + 05) cos(ﬂfL)} : (E.14)
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