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Abstract

Optical fiber sensors have been intensively studied and successfully employed in
various human social activities and daily living, such as industrial production, civil
engineering, medicine, transportation, national defense and so on. According to different
structures, optical sensors could be divided into various categories. This thesis focuses on
studying different kinds of in-line fiber Mach-Zehnder interferometers, which have played an
important role among the optical interferometric fiber sensors. The structure composition,
fabrication process, physical principle and practical applications of two novel in-line fiber
Mach-Zehnder interferometers are proposed and discussed in detail in this work.

The tapered bend-insensitive fiber Mach-Zehnder interferometer (BIF-MZI) is firstly
fabricated and used as a fiber vibrometer. The unique double-cladding structure of bend-
insensitive fiber not only provides higher mechanical strength to the sensor, but also

guarantees a more uniform transmission spectrum, since only a few inner-cladding modes

are left interfering with the core mode. A high sensitivity and fast response intensity
demodulation scheme is employed by monitoring the power fluctuation of the BIF-MZI at
the operation wavelength. Both damped and continuous vibrations are detected using the
proposed sensor. It is demonstrated that this sensor responses to an extremely wide range of
frequencies from 1 Hz up to 500 kHz with high signal-to-noise ratios (SNRs).

The discrimination of temperature and axial strain is realized based on the dispersion
effects of high-order-mode fiber (HOMF) by forming a single mode fiber-high-order-mode
fiber-single mode fiber (SMF-HOMF-SMF) structure based in-line Mach-Zehnder

interferometer. Unlike some kinds of in-line MZIs such as tapered and core—offset structures

il



whose cladding modes are excited with different types under changing temperature and
strain circumstances, the HOMF is capable of supporting three stable core modes, which
guarantees a reliable and repeatable measurements within a large temperature or strain range.
A new method based on the fast Fourier transform (FFT) is employed to analyze the mode
couplings and their chromatic dispersion and intermodal dispersion properties in HOMF. The
strong dispersion effects lead to a multi-peak feature in the spatial frequency spectrum. It is
found that peaks that denote the waveform periods at positions that are beyond the critical
wavelength possess highly sensitive and distinct phase responses to external disturbances,
which provides the possibility to realize the discrimination measurements with high
sensitivities and smaller errors by selecting appropriate peaks. The phase demodulation
scheme is applied to quantify the temperature and strain changes in terms of phase shifts.
Appropriate peak selections according to the practical needs would provide an easy access

for applications where more than two parameters are required to be discriminated.
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Chapter 1

Introduction

This chapter generally reviews the characteristics, advantages, and applications of
different types of optical fiber sensors. Discrimination of temperature and strain based on
various kinds of optical fiber sensors is recalled. A comparison of vibration detection using
optical fiber based vibration sensors over conventional ones is presented. A strong motivation
on improving the performance of optical fiber sensors in the above two application areas
promotes our recent progress concerning the design, fabrication, practical usage of new-type

sensors. The contributions of the proposed fiber sensors would also be discussed in detail.

1.1 Background and motivation

Optical fibers have been widely applied in communication systems, optical sensors,
illumination applications, imaging optics and laser gain media since the 1970s when the
attenuation in optical fibers was firstly reduced below 20dB/km. Among various potential
applications, optical fibers used as sensors show a series of significant advantages and have
drawn an intensive attention worldwide. As the optical fiber sensor development gradually
matures, the merits of this new technology become evident. An apparent advantage of an
optical fiber features its low transmission loss, which guarantees high quality of signal.

Optical fiber sensors possess high sensitivities to external physical perturbations such as



temperature, strain, acoustic, current, pressure, etc., which surpass other existing techniques
usually by tens of or even a hundred decibels. With the immunity to electromagnetic
interference and survival to high temperature and corrosive substances, it can be used in
various harsh environments. Furthermore, the geometric versatility, small size, and light
weight of optical fibers give the unparalleled flexibility in applications with limited space
and portable usages. Easy access to low-cost long fibers provides the feasibility of remote
and distributed sensing. These advantages have been demonstrated over the past several
decades by employing large amount of different types of fiber sensors in various areas.
Optical fiber sensor can be either a point sensor which works at a localized area or a
distributed sensor which functions along the entire fiber length. Up to now, the distributed
optical fiber sensors are mainly based on optical scattering such as Rayleigh, Brillouin and
Raman scatterings. The local external perturbation along the sensing fiber such as
temperature, strain, vibration and so on can be detected by the variation in amplitude,
frequency, polarization and phase of the backscattering light. However, the distributed
sensors suffer the shortcomings such as low sensitivity, high cost, cumbersome system and
complicated debugging. Point sensors are a good alternative when distributed measurements
are not necessary. Various types of point fiber sensors were proposed and demonstrated based
on different kinds of principles and algorithms including fiber Bragg grating, Fabry-Perot
interferometer, Mach-Zehnder interferometer and some other novel structures. Compared to
the distributed sensors, point sensors have the advantages of high sensitivity, low cost, low
weight, easy fabrication and compactness. In some cases, point sensors could be utilized to
realize the distributed detection by combining a series of interferometers together, which has
been achieved by constructing a merged Sagnac-Michelson interferometer, dual-Sagnac

interferometer and so on.



According to different structures, point optical fiber sensors could be divided into several

categories, which are listed in the following Table-1.1:

Sensor
Sensor type Sensor structure Ref.
Applications
A SMF as input/output fiber and A
Extrinsic Strain [1]
MMF as a reflector
Fabry-Perot
A short air FP near the fiber tip RI (2]
fiber sensor
Two internal mirrors inside a SMF Pressure [3]
Intrinsic
Femtosecond laser micromachined
Temperature [4]
cavity
Two fiber Two fibers form two light beams
Mach-Zehnder Vibration [5]
beams for MZI
interferometer
In-line Taper, core-offset, laser spot, etc. Details in Chapter 2
Two fiber Two fibers form two light beams Position-
Michelson [6]
beams for Michelson interferometer distance
interferometer
In-line Taper, core-offset, etc. RI, [7, 8]
Sagnac Strain,
Sagnac loop [9, 10]
interferometer Temperature
Normal FBG, chirped FBG, tilted | Temperature,
FBG [11,12]
Fiber Grating FBG strain
LPG Gratings with long periods Temperature, [13]




strain, RI

Table 1. 1 Various kinds of optical fiber sensors

1.1.1 Temperature and strain sensors:

Temperature and strain are two of the earliest and most widely investigated measurands of
optical fiber sensors due to their universality in our daily life. Temperature measurement is
vital in enormous practical fields such as multiple industrial segments including temperature
monitoring in plant and process engineering, oil and gas production, leakage detection at
dikes and dams, as well as recent ecological monitoring, containing groundwater source
detection, deep rainforest ambient temperature detection, and underground mine temperature
monitoring. Because of the crosstalk induced by ambient fluctuating temperature when
conducting strain detection, the discrimination between the two parameters is considered of
great concern. The temperature-strain discrimination technique leads to the generation of
temperature-insensitive strain sensors and has found its importance in nondestructive
detection of civil infrastructure, structure inspection of space industry, and transportation
domain. To date, many kinds of fiber sensor structures aiming at simultaneously measuring
the two parameters have been designed and applied to practical use, which include fiber
Bragg gratings, long period gratings, Sagnac interferometers, fiber Mach-Zehnder

interferometers and so on [14-20].

1.1.2 Acoustic/vibration fiber sensors:

Monitoring and inspecting the structure health of aerospace engineering, civil

infrastructures as well as environmental protection technology is quite crucial for damage




identification, localization and characterization. A high sensitivity and fast responsive device
is required to monitor the structural variation under acoustic wave or vibration [21]. Various
kinds of fiber based optical sensors including point sensors and distributed ones have been
proposed with their unique advantages such as resistance to electromagnetic interference,
simplicity and potential low cost over the conventional piezoelectric accelerometers which
always suffer from electromagnetic noise. The major kinds of fiber vibrometers are based on
interferometric devices, such as Mach-Zehnder (MZ), Michelson, Fabry-Perot, and Sagnac
interferometers. Recent proposed point fiber sensor configurations contain a temperature-
insensitive vibrometer based on a strain-chirped fiber Bragg grating (FBG) [22], a new type
of acoustic sensor based on distributed Bragg reflector fiber laser [23], and a highly sensitive
two-beam MZ interferometer with one beam replaced by a single thin gentle fiber taper [5].
Intensity demodulation scheme is extensively utilized to recover the frequency information
of the acoustic/vibration event which modulates the phase difference between two interfering

signals.

1.1.3 Fiber-optic biosensors:

Fiber-optic biosensors with their high efficiency and accuracy, potential low cost and
convenience have been explored to measure various biological species such as cells, proteins,
DNA and so on. Relying on the interaction between the samples to be detected and the
evanescent field produced by the designed fiber sensor configurations, high sensitivity and
selectivity could be achieved not only to respond to low concentrations of analytes, but also
to distinguish among the various species. Tapering technique has been verified as an

effective way to expose the evanescent field to the milieu as well as increase the penetration



depth of the evanescent field [24]. Other effects, such as bending, launching condition of
input light, and selected operation wavelength could also influence the strength of the
evanescent field. For protein and DNA detection, fluorescence based fiber-optic biosensors
have been widely employed at low level of molecular concentrations [25, 26]. It has the
advantage of high selectivity among species, however, multiple steps to prepare the samples
and sensor increase the complexity of the detection and the shortage of sensitivity. Surface
plasma resonance based fiber-optic biosensors have recently been developed to the most

commonly used devices [27, 28].

1.1.4 Magnetic field/current sensors:

In recent years, optical fibers have been used in the area of electromagnetic field
measurement as magnetometers and current sensing which have been playing an important
role in supervision and control of large-scale circuit system and current monitoring scheme.
According to different physical principles, current fiber sensors could be categorized into
two classes, one is based on the Faraday effect [29-34] and the other one is based on the
thermal effect [35, 36]. The former kind relies on the inherent property of silica in terms of
its Verdet constant. The rotation of polarization of the input light is proportional to the
intensity of the applied magnetic field which is induced by the surrounding current. The
Faraday rotation angle of the polarization is expressed as a function of the Verdet constant,
magnitude of the magnetic field and the interacting length. Apparently, this performance of
the method is limited by the term of the Verdet constant. The latter one is based on the
thermal effect of the current. When a current passes through the metal-coated optical fiber,

the Ohm’s heat induces a phase change of the guided light within the fiber. This method



needs only a short length of fiber but usually requires complex fabrication process due to a

requirement of adding metal layer onto the fiber surface.

1.1.5 Other types of sensors:

Other types of optical fiber sensors aiming at detection of chemical species in liquid/gas,
bending sensing and displacement quantification have already been proposed and put into
use. The detection of chemical composition in the gas and vapor phase is crucial in industry,
environment and medical care. Two kinds of fiber Mach-Zehnder interferometers with
different fabrication approaches are designed for refractive indices measurements of liquid
and gas, respectively [37, 38]. By exposing one light beam into the medium which is
composed of the unknown chemical species, the resonance wavelength position in the
transmission spectrum is modulated by the changed optical path length difference between
the two light beams. These compact all-fiber based devices achieve high refractive index
sensitivity and are suitable for application in a wide range of areas.

Bending sensor is an important device in the areas of composite material structures and
smart systems. Long period gratings (LPG) are firstly utilized as the bending sensor based on
the wavelength shift in the transmission spectrum or mode splitting [39, 40]. The Sagnac
loop mirror based fiber bending sensor [41] which uses light intensity modulation principle is
also presented to overcome the poor stability of macro-bend sensor [42, 43]. However, the
shortage of low bending sensitivity of Sagnac loop sensor soon gives way to the Mach-
Zehnder interferometer based bending sensor [44, 45] with a higher bending sensitivity. For
displacement sensing, it has been employed to improve the functionality and raise the quality

of products by means of position monitoring and controlling in the industrial machines.



Linear variable displacement transducer is a typical example of sensor for measuring
displacement. Owing to utilizing the contact means to fulfill the test, they often could not be
practically applied when the contact is not desired or feasible. Instead, fiber-optic devices,
with noninvasive sensing techniques, have succeeded in improving the degree of
measurement integrity, simplicity and cost-effective features [46]. Relating the wavelength
shift in the interference spectrum with the displacement variation provides the availability for
FBG based [47] and Michelson interferometer [48] based fiber sensor for displacement
sensing. Provided that it is calibrated appropriately, the magnitude of displacement could be

quantified proportionally to the wavelength shift value.

1.2 Thesis contribution

In this thesis, two novel configurations of in-line fiber Mach-Zehnder interferometers are
proposed for static and dynamic sensing, respectively. The phase-modulation scheme and
intensity-modulation scheme are separately employed in simultaneous measurement of
temperature and strain and detection of damped and continuous vibration. These parameters
are accurately detected with high sensitivity and small errors, which demonstrates that the
proposed sensors would be a worthy choice for potential commercial applications.

Firstly, we propose the tapered bend-insensitive fiber Mach-Zehnder interferometer (BIF-
MZI) for damped and continuous vibration sensing. This is the first time that an in-line fiber
Mach-Zehnder interferometer is utilized as a vibration sensor. Though the most conventional
piezoelectric accelerometer is widely used in industries, they have some drawbacks of easily
being disturbed by surrounding electromagnetic interference, cumbersome size and weight

and so on. Vibration detection based on all-fiber based sensors, for example, fiber Bragg



grating, Fabry-Perot interferometer and two-beam fiber Mach-Zehnder interferometer are
also investigated. However, these sensors suffered from high cost, complicated packaging
and fabrication and low degree of integrity. The in-line Mach-Zehnder structure is a good
alternative to overcome the above drawbacks. Besides the unparalleled advantages the in-line
structure owns, the bend-insensitive fiber chosen in the proposed device exhibits unique
merits. Traditional tapered in-line MZI usually needs the removal of the protective jacket
along the central fiber between the two tapers in order to avoid the excited cladding modes
suffering from high attenuation loss. This is not an issue and even helpful when measuring
temperature and refractive index which requires the fiber cladding fully immersed in the
environment to be measured. However, removing the jacket of the fiber decreases the
mechanical strength of the device and the sensor is difficult to be applied in vibration
measurement where the contact would introduce disturbance to the interference pattern and
cause nonlinearity in results of intensity demodulation method. The bend-insensitive fiber
possesses double layers of claddings which are separated by a ring of air holes. Keeping the
coating along the device will cause the outer-cladding modes depletion, while the inner-
cladding modes still remain to interfere with the core mode.

A time domain intensity-modulated signal is obtained using the proposed device by
monitoring the intensity change at a specific operation wavelength under vibration. This
method requires the fringes in the transmission spectrum to be uniform and distinct. We’ve
selected the appropriate taper size to make sure only two dominant inner-cladding modes are
excited and kept propagating along the device to guarantee the uniformity of interference
fringes as well as a distinct contrast of the spectrum. The proposed device with this mode
number controllable feature prevails over the tapered single mode fiber MZI in which case

usually a series of cladding modes would be observed. Based on the fast response intensity



demodulation scheme, the proposed sensor realizes a very broad range of frequency
measurements from several Hertz to hundreds of kilo-Hertz with high signal-to-noise ratio.

Secondly, we propose a new technique based on chromatic dispersion effects of a high-
order-mode fiber (HOMF) to discriminate temperature and axial strain. This is realized by
sandwiching a piece of HOMF with two standard single mode fibers to form a SMF-HOMF-
SMF Mach-Zehnder interferometer. A phase demodulation scheme is performed to quantify
the measurands in terms of phase shift of the selected mode coupling peaks in the spatial
frequency domain. In previous work, the static sensing is commonly accomplished by
monitoring the peak wavelength position shift in the transmission spectrum of the sensor.
Although this approach owns the merit of simplicity, it has difficulty in exactly determining
the peak position. This is due to the superposition of multiple interferences caused by
multiple coupling modes existing inside the sensor. Since each interference signal would lead
to different peak profile in the transmission spectrum and each of them responses differently
to temperature or strain, the peak wavelength is hard to be determined by usual peak profile
fitting method. The proposed scheme shows significant advantages over previous method
with every pair of coupling modes discriminated and the ability to achieve multi-parameter
measurements.

The HOMF supports three stable core modes. The unique waveguide structure of HOMF
introduces strong chromatic dispersion (CD) effects to these supported modes. The
interference patterns resulted from coupling among the three core modes will be intensely
modulated by the CD effects, which leads to a large amount of coupling peaks in the spatial
frequency domain. We have demonstrated that the phase responses of different peaks have
different temperature and strain dependences. The multi-peak feature in the spatial frequency
domain provides abundant choices of sensitivities to the environmental disturbances, which

10



makes the proposed device potentially applicable in situations where more than two

parameters are required to be discriminated.

1.3 Thesis outline

This thesis contains five chapters and is organized as follows:

Chapter 2 lists several major kinds of in-line Mach-Zehnder interferometers.
Interferometer structures, fabrication processes, working principles and applications of these
devices are described. Some representative previous works are also presented as examples in
this part.

Chapter 3 proposes a tapered bend-insensitive fiber Mach-Zehnder interferometer for
damped and continuous vibration sensing. The fabrication procedure, operation principle and
experimental setups are introduced and a wide range of frequency measurement results and
analysis are given.

Chapter 4 studies the dispersion effects of high-order-mode fibers on temperature and
axial strain discrimination. Simulation results of the chromatic dispersion effects of the
supported modes in high-order-mode fiber are presented and then experiments on
simultaneous temperature and strain measurement based on dispersion effects are described
and discussed.

Chapter 5 concludes all the work in this thesis and proposes possible directions for future

research.

11



Chapter 2

In-line fiber Mach-Zehnder

Interferometer

This chapter focuses on reviewing several typical kinds of in-line fiber Mach-Zehnder
interferometers from the recent literature. These include: Tapered fiber Mach-Zehnder
interferometer (section 2.2), Mode-mismatch based Mach-Zehnder interferometer (section
2.3), Core-offset fiber Mach-Zehnder interferometer (section 2.4), Grating based Mach-
Zehnder interferometer (section 2.5), Laser micromachined Mach-Zehnder interferometer
(section 2.6), Hybrid in-line Mach-Zehnder interferometer (section 2.7). Summary of the
state of art in-line fiber Mach-Zehnder interferometer is presented in section 2.8. With great
advantages of compact structure and easy manufacturing features, this type of interferometer
has been widely studied and become a hot topic in the fiber optics area. The fabrication
process, composition and structure, operation principle and published applications for each

kind are addressed in detail.
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2.1 Introduction

Fiber Mach-Zehnder interferometers have been one of the oldest and most important
optical fiber instruments. A typical conventional fiber Mach-Zehnder interferometer consists
of two fiber beams which are split and combined by two optical couplers. The first coupler
splits the incident light into two fiber beams. Usually the lengths of the two fiber beams are
controlled to be different to introduce optical path difference (OPD) between the two light
paths. At the second coupler an interference spectrum is obtained as the two beams combine
together with a certain OPD. The conventional two-beam fiber MZIs have been widely
employed as optical filters, fiber modulators, environmental sensors. However, these two-
beam fiber MZIs have their own limitations, such as complicated structure, big size and high
cost. To overcome the above drawbacks, an in-line fiber MZI based on core-cladding-mode
coupling has been proposed recently. Two light arms are both inside the same fiber in terms
of core mode and cladding modes. The cladding modes which have energy distributed in
both core and cladding regions are excited by particular light steering elements, i.e. taper,
core-offset, mode-mismatch, etc. Using only one piece of fiber, the in-line structure provides
several advantages over conventional one such as compactness, high integrity, light weight,
low cost and high stability.

To investigate how light propagates along the fiber in the form of core mode and
cladding modes, the wave equation is needed for analysis. A regular optical fiber is normally
a weakly coupled waveguide which supports light modes propagating along the fiber in
terms of linearly polarized modes (LP,y). The propagation constants for LP modes are
obtained by accurately solving a set of scalar wave equations. The electric fields that

propagate in the z-direction along the fiber satisfy the scalar wave equation, which is given
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where y represents the electric or magnetic field, & is the free space wavenumber, 7 is the
refractive index and f is the propagation constant with the expression f=kn..
The effective refractive index of core mode negr satisfies ¢ < ner< neo, We consider the

bounded solution with core-cladding interface. The solution of Equation 2.1 is given as

AJ (ur)e™ if 0<r<
— L)( 1 ) . f p (02)
CK (@)™ if p<r<p,

where u; and o are defined as

1

w, = k(nl, —ny)? (0.3)

1

w=k(n, —n’)’ (0.4)
A and C are constants, p and p.; are core and cladding radii, respectively. J, and K, are the vy,
order Bessel function of the first kind and the modified Bessel function of the second kind,
respectively. Continuity of electromagnetic field y and its first derivative at the core

boundary r=p relates the values of A and C and leads to a set of eigenvalue equations as [49]

u Ju+l (ulp) = KUH (a)p)
: JU (ulp) Ku (a)p)

(0.5)
The eigenvalues obtained from Equation 2.5 are the core modes LPop,.
The effective refractive index of cladding mode n.s satisfies ny;- < ney< ne, we consider
the bounded solutions with the core-cladding and cladding-air interfaces. The solution of

Equation 2.1 is solved based on a three-layer step-index fiber model [50] with dispersion

relation, which is given as
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DK (w,r)e™’ if r=p,

where the modal parameters are defined as

1

u, =k(n}, —nZ,)? 0.7)

1

o, =k(n, —n.,)? (0.8)

A, B, C and D are constants, Y, is the vy, order Bessel function of the second kind. Similar to
the core mode, the continuity of electromagnetic fields and their derivatives at the two
interfaces results in a set of equations relating the values of A, B, C and D and provides the
eigenvalue equations from consistency conditions. The calculated eigenvalues are the
cladding modes LP,,, (v>0).

The mode field patterns of excited cladding modes in in-line fiber Mach-Zehnder
interferometers are determined by the azimuthal symmetry of the light steering elements. If
they are axisymmetric, only the modes with the same azimuthal symmetry (LPoy,) could be
excited. The LPy, mode usually dominates among the excited symmetric modes. While in the
non-axisymmetric case, the energy of the fundamental mode LPy; will mostly be coupled to
the non-axisymmetric mode with closest effective refractive index, i.e. the LP;; mode. A
coupling coefficient # is induced to characterize energy conversion from the LPy; mode to

high-order modes and it is generally given as:

Tvaewin v |
! H VoW ordxdy ” VoW om Xy

(0.9)

where Y/, is the electromagnetic field of LPy;, ¥, are the electromagnetic fields of cladding
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modes.

2.2 Tapered fiber Mach-Zehnder interferometer

Tapering is an effective technique to couple a relative large ratio of energy in the
fundamental mode to high-order cladding modes in optical fiber. A tapered fiber Mach-
Zehnder interferometer (TFMZI) is a very important fiber device which has found
applications as optical sensors, power couplers, multiplexers, and so on. As light propagates
along the tapered fiber region where the diameter of optical fiber is decreased to tens of
micrometers or even several micrometers, the energy field distribution of the fundamental
mode is unable to vary rapidly enough to keep up with the local fundamental mode whose
field distribution is determined by the local taper cross-sectional profile. As a result, the
energy loss of the original fundamental mode would be converted to high-order cladding
modes. This is also called a core-cladding transition. The transition value, Veore/ciadding, 15

expressed as [51]

2d = _[2 . 026 .
Vcore/tladding ZTE ncore _ncladding ~ m(1+%) (010)

where d is the diameter of the fiber taper and § is the diameter ratio of core to cladding.
According to the taper angle, fiber tapers are generally categorized into two types: an
adiabatic or gentle taper and a nonadiabatic or abrupt taper. During the fabrication process,
the fiber diameter is decreased by heating and pulling the two fiber ends. The gentle taper is
usually heated by a gas flame and stretched by programmed translation stages. The slow
stretching technique guarantees small taper angles in the down-taper and up-taper regions as

well as a uniform waist region. Compared with the gentle taper, an abrupt taper is commonly
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manufactured by electrical arc method using built-in fiber tapering programs in a fusion
splicer. This kind of taper has a steep slope and its taper waist size is controlled by the
magnitude of electrical arc and stretching time and speed. Figure 2.1 gives a typical image

profile of an abrupt taper.

Figure 2.1 Image profile of an abrupt taper.

The tapered fiber Mach-Zehnder interferometer is usually constructed by concatenating
two abrupt tapers as shown in Figure 2.2. The two tapers act as two light steering elements to
couple light to high-order modes and back to the fundamental mode. When the input light
passes through the first taper, part of the energy would be coupled into high-order modes
because of the steep slope of the taper. In principle, the steeper the slope, the more energy
will be coupled to high-order modes as well as a larger number of modes will be excited. At
the second taper, high-order modes are coupled back to the fundamental mode and the output
interference signal is a result of multi-modes coupling. The taper size determines the contrast
and uniformity of the interference fringes, and the separation distance between the two tapers

controls the free spectral range (FSR) of the output signal.
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Figure 2.2 Profile of tapered fiber Mach-Zehnder interferometer.
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Since TFMZIs have very high sensitivities to external disturbances, various sensing
applications have been realized using this structure, such as temperature, strain, refractive
index, liquid level, lateral stress, multi-parameter discrimination measurement, and so on. In
[52], a TFMZI utilized as a strain sensor was presented. Two abrupt tapers were made along
a standard single-mode fiber. The applied strain elongated the length of the sensor as well as
changed the waveguide structure of the fiber, which led to the change of the effective
refractive index of each mode, therefore the optical path difference between the coupling
modes were changed and observed as fringes shift in transmission spectrum. The
transmission spectra under different axial strains were recorded by an optical spectrum
analyzer (OSA). By monitoring the resonance wavelength shift as a function of the applied
strain, the response of the sensor to different strain could be obtained. In this work, a high
sensitivity of 2000 nm/e was achieved.

The temperature and refractive index were also successfully discriminated by using
TFMZI [53]. The sensor was put into a water bath which could change and maintain the
surrounding temperature. KCl solutions with different concentrations were used to change
the refractive index around the sensor. Since the Germanium-doped core had a higher
response than that of the pure silica cladding, the refractive indices changes in the core and
cladding regions were different under the same temperature changes. The solution around the
sensor had little influence on the energy distribution in the core region, but made a large
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difference in that of the cladding region. Therefore both the temperature and the surrounding
solution changed the coupling conditions in the sensor and gave rise tofringe shifts.
Wavelength shift method was also employed in this work. Since it was demonstrated that
different interference orders in the transmission spectrum owned different wavelength shift
response to temperature and refractive index, the discrimination of the two parameters was
realized by selecting two different peak wavelengths and monitoring their responses to the
environmental change. Finally, a character matrix was found to represent the sensing
performance of the TFMZI.

Other applications using TFMZIs include liquid level and lateral stress sensing. In
liquid level sensing [54], the TFMZI was vertically inserted into the liquid to be measured.
The transmission spectra were recorded with an increasing liquid level in step. As the level
rose up, the effective RI of cladding modes were increased accordingly. The difference
between the Rls of the core mode and cladding modes kept decreasing, which led to the blue-
shift in the transmission spectrum. The lateral stress sensing was conducted by applying a
transverse pressure using a microscope slide on the center of the TFMZI [55]. The
transmission spectra of the TFMZI were recorded under different lateral stress conditions at
different loading positions along the interferometer length and a FFT algorithm was
performed upon the transmission spectra to obtain spatial frequency spectra. The amplitude
and spatial frequency of different peaks in the spatial frequency domain corresponding to
different cladding modes were effectively utilized to evaluate the deformation of local fiber

geometry.
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2.3 Mode-mismatch based Mach-Zehnder interferometer

A mode-mismatch based Mach-Zehnder interferometer (MMZI) utilizing multimode
interference (MMI) in single-mode-multimode-single-mode (SMS) fiber structure has been
intensively investigated and widely employed in beam splitters, combiners and multiplexers
for optical communications. SMS based MMZI has been used as various optical devices,

such as a fiber lens, a displacement sensor, a refractometer sensor, and so on.

VvV

Figure 2.3 A typical structure of Mode-mismatch based Mach-Zehnder interferometer

A typical SMS structure is fabricated by splicing two pieces of standard single-mode
fibers to the two ends of multimode fiber without offset as shown in Figure 2.3. The
multimode fiber has a step-index profile but with a much larger size of the core region
compared with the SMF. The input light is launched into the lead-in SMF and propagates in
the form of the fundamental core mode. Since the core size of SMF is much smaller than that
of MMF which is usually capable to support multiple core modes, the difference in the mode
field diameters between the fundamental core modes of the SMF and MMF leads to the
decomposition of the fundamental core mode from the SMF and excitation of the first few
modes supported in the MMF. Given that the fibers are axially aligned at the first splice, only
the circular symmetric eigenmodes i.e. the LPy, modes are excited [56]. At the second splice

point, the relative phase differences between various modes of the MMF determine the
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energy coupled from these modes to the lead-out SMF. Mathematically, if the field
distribution of the input light is denoted as E(70) and the field profiles of LPy,, as F,,(r), the

energy of input light can be expressed as the sum of all the excited eigenmodes in the MMF:
M
E(r,0)=) c,F,(r) (0.11)
m=1
with the excitation coefficients of each mode in MMF given by:

TE(V, 0)F (r)rdr

C

e (0.12)

[, (")F, (ryrdr

0

Much attention has been paid on the temperature and strain sensitivity when SMS based
MMZIs are utilized as sensors. The refractive index profile, dopant species and
concentrations all contribute to different responses to temperature/strain in the transmission
spectrum. It has been demonstrated that the SMS structures using parabolic index MMF and
step-index MMF have different spectral dependence on increasing temperature or strain,
where the former kind exhibits a red spectral shift and the latter one a blue spectral shift [57].
Generally, there exists a critical wavelength in the transmission spectrum of a SMS based
MMZI. The meaning of the critical wavelength has been theoretically verified as a position
at which the curve of the phase difference between the two dominant modes (@=(f,-f2)L) as
a function of wavelength has a zero slope. Usually when the temperature or strain increases,
the critical wavelength does not show any significant spectral shift, while the wavelength
shorter or longer than the critical wavelength would have opposite responses to the two
parameter changes. [57] reported the responses of a MMF with different types of dopants in
the core region. The Ge-doped MMF showed a critical wavelength around 0.925 pm on

lower and higher sides of which the spectrum gave a red-shift and a blue-shift, respectively.
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However, no critical wavelength was found for the P-doped MMF within the same
wavelength range which indicates that changing the type of dopant would change the critical
wavelength. Besides, the doping concentration was another important factor that can adjust
the critical wavelength and had the potential to be controlled for appropriate critical
wavelength selection for temperature and strain sensing.

Another kind of MMZI is based on a high-order-mode fiber (HOMF). Similar to the
MMF, a HOMF has a relatively larger core size than that of the standard single-mode fiber.
While it differs from MMF in that the core region of HOMF consists of several layers with
different refractive indices. A typical HOMF based MMZI example is proposed in [58]. The
HOMF utilized here had a core composed with five distinct layers. The transmission
spectrum of this structure also showed a critical wavelength feature. Peaks near the critical
wavelength were found to have a higher sensitivity to temperature and strain. It was
demonstrated that the intensity at the critical wavelength can be monitored to quantify the
parameter changes. Simulations were carried out to investigate the chromatic dispersion
effect on each guided mode in the HOMF and the recovery transmission spectrum had a very
high similarity with the experimental one, which verified two circularly symmetric core

modes i.e. the LPy; and LP(; modes were dominantly coupling pair inside the structure.

2.4 Core-offset fiber Mach-Zehnder interferometer

Core-offset structure has been widely utilized as an optical attenuator in optical
communication systems for wavelength balancing, input power control and power
equalization in wavelength division multiplexing systems. This structure is realized by fusion
splicing two pieces of fibers with a pre-set offset value i.e. usually several micrometers.
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Core-offset fiber Mach-Zehnder interferometer (CFMZI) is made up of two such core-offset
splicing points. When the input light is launched into the lead-in fiber in the form of the
fundamental core mode, it will split into two paths, with one fraction of light coupled to the
cladding in the form of cladding modes and the remaining light still in the core region. To
prevent the cladding modes from suffering high attenuation loss, the coating along the
second fiber must be stripped. At the second offset splicing point, the cladding modes couple
back to the core mode and an interference signal is observed at the lead-out fiber end due to
the phase difference between them. A schematic profile of the core-offset fiber Mach-

Zehnder interferometer is presented in Figure 2.4.
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Figure 2.4 A schematic profile of core-offset fiber Mach-Zehnder interferometer

A CFMZI using a standard single-mode fiber was firstly proposed in [8]. Three pieces
of single-mode fibers were fusion spliced with a core-offset value. The coating along the
central fiber was removed. It was found that the relative offset directions between the two
offset splicing points greatly influenced the output interference performance. This was
investigated by making one offset splicing point in one end of the bare fiber and the other
end was aligned with different offset directions to another piece of fiber. As a result, the
contrasts of the resultant transmission spectra differed a lot from each other. It was indicated
that selecting an appropriate relative offset direction was very crucial to improve the sensor
performance.
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CFMZIs based on other types of fibers are also realized. An all-fiber photonic crystal
fiber (PCF) based CFMZI was manufactured by fusion splicing three pieces of PCFs with a
lateral offset [59]. Experiments showed that only one cladding mode was excited in the
central PCF, which was demonstrated by the existence of only one peak in the spatial
frequency spectrum. The spatial frequency of the transmission spectrum was linearly
proportional to both the length of the interferometer and the effective refractive index
difference between the fundamental core mode and the excited cladding modes. This
interferometer has the capability for temperature and strain sensing by monitoring the
wavelength spectrum shift. Another CFMZI consisting of a central hollow core fiber
sandwiched by two single-mode fibers was shown in [60]. By splicing the single-mode fiber
and the hollow core fiber with a core-offset, the incident light was separated and propagat in
two paths of the air core region and the solid core region. Due to the large refractive index
difference between the air core mode and cladding modes, the length of the central fiber was
controlled to a short value i.e. 1 mm to make sure fringes could be distinguished more clearly
within the operation wavelength range. This miniature MZI was successfully utilized for

temperature and strain sensing with high sensitivities.

2.5 Grating based Mach-Zehnder interferometer

Fiber gratings are in-fiber devices which have found many applications in spectral
filters, dispersion compensating components, wavelength multiplexing systems, fiber
modulators, environmental sensors, and so on. They can be inscribed on optical fibers using
either holographic or non-holographic methods. By periodically modifying the refractive
index of the fiber core region with different periods, the fiber gratings are generally
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categorized into two classifications: short-period fiber gratings i.e. fiber Bragg gratings (FBG)
with sub-micron period and long period grating (LPG) with a period ranging from 100 pm to
I mm. A FBG couples the input light to the counter-propagating mode while LPG couples
light to the co-propagating mode. With the co-propagating excitation property, a LPG has
acted a very important role in an interferometer sensor when two LPGs are combined as a

pair to form a LPG based Mach-Zehnder interferometer (LPGMZI).
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Figure 2.5 LPG based Mach-Zehnder interferometer (LPGMZI)

The structure of a LPGMZI is shown in Figure 2.5. An LPG basically couples the input
light originally confined in the fundamental core mode to co-propagating cladding modes
which satisfy the phase matching condition expressed by [61]

A=[n, (A)-n’  (A)]A (0.13)

core cladding

Where n_(A) is the effective refractive index of the fundamental core mode and

core

éladdmg (4) is the effective refractive index of the ith cladding mode, A is the modification

n
period of the LPG.

Once the cladding modes are excited, both the cladding modes and the core mode can
propagate along the fiber as long as the coating along the fiber between the two LPGs is

removed,. The relative phase difference between the core mode and cladding modes is given

by [62]
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where @, (4,d) is the sum of the phase shifts induced in both LPGs, d is the length of

grating, and L is the center-to-center separation between the two LPGs, . (A) and

Biaaing (A) are the propagation constants for each mode. At the second LPG, cladding modes

are coupled back to core mode, which lead to an interference transmission spectrum
observed at the output port. In the case that the length of the LPG compared to the separation

of the two LPGs can be ignored, the free spectral range is given by

2
FSR= 4
AmL

(0.15)

where the 4m is the effective group index difference between the core mode and each excited
cladding mode. In [62], it was also demonstrated that when the LPG length was comparable
with the separation, the FSR of a transmission spectrum was dominantly influenced by the
phase shift induced within the LPG region. A work based on such a small separation distance
was published [63]. A LPG pair was fabricated with a small separation of 2 mm and utilized
as a temperature sensor. This small separation improved the sensor in the sharpness of the
transmission spectrum and the measurement resolution as well as temperature variation
measured within a much shorter length range.

LPGMZI also owns a high sensitivity to the external refractive index variations. High
refractive index measurement using LPGMZI is proposed in [64]. Surrounded by solutions
with a refractive index value larger than that of the silica, the device showed higher intensity
sensitivity over the single LPG sensor. A leaky configuration model was established and then
validated by experimental results. The thermo-optic coefficients of the fiber core material

were obtained by using a LPGMZI [65]. The peaks of the transmission fringes were
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measured to determine the refractive index difference between the core and cladding modes.
The refractive index of the fiber core was obtained in terms of wavelength. Fiber cores with
Germanium doped and boron co-doped were measured with thermo-optic coefficients of
1.1x107 /° C and 0.75x107° /° C, respectively. To enhance the sensitivity of the LPGMZI, a
taper as seeded between the two LPGs to improve the refractive index measurements [66].
The experimental results showed a significant increase in sensitivity which was about five
times higher than that of a normal LPG pair. Besides a single-mode fiber based LPGMZI,

this kind of interferometer was also achieved using a photonic crystal fiber [67].

2.6 Laser micromachined Mach-Zehnder interferometer

Laser micromachined Mach-Zehnder interferometers mainly include two types: a
femtosecond laser based MZI and a CO, laser based MZI. With recent advancements in the
ultrafast pulse laser technology, new fabrication method for nano-fiber structures is
employed. The laser beam can be focused on a target material and create optical features at
the focal point. Compared to other fabrication methods, the femtosecond laser based
technique possesses a unique ability of 3-D microstructure fabrication.

The influence of femtosecond laser modification upon the material can be divided into
destructive and nondestructive according to the power magnitude utilized. Nondestructive
fabrication means the power of the laser is below the ablation threshold of the material and
the modification result shows a changed refractive index profile of the material by the laser
source. This effect has found applications in optical waveguides, gratings, and directional
couplers [68-70], etc. On the contrary, the destructive fabrication uses a power higher than
the ablation threshold of the target material, which can directly sculpture the material into
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desired structures. This method has been utilized for manufacturing optical devices such as
microlenses, microfluidic channels, fiber in-line Fabry-Perot interferometers, and optical

switches [4, 71-73].

Depth

Fiber core

Figure 2.6 Femtosecond laser micromachined Mach-Zehnder interferometer. (a)
Schematic illustration. (b) Side view (a half part). (c¢) Cross section. [74]

A femtosecond laser micromachined Mach-Zehnder interferometer (FLMMZI) was
fulfilled by side-ablating a U-shape microcavity in a standard single-mode fiber [37]. The
cladding region and partial core region were removed by the laserwhich is shown in Figure.
2.6. The total ablation depth was about a half diameter of the fiber, which approximately
removed half of the fiber core. When incident light passed through the ablation region, the
light was split into two paths. One was still propagating inside the core, the other was
transmitting through the air cavity. The refractive index difference between the air and the
fiber core induced the optical path length difference between the two light beams. As a result,
the output signal gave an interference pattern which was modulated by the length of the
microcavity. The fabrication process of the FLMMZI was presented in and applications for

temperature and refractive index measurements were performed [74]. It was found that the
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transmission spectra changed with the femtosecond laser ablation parameters. The longer the
trench length was controlled, the shorter the free spectral range would be. This interferometer
was successfully employed in refractive index and temperature sensing. For both low and

high refractive index sensing, it showed an extreme high sensitivity up to 10* nm/RIU [37].
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Figure 2.7 CO2 laser micromachined Mach-Zehnder interferometer. (a) Schematic
illustration. (b) Microscopic image of the laser modification region. [75]

The CO; laser has been previously used as a heat source for modifying optical fibers as
devices such as scanning near-field microscope tips, long period fiber gratings,
microcouplers, microtapers, and so on. A CO, laser micromachined MZI was firstly proposed
in [75]. In this work, two modification points (see Figure 2.7) along a single mode fiber were
made by a CO, laser based on its irradiation effect. The modification induced two
microbends on the fiber, which took on a similar role as the two tapers in the tapered fiber
Mach-Zehnder interferometer. One microbend was responsible for exciting cladding modes
and the other one was for coupling cladding modes back to core mode. An apparent
interference fringes were obtained at the transmission spectrum. Several sample

interferometers were fabricated and tested as a temperature and refractive index sensor. The
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experimental results showed that the sensor’s sensitivity to refractive index variation was
slightly smaller than that of a LPG sensor, which is probably due to the low-order cladding

modes excited by the CO; laser.

2.7 Hybrid in-line fiber Mach-Zehnder interferometer

The above mentioned microstructures such as the taper, core-offset, mode mismatch,
LPG, and laser irradiated spot are not only capable of forming an in-line fiber Mach-Zehnder
interferometer with the corresponding pair of themselves, but also can be utilized to form a
hybrid in-line fiber MZI (HMZI) by choosing and combining two of them. These hybrid
structure based interferometers are designed and fabricated for purposes of either enhanced
sensitivity to external perturbation or cost-effectiveness and easy fabrication according to
different practical needs. These new designed optical devices have been widely used as a
curvature sensor, an inclinometer, a temperature and axial strain sensor, an optical filter, and
a wavelength-division multiplexer (WDM). So far, various HMZIs combining different

microstructures are listed as follows (Figure 2.8):
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Figure 2.8 Various hybrid in-line fiber MZI. (a) Mode mismatch and LPG. (b) Taper and
LPG. (c) Taper and Laser irradiation spot. (d) Core-offset and LPG. (e) Taper and core-offset.

A HMZI based on the mode mismatch and the LPG [76] is shown in Figure 2.8(a): In
this work, a section of multi-mode fiber (MMF) was spliced with two single mode fibers and
a LPG was made after the MMF. The mode mismatch due to the core size difference between
MMEF and SMF and LPG acted as two light steering elements to excite cladding modes and
coupling them back to core mode to produce the interference signal. A curvature which can
introduce phase shift to the sensor was performed upon the MMF. The phase of the
interferometer was plotted as a function of the curvature magnitude, which showed a quite
good linear relationship between them.

A HMZI based on the taper and the LPG [77] is shown in Figure 2.8(b): a fused taper
and a LPG were made along a single-mode fiber with a separation of 80 mm. The taper waist

diameter was controlled to be 80 um and the period of LPG was 540 um. This interferometer
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was successfully applied as an inclinometer. The axis of rotation went through the taper and
the rotation angle was measured as a function of the interference pattern visibility.

A HMZI based on the laser irradiated spot and the taper [78] is shown in Figure 2.8(c):
The spot was induced by a femtosecond laser which focuses the light beam in the center of
fiber core. The separation between the spot and fused taper is set to be 10 mm. Temperature,
strain and refractive index measurements were conducted using this sensor by monitoring
selected peak wavelength shift.

Temperature and strain sensing is also realized by other types of HMZI, such as a
combination of the core-offset and the LPG [79] as well as the taper and the core-offset [80]
as shown in Figure 2.8(d)(e), and so on. These devices possess advantages of increased
sensitivity and potential low cost as well as provide more selections for various sensing

applications using fiber MZlIs.

2.8  Summary of the state of art in-line fiber Mach-Zehnder

interferometer

Table 2.1 lists the above mentioned several kinds of in-line fiber Mach-Zehnder

interferometers and their state of art applications.
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Sensor type Fiber type Measurands Sensing performance
Strain[52] 2000nm/e
-23.188 nm/RIU,
Simultaneous
0.071nm/°C(169th
temperature and RI
order); -26.087nm/RIU,
Tapered MZI SMF [53]
0.077nm/°C(144th order)
-0.017nm/mm (1520nm),
Liquid level [54]
-0.021nm/mm (1620nm)
Lateral stress [55] | 1244810 dBm/um(A)
Temperature [57] 14.16pm/°C
MMF and SMF
Strain [57] Tpm/pe
High-order- —
Mode-mismatch MZI Temperature [58]
mode fiber
(HOMF) and . o
Strain [58]
SMF
SMF RI [8] 33.3nm/RIU
Temperature [59] —
PCF
Core-offset MZI Strain [59] —
Hollow core Temperature [60] 11.085nm/°C
fiber and SMF Strain [60] 1.5pm/ pe
Temperature [63] 0.31nm/°C
LPG MZI SMF

Thermo-optic

1.1x107/°C (GeO»)
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coefficients [65] 0.75x10”/°C (Boron)
PCF [67] — —
SMF
-3754.79 + 44 24nm/RIU
(Femtoscond RI[37]
Laser micromachined -12162.01 £ 173.92nm/RIU
laser)
MZI1
RI[75] —
SMF (CO; laser)
Temperature [75] 0.0817nm/°C
Mode-mismatch
MMF and SMF Curvature [76] 612.44+3.12 Degree.m
and LPG
Taper and LPG SMF Rotation angle [77] —
Temperature [78] 0.103nm/°C (1593nm)
Taper and laser
SMF Strain [78] -1.35pm/ pe (1593nm)
Hybrid spot
RI[78] -15.294nm/RIU(1593nm)
MZI
Core-offset and Temperature [79] 0.0519nnmy/ °C
SMF
LPG Strain [79] 0.6pm/ pe
Simultaneous 60.4 and 63.9 pm/°C
Taper and core-
SMF temperature and strain | -1.47 and -2.71 pm/ pe
offset
[80]

Table 2.1 State of art in-line fiber Mach-Zehnder interferometers

Based on previous work on in-line fiber Mach-Zehnder interferometers, our motivation

for new-type sensors aims at improvement of the sensitivity to external perturbations,
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simplification of the fabrication process, enhancement of the mechanical strength and
versatile selectivity for multi-parameter sensing. In the following two chapters, two novel
sensors are proposed: one is tapered bend insensitive fiber Mach-Zehnder interferometer
(BIF-MZI) and the other one i1s SMF-High-order-mode fiber-SMF Mach-Zehnder
interferometer (HOMF-MZI), both of which belong to in-line MZI.

It is obvious the two novel sensors possess the advantages that the in-line fiber Mach-
Zehnder interferometers have, such as compactness, simplicity, high integrity, light weight,
low-cost and so on. The proposed BIF-MZI is the first in-line MZI that realizes the vibration
sensing. The reason using bend insensitive fiber instead of standard SMF is due to the
practical needs in vibration sensing and the unique double-cladding structure of BIF meets
these requirements. In tapered SMF-MZI, the protective coating between the two tapers are
removed to avoid the high attenuation loss of cladding modes. However, this coating-
removed sensor has the difficulty to be applied in vibration measurement where a proper
attachment between the sensor and the vibrating source is needed. Any touch to the coating-
removed sensor would introduce large noise to the detected signal. While using bend
insensitive fiber enables us to retain the protective coating and only limited inner-cladding
modes are propagating along the sensor which guarantees a more uniform spectral response
for dynamic vibration detection. Previous other types of fiber sensors used for vibration
sensing include Fabry-perot interferometer, fiber Bragg grating and two fiber beams Mach-
Zehnder interferometer. [81] presented a novel structure by splicing a short optical fiber stub
containing a weakly tilted Bragg grating with another slightly offset fiber. The power
reflected from this structure is independent of temperature. This device could obtain the
frequency response up to 2 kHz. An in-line Fabry-perot interferometer was proposed by
concatenating two fiber Bragg grating mirrors in [82]. The highest frequency measured was
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1 kHz. In another work, two fiber beam Mach-Zehnder interferometer with one beam
replaced by a long taper was presented as a vibration sensor [5]. Frequencies ranging from
30 Hz up to 40 kHz were measured with high SNRs. Compared to the above fiber
vibrometers, the proposed sensor is sensitive to a much wider range of frequencies from 1 Hz
up to 500 kHz with high SNRs above 20 dB. Nevertheless, this device still has some
limitations, such as the frangibility of the taper structure and relative low contrast of
transmission spectrum compared to other in-line MZlIs.

Simultaneous temperature and strain measurements have been realized in many early
works, such as using a single fiber Bragg grating [16], inscribing a long period grating in a
polarization maintaining fiber [18], a Sagnac loop mirror consisting of two kinds of high-
birefringence fibers [19] and a hybrid in-line fiber Mach-Zehnder interferometer [80].
Similar methods were employed in these works by monitoring the positions of resonant
peaks in the transmission spectra under different temperatures or strains. However, exact
determination of the resonant peak position is difficult in the transmission spectra whose
fringes are usually results of superposition of multiple interferences. Besides, each
interference has a unique dependence on temperature or strain, which would lead to
nonlinear responses to the measurands. The usage of fiber Bragg grating, long period grating
or Sagnac loop also increases the cost and complexity of sensor fabrication. The proposed
HOMF-MZI is a good alternative and the discrimination of temperature and strain is by the
first time achieved based on the dispersion effects of HOMF. Phase demodulation scheme is
employed in this work instead of previous wavelength shift method to distinguish different
interferences in the sensors. The strong chromatic dispersion effects of the supported modes
in HOMF result in multiple peaks in spatial frequency domain, which provides a large
amount of sensitivity choices for multi-parameter sensing. This sensor belongs to the mode-
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mismatch in-line MZI whose fabrication process is much easier and more repeatable than
tapered structure. Furthermore, The mechanical strength of this device is much higher than
other types of in-line MZI with no taper structure and all coating remained. However, this
sensor cannot be utilized for refractive index sensing because of the remaining coating.

Compared to SMF based in-line MZI, the HOMF-MZI has a higher cost.
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Chapter 3

Vibration sensing using a tapered bend-
Insensitive fiber based Mach-Zehnder

Interferometer

This chapter presents a novel fiber-optic sensor consisting of a tapered bend-insensitive
fiber based Mach-Zehnder interferometer (BIF-MZI) to realize damped and continuous
vibration measurements. A high sensitivity and fast response intensity based demodulation
scheme is adopted by monitoring power fluctuation of the BIF-MZI at the operation
wavelength. The double cladding structure and the central coating region of the in-fiber
interferometer ensure an enhanced mechanical strength, reduced external disturbance, and a
more uniform spectrum. A damped vibration frequency range of 29-60 Hz as well as
continuous vibration disturbances ranging from 1 Hz up to 500 kHz are successfully
demonstrated. Section 3.1 gives the background of vibration sensing based on fiber sensors
and tapered BIF-MZI. Section 3.2 explains in detail the operation principle based on
intensity demodulation scheme. Section 3.3 describes the fabrication process of the proposed
device and the configuration of vibration experimental setup. Section 3.4 shows experimental
results and discussions of damped and continuous vibration respectively in two subsections.

The final conclusion comes in section 3.5.
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3.1 Introduction

Detection and monitoring of vibration, acceleration, and mechanical shock are crucial for
nondestructive inspection of civil infrastructures such as buildings, bridges, highway
pavements, and dams, structural health monitoring of automobiles, ships, aircraft, and
spacecraft, as well as environmental surveillance of seismic activity and volcanic eruptions.
A piezoelectric accelerometer is the most conventional vibration sensor for structural
monitoring which utilizes the piezoelectric effect to measure dynamic changes in mechanical
variables. However a lack of an effective electrical isolation scheme makes it unsuitable in a
total electromagnetic sensitive environment. A fiber optic sensor will be a good alternative
over its electric counterpart with several unique advantages, such as immunity to
electromagnetic interference, compact size, light weight, and distributed measurement over a
long distance [83]. A variety of fiber optic sensing techniques have been extensively studied
and among them, in-fiber Mach-Zehnder interferometer (MZI) sensors have recently been
applied to measure temperature, strain, pressure, and refractive index with salient merits of
high sensitivity, a high degree of integration, simplicity, and compact in-line measurement
[52, 59, 76, 84-92]. For these static measurements, the fiber sensors rely on the demodulation
of external disturbance induced interference peak wavelength shift, which needs a relatively
long time to obtain a steady spectrum. Thus the spectral shift detection algorithm with a slow
response time is not suitable for sensing a rapidly and dynamically changing environment,
such as shock impulses and mechanical vibrations. In addition, previously reported in-fiber
MZlIs are required to remove protective jackets between two light steering elements in order
to prevent the excited cladding modes from suffering high attenuation loss. Consequently the

fiber mechanical strength is reduced and the uncoated fiber cladding layer is directly exposed
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to the surrounding environment which leads the fiber interferometer to be vulnerable to
undesirable disturbance.

In recent years, various types of bend-insensitive fibers (BIF) have been developed to
allow for better light confinement at a smaller bending radius with ultralow bending loss in
Fiber-to-the-Home applications [93-98]. High-order cladding modes can be excited by an
optical connection with an imperfect mode match between two fibers and to be guided by a
structure of a depressed-index area [99, 100]. If the high-order modes are not fully attenuated
as they propagate along the fiber, they may couple back to the core at a following optical
connection to induce a multipath-interference phenomenon. Suppression of excited high-
ordercladding modes and minimization of modal interference with the fundamental mode
could be implemented using mode strippers realized by filling a section of air holes with
epoxy [101]. In this paper, a novel tapered bend-insensitive fiber based in-line Mach-
Zehnder interferometer (BIF-MZI) is fabricated by a fusion splicing technique for damped
and continuous vibration sensing applications. An intensity-based demodulation scheme is
developed to monitor the dynamic vibration induced power fluctuation at a specific

wavelength selected from the transmission spectrum of the BIF-MZI.

3.2 Operation principle

The bend-insensitive single-mode fiber (ClearCurve, Corning) used in this study
comprises an innermost layer of a germanium-doped silica core surrounded by a narrow
layer of randomly distributed air holes in the pure silica cladding [96]. A schematic of the
bend-insensitive fiber cross-section in Figure 3.1 shows that the depressed index ring of
nanoscale gas filled voids divides the fiber cladding region into two areas of an inner
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cladding region and an outer cladding region. A schematic illustration of the BIF-MZI is
shown in Fig. 3-1. The BIF-MZI consists of two abrupt tapers which function as light
steering elements to pilot split-merge propagation of the fundamental core mode and high-
order cladding modes along the middle fiber section between the two fiber tapers. The
double cladding structure of the bend-insensitive fiber enables a selective excitation of
multiple cladding modes by the first taper. According to mode field patterns, the cladding
modes of the bend-insensitive fiber can be categorized into two groups: inner-cladding
modes that travel within the inner cladding region due to the total internal reflection and
outer-cladding modes that tunnel into the outer cladding region through the depressed index
ring. When the polymer coating is removed from the middle fiber section, both the inner-
cladding modes and the outer-cladding modes excited by the first taper will be coupled back
to the core mode by the second taper to form a fiber Mach-Zehnder interferometer. The phase
difference A® between the fundamental core mode of LPy; and multiple high-order cladding
modes of LP;; can be expressed as

272.] core,01 _

_ _ ( clad ,ij 2 T l
ii = core,01 clad,ij — ) eff
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where An”.; is the effective refractive index difference between the fundamental core mode
and an individual high-order cladding mode, 1 is the interference length, and A is the
operation wavelength. When the phase difference satisfies 4®; = 2mm, the m™ order

transmission peak wavelength is located at
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where m is an integer. The intensity in the interference pattern can then be written as
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where Icore0r and 144 are the intensities of the fundamental core mode and an individual
high-order cladding mode, respectively. Provided that the polymer coating between the two
abrupt tapers is retained in the process of fabricating a BIF-MZI, optical energy in the outer-
cladding modes would be sharply attenuated due to high refraction loss at the unsmoothed
cladding-coating interface and a significant absorption band in the telecommunication
window of the high index polymer coating, while energy in the inner-cladding modes could
still travel down the inner cladding region with little attenuation and reach the second taper.
Thus a novel in-fiber Mach-Zehnder interferometer will be developed based on a tapered

bend-insensitive fiber while still preserving its original protective jacket.

~outer cladding

low index ring

~_inner cladding

- i - core cladding air coating
1 .

Figure 3.1 Left: A schematic illustration of the bend-insensitive fiber based Mach-
Zehnder interferometer. Right: A schematic cross-section of the bend-insensitive fiber.

As a mechanical strain ¢ is applied on the BIF-MZI, the changing phase difference between

the core mode and each cladding mode will lead to a shift in the corresponding spectrum

where an interference peak wavelength 4, shifts to a new wavelength of 4,," by

N (A 81+ Smyyl + Sny 1) . (An,61+0n,,1)

m An,;l 3.4)
=4, (0l /1+6n,, [ Ang) =4, 611+ p,oll1)=2,(1+p,)e,

where o'/ is the variation of the fiber length due to the axial strain, o n.yis the photo-elastic

effect induced change in the effective refractive index difference, and p.y is the effective
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strain-optic coefficient. When a tapered bend-insensitive fiber is mounted on a cantilever, the
fiber length will increase or decrease when the cantilever undergoes a convex or concave
deflection as shown in Figure 3.2(a). The change in the interference length 6/ of the BIF-
MZI can be expressed as 0 [ =2dD/I, where D is the cantilever deflection and d is the
separation of the neutral axis between the optical fiber and the steel cantilever. Thus damped
vibrations of the cantilever will cause a dynamic strain variation on the BIF and a fluctuation
in power spectrum of the BIF-MZI. In case a piezoelectric cylinder is used to provide a
continuous dynamic strain on the tapered bend-insensitive fiber by wrapping the fiber on it
as shown in Figure 3.2(b), the transmission spectrum of the BIF-MZI will periodically red-
shift or blue-shift when the fiber interferometer length experiences an elongation or
compression due to the piezoelectric effect of the lead zirconate titanate (PZT) ceramic
material. Figure 3.2(c) shows a schematic illustration of fiber interferometer vibration
sensing based on an intensity modulation scheme. According to a typical sinusoidal variation
of the output intensity of a two-mode interferometer as a function of wavelength, a linear
intensity response can be acquired for low-amplitude vibrations observed at a quadrature bias

wavelength.
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Figure 3.2 A schematic illustration of fiber interferometer vibration sensing based on an
intensity modulation scheme.
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3.3 Experimental configuration

In the vibration sensing systems, the in-fiber Mach-Zehnder interferometer was
fabricated on the bend-insensitive fiber that was connected to two standard single-mode
fibers (SMF28, Corning) on both sides to form a SMF-BIF-SMF structure. If a mechanical
splicing method is adopted such as using optical fiber connectors, a splice loss modulation
will result in weak modal interference due to a refractive index profile difference induced
mode-field mismatch between the SMF and the BIF. Therefore the SMF-BIF-SMF structure
was implemented based on a fusion splicing technique using a fusion splicer (S182PM, Fitel).
A customized clad alignment fusion splicing program with appropriate fusion current and
fusion time was employed to line up the fibers, minimize the splice loss and avoid the modal
interference. The electrical arc discharge zone was adjusted to introduce an offset of 10 um
deviated from the junction point to the SMF side, which could accommodate the presence of
the nanostructural features and guarantee the intactness of the air-hole structure of the BIF
during the fusion splicing process. Figure 3.3(a) shows an optical microscope image of the
fusion joint area between the SMF and the BIF where they are in good alignment. Intermodal
interference was not detected in the output spectrum of the SMF-BIF-SMF structure by
launching light from a combined C + L band erbium-doped fiber amplifier (EDFA) to an
optical spectrum analyzer (86142A, Agilent). Another fusion splicer (FA995, Ericsson) with
a built-in taper manufacturing program was utilized to fabricate fiber tapers on the bend-
insensitive fiber. Selecting a taper specification of a large waist diameter should ensure that
fiber mode coupling efficiency is small and thus the attenuation of the interferometer is
minimized and fewer high-order modes are excited [102]. An optical microscope image of an

abrupt taper with a taper length of 900 um and a waist diameter of 80 um is shown in Figure

44



3.3(b). Two individual in-fiber MZIs, BIF-MZI-a and BIF-MZI-b, were constructed along
the bend-insensitive fibers by creating double abrupt tapers of the above specifications

separated by distances of 5 cm and 15 cm, respectively.

Figure 3.3 (a) An optical microscope image of the fusion joint area between the BIF
(left) and the SMF (right). (b) An optical microscope image of one abrupt taper fabricated on
the BIF.

Figure 3.4(a) shows the attenuation spectrum of the BIF-MZI-a which was obtained
from the difference between the emission spectrum of the EDFA and the transmission
spectrum of the BIF-MZI. Although the central coating region was preserved, the tapered
bend-insensitive fiber still performed well as an in-fiber interferometer which is evident from
the prominent interference fringes due to a superposition of several inner-cladding modes
interferences. A fast Fourier transform (FFT) of the wavelength spectrum in Fig. 3.4(a)
provides a spatial frequency spectrum as shown in Fig. 3.4(b). The spatial frequency & can be
expressed as & = Angpl/ /102, where A is the center peak wavelength around which a first-
order Taylor series is expanded [59]. In Fig. 3.4(b), a power spectrum in the spatial

frequency domain exhibits two dominant intensity peaks corresponding to two inner-
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cladding modes with their corresponding simulated optical field patterns shown in the inset
of Fig. 3.4(b). It is noticed that the light energy of the inner-cladding modes are completely
confined in the inner cladding region. Figure 3.4(d) shows a spatial frequency spectrum of
the BIF-MZI-b with two dominant intensity peaks obtained by fast Fourier transform of the
corresponding attenuation spectrum in Fig. 3.4(c). The simulated optical field patterns of the
inner-cladding modes are shown in the inset of Fig. 3.4(d). Since the BIF-MZI allows only
very few inner-cladding modes to pass through the central fiber coating region, the
superimposed interference spectrum of this few-mode interferometer still monotonically
shifts with a changing strain and thus the power fluctuation at the operation wavelength
exhibits an approximate linear response relation to dynamic vibrations. Compared to the
conventional in-fiber MZIs based on a standard single-mode fiber with a single cladding
layer, the BIF-MZI has very few order numbers of interference due to its double cladding
structure and central coating region, and accordingly a more uniform spectrum which is

suitable for dynamic vibration sensing applications.
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Figure 3.4 (a, b) and (c, d) show attenuation spectra and corresponding spatial
frequency spectra of the BIF-MZI-a and BIF-MZI-b, respectively. Insets of (b, d) show the
simulated optical field patterns of the inner-cladding modes of BIF-MZI-a and BIF-MZI-b.

Figure 3.5 shows a schematic experimental setup of vibration measurement using the
BIF-MZI. Light from a 1550 nm planar waveguide based external cavity laser with the 3 kHz
spectral linewidth (PLANEX, Rio) was launched into the BIF-MZI and then guided through
an attenuator and an AC photodetector (PDB450C-AC, ThorLabs) to a high-speed
oscilloscope (WaveRunner 64Xi-A, LeCroy). Experiments were carried out in a temperature
controlled room with the temperature maintained at 25.0 + 0.5 °C. The temperature change
can be neglected since it is a rather slow process relative to the dynamic vibration
measurement with a fast response. At a specific operation wavelength, 1550 nm for example,
the changing power due to vibrations becomes a strong function of time. By monitoring the

power variation in a time domain, the vibration frequency could be detected in real time.
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Figure 3.5 A schematic experimental setup of vibration measurement. LD, laser diode;
ATT, attenuator; PD, Photodetector.

3.4 Experimental results and discussion

3.4.1 Detection of damped vibration

Figure 3.6 shows a schematic measurement setup to detect damped vibration frequency
using the 5 cm BIF-MZI-a. A stainless steel cantilever of rectangular cross-section (width w
= 0.5 cm, thickness h = 0.1 cm) and a total length of 40 cm was used to generate a damped
vibration. The tapered bend-insensitive fiber was slightly pre-stretched and attached to the
free end of the steel cantilever using epoxy glue. The set point of the pre-strained value was
about 103 pe, which was selected to avoid fiber breakage or movement during a convex or
concave deflection process. Another end of the cantilever was fastened on a fixed base by a
metal clamp and the cantilever length could be controlled by adjusting the position of the
metal clamp on the cantilever. When the free end of the cantilever was deflected by a specific
displacement from its initial stabilized position and instantly released, the cantilever would
experience a damped vibration about its equilibrium position soon afterwards. A standard

ruler was used to measure the initial deflection of the cantilever.
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Figure 3.6 Schematic top view of the experimental setup of damped vibration detection.

Figures 3.7(a) and 3.7(c) show the time-domain spectra of the BIF-MZI-a with a 10 cm
cantilever length under damped vibrations that the free end of the cantilever were initially
flipped down to a distance of 5 mm and 3 mm, respectively. Figure 3.7(a) shows that the
initial output voltage recorded by the oscilloscope is 0.12 V for the damped vibration of the 5
mm deflection. As the vibration continued, the damping effect caused a continuous
attenuation of the output voltage with a specific damping time defined as a timescale for an
output voltage dropping to 90% of its initial value. The vibration finally vanished and a noise
floor was obtained with a stable output voltage of 0.01 V. The damping time was measured to
be 5.0 seconds by performing an envelope analysis on the time-domain signal shown by the
red curves in Fig. 3.7(a). For the damped vibration of the 3 mm deflection, a relatively small
initial peak voltage of 0.06 V and a damping time of 4.0 seconds were obtained in Fig. 3.7(c).
In addition, two insets of Figs. 3.7(a) and 3.7(c) extracted from enlarged regions of the
vibration time trace signal exhibit regular sinusoidal waveforms which indicate a stable
periodicity of the power oscillations. Figures 3.7(b) and 3.7(d) show the same fundamental
frequency of 62.0 Hz by fast Fourier transform of the time-domain spectra in Figs. 3.7(a) and
3.7(c). When the initial deflection of the cantilever was varied from 1 mm to 7 mm, the
fundamental frequencies were in the range from 61.8 £ 0.5 Hz to 62.4 + 0.5 Hz as shown in
Fig. 3.7(e). It is indicated that the fundamental frequencies of the damped vibrations is
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independent of the initial deflection of the cantilever.
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Figure 3.7 Time-domain spectra and frequency-domain spectra of the BIF-MZI-a with
a cantilever length of 10 cm under damped vibrations of (a, b) 5 mm and (c, d) 3 mm
deflections, respectively. (¢) Fundamental frequencies as a function of initial deflections of
the cantilever.

Various fundamental frequencies of the damped vibrations can be obtained by changing
the cantilever length. The fundamental frequency should be proportional to the reciprocal of

the square of the cantilever length, which follows

_c | B
27\ pAL*’

(3.5)

where ¢ is the coefficient of the first vibration mode, £ is the Young’s modulus of the
stainless steel, / is the moment of inertia, p is the density of the material, 4 is the cross
section area, and L is the cantilever length. The damped vibrations of different cantilever
lengths under the same initial deflection were detected using the BIF-MZI-a to demonstrate
this relationship. Figure 3.8(a) shows the time-domain spectrum of the BIF-MZI-a with a

cantilever length of 15 cm under a damped vibration of a 3 mm deflection and Fig. 3.8(b)
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shows the corresponding frequency-domain spectrum where the fundamental frequency was
located at 29.2 Hz. The normalized power spectra of the BIF-MZI-a with six different
cantilever lengths ranging from 10 to 15 cm are shown in Fig. 3.8(c). Figure 3.8(d) shows a
linear relationship between f and 7/L°, where the fundamental frequencies corresponding to
these cantilever lengths are 62.0 Hz, 52.8 Hz, 44.1 Hz, 38.5 Hz, 33.0 Hz, and 29.2 Hz,

respectively.
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Figure 3.8 (a) Time-domain spectrum of the BIF-MZI-a with a cantilever length of 15
cm under a damped vibration of 3 mm deflection and (b) the corresponding frequency-
domain spectrum. (c) Normalized power spectra of the BIF-MZI-a with different cantilever
lengths. (d) Fundamental frequencies as a function of cantilever lengths.

3.4.2 Detection of continuous vibration

Figure 3.9 shows a schematic setup to measure a continuous vibration frequency using

the 15 cm BIF-MZI-b. A piezoelectric cylinder (Americanpiezo) with an external diameter of
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38 mm was utilized as a continuous vibration source driven by a function generator. The
piezoelectric cylinder has a frequency response range up to a maximum of 500 kHz. The
central coating region of the tapered bend-insensitive fiber was wound around the
piezoelectric cylinder and tightly bonded on the exterior surface using epoxy glue. The
double abrupt taper regions were attached on two fixed bases and slightly stretched to keep
the fiber straight. A periodic sinusoidal driven signal with a peak-to-peak voltage of 10 volts
caused a continuous vibration of the piezoelectric cylinder that was transmitted to the fiber

and generated about 1 micro-strain equivalent dynamic stretch.
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Figure 3.9 Schematic top view of the experimental setup of continuous vibration
detection.

Firstly the BIF-MZI-b underwent low frequency vibrations of the piezoelectric cylinder.
Figures 3.10(a)—3.10(d) show the frequency-domain spectra of the BIF-MZI-b when the
piezoelectric cylinder was driven by sinusoidal signals of 1.0 Hz, 3.0 Hz, 5.0 Hz, and 10.0
Hz, respectively, and the corresponding time-domain spectra are shown in the insets. In the
frequency-domain spectra, dominant peaks are located at 1.0 Hz, 3.0 Hz, 5.0 Hz, and 9.5 Hz,
respectively, which are close to their corresponding driven frequencies. In Fig. 3.10(d), three

other peaks at frequencies of 19.0 Hz, 29.0 Hz, and 38.5 Hz are obviously distinguished
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beyond the fundamental frequency of 9.5 Hz which agrees well with the high-order

harmonics resonance phenomenon.
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Figure 3.10 (a, b, ¢, and d) show the frequency-domain spectra of the BIF-MZI-b when
the piezoelectric cylinder was driven by sinusoidal signals of 1 Hz, 3 Hz, 5 Hz, and 10 Hz,
respectively. The insets show the corresponding time-domain spectra.

The vibration frequency of the piezoelectric cylinder was then tuned from 100 Hz to 15
kHz. Figures 3.11(b) and 3.11(e) show two enlarged regions of the vibration time trace signal
extracted from Figs. 3.11(a) and 3.11(d) which present good sinusoidal waveforms with a
constant power oscillation periodicity. Figure 3.11(c) plots the frequency-domain spectrum
from Fourier transform of the corresponding 0.8 seconds time-domain data with a peak at
98.9 Hz when the piezoelectric cylinder was driven by a 100 Hz sinusoidal signal. Figure
3.11(f) shows a FFT spectrum with a peak at 15.0 kHz as the piezoelectric cylinder was
driven by 15 kHz sinusoidal wave. Figures 3.11(c) and 3.11(f) show high signal-to-noise-

ratios (SNR) of 45 dB and 50 dB, respectively. When the driven frequencies of the
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piezoelectric cylinder were set to 500 Hz, 1 kHz, 5 kHz, and 10 kHz, the corresponding FFT
spectra had obvious peaks with SNRs of 50 dB at 497.9 Hz, 998.9 Hz, 4.99 kHz, and 9.98

kHz, respectively.
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Figure 3.11 (a, b) and (d, e) show the time-domain spectra as well as (c) and (f) the
corresponding frequency-domain spectra of the BIF-MZI-b when the piezoelectric cylinder
was driven by sinusoidal signals of 100 Hz and 15 kHz, respectively.

High frequency continuous vibrations of the BIF-MZI-b were investigated by tuning the
vibration frequency of the piezoelectric cylinder up to 500 kHz. Figure 3.12 shows obvious
peaks in the FFT spectra with high SNRs from 40 dB to 50 dB at 99.96 kHz, 199.91 kHz,
299.89 kHz, 399.88 kHz, and 499.78 kHz, respectively, as the driven frequencies of the

piezoelectric cylinder were increased from 100 kHz to 500 kHz in 100 kHz steps.
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Figure 3.12 The frequency-domain spectra of the BIF-MZI-b when the piezoelectric
cylinder was driven by high frequency sinusoidal signals from 100 kHz to 500 kHz.

3.5 Conclusion

In conclusion, a tapered bend-insensitive fiber interferometer sensor has been proposed
and experimentally demonstrated. A high sensitive and fast response intensity based
demodulation scheme has been adopted by monitoring power fluctuation of the BIF-MZI at
the operation wavelength to detect damped and continuous vibrations. The possibility of
manufacturing an in-fiber Mach-Zehnder interferometer without removing its central
protective jacket provides many great advantages in vibration sensing applications, such as
maintaining high mechanical strength, isolating the optical fiber from external physical
damage, and allowing easy fiber attachment to a substrate. Furthermore, attenuated outer-

cladding modes due to optical coating absorption leaves a few inner-cladding modes
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propagating along the bend-insensitive fiber and a more uniform spectral response is
available for dynamic vibration sensing. The in-fiber interferometer sensor has an extremely
wide frequency response from 1 Hz up to 500 kHz. The experimental results imply that the
proposed BIF-MZI could be effectively employed in applications on intrusion detection and

structure health monitoring.
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Chapter 4

Dispersion effects of high-order-mode
fibers on temperature and axial strain

discrimination

This chapter proposes a new technique based on the chromatic dispersion effect of high-
order-mode fibers (HOMFs) to simultaneously measure the temperature and strain. The
wavelength dependent chromatic dispersion of the supported core modes in HOMF is
characterized and the critical wavelength is theoretically found and experimentally verified.
By performing fast Fourier transform upon transmission spectrum and using a phase
demodulation scheme, different sensitivities of different wavelength dependent dispersion
peaks in spatial frequency domain responding to dual or more environmental disturbances
have been demonstrated. Section 4.1 gives the background of the high-order-mode fiber and
the discrimination of stain and temperature. Section 4.2 presents the mode analysis and the
dispersion effect in HOMF using simulation method. Section 4.3 describes the proposed
method for mode discrimination in experimental transmission spectra. Section 4.4 explains
the sensing principle and discussed the experimental results. Section 4.5 concludes the whole

work.

57



4.1 Introduction

High-order-mode fibers (HOMFs) have been broadly investigated for practical
applications in dispersion compensation, enhancement of fiber transmission and data
capacity, mode filters and selectors, and fiber sensors [103-107]. One of the most significant
properties of HOMF is the relative stable existence of several core modes which exhibit
considerable dispersion effect. Therefore the mode analysis and chromatic dispersion
characterization are vital to enhance the performance of fiber sensors based on HOMF. The
discrimination between temperature and strain is vital in many applications and has attracted
great interest recently [18, 19, 108-110]. In this chapter, the realization of a discrimination
measurement between temperature and strain is presented based on dispersion effect under a
novel phase demodulation scheme. The dispersion effect gives the versatile sensitivities to
environmental changes and possesses the potential for the device to be utilized as a multi-

parameter sensor.

4.2  Simulation results of mode analysis and dispersion effects in
HOMF

Figure 4.1 presents a refractive index profile of a custom designed HOMF calibrated by
an optical fiber analyzer (NR-9200, EXFO) based on the standard refracted near-field
technique. The refractive index of the pure silica cladding region is measured to be 1.4560 +
0.0001 at 670 nm. Scanning electron microscopy (SEM) images of the transversal cross-
section of the HOMF are shown in the inset of Fig. 4.1. The HOMF was etched with 5%

hydrofluoric acid solution for 5 minutes to enhance contrast and visibility of the SEM images
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because of different etch rates of fiber regions with varied dopant concentrations. It is
obvious that the complex fiber core structure consists of four distinct layers where the central
layer is further divided into three subsections. The unique refractive index profile of the
HOMF can support multiple core modes with tailored dispersion properties. Two standard
single-mode fibers (SMF-28, Corning) are fusion spliced on both sides of the HOMF to form
a SMF-HOMF-SMF structure. When a fundamental mode light beam is incident from the
input SMF to the sandwiched HOMF, a few guided core modes will be excited due to mode
field mismatch. Provided that the SMF and the HOMF are perfectly aligned, only circularly
symmetric LPy,, modes are preferably supported in the HOMF because of the circular
symmetry of the input field of the LPsyr mode in the SMF. Interference between these
modes dictates the output spectral response of the proposed HOMF modal interferometer,
which is vulnerable to influences of the environmental parameters such as temperature and

axial strain.
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Figure 4.1 A calibrated refractive index profile of the HOMF at 670 nm; blue and red curves
correspond to scans along two orthogonal axes of its transversal cross-section, X-axis and Y-
axis, respectively, inset: SEM images of the etched HOMF over the whole cross-sectional
area and the central core region.
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Modal analysis in the HOMF is achieved by employing the COMSOL Multiphysics
finite element analysis software to numerically simulate the effective indices of the multiple
core modes as a function of wavelength, from which intermodal dispersion and chromatic
dispersion properties can be derived. The simulated mode field patterns of the input
fundamental core mode of the SMF as well as the excited core modes of the HOMF at 1550
nm are shown in the insets of Figs. 4.2(c) and 4.2(d). The vector overlap integrals of the two
mode fields are performed using the equation [111],

)i y)ddy|
j ESMFE;MFdxdyIJ.EOmE* dxdy’

Om

(4.1)

where ESMF and EOm are the complex electric fields of the fundamental mode in the SMF
and individual excited core modes in the HOMF, respectively. Coupling efficiencies between
the LPsyvr mode and the LPgy;, LPg,, and LPy; modes are calculated to be 74.2%, 18.4%, and
6.4%, respectively. The dominant LPy; mode can couple with the LPy, and LPy; modes with
a strong field overlap. Since the first three excited core modes account for 99.0% of the
incident mode energy, the coupling of light between the LPy; mode and higher-order core

modes (m > 2) as well as the LPy;-LP, mode coupling is negligible.
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Figure 4.2 Wavelength dependent effective refractive indices of (a) the LPy; and LP,
modes, (b) the LPy3; and LPsyr modes; Difference in the propagation constant as a function
of wavelength between the LPy; mode and (¢) the LPy, mode, (d) the LPy; mode, insets of (c)
and (d): mode field patterns of the LPy; and LP(; modes, and the LPy3; and LPsyr modes; (e)
and (f) show transmission spectra of a I-meter HOMF modal interferometer with the LP;-
LPy; and LPy;-LPy3; mode coupling, respectively.

The relationship between the effective indices of the first three core modes and
wavelength are shown in Figs. 4.2(a) and 4.2(b). The negative slopes of these three curves
follow the same trend of change in the wavelength dependent modal effective index of the
fundamental mode in the standard single-mode fiber as shown in Fig. 4.2(b). The difference

in the propagation constant between two coupling modes is given by
Aﬂz(s) =p - ﬂ2(3) =k[n,(4)— nz(3)(ﬂ)] = kAn2(3)(/1), 4.2)
where k = 2n// is the wavenumber, n,(4), nz3)(4), and Any3)(2) are the wavelength dependent

modal effective indices of the first-order core mode, the second- or third-order core modes,
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and their effective index difference, respectively. The intensity in the interference pattern can

be written as
I=1+1L, +2,1, 1,5, cos(ADy, (2)), (4.3)

where I; and I»;3) are the intensities of the first-order and the second- or third-order core
modes, respectively, and A®,;)(4) 1s the phase difference between the LPy; and the LP, or
LP¢, modes with an expression of A®,3),(4) = ABi3L, where L is the length of the HOMF.
Figure 4.2(c) shows the propagation constant difference between the LPy; and the LPy,
modes as a function of wavelength, where a vertex oriented upwards existing in the parabolic
curve at around 1556 nm that corresponds to a critical wavelength in the transmission
spectrum induced by the LP¢;-LPy; mode interference. Then a normalized transmission
spectrum of a l-meter HOMF modal interferometer can be simulated by applying a
polynomial curve fitting to the plot of the wavelength dependent propagation constant
difference shown in Fig. 4.2(e). The propagation constant difference between the LPy; and
the LPo3 modes as a function of wavelength is shown in Fig. 4.2(d), where no turning point is
found and only a monotonic decline curve is observed within the same wavelength range.

Thus the LPy;-LPy3 mode interference spectrum shows a series of quite uniform fringes in

Fig. 4.2(f).

4.3 Mode discrimination in transmission spectra

Figure 4.3 shows a transmission spectrum of the HOMF modal interferometer with a 1-
meter HOMF obtained by launching light from a broadband light source to an optical

spectrum analyzer (86142A, Agilent). Modal behaviors of the LPy;-LPy; modes allow a high-
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visibility interference pattern where the critical wavelength locates at 1559.4 nm that
coincides well with the simulated one in Fig. 4.2(e) with 3nm error. Furthermore, the inset of
Fig. 4.3 shows that there exists a noticeable amplitude modulation in a low-contrast
interference fringe due to the presence of less intense mode interference between the LPy;

and LPy; modes.
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Figure 4.3 Transmission spectrum of the 1-meter HOMF modal interferometer, inset: An
enlargement around the critical wavelength of 1559.4 nm.

To further investigate the dispersion characteristics of mode interference in a HOMF, a
power spectrum in the spatial frequency domain is obtained and shown in Fig. 4.4 by
performing a Fourier Transform on the transmission spectrum in the wavelength domain in
Fig. 4.3. The spatial frequency () can be written as &3)(4) = 1/AA = An2(3)(/1)L//102, where AL
is the wavelength spacing between two neighboring peaks of the interference spectrum, o is
the center peak wavelength around which a Taylor series is expanded [59].. Fig. 4.4 and its
inset exhibit two separate clusters of multiple peaks in the spatial frequency domain that

correspond to two orders of core mode coupling with significant chromatic dispersion effects
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within the wavelength range from 1540 nm to 1580 nm. One dominant group of peaks ranges
from 0 - 2 nm™ that corresponds to the LPy;-LPy, mode coupling. The other group of peaks
extends a spatial frequency range from 6 - 10 nm™, which corresponds to the LPg;-LPo;

mode coupling.
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Figure 4.4 Power spectrum in the spatial frequency domain of the 1-meter HOMF modal
interferometer, inset: The group of peaks corresponding to the LPO1-LP03 mode coupling.

Alternatively, the 1-meter HOMF was replaced by a 1-centimeter HOMF in the SMF-
HOMF-SMF structure to measure and discriminate temperature and axial strain effects in a
more compact way. Since the peak wavelength spacing is inversely proportional to the length
of the HOMF, the amplitude modulation in the interference fringes of the I-centimeter
HOMF modal interferometer as shown in the inset of Fig. 4.5(a) is due to the LPy;-LPy;
mode coupling while the interference fringe envelope is caused by the LPy;-LPy; mode
coupling. Figure 4.5(a) shows the power spectrum of the 1-centimeter HOMF modal
interferometer in the spatial frequency domain, where a dominant peak for the LPy, mode

locates at 0.0222 nm'l, and other three lower peaks for the LP¢s.;, LP¢3.2, and LPy3.3 modes
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locate at 0.0444 nm™, 0.0888 nm™, and 0.1222 nm’', respectively. Compared with the 1-
meter HOMF modal interferometer, less dispersion information is carried in the 1-centimeter
one even for a larger wavelength span because the spatial frequency is proportional to the
length of the HOMF. Figure 4.5(b) shows a phase spectrum in the spatial frequency domain

where the normalized phase in the range of 0 and 2m were obtained from the Fourier

transformed data at each spatial frequency.
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Figure 4.5 The 1-centimeter HOMF modal interferometer: (a) Power spectrum in the spatial

frequency domain, inset: Transmission spectrum in the wavelength domain; (b) Phase
spectrum in the spatial frequency domain.
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4.4 Operation principle and experimental results

The shift in the phase difference between the LPy; mode and the LP¢, or LPy; mode,
Oo(Adr,), at a particular spatial frequency can be expressed by

S(AD,,)) = 278, (4.4)

where JAr. is the temperature or axial strain induced peak wavelength shift in the
interference spectrum between the LPy; mode and the LPy, or LPy; mode. In Fig. 4.5(a), the
unique peak with highest intensity corresponds to the LPy;-LPyp, mode coupling in a large
spectral range, which may exhibit cross-talk on chromatic dispersion and poor linearity under
changes in temperature and axial strain. Thus the group of three peaks originating from
strong dispersion effects of the LPy-LPp; modes is utilized for temperature-strain
discrimination because of their different responses in modal effective indices under an equal
disturbance variance condition. It is noted that the phase shift is negatively proportional to

the corresponding interference peak wavelength shift, 4, which is given by

0Ly, O (AnT(g)>
5/%@—( o =00, (4.5)

where JLt) and 6(An 1)) are changes in the length of the HOMF and the difference in the
modal effective indices. Both the fiber length and the difference in the modal effective
indices will increase due to the thermo-elastic and thermo-optic effects with an increasing
temperature. Therefore the phase difference of the HOMF modal interferometer will
experience blue-shift according to Eqs. (4.4) and (4.5). When the axial strain is applied on
the HOMF modal interferometer, the fiber will be stretched, and the difference in the modal
effective indices is contributed by both the fiber geometry modification and the photo-elastic

effect which makes the positive and negative sign of d(An;) both possible. Thus the phase
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difference will experience either blueshift or redshift, depending upon the relative
magnitudes of 0L/L and Jo(An.)/An,. Figure 4.6 shows experimental results of temperature
and axial strain dependences of the phase difference at different spatial frequencies
corresponding to distinct chromatic dispersion effects of the LP¢;-LPy3 modes. As shown in
Fig. 4.6(a), the temperature coefficients of the LPys.;, LPyp3», and LPy.3 modes are -
0.0353+0.0007 rad/°C, -0.0307+0.0004 rad/°C, and -0.0194+0.001 rad/°C, respectively. As
shown in Fig. 4.6(b), the axial strain coefficients of the LPys.;, LPy3.,, and LP¢3.3 modes are -
454+14 rad/e, -88+3 rad/e, and 85+6 rad/e, respectively. Each mode has a distinctive
sensitivity to both temperature and axial strain, which effectively enables simultaneous

measurement of multi-parameters.
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Figure 4.6 Experimental results of phase versus (a) temperature and (b) axial strain at
different spatial frequencies.

A character matrix M1 is defined to represent the sensing performance of the mth order
LPOm modes in the HOMF modal fiber interferometer by
0D, . AT C, . C: ||AT
Om-i — M]r}qg — (;m-l Om-i , (46)
Dy T LA Comi Com JLAE
where 1 and 1' represent two arbitrary selected LPOm-1 modes for the temperature and axial strain

. .. . T T . . .
discrimination. Cpz.;', Cps.*, Cps.i, and Cyz; are the temperature and axial strain coefficients of the
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LPy3 mode and the LPysy mode, respectively. According to the error analysis for the simultaneous

measurement of multiple parameters given by

& &
_ C03—i 5@034 + C03-i' é‘4303—1'
- T & & T

‘C03-i CO3-i' - C03-i C‘03-i' ‘

b

4.7)
o€ = ‘COTH‘&@OH + ‘C(Q-i"é‘@os-f '

- T & £ T
‘CO3—iCO3—i' —Coai CO3-i"

The minimum errors of temperature and axial strain are calculated to be 0.15 °C and 22 pe, 0.15 °C
and 19 pe, and 0.24 °C and 68 pe, for the mode coupling between LPy; and LPys 1, LPo32, LPo3.3,

respectively.

4.5 Conclusion

In conclusion, an approach employing the joint effect of chromatic dispersion and
intermodal dispersion of SMF-HOMF-SMF structure to fulfill dual-parameter measurements
is proposed. A new scheme based on fast Fourier transform algorithm is applied to analyze
the mode coupling and discriminate the supported modes confined in HOMF. The
wavelength dependent dispersion leads to the multiple peaks in the spatial frequency domain,
which provides the availability of abundant choices of sensitivities to the environmental
disturbances. By appropriately making options on the length of central HOMF part according
to the practical need, this easy-fabricating and compact sensing structure would be
potentially applicable in situation where more than two parameters are required to be

discriminated.
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4.6 Comparison with tapered BIF-MZI

Previously, tapered BIF-MZI has been successfully utilized to discriminate the
temperature and refractive index based on the phase demodulation scheme. This kind of
structure is also potentially capable of realizing the simultaneous temperature and strain
measurements as shown in this chapter. The reason why HOMF is chosen in this work
instead of tapered BIF-MZI is because HOMF can support the same types of three stable
core modes even the device is stretched under strain or heated by increasing temperature,
which guarantees a reliable and repeatable measurement within a large temperature or strain
range. However this is not the case for the tapered BIF-MZI where the cladding modes are
excited with different types when the device is under different strain due to the deformation
of the taper region. Furthermore, because of the strong dispersion effect, the HOMF structure
has a higher sensitivity than tapered BIF-MZI for the sensing as long as larger spatial
frequency peaks which correspond to positions beyond the critical wavelength are selected
for discrimination. The measurement errors could be controlled to a small value by choosing

the peaks with distinct phase responses.
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Chapter 5
Summary and future work

5.1 Summary

In this dissertation, two novel kinds of in-line fiber Mach-Zehnder interferometers are
proposed for vibration sensing and discrimination of temperature and strain, respectively.
Compared to other types of optical fiber sensors previously investigated, the in-line fiber
MZI presents more fascinating and attractive advantages, such as easy fabrication, potential
low cost, light weight, high integrity, simple packaging and so on.

The tapered bend-insensitive fiber Mach-Zehnder interferometer is the first in-line fiber
MZI structure for vibration measurements. This interferometer is manufactured without
removing the central protective jacket between the two tapers, which significantly increases
the mechanical strength of the sensor, protects the device from external physical damage and
provides easy attachment to the vibrating source. Besides these benefits, the remaining of
coating also guarantees the cladding modes that are interfering with core mode are only
inner-type with quite limited number. The limited number of inner-cladding modes leads to a
quite uniform transmission spectral profile and makes sure a uniform sinusoid response to
vibration. The high sensitive and fast intensity demodulation scheme is employed by
monitoring the power fluctuation at a selected wavelength to recover the frequencies of
different vibrations. An extremely wide range of frequency responses from 1 Hz up to 500

kHz with high SNR is realized by employing the proposed BIF-MZI, which demonstrates
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that this device would be an excellent alternative for intrusion detection and structure health
monitoring.

The chromatic dispersion and intermodal dispersion effects in SMF-HOMF-SMF are
analyzed in detail and simulated for each supported core mode. The multi-peak feature
induced by the dispersion effect provides abundant sensitivity choices for multi-parameter
sensing. The phase demodulation scheme is utilized for extracting and monitoring the phase
shift of the selected peaks in the spatial frequency domain. Since the phases of spatial
frequency peaks have different temperature and strain dependences, by appropriately making
options on the length of the central HOMF part and peak positions, dual-parameter or even
more parameters could be simultaneously measured. This easy fabricating and compact
device could be potentially applicable in wide areas where the cross-sensitivity problem

should be resolved.

5.2 Future work

Since we have proposed a highly sensitive in-line fiber sensor for measuring the
mechanical vibration, the acoustic wave detection would be potentially realized by using the
similar kinds of devices which are probably required with higher sensitivity. This would be a
promising future research on fiber sensors that can replace the conventional piezoceramic
sensors in electromagnetic sensitive environments.

By exciting leaky modes of the microstructured fiber sensors, a highly sensitive
temperature sensor can be realized. This would lead to some applications where
measurements of temperature with high resolution are needed.

Combining the micro-fiber structure with Brillouin effects studies is another promising
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orientation. The Brillouin cooling effect is just observed in a gentle fiber taper structure and a

lot of more work should be performed for further investigation.
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