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Abstract

In this thesis, the fiber interferometric sensors based on micro-
structure fiber are studied for different applications.

First, the fundamental knowledge about optical fiber, including
history, structure, modes in fiber, and categories are introduced in detail
to give a basic understanding of optical fiber. Next, the working
mechanism, advantages, and classification of the optical fiber sensors
are presented one by one to get e general view of this study topic. Then,
based on the principles of optical interference, the working principles
and common fiber interferometer structures are induced and introduced
clearly to provide essential knowledge for the following sub-chapter.
Also, the Optical Vernier Effect (OVE) is introduced to improve the
sensing performance of the single interferometric sensor.

For the sensing device part, four different interferometric structures
are proposed and demonstrated availability. The optimal fabrication
process and parameters are presented in detail after several experiments.
The experimental results of the spectrum and sensitivities all coincided
with theoretical analysis. The first sensor is proposed for lateral stress
measurement based on the Sagnac interferometer (SI) structure. The

six-hole high birefringence fiber is used to detect the lateral stress



change based on the stress-caused birefringence effect. The sensitivity
is about 1.72 nm/kPa. Because there are no doped particles in the fiber,
the sensor is temperature insensitive. In addition, employing single
wavelength laser injection and light intensity demodulation method,
this SI sensor can monitor the heartbeat and breath rate. The second
sensor is an axial strain sensor based on the Mach-Zehnder
interferometer (MZI) structure. In this structure, the twin-core single
hole is used to provide a transmitting channel for the MZI between the
core light and the hole light. Based on the elastic-optical and tensile
deformation effects, this structure can measure the axial strain with a
sensitivity of 0.59 pm/ue. To enhance the sensitivity, two sensor
structures are cascaded in series to motivate the OVE. The cascaded
structure can amplify sensitivity about 30 times. Furthermore, this
cascaded structure enables simultaneous sensing of axial strain and
temperature within the acceptable error range. Additionally, a third
sensor is introduced for gas pressure measurement, utilizing a Fabry-
Perot interferometer (FPI) structure. The main detection element of this
sensor is single-core side-hole fiber with several micrometers,
leveraging the refractive index change of the air hole induced by gas
pressure. Due to the OVE, the proposed sensor has an ultra-high

sensitivity of 183 nm/MPa in 0~100 kPa. This sensor is also sensitive



to temperature change with a sensitivity of 440 pm/°C. Then, the
temperature cross-sensitivity can be calculated as -2.4 kPa/ °C, which
is relatively low. The last sensor is proposed for the lateral stress
measurement based on the Michelson interferometer (MI) structure.
Different from the traditional M1 structure, a section of Panda PMF is
used in one of the two arms to motivate the OVE. The normalization

sensitivity of it is about 3.76 nm/(kPa-m). Using FBG as a temperature

compensation element, temperature fluctuation is monitored and
demodulated to achieve no temperature cross-sensitivity usage.
The four sensor structures are all investigated having promising

applications in different fields to provide convenience for human beings.
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Chapter 1 Introduction

1.1 Overview and Research Motivations

In recent years, because of the rapid improvement of high-speed
communication technology, the world has become an always-
connected world. Under this circumstance, information collection
by sensors is the first and the most important step. Following this,
every field has better performance requirements on sensors to
build the internet of everything.

Compared to common electrical sensors, optical sensors have
the unique advantage of anti-electromagnetic interference, and
higher sensitivity, higher accuracy, faster response speed. Among
optical sensors, the sensors based on the fibers draw more attention
from the researchers because the fiber sensors are more convenient
for building up communication sensing integration systems. In
addition, optical fiber sensors’ unique characteristics: compact
size, high pressure, and temperature resistance, long long-term
stability, have also been demonstrated by researchers [1-5].
Because of these unique characteristics, optical fiber sensors have

been developed and used in many systems. For example,
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automatic control, online detection, and fault diagnosis for
production systems, leakage detection for petroleum or oil
transport systems, vital signs monitoring for medical systems, and
health parameters monitoring for large buildings.

Extensive use of optical fiber sensors brings higher performance
requirements for researchers. How to enhance the sensor’s
sensitivity is always an attention hotspot. Applying the Optical
Vernier effect (OVE) on the optical fiber sensors is an elegant
method to improve sensitivity [6-8]. Some optical fiber sensors’
complex structures also cannot meet the escalating consumer
needs of downstream applications such as fabricating portable
devices and wearable devices. Thus, designing new sensor
structures is also an important study topic of optical fiber sensors.
Normally, a sensor can only respond to only one parameter change.
However, in many application fields, it is often necessary to
simultaneously  measure  multiple variables for more
comprehensive evaluation [9]. So, the realization of multi-
functionality is also a promising research direction for optical fiber
sensor technology [10].

In this thesis, four different interferometric sensors based on the

micro-structure fiber are proposed and demonstrated with better
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performance than existing sensors. To help get a clear view of
optical fiber sensors, the following sub-chapter first introduces the

fundamental knowledge of optical fibers.

1.2 Optical Fibers

As a new transmitting medium, optical fiber can transmit light
signals over long distances with quite low loss. The birth time of
optical fiber traces back several centuries. The concept of light
transmitting along a stream of water was proposed as early as the
1790s. John Tyndall demonstrated the phenomenon of light being
transmitted through bent water pipes around the 1840s. In the
1880s, Alexander Graham Bell put forward an interesting idea of
using the light as a carrier to transmit sound information. However,
the technology at that time could not support the realization of this
idea. Then, the 1930s saw some advancements in the use of glass
rods and tube waveguides for optical transmission. After about 30
years, researchers at Corning Glass Works, Robert Maurer,
Donald Keck, and Peter Schultz, fabricated the first low-loss fibers
based on a design of glass core and cladding. This breakthrough
establishes the foundation for modern fiber optics and enables

practical applications. In the 1970s, researchers put their efforts
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into developing single-mode fiber (SMF), which just allows one
mode to propagate at specific wavelengths.

After the 1980s, erbium-doped fiber amplifiers (EDFA) and
wavelength division multiplexing (WDM) were invented,
enabling efficient amplification of optical signals for longer
distance transmission and higher information transmission
capacities. By then, the fundamental technologies of optical fiber
were ripe for information transmission.

Following this, optical fiber technology’s development moves
into the direction of high-speed data transmission over long
distances, higher bandwidth capabilities, and security,
revolutionizing global communication. Ongoing research works
continue to seek even faster and more efficient data transmission,
expanding outward the boundaries of the optical fiber [11-12].

1.2.1 Optical Fiber Structure

The typical structure of the optical fiber is shown in Fig. 1.1(a),
which has three parts: core, cladding, and outer coating, which are
concentric with each other in general. However, the core may be

off-center depending on the actual application.
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Fig. 1.1 (a) The common structure diagram of the optical fiber; (b) the light beams
transmitted in the optical fiber at different injection angles.

The core part is where light signal is transmitted, typically made
of glass or plastic with the dopant. The diameter of the core varies
from ~8 um (SMF) to ~52.5 um (multi-mode fiber, MMF). The
core effective refractive index (ERI) ne is determined by the
materials used and dosage concentration. Usually, the cladding
material is the same as the core but with different doping rates.
Usually, the ERI of the cladding ne is 1% lower than ne. The
appropriate ERI difference and light incidence angle can make
sure light propagates inside the core without leakage because of
the total reflection effect, as shown in Fig. 1.1(b).

The outer coating layer serves as a protective layer surrounding
the cladding, usually made of polymer material. It can provide
mechanical reinforcement to protect the fiber from external
damage and moisture. Because the coating layer will be melted
during the high-temperature splicing process, the coating must be

stripped to expose only the cladding before fiber fusion splicing
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1.2.2 Fiber Modes

Generally speaking, the theory of ray optics and the theory of
wave optics are the commonly used two methods to analyze the
transmission state of light in fiber[13]. If fiber radius r is much
larger than the incidence light wavelength 4, the light can be
approximately replaced by multi-rays. Then, using the geometrical
optics model can easily study the propagation path of light rays.
However, there are huge errors if the 4 is close to r. Based on this
problem, the theory of wave optics is introduced to analyze the
fiber transmission characteristics at a micro level. In the theory of
wave optics, the stable propagation states in fiber are defined as
“Modes”. The finite discrete number of paths down the optical
fiber in optical ray theory is equal to the fiber mode number in
optical wave theory. For specific optical fiber structures, the actual
propagation mode number is only related to the fiber self-
parameter, including light wavelength, diameter, core, and
cladding ERI.

The mathematical expression of the fiber modes can be derived
from the basic electromagnetic field equations, referred to as

Maxwell’s equations.
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E is the electric field intensity, D is the displacement vector, H
is the magnetic field intensity, and B is the magnetic induction
intensity. The relationship between them can be expressed as
D=¢E, B=uH, where ¢ is the dielectric constant, and # is magnetic
conductivity. J is the conduction current density, and p is the free
electricity density. Because the optical fiber is an electrically
insulated and homogeneous medium, there is no conduction
current and free electricity. In that case, J=0, p=0.

Then Eq. (1.1) can be transformed into the following equations,

which are the description of the H and E.
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For uniform fiber structure, & and u can be regarded as constant.
Then, the above equation can be transformed as:
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The above equations are named as Helmholtz equations. If the
boundary conditions of a fiber are given, the solutions of the
corresponding Helmholtz equations can be easily calculated. Each
solution corresponds to one propagation fiber mode.

The modes within a fiber exhibit diverse characteristics: (1)
Transverse electromagnetic mode (TEM): With perpendicular
electric and magnetic fields, the electromagnetic wave's
propagation occurs perpendicular to the field plane. (2) Transverse
electric mode (TE): Characterized by the absence of an electric
field component along wave propagation direction, while retaining
a magnetic field component. (3) Transverse magnetic mode (TM):
This mode lacks a magnetic field component along the wave
propagation direction but includes an electric field component. (4)
Hybrid electric mode (HE): Dominated by the electric field
component in the propagation direction. (5) Hybrid magnetic
mode (EH): With the magnetic field component dominating wave
propagation direction. (6) Additional hybrid modes exist,
including mixed-mode, high-order hybrid modes, hybrid
plasmonic modes, and tunneling hybrid modes.

Except for photonic crystal fibers (PCF), conventional optical

fibers typically feature a radially symmetric ERI profile and a
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relatively minor contrast in ERI between the core and cladding. In
that case, some exact modes can be merged into one linearly
polarized (LP) mode, which is mathematically simpler to describe.
The Table of comparison for some low-order exact modes and LP

modes is as follows.

Table | The mapping table between the LP mode and actual modes

LP mode Exact modes

LPos HE11

LP11 HE21, TEo, TMo1

LPo2, LP21 HE.,, EH11, HE31

LP31 HE41, EH21

LP12 HE22, TEO2, TMO02

LPO3, LP22 HE13, HE32, EH12
LP13 HE23, TEO3, TMO03

The subscripts are the order of the modes. The lowest order
mode is the LPo; mode, of which the transverse intensity profile is
similar to the Gauss beam. For SMF, it can only transmit LPg;
mode in the core. At the same time, numerous cladding modes are
present, resulting in significant propagation losses at the outer

cladding interface. By optical couple methods, the core mode and
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cladding modes can interfere with each other, constructing fiber
version Mach-Zehnder interferometers (MZIs) [14].

1.2.3 Classification of Fiber

r}\

e )

R (b)

el (C)

Fig. 1.2 () The ERI profile and structure of the SMF, (b) The ERI profile and
structure of the SIF-MMF, (c) The ERI profile and structure of the GIF-MMF.

Various standards exist for optical fibers classification. For
instance, based on the transmitted light’s polarization state, single-
mode fiber (SMF) has two types: non-polarization-maintaining
fiber (N-PMF) and polarization-maintaining fiber (PMF). PMF
includes three distinct types: single-polarized fiber, birefringence
fiber (BiF), and circular BiF. Single-polarization optical fibers

transmit only one polarization mode, while high birefringent fibers

10
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transmit two orthogonal polarization modes with a significant
propagation speed difference, and low BiF, with nearly equal
propagation speeds. Circular BiFs transmit circularly polarized
light.

According to the fiber core ERI profile, the fiber can be
categorized into step index fiber (SIF) and graded index fiber
(GIF). As shown in Fig. 1.2 (a) and (b), the ERI profile of SIF is
homogeneous in the core but mutates at the core and cladding
boundary. The ERI profile of GIF changes with the radius in a
certain functional relationship as shown in Fig. 1.2 (c).

Characterized by low optical transmission loss, high-purity
fused quartz become the commonly used raw material for optical
fiber fabrication. The transmission loss at some wavelengths can
be low to 0.2dB/km, generally less than 1dB/km. The low-cost
polymer can also be used for fabricating optical fiber. However,
the disadvantage is that the material loss is large, and temperature
performance is poor. In some special needs, the fiber core can be

liquid or single crystal.
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Fig. 1.3 The cross-section of fibers: (a) with special core structure, (b) with special
cladding structure, (c) with special core and cladding structure.

Due to the development of fiber drawing technology, fibers with
special microstructures are drawn out. As shown in Fig. 1.3, the
fibers can be divided into three categories according to the
different special parts. First, fibers with special core structures,
such as multi-core fiber (MCF), elliptical core fiber, non-core fiber
(NCF), hollow core fiber (HCF), square-core fiber, and so on.
Secondly, fibers with special cladding structures, such as single-
core multi-hole fiber, multi-cladding fiber, and fiber with a
stressed zone in the cladding. Finally, fibers with special core and

cladding structures, such as suspended core fiber, core-hole

12
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composite structure fiber, and multi-core and multi-hole fiber. All
the above fibers can be collectively referred to as micro-structure

fibers [15].

1.3 Optical Fiber Sensors

The evolution of optical fiber transmission and drawing
technology also enabled the development of fiber sensing
technology. Lower attenuation of fiber enables transmitting over
long distances between sensing points and performing multiplexed
measurements. The characteristics of resistance to electromagnetic
interference enable fiber sensors superior to electrical sensors in
the electromagnetic environment [16]. Microstructure fibers make
it possible to fabricate abnormal sensor structures to meet specific
measurement requirements [17]. Optical fiber sensors also have
the requirement to withstand high temperatures [18]. Because of
these unique characteristics, optical fiber sensors become
irreplaceable elements in sensing systems of different areas. The
following subsection covers the fundamental information about
optical fiber sensors, including the working principles,

classification, and advantages.
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1.3.1 Working Principles

Optical fiber Measlurand
Optoelectronic | Py, @ Modulating KE Pyt Optoelectronic
source element detector
Read-out Signal
processor

Fig. 1.4 Generic block diagram of optical fiber sensor.

As depicted in Fig. 1.4, an optical fiber sensor consists of an
optoelectronic source, a section of transmitting optical fiber, a
photodetector, and a signal-processing unit. Initially, the emitted
light is directed into the sensing head or modulator. Interaction
between the measured parameters and the input light modifies the
optical characteristics of the output light, resulting in modulated
signal light with variations in wavelength, intensity, frequency,
phase, or polarization state. Following this, the photodetector
transforms the optical signal into an electrical signal, which is then
analyzed to extract the measured physical quantity [19-23].

1.3.2 Classification of Optical Fiber Sensors

According to whether light interference occurs within the sensor

structures, optical fiber sensors are categorized into

14
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interferometric optical fiber sensors (IOFS) and non-
interferometric optical fiber sensors (NIOFS).

NIOFS, also known as amplitude-type fiber sensors, operate by
detecting light intensity changes within the fiber. Common
mechanisms for inducing light intensity changes include altering
the fiber’s bending status, modifying its coupling conditions, and
adjusting its light absorption characteristics.

Optical fiber micro-bending sensors, for instance, exploit
micro-bending loss between the fiber core and cladding to measure
environmental pressure, micro-displacement, and micro-vibration.
For the sensor structure in Fig. 1.5 (a), a section of MMF is put in
a deformer which can transfer environmental parameters
fluctuation to fiber bending state changes. Then, once the
photoelectric detector (PD) detects the light intensity variation, the
data processing module will give an alarm signal. For this type of
fiber sensor, the sensitivity can reach as high as 6 pV/A, which
equals to the level of the minimum detectable micro-displace is
0.01 nm. However, the service life of this type of sensor is not long
because the fiber is too fragile to be bent too many times. Optical

fiber couple sensors utilize the couple conditions change between
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the sensing fiber and other optical elements to detect surrounding

parameters fluctuation.
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Fig. 1.5 Generic block diagram of NIOFS: (a) micro-bending sensors, (b) couple
sensors, (c) absorption sensors.

For the couple sensor structure shown in Fig. 1.5 (b), if the fiber
is close to other optical elements, the most output light from the
sensing fiber can be coupled to other optical elements or back
coupled to the sensing fiber. Once the distance or the medium ERI

between optical elements changes, the output light intensity will
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change accordingly. Using alike structures, many optical gas
pressure, concentration, temperature, and micro-displacement
sensors have been proposed and demonstrated. However, the
biggest problem for optical fiber couple sensors is that the fiber
needs to be fixed by precision machines, which sharply increases
the use cost.

As shown in Fig. 1.5 (c), optical fiber absorption sensors utilize
the absorption loss increasing caused by the X-ray, y-ray, or other
radiation to detect radiation change in the nuclear power station or
radioactive storage position. Because the main sensing part of this
type of sensor is pure fiber, the sensitivity is related to the fiber
length. That is, using longer fiber can increase sensitivity.

IOFS, also called phased-type fiber sensors, work based on light
phase change introduced by optical interference [24]. The main
characteristics of this type of sensor have four aspects [25]. Firstly,
interferometric fiber sensors have ultra-high sensitivity. Sensing
based on optical interferometry has become the most sensitive
detection technique now because the reference path can help
increase the sensitivity sharply. Secondly, interferometric fiber
sensors have flexible and diverse construction. Because the fiber

itself serves as a sensing part, the sensor structure can be
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customized according to different usage scenarios. Thirdly,
interferometric fiber sensors have much wider effective working
objects. Many kinds of parameters can be detected if the
parameters influence the optical path of the interferometers.
Commonly, one single interferometer can measure two or more
different parameters at the same time. Finally, interferometric
fiber sensors usually have a special demand for fiber used. In the
common fiber interferometers, to obtain light interference from the
same fiber modes, the SMF is a better choice rather than MMF.
Although using MMF can also get interference fringe, it is difficult
for the next data processing part to get accurate information. In
addition, some studies have demonstrated that the fiber-coating
materials can influence the sensor sensitivity. Through enhancing
sensitivity to the parameters to be measured and desensitizing
irrelevant parameters by conducting special treatment on fiber. this
problem can be solved perfectly.

According to the traditional principles of optical wave
interference, there are four commonly used interference fiber optic
sensors: Michelson interferometric (MI) fiber optic sensor, MZI

fiber optic sensor, Sagnac interferometric (SI) fiber optic sensors,
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Fabry-Perot interferometric (FPI). The detailed working principles

of them are introduced in Chapter 2.2.

1.3.3 Advantages of Optical Fiber Sensors

Compared to traditional electronic sensing technology, optical
fiber sensing technology offers numerous advantages:

(1) Immunity to electromagnetic interference and corrosion
resistance: Optical fiber sensors transmit information via light
waves through electrically insulated and corrosion-resistant
mediums. This feature ensures reliability in harsh environments,
including those with strong electromagnetic interference or
flammable and explosive conditions, making them suitable for
applications in electromechanical, petrochemical, and mining
industries.

(2) High sensitivity: Utilizing light as an electromagnetic wave
with a short wavelength enables precise measurements of optical
length. For instance, fiber optic interferometers can detect minute
changes in the optical path length due to small mechanical forces
or temperature fluctuations.

(3) Rapid measurement speed: Light travels swiftly and can

convey two-dimensional information, facilitating high-speed

19



Chapter 1

measurements. Tasks such as radar signal analysis, which demand
rapid detection rates, can be effectively addressed through high-
speed spectrum analysis leveraging light's diffraction phenomenon,
a challenge for electronic methods.

(4) Large information capacity: Utilizing light waves as carriers
enables the transmission of signals with high frequencies and
accommodating wide frequency bands. Moreover, a single optical
fiber can transmit multiple signals simultaneously, enhancing
information capacity.

(5) Adaptability to harsh environments: Optical fibers possess
characteristics of high temperature, wet, chemical, and pressure
resistance. Consequently, they can function effectively in

environments unsuitable for other sensor types.

1.4 Research Objectives

The research objectives of works in this thesis mainly focus on
developing novel sensor configurations with enhanced
performance for fiber sensing systems used in different fields.
More specifically, the thesis proposed four different
interferometric configurations based on microstructure fiber, and

their feasibility is demonstrated by experiments.
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® Develop a SI sensor for non-contact human respiratory
and heart rate monitoring using six-hole high birefringence
fiber (SH-HiBiF).

® Demonstrate an axial strain sensor based on inline Mach-
Zehnder interference OVE utilizing Twin-core and Single-
hole fiber (TCSHF).

® Investigate an inline dual FPI gas pressure sensor
utilizing Single-core Side-hole Fiber (SCSHF) with OVE.
® Design a parallel connection of dual MlIs for lateral stress

sensing based on PMF with OVE.

1.5 Organization of the Thesis

This thesis is composed of 7 chapters.

Chapter 1 gives an overview of the research background and
motivations. The fundamental knowledge of optical fiber and
optical fiber sensors is then introduced. Finally, the research
objectives and the thesis outline are given,

Chapter 2 firstly introduces the methods to motivate optical
wave interference, including the wave-front splitting method and
amplitude splitting method. Next, the common structures of

different optical fiber interferometers are presented in detail.
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Furthermore, the concept of OVE is introduced to help enhance
the sensor’s sensitivity. Finally, various optical fiber sensor
structures based on the OVE are summarized in this chapter.

Chapters 3 to 6 proposed four different interferometric sensors
based on microstructure fiber for different sensing usage including
vital signs monitoring, axial strain, lateral stress, and gas pressure
measurement. The fabrication process and parameters are given in
detail after countless experimental attempts. Then, the final
spectrum of the four sensors is analyzed mathematically. Finally,
the experiment details and results are given to verify the proposed
sensor’s serviceability.

In the end, chapter 7 summarizes all the works in this thesis and

discusses possible future research directions.
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Chapter 2 Optical Interference and Vernier
Effect

In physics, wave superposition refers to the phenomenon that
two or more waves of the same type are incident in the same space.
The resultant wave may have greater or lower amplitudes,
depending on the vector sum of every wave’s oscillating regime.
That is, every wave’s is oscillating regime contributes individually
to the final amplitude without influenced by other existing waves.
The wave superposition principles are applied uniformly across all
types of waves [26], for example, mechanical waves, water waves,
gravity waves, electrical waves as well as electromagnetic waves.
As one type of electromagnetic wave, optical waves can also
produce superposition effects.

Generally speaking, the possible superposition results of optical
waves with different frequencies are quite complicated. In this
work, only superposition phenomena of optical waves with the
same or similar frequency are discussed. The superposition of two
or more optical waves with the same vibration frequency, vibration
direction, propagating direction and also fixed phase difference

will introduce an optical interference effect. If the propagating
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direction of the just two waves is opposite, there will be a standing
wave effect after superposition. The superposition of two or more
waves with similar frequency and same vibration direction and

propagating direction will motivate OVE.

2.1 Principles of Optical Wave Interference

For the two optical waves’ characteristics to be highly
consistent to motivate the interference effect, they must be derived
from the same origin, and they arrive at the same point by different
paths. Commonly used methods now to analyze the resultant
wave’s characteristics are the amplitude-splitting method and the
wavefront-splitting method.

2.1.1 Wavefront-splitting interference

The frequency of the light wave used for communication is
usually around 10%* Hz [27], which is too high for the detectors
now to detect the electric field fluctuation. Thus, observing the
interference intensity pattern is a better choice for studying optical
wave interference. The light interference pattern was first
observed and described by Thomas Young in 1801. His double-
slit experiment is based on the wavefront-splitting method, which

has a far-reaching influence on the optics field.
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light
source

Fig. 2.1 Young’s double-slit interference experiment.

In Fig. 2.1, S is a little hole illuminated by the light source. S;
and S, are two little holes on the second screen, which are
distributed symmetrically on both sides of the axis. This set can
split the combined wavefront from S into two sub-wavefronts
without phase difference. Then, S; and S, can be regarded as the
same single-wavelength light source. That is the frequency and the
vibration direction of optical waves emitted from S; and S; are the
same as each other. Then the light amplitude of arbitrary point P

in the region where two optical waves meet can be expressed as:

= t
E,=a COS|:27Z'(?—le:|
= t
E,=a, co{Zn(? —fﬂ

The r; and r; are the distances between the specific point P and

(2.1)

two light sources. The a; and a, are the vibration amplitude of the
two waves. According to the superposition principle, the
amplitude of P is the vector sum of two participating waves’

amplitude, which is
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.o - t o t r
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E = a, cos (ot +a, ) +a, cos(wt +ar, ) (2.3)

=(a,cosa, +a, cosa, )cos wt — (&, sin, +a, sin a, )sin ot
Because ai, az, a1, and a, are constants, the Eq. (2.3) can be
simplified as:

E = ACOS & cos wt — Asin a sin wt

Acos(ot +a) (2:4)

Then, A and a can be calculated as:

A’ =a/ +a; +2a,a,cos(o, —a,)
a,sine, +a,sina, (2.5)
a cosa, +a, cosa,

tana =

The vibration status of P is also conforming to simple harmonic
vibration. The vibration frequency of P is the same as the light
source’s frequency. The amplitude A and the original phase are
decided by the two participating optical waves’ amplitude and
phase.

The light intensity at a specific point is the square of the average

wave amplitude.

| =|E]' = A*=a? +aZ +2a,a, cos(a, —at, ) (2.6)
=1, +1,+2/1,1, coss '

I1=a:, and I.=a; are the light intensity of the two participating
optical waves. From Eq. (2.6), the light intensity is decided by the
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phase difference between the two participating waves. Because the
original phase of the two waves is the same in this experiment, the
phase difference at the P point between the two waves is

introduced by the wave propagation distance difference as:

2 2r
527("2—"1):2”(5_'_1) (2.7)

Here, the concept of Optical Path (OP) is introduced, which is
the product of the optical propagation physical distance in the
medium and the medium’s ERI. Then, the physical distance of the
optical wave propagating in any medium can be converted into the
propagating distance in a vacuum, which is convenient for
comparison.

The Optical Path difference (OPD) is different at different
points in the superposition area of optical waves as Eq. (2.7) shows.
Thus, there are stable strong and weak intensity distributions in the
superposition area, which is referred to as interference fringe. The
light source that can be used for motivating interference effect is
called a coherent source.

Except for the double-slit experiment, the Fresnel prism

experiment, LIoyd mirror experiment, and Billet lens experiment
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are all conducted based on the wavefront-splitting method to
observe the interference effect.
2.1.2 Amplitude-splitting interference

In the amplitude-splitting method, the light wave from a single-
point light source is divided into two parts: reflection and
transmission by a beam splitter. The two parts of optical waves
travel along different paths and then are superimposed to produce
the interference pattern. Commonly used beam splitters are thin
film and light-splitting mirrors. Here, a thin film as an example to

validate the amplitude-splitting method as shown in Fig. 2.2.

P
light S convex
source lens

Fig. 2.2 The amplitude-splitting interference experiment.

The light from the light source incidents the upper surface of the
film at an angle of 4. The part of reflected light is the first
participating light. The transmission light from the upper surface

propagates to the lower surface, then is reflected to the upper
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surface, and finally back to the same direction as the first
participating light. Because two lights are in parallel, a convex lens
is used to collect the two lights together at the same point P.

To simplify the calculation, the plural expression of optical
waves is led into. The original amplitude and phase of the light
arriving at the upper surface are Eo and 0, respectively. The
amplitude reflection and transmission index at the upper surface
are r1 and ty, respectively. Then, the amplitude of the two lights at

P can be expressed as:

Z”Tnoll)] = aE, exp[-i(at + ;)]

2.8
27zn0 2h +|2)]=bE0 exp[—i(a)t-Faz)] ( )
A cosé

n

E, =rE, exp[-i(wt +

E, =t,t,E, exp[-i(wt +

To simplify the calculation, the constant terms of amplitude are
replaced by a and b, the phase terms are replaced by a; and a;.
According to wave superposition principles, the electric field
intensity after superposition can be expressed as:

E = aE, exp[-i(wt + )]+ bEy exp[-i(ot+2,)]  (2.9)

Then, the output light intensity can be described as:

| =|E[" = E,[a® +b? + 2abcos(a, — @,)]

2.10
:|1+|2+2'\, I1|2 COS(al—Olz) ( )
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Thus, for any point in the amplitude-splitting interference
output area, the final light intensity is also determined by the phase
difference between the two lights.

The definition of thin film for amplitude-splitting interference
IS broad, any structures with two optical surfaces and a light
conductive medium can be regarded as thin film. For example,
parallel plate, optical prism, and so on. Several interferometers
based on the amplitude-splitting method in free space are designed
and used for sensing work: SI, MZI, FPI, and MI. The common

structure of the four interferometers is shown in Fig. 2.3.

45° reflective 45° reflective
mirror mirror —
half- .
o half-silvered
light ./ mirror light s
source source
(a) (b)
(‘ —~— j} half-silvered
7 | . i . ¥
light vLJ.‘ \ light ) LAEIOK reflective
SOUICE | Jeng focusing source mirror
lens
(¢) (d)

Fig. 2.3 (a) to (d) SI, MZI, FPI, and Ml structures build-up by lens and mirrors in
free space.

2.2 Optical Fiber Interferometer
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The size of optical interferometers building up based on the lens
and mirrors in free space is not fitting for the miniaturization of
the sensing systems. Considering that optical fiber is a quite
lightweight optical waveguide, researchers designed and
demonstrated many different optical fiber interferometer
structures.

Due to the mechanism of the wavefront splitting method being
too complicated to be constructed using the optical fiber, the
following part only introduces four commonly used optical fiber
interferometers based on the amplitude-splitting method.

2.2.1 Sagnac Interferometer

SME/PMF/BiF

I. Optical Coupler I

ouft

Fig. 2.4 The structure diagram of optical fiber SI.

Over 45 years ago, the optical fiber version of SI was first

reported. Like any Sls based on the mirrors, the fiber version also
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has a loop based on SMF as shown in Fig. 2.4. Usually, there is a
section of PMF or BiF in the fiber loop to extend the optical delay
and enhance sensitivity. Injected into the fiber loop from one port
of the optical coupler, the input light will be divided into two parts
propagating along opposite direction in the fiber loop. During the
propagation process, the two parts of light have phase differences
under the action of external forces because of the superposition of
the birefringence effect and the Sagnac effect. Then, they will
interfere with each other when they meet again at the optical
coupler.

If the incident light intensity of the two lights is 11 and I, the
wavelength is 4, the ERI are n1 and n, and the fiber loop length is
L, Then, the output interference light intensity can be calculated

as:
I=1,+1,+2 Illzcos{%(nlLl—nsz)} (2.11)

The final position of the interference fringes is determined by
the fiber loop length and the ERI difference. For the parameters
that can change the length or the ERI of the fiber loop, the Sl can
detect directly by demodulating the interference fringe change.

The Sls have found numerous applications: fiber loop mirrors,
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optical fiber Sagnac current sensors, hydrophones, and geophones,
not mention to strain and lateral stress sensing.

2.2.2 Mach Zehnder Interferometer

For optical fiber MZI, there are two structures: dual-arm type
and inline type. As shown in Fig. 2.5 (a), two optical fiber couplers
are necessary to build up a dual-arm type MZI structure. The first
optical coupler divides the injected light into two arms with the
same original phase. The two arms are typically named the sensing
arm and the reference arm. There is a physical length mismatch
between the two arms introduced by length difference or other
disturbances that can cause fiber length change, introducing a
phase difference between arms. Then, the interference effect can

be observed after outputting from the second optical coupler.

(a) Sensing arm

Optical
Coupler

Optical
Coupler

IOHI

Reference arm

section 1 middle section section 2
Iy ———————— ?1
:j Sensing arm
I, Reference arm @2
inline MZI

Fig. 2.5 The structure diagram: (a) the traditional dual-arm fiber MZI, (b) the inline
fiber MZ1.
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For inline MZ structures, light input, division, interference, and
output are all occurring in the same fiber. The common structure
IS based on the Sandwich structure as shown in Fig. 2.5 (b). The
function of sections 1 and 2 is the same as the optical coupler. The
first component can enlarge the filed distribution and then couple
the light into different regions of the middle component. The
middle component usually is a section of SMF because it can
provide at least two different transmission paths with different ERI:
core and cladding region. Thus, the two arms are all in the same
fiber. Although the length of the arms is entirely the same, the ERI
difference introduces a phase difference. Finally, collected by the
third component, the light in the core and cladding interferes with
each other and then the interference fringe can be observed.

The inline MZI structure is more compact than the traditional
MZI structure. The study about inline MZI now mainly focuses on
designing structures of components 1 and 2. Up to now, MMF,
FMF, NCF, FBG, LPG, HLPG, spherical structure, taper structure,
twist structure, peanut type, and so on have been used to build up
inline MZI. If the structure of components 1 and 2 are the same,
this type of MZI is named a symmetrical MZI. If components 1

and 2 are different, this type of MZI is named unsymmetrical MZI.
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If the light intensity in the two arms is I1 and |2, respectively.
The lengths of the two arms are L1 and L.. The wavelength is 4,
and the ERI of the two arms are n1 and n.. Then, the output

interference spectrum can be expressed as:
2
I=1+1,+2 Illzcos{T(nlLl—nsz)} (2.12)

The MZIs have been widely used in physical parameters
measurement systems, including twist, strain, temperature, and
joint measurement systems. In addition, combined with other
materials, the MZIs can also be used in the chemical and biological
fields.

2.2.3 Fabry-Perot Interferometer

Developing from the optical FPI in free space, the fiber version
of FPI also has a cavity between two reflectors. The reflectors can
be fiber end, optical film, or other things that can reflect the light.
Three types of fiber FPI structures have been demonstrated now:
intrinsic FPI, extrinsic FPI, and composite FPI as shown in Fig.
2.6.

The original research on FPI focused on intrinsic FPI, the main
characteristic of which is that the cavity is built up by the optical

fiber itself. In Fig. 2.6(a), a part of SMF is divided into A, B, and
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C three sections. After coating with high reflective films at the end
of A and B, three sections are fusion spliced together to build an
intrinsic FPI. Section B serves as the FPI’s cavity. Usually, the
cavity length of this type of FPI is at the level of several
micrometers, offering challenges for fabrication. The high
reflective films are later replaced by fiber grating, eliminating the
cleave and fusion splicing process. However, because the cavity is
fiber, the length and ERI of the fiber are all easily influenced by
the surrounding environment, resulting in the output spectrum
signal being a dual-parameter function. How to demodulate the
actual cavity length change value becomes an urgent problem to

be solved for actual applications.

(a) —D
e 7
- i
SMF semi-transparent
film
tube
]

(b) —_
(c) —> film

Fig. 2.6 (a) Intrinsic FPI, (b) Extrinsic FPI, (c) composite FPI.
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The extrinsic FPI is the most popularly used in many fields now.
As shown in Fig. 2.6 (b), two sections of SMF with a coating end
are sealed co-axially in a tube to build up a classical extrinsic FPI.
An air cavity appears between the fiber ends. The cavity can also
be filled with other types of gas or liquid for sensing applications.
If the thermal expansivity of the tube material and fiber are entirely
the same, the heat elongation value of the tube can offset the heat
elongation value of the fiber, resulting in no length change of the
cavity. Thus, there is no need to consider the temperature cross-
sensitivity problem when using the extrinsic FPI.

For composite FPI structure, only one reflected mirror is the end
of a section of fiber, the other mirror can be any reflective surface
such as film, flat metal surface, and so on. As shown in Fig. 2.6(c),
composite FPI based on the film can be used for acoustic wave
detection because the film's forced vibration can periodically
change the cavity length. Composite FPI based on the metal and

beam structure can be used for earthquake measurement.

Optical
Circulator

Fig. 2.7 The common sensing system based on FPI.
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For either type of FPI, to obtain the reflected light, an optical
circulator is necessary as shown in Fig. 2.7. the incident light
intensity is lo, the reflectivity of the first and second surfaces is Ry
and Ry, the cavity length is L, the wavelength is 4, and the ERI of
the cavity medium is n. Then, the calculation equation of the
output spectrum is:

4dznL
A

| =1,R +1,(1-R)+2l, R (L—R) cos (2.13)

From the above equation, the output light intensity is
determined by the L and n. Thus, any environmental parameters
that can change the L and n can be detected by the FPI. For
example, the temperature can change the L and n simultaneously,
gas pressure can only change the n, vibration can only change the
L, and so on.

In addition, combined with other materials or structures, FPIs
have found extended applications in many fields. For example,
FPIS with specific identification material can be used for the
identification of noble gases. FPI’s cavity filled with magneto fluid
can be used for magnetic field detection, and FPIs based on the
high resonant frequency film can be used for discharge monitoring

in the oil pipeline.
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2.2.4 Michelson Interferometer

Like the optical fiber FPI, the fiber version MI also works based
on the reflected lights based on two arms structure. As shown in
Fig. 2.8 (a), divided by an optical coupler, the incidence light is
injected into two arms. After being reflected from the fiber end
and meeting at the coupler, two beams interfere with each other.
The arms’ length difference inserts an OPD for interference. If the
light intensity in the two arms is 11 and I2, the length difference is
AL, the fiber refractivity is n, and the output light intensity
calculation equation is:

4rnAL
I =1,+1,+211, cos—=

(2.14)

— ],

(a) in

Sensing arm

Mirror

Optical
Coupler

Mirror
I - Reference arm

(b)

out I 2

Fig. 2.8 (a) Traditional two arms Ml, (b) Inline MI.

The MI can detect the external parameters that can change the

arm length or refractivity, such as temperature, axial strain, lateral
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stress, and so on. Usually, the arm used for sensing is referred to
as the sensing arm, while the other one is referred to as the
reference arm.

In addition, all in-fiber MI structures have also been
demonstrated over the past years by using MCF. The core-off
fusion splicing structure acts as the optical coupler to split the
amplitude of the incidence light into different cores as shown in
Fig. 2.8 (b). Although the different cores’ lengths are totally the
same, the different refractivity between cores provides OPD for
motivating the interference effect. Due to the compact size and
high sensitivity, the in-fiber MI could be used in the fields of
chemical and biomedical sensing.

2.2.5 Spectrum Parameters
The spectrum equation of the above four fiber interferometers

can be unified as:
| = A+ Bcos(%ﬂoOPD) (2.15)

When the OPD/Z equals 2m+1 (m=0,1,2,3... ...), the output light
intensity reaches the minimum value In. Conversely, the OPD/A
equals 2n (n=0,1,2,3... ...), and the output light intensity reaches

the maximum value .
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The fringe contrast of an interference spectrum is defined as:

K=tla B2 (2.16)
I, +1, A 1 +1,

The greater the difference between 11 and I, the less clear the
fringe. If 1:=I>, K reaches the maximum value, which is 1. Thus,
an actual interference experiment must bring the light intensity of
the two participating lights closer together.

The wavelength difference of the adjacent maximum or
minimum light intensity points is defined as the free spectral range

(FSR), which can be calculated as:

g A A
FoR=%"4=0pp ~ 0PD (2.17)

The FSR of an interferometer is different for different
wavelengths. For convenience, the FSR at the communication
wavelength 1550 nm is defined as a specific spectrum parameter
for an interferometer. Take the spectrum of y=1+cos(nx) as an
example, which is shown in Fig. 2.9, the FSR is 2 nm and the K

value is 1.
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—— y=l+cos(nx)

Amplitude

]m

1
1546 1548 1550 1552 1554
Wavelength(nm)

Fig. 2.9 The spectrum of y=1+cos(nx).

Like the frequency definition of a time domain signal, the
interference spectrum’s frequency is defined as f=1/FSR. Then,
any interference spectrum equation can be transformed to:

| =A+Bcos(2zrfA)=A+Bcoswl (2.18)

Drawing an analogy from the fast Fourier transform (FFT) in
the time domain, the analogous fast Fourier transform (A-FFT) in

the wavelength domain is defined as:
F(o)= [ 1(2)e"dA (2.19)

Then, the frequency characteristics of the interference spectrum
in frequency is expressed as:

F(I):C+%[5(f—fi)+5(f+fi)] (2.20)

o(f) is the impulse function. C is a constant value, which is

related to values of A and B. Usually, the one-sided amplitude

42



Chapter 2

spectrum is used, and the negative can be ignored. Thus, the A-
FFT algorithm can be used to help analyze the frequency
components of any interference spectrum.

The following figure gives examples of single frequencies,
double frequencies, and triple frequencies superposition. The FFT
results of the three circumstances are presented in Fig 2.10. The
frequency component is displayed after calculating by the A-FFT
algorithm. The peak amplitude is determined by the coefficient B

of the cosine function as shown in Eq. (2.20).

(ﬂ) 20 —— y=l+cos(nx) (b) 2.(){ );ﬁ 1+[cos(1 _;‘rr.\;jlco.\[n?]-l I‘.I
| | | | I
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Fig. 2.10 (a) to (c) Examples of wave superposition with single frequency, double
frequencies, and triple frequencies, (d) The FFT results of the wave superposition.

2.3 Optical Vernier effect
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The rapid advancement of sensing technology leveraging
optical fiber sensors has sparked a growing need for structures
with heightened sensitivity and resolution. Over the past decade,
the OVE has emerged as a solution to address these requirements.

The term "Vernier effect” derives its name from the Vernier
caliper, devised by Pierre Vernier in 1631. The Vernier caliper
incorporates two measurement scales: the main scale and a
graduated auxiliary scale. By employing the graduated auxiliary
scale, errors stemming from human estimation are mitigated,

consequently enhancing measurement resolution.

—— Vernier spectrum
—— Vernier envelope

Intensity

Wavelength

Fig. 2.11 The simulation superposition result of two cosine waves.

For OVE, it is built up by combining two interference signals
with slight frequency differences together. The simulation
superposition result of two cosine waves with a slight period

difference is shown in Fig. 2.11. Generating from two interference
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signals overlapping, the Vernier envelope has enhancing
characteristics. The two interference signals can be regarded as the

two different scales of the Vernier caliper as shown in Fig. 2.12.

interferometer; /\/’/\,’/\/\/\/\/

\ ™~ superposition
interferometer, \/\/\/\/\/\/\ spectrum

Fig. 2.12 The concept figure of the optical vernier effect.

2.3.1 Principle of Optical Vernier Effect

From the analysis in Chapter 2.1, the superposition of light
intensity is essentially due to the vector sum results of vibration
amplitudes. If the vibration amplitudes of two separate

interference signals are expressed as:

E, =a +b, exp(-i ZTEOPDl)
) (2.21)
E, =a, +b,exp(-i THOPDZ)

The slight frequency difference used to introduce the OVE can
be described mathematically, which is OPD1~OPD..

The light intensity superposition results can be calculated as:

I =(a,+ a2)2 +2(a, +a,)b cos(szPDl)

+2(a, +a,)b, cos(szPDz) +bb, cos (%OPDl - OPDZJ (2.22)
+b? +b)?
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Because OPD1~OPD,>> OPD:-OPD>, there is a frequency-
dependent sinusoidal envelope modulating on the final light
intensity and the FSR of it can be calculated as:

A2 FSR,*FSR,

FSR, = =
R |OPD, ~OPD,| |FSR, —FSR,| (2.23)

Where FSR: and FSR; are the FSRs of the two interference
signals, respectively. Note that the FSRy can be adjusted by
changing the frequency difference between the two interference
signals.

A crucial attribute of the Vernier effect is the magnification
factor M, which indicates the extent to which the FSR of the
envelope surpasses that of the individual interference signal.

_FSR,  FSR,
" FSR, |FSR,—FSR,|

(2.24)

——FSR, ~— AFSR=FSR -FSR,

\/ﬁ
A A

12 16 20 24 28
Wavelength

Amplitude
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Fig. 2.13 Illustration of Vernier spectrum before and after shifting with a special
value of (FSR1-FSRy).

Another definition of M is commonly used in the sensing field.
In this case, M is the ratio of the envelope shifting value to the
individual interference signal wavelength shifting value. As
shown in Fig. 2.13, if FSR1>FSR., the envelope peak occurs at a
wavelength of 4i. Then, if interference signals 2 blue shifts with
A2=FSR1-FSR2, two signals are coincident again at Zi.1. Then, the
M can be calculated as:

A=A FSR,

“|FSR,—FSR,| |FSR, —FSR,|

(2.25)

The above assumption wavelength shifting value can be
deduced to any value and the M value will be entirely the same
[28].

2.3.2 Configurations to produce Vernier Effect

(@) ] [ .
» —b‘l—V —_—
light i ( < — | <
tim  (f - =tk — =
ftni light out

light out

Fig. 2.14 Cascaded FPI configuration: (a) in parallel, (b) in series.

In terms of optical fiber interferometers, the OVE can be applied
to different kinds of interferometer structures. The configurations

based on the same type of interferometer are referred to as single-
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type Vernier sensors. The configurations based on different types
of interferometers are referred to as hybrid-type Vernier sensors.
Among sensor structures based on the single type of
interferometers, the dual FP1 structures account for nearly half [29].
As shown in Fig. 2.14(a), one structure is to assemble two FPIs in
parallel by using an optical coupler. The other structure is to
assemble two FPIs in series. If the two FPIs are physically
connected, there usually are three reflected mirrors in series to
build up two FPls. For two separated FPIs in series, they are

connected by a section of fiber as shown in Fig. 2.14 (b) [30-32].
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Fig. 2.15 Cascaded Mach-Zehnder interferometer configuration: (a) in series based
on traditional MZIs, (b) in parallel, (c) in series based on inline MZIs, (d) all in one
fiber.

The first demonstration of introducing OVE based on MZIs was
reported by Liao et al. in 2017 [33]. In their work, two traditional
MZIs with two arms are connected in series by an optical coupler
as shown in Fig. 2.15(a). Soon afterward, a parallel configuration
is designed and used by Wang et al as shown in Fig. 2.15(b) [74].
For configurations based on the inline MZIs structure, connected

in series by SMF is the most common method as shown in Fig.

49



Chapter 2

2.15(c) [34]. Moreover, parallel connection can also be integrated

in the same fiber as shown in Fig. 2.15(d) [35].

ML
(a) | _’D-i
E———
light in /_T _______ |
oMb
| —D
light out |
l_ ]
(b)
E mirror
light in R
lighté — E mirror
(c)
 ~— )
. <—>air hole
I N
SMF Triple-core fiber Dual-side-hole

Taper fiber

Fig. 2.16 Cascade Michelson interferometer configuration: (a) in parallel, (b) in
parallel based on high BiF, (c) in one fiber.

Like the MZlIs, the Mls also have two arms, but work based on
the reflected lights. Connecting the output port of one MI with the
input port of another MI or connecting two output ports to an
optical coupler are available methods to introduce the OVE to Ml

as shown in Fig. 2.16 (a). However, the insert loss of this type of
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configuration is too high to be used in a sensing system. As shown
in Fig. 2.16 (b), using the high BiF can build an inline Ml vernier
structure with only one optical coupler, and this structure is
introduced in detail in Chapter 6 of this thesis [36]. Using the MCF
as the light transmission channel can also help build an all-in-fiber

MI vernier structure as shown in Fig. 2.16(c) [37].

angle shift
P(WfBjF 6/{% ® pMFfP“CepMFz
light in 3 dB 3 dB llght out llght in 34 light out
coupler coupler coupler

Fig. 2.17 Cascaded Sagnac interferometer configuration: (a) in series, (b) in the same
fiber ring.

Because of the fiber loop in the SI, only in-series configurations
are used to introduce the OVE before 2018 [38]. As shown in Fig.
2.17 (a), the output port of the first Sl is connected to the input port
of the second SI. A compact version to introduce OVE with Sls
was presented by Wu et al. in 2018. By angle shifting splicing
fusion of two sections of PMFs, the OVE is introduced in a single

fiber ring as shown in Fig. 2.17 (b) [39].

o1



Chapter 2

MZI FPI
lightin [ | = ——————n
' | ' e
I._ ________ | e
light out
(a)
FPI
light in N g
SO st
(b)
PMF/BiF
MZI
light in RS U | (( )
|
light out LN | Few-mode
ey fiber
coupler ©

Fig. 2.18 The hybrid-type Vernier sensors: (2) MZI+FPI, (b) FPI+SlI, (c) SI+MZI

For the single-type Vernier sensor, only one interferometer is

used for sensing applications while the other one is just for

reference applications. However, the hybrid type Vernier sensor

can bring advantages together of both types of interferometers.

Using two different types of interferometers can easily build up a

dual-parameter sensing system. For example, the configuration

based on MZI and FPI can simultaneously measure the

temperature and acoustic wave as shown in Fig. 2.18 (a). Using

one type of interferometer as the demodulation tool for another

type of interferometer based on OVE, as introduced in [40]. In
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addition, if two interferometers have opposite sensitivities, the
enhanced OVE can be introduced for high-resolution sensing. In
this special case, there is no specific reference interferometer, the
two interferometers reference each other [41]. Fig. 2.18 (b) and (c)

show some other hybrid-type Vernier sensors.

2.4 Summary

In this chapter, the common methods to motivate interference in
the optical field are introduced first. Then, four different fiber
interferometer structures and their work mechanism are presented
one by one. To improve the interferometers’ sensitivity, the
concept of OVE is introduced, including the working principle and
key parameters. Finally, common configurations based on
different interferometers are presented to help get a clear

understanding of the OVE.
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Chapter 3 A Sagnac Interferometer Sensor for
Respiratory and Heart Rate Monitoring Based
on the Six-hole High Birefringence Fiber

3.1 Introduction

The variation of respiratory rate (RR) and heart rate (HR) is an
important early warning signal of many diseases, such as
cardiovascular diseases [42], fatigue [43], apnea [44], mental
stress [45], and respiratory abnormalities [46]. Constantly RR and
HR monitoring of the patients allows medical workers to evaluate
the patient’s physiological condition timely and then implement
intervention therapy appropriately.

In recent years, various electronic sensors based on different
data acquisition methods have been proposed for HR monitoring,
such as fingertip cardio tachometer [47], wrist cardio tachometer
[48], and chest electrodes electrocardiogram instrument [49]. As
for RR monitoring, the head-mounted respiratory monitor takes up
the primary market [50]. However, all electronic sensors cannot be
used in the high electromagnetic environment, such as magnetic
resonance imaging equipment, because they are sensitive to

electromagnetic interference. Moreover, most electronic sensors
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are contact type, which is uncomfortable with constraints to the
person’s activities.

Utilizing indirect contact optical fiber sensors as the primary
sensing component in a vital signs monitoring system offers a
clever solution to electromagnetic interference and comfort issues.
Moreover, optical fiber sensors boast numerous unique advantages,
including compact size, lightweight, resistance to chemical
corrosion, and long-term stability [51]. An increasing number of
monitoring systems based on optical fiber sensors, proposed by
researchers worldwide, further validate these advantages.

In 2014, Chen et al. employed a micro-bend MMF-based sensor
to simultaneously measure HR and RR [52]. Subsequently,
Massaroni developed a smart textile integrating fiber Bragg
grating (FBG) technology for RR monitoring [53]. Then, Tan et al.
introduced a sensor based on twin-core fiber (TCF) for non-
invasive monitoring of both RR and HR in 2019 [54]. Finally,
Yuan et al. successfully manufactured a hollow-core Bragg fiber
(HCBF) based MZI sensor for RR monitoring [55]. However, a
limitation present in these sensors is their sensitivity to
temperature variations, requiring recalibration under varying

temperature conditions.
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In this chapter, we propose a temperature-insensitive fiber
system for non-contact vital signs monitoring. The core sensing
element comprises a Sagnac interferometer (SI) constructed using
an optical coupler and SH-HiBiF. The SH-HiBiF, composed of
pure fused silica without any additional doping, exhibits
temperature insensitivity. Due to the stress-induced birefringence
effect in this fiber, the interference spectrum of the Sl, generated
by a broad-spectrum light source, experiences linear shifts with
variations in lateral stress. Injecting single-wavelength light
around the Q points (the points on the interference spectrum with
the highest slope) into the SI enables modulation of the output light
intensity by the HR and RR signals. Through demodulation using
a photodetector (PD), the output light intensity signal, along with
the HR and RR signals, can be converted into an electronic signal.
Subsequent data processing facilitates the extraction of the

individual's HR and RR signals.
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3.2 Sensor Structure and Fabrication Process

3.2.1 Six-hole high birefringence fiber

(©)

Fig. 3.1 (a) The cross-section view of the SH-HiBiF under the SEM. (b) and (c): The
simulation mode field distribution: LPg1-X and LPos-y.

The SH-HIBIF cross-section view is displayed in Fig. 3.1(a).
Same as the standard SMF, the SH-HiBiF outer diameter is 125
um. Six drop-shaped air holes distributed evenly surround the
fiber's central point. The dimension of each hole is ~22 pmx~27
um. Because of the circular asymmetric structure of the suspended
core part, a stress-induced birefringent effect is introduced into this

fiber. The size of the central suspend part is ~8 umx4 pum.

The simulation results of the core mode are shown in Fig. 3.1(b)
and (c). The red arrows point out the electric fields’ direction of
the fundamental mode LPy;. The calculated fundamental mode is
elliptical, which has two perpendicular polarization states LPo-X

and LPo-y. The ERI of them are 1.43546, and 1.43572 @ 1550 nm,
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giving a phase modal birefringence of ~ 2.59><10~*. Thus, this fiber
can be used for building up SI.

3.2.2 Sensor Fabrication

SH-HiBiF

Fig. 3.2 The structure diagram of the Sl based on the SH-HiBiF.

Fig. 3.3 The fusion splicing image between SMF and SH-HiBiF: (a) under a single-
time high-power mode; (b) under a multi-time low-power mode.

The Sl structure is shown in Fig. 3.2. When fusion splicing the
SMF with the SH-HiBiF, manual fusion mode is chosen because
of the large air holes in the SH-HiBiF. Meanwhile, multiple low-
power fusion methods are utilized instead of employing a single
high-power fusion method. The fusion splicing power is 30 units,
the discharge time is 100 ms and the fusion splicing time is 5. The
comparison of fusion outcomes between SMF and SH-HIBIF is

depicted in the figure. Employing a single high-power method
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leads to collapse at the fusion point, thereby altering the structure
of SH-HiBiF. Conversely, when fibers are fused using multiple
low-power methods, the boundary between SMF and SH-HIBIF is

easily discernible.

3.3 Spectrum Analysis and Sensing Principle

The spectrum obtained with 25 cm SH-HiBIF is shown in Fig.
3.4. The waveform of the spectrum is similar to the waveform of
the cosine function. Thus, it can be inferred that the birefringence
effect is stimulated in the fiber. The FSR of it is about 4.2 nm.
According to Chapter 2.2.1, the output light intensity of the

proposed Sl is expressed as
I=1,+1,+2 Illzcos[%(nl—nz)q (3.1)

The light intensity of the two perpendicular polarization states
are I and I, the wavelength is 4, the ERI are n: and n, and the
fiber length is L. If the phase equals (2m+1)=, the intensity of the
output light will reach the minimum value. Then the spectrum dip

wavelength can be calculated by:

B 2(n,—n,)L
- 2m+1

A (3.2)
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Fig. 3.4 The interference spectrum of the proposed Sl.

Lateral Stress

(a) Y (b) * ry¢
N

>

Fig. 3.5 The cross-section of the SH-HiBiF (a) before being added lateral stress, (b)
after being added lateral stress.

When the fiber is added lateral stress, the fiber will deform as
shown in Fig. 3.5. Then, the ERI of the two perpendicular
polarization lights change correspondingly, resulting in the

interference dip shift. The wavelength shift value can be obtained:

(3.3)

di__2L (dn_dn,
dP  2m+1ldP dP
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3.4 Experimental Results

3.4.1 Lateral Stress Sensing

ASE laser
source

optical coupler

© Wy

Fig. 3.6 The experiment system for the lateral stress sensing.

The emitted light originates from an amplified spontaneous
emission (ASE) laser, spanning a spectral range from 1500 nm to
1600 nm. Subsequently, the final spectrum is captured utilizing an
optical spectrum analyzer (OSA, AQ6070D), of which the
resolution is 0.02 nm. To facilitate measurement, approximately
15 cm of SH-HIBIF is coiled and secured to a horizontal platform.
Another acrylic plate is then positioned atop the fiber to ensure
uniform pressure distribution. Notably, lateral stress is exclusively
applied to the SH-HIBiF. This lateral stress variance is induced by
the pressure exerted by weights, with each weight measuring 1.25
kg. The weights are put at the central point of the upper plate to

make sure the upper plate is in a horizontal position. With the
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dimensions of the acrylic plate at 20 cm > 10 cm, the pressure

intensity exerted on the fiber by each weight is calculated as 625

Pa.
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Fig. 3.7 The sensor spectrum under different lateral stress.

The interference dip shifts with variations in lateral stress, as

depicted in Fig. 3.7. Notably, the spectrum shifts towards shorter

wavelengths with increasing lateral stress. Fig. 3.8 displays the

linear relationship between pressure intensity and dip wavelength

around 1550 nm. The slope of the fitting curve signifies the

sensitivity, computed as 1.72 pm/Pa (equivalent to 1.72 nm/kPa).

The substantial degree of fitting, with an R? value of 0.99043,
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suggests that the sensor demonstrates a linear response to

alterations in lateral stress.
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Fig. 3.8 The fitting curve between the interference dip around 1550 nm and added
lateral stress.

3.4.2 Vital Signs Monitoring

From the experiment results mentioned above, it's evident that
the designed SI effectively detects lateral stress changes by
monitoring the interference dip shift under a broadband light
source. If a single wavelength laser is employed as the light source,
the lateral stress variation would manifest as a change in the output
light intensity. For optimal performance, the laser wavelength
should align at the wavelength of the spectrum's Q points. Q points
are the points with the highest slope in the spectrum. If the input

lateral stress change is a periodical signal, the following output
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light intensity change is also a periodical signal with the same
frequency as shown in Fig. 3.9. Then, a PD can be used for
demodulating the light intensity change, with outputting an
electrical signal, of which the frequency is the same as the original
input HR and RR signals. Thus, the proposed Sl structure can be

used for vital signs monitoring.

single wavelength
laser

mterferenc
spectrum)|

| N | output electronical
| | signals
|

+

heart beat and breath signals

Fig. 3.9 The principal diagram of light intensity demodulation.

As shown in Fig. 3.10, a section of the Sl is struck between two
acrylic plates and then put under the body of a still-lying person.
The people’s heartbeat and breath introduce a periodical lateral
stress fluctuation on the sensor. Using this sensor and a PD, the

heartbeat and breath signal can be transferred into an electrical
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signal, which is more easily analyzed and recorded. The HR signal
recorded by this method is a ballistic force signal generated by the

heart, which is referred to as a ballistocardiograph (BCG).

= acrylic plate waii:l%l: ath

. laser
optical coupler

+
heart \l;eat and

breath signals

1 BCG

Data Acquisition

Fig. 3.10 The vital signs monitoring system.

The photoplethysmography (PPG) and Electrocardiography
(ECG) signals are recorded simultaneously to verify the usability
of the proposed sensor. The PPG and ECG signals are recorded by
a fingertip and electrode-type cardio-tachometer, respectively.
The three different vital signals in a time range of 30 seconds are
displayed in Fig. 3.11. The orange line is the PPG signal, which
only has a heartbeat signal but no breath signal. The purple line is

the ECG signal, which has a less obvious breath signal. The blue
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line is the original output signal from the photodetector. There are
several peaks, which is one by one corresponding to the ECG and
PPG heartbeat signal. That is, the peaks are introduced by the
heartbeat. Filtered by a low-frequency filter, the breath signal is
obtained and marked as a green line. The breath fluctuation is more
obvious than the ECG signal. The experimenter’s breathing
frequency is about 13 times every minute, which is in the normal

range of the human respiratory rate.
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Fig. 3.11 The original vital signs data were obtained at three different body parts:
PPG, ECG, and BCG.

Because the frequency of the heartbeat signal is around 1 Hz, a
band-pass frequency filter is used to extract the heartbeat signal.
The result is shown in Fig. 3.12 by a red line. It can be seen that
the proposed sensor recovers the heartbeat signal detail by detail.

There is a time delay between the BCG and ECG signal. The
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reason for this phenomenon is that the monitoring mechanisms for
the two signals are entirely different. The ECG signal is obtained
by monitoring the electronic signal during the heartbeat. The BCG
signal is obtained by monitoring the body vibration caused by the

heartbeat.

0.24 —5¢g
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Fig. 3.12 The heartbeat signals after being by a 1 Hz band-pass frequency filter.

To validate the accuracy of the BCG signal obtained by the
proposed sensor, the FFT algorithm is employed to determine its
frequency. The results are depicted in Fig. 3.13. Notably, the main
FFT peaks of both the BCG and ECG signals align precisely at a
frequency of 1.0737 Hz. This indicates that the duration of a single
heartbeat period for both signals is identical, yielding an
approximate heart rate of 65 beats per minute. Consequently, the
proposed sensor effectively captures the heartbeat signal and can

serve as a reliable alternative to electric cardio-tachometers,
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particularly in environments prone to high electromagnetic

interference
3500
— BCG
3000 | — ECG
2500
o 1.0737 Hz
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E” 1500
<
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Frequency (Hz)
Fig. 3.13 The FFT result of the BCG and ECG signal.

Furthermore, the sensor exhibits minimal sensitivity to
temperature fluctuations owing to the fabrication material of the
SH-HiBIF, which consists of pure fused silica without any doped
particles. Consequently, temperature variations do not affect the
characteristics of the sensor, rendering it more stable for practical

applications.

3.5 Summary

In this chapter, an optical respiratory and heart rate non-invasive
monitoring system is set up and proven to work well. The core part
of this system is an optical fiber Sl, built up by a 3 dB coupler and

a section of homemade SH-HIBIF. Because of the circular
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asymmetric structure in the fiber, the time-domain spectroscopy of
the SI will shift linearly as the lateral stress changes with a
sensitivity of 1.72 nm/kPa. Thus, if a single wavelength laser is
injected into the fiber, the respiratory and heart rate signals can
modulate the light intensity and finally be demodulated out by a
PD even if not in contact with the human body, which is more
comfortable for the patient. The temperature cross-sensitivity of
this monitoring system is relatively low because the raw material
of the sensing part is pure fused silica. Performed experiments
demonstrate the system’s feasibility in further research in the

biomedical field.
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Chapter 4 Inline Mach-Zehnder Interferometer
for Axial Strain Measurement Based on the
Twin-core and Single-hole fiber

4.1 Introduction

Axial strain is one of optical fiber sensors' commonly measured
physical parameters. Researchers have proposed many structures
based on single-mode fiber (SMF) for axial strain measurement.
For example, different types of fiber grating, including FBG [56],
long-period fiber grating (LPFG) [57], long helical period fiber
grating (HLPFG) [58], and tilted fiber Bragg grating (TFBG) [59]
are inscribed in SMFs because the grating period changes with the
applied axial strain linearly. Many SMF-based interference
structures, including but not limited to taper [60], offset [61], and
S or Z-shaped structures [62-64], are designed and fabricated with
the expectation of higher sensitivity. In addition, several axial
strain sensors based on special microstructure fibers are gradually
emerging with the development of fiber drawing technology.
Hollow-core fiber (HCF) [65], polarization-maintaining fiber

(PMF) [66], and twin-core photonic crystal fiber (TCPCF) [67] are
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some examples. However, such axial strain sensors' sensitivities
are relatively low, always under 10 pm/ue [68].

An effective way to enhance the sensitivity of the optical fiber
sensors is by building a cascaded interference structure based on
the OVE [69]. As introduced in Chapter 2.3, SI, FPI, MI, MZI, and
hybrid-type configurations can all be used for exciting the OVE.
However, it is unsuitable for measuring the axial strain change
along one dimension for optical fiber SI because of the fiber ring.
For optical fiber FPI, the common structures are fusion splicing
SMF with HCF [70], splicing fusion SMF based on offset structure
[71], or etching an air cavity by laser [72]. The cavity length of the

FP1 is about 50 um which needs a relatively high precision control

process. Thus, FPI sensors with good repeatability are challenging
to obtain. Two MIs cascaded structures are rarely reported because
their complex sensing structures are difficult to build up. The
hybrid-type configuration is built up by combining different types
of interferometers, which are always associated with complicated
structures and complex fabrication processes. For MZI, the
sensing mechanism is easy to achieve, and the fabrication process
does not need high precision because its size is always at the level

of ~5 mm.
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The first demonstration of using MZIs based on the OVE was
reported by Liao et al. in 2017 [73]. In their work, two traditional
MZIs with two light arms are connected in series by 3 dB couplers
to measure curvature and temperature. Then, Wang et al. a parallel
configuration based on two MZIs separated by two 3 dB couplers
in 2019 [74]. The other type of MZI-based sensor is building up
the two MZIs all in the fiber, which do not need any other
connected devices. Compared to the aforementioned two types of
structure, the size of the third sensor’s design is much smaller,
which is helpful in integrated systems. In addition, the sensitivity
of the third type of sensor is much higher than the other two types
[75].

In this Chapter, a cascaded MZI sensor based on the OVE is
designed and fabricated in one fiber to measure axial strain and
temperature simultaneously. Every single MZI is based on the
TCSHF. Since the construction method of the MZI is quite simple
and does not need high precision, the repeatability of the
fabrication process can be guaranteed. By optimizing the fusion
splicing parameters, the fusion collapse is avoided, and then an
MZI with good robustness is achieved. After two MZIs are

cascaded together, the sensor can measure the axial strain with a
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sensitivity of ~ 17 pm/pe from 0 to 2000 pe and temperature with
a sensitivity of ~1.16 nm/°C from 30 to 70 °C. The sensitivities are
much higher than the common MZIs proposed before. Moreover,
the cascaded structure can simultaneously detect the axial strain

and temperature change in the acceptable error range.

4.2 Sensor Structure and Fabrication Process

4.2.1 Mach-Zehnder Interferometer

Fig. 4.1 The schematic diagram of the MZI structure is based on NCF and TCSHF

As shown in Fig. 4. 1, a short section of TCSHF is fusion spliced
between two pieces of No core fiber (NCF). The function of the
NCF is quite the same as that of the optical coupler. It can enlarge
the mold field so that the input light can be divided evenly into the

different transmitted channels of the TCSHF and couple the light
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from different channels together so that the final output light can
propagate in SMF. The two cores and the air hole create the
possibility of building up an MZLI.

4.2.2 No Core Fiber

The refractive index profile in NCF is usually graded, with the
RI gradually decreasing from the center to its edge, which makes
the fiber act as a lens to focus light at a specific length. A
simulation experiment is conducted to determine the appropriate
length of the NCF, impacting the mode field distribution both at
the fusion splicing point with the TCSHF and NCF itself. To
accommodate the circular symmetry of both the SMF and NCF, a
2D model of the SMF-NCF structure is established, as shown in
Fig. 4.2 (a). The SMF has a length of 5 mm, with an ERI of 1.4504
for the core and 1.4447 for the cladding. The NCF measures 20
mm in length, with an ERI of 1.4575. Fig. 4.2 (b) illustrates the
mode field distribution within the SMF-NCF structure. It can be
seen that there will be many autofocus points along the direction
of light transmissions, such as the trisection autofocus points at the
position of ~5 mm NCF, the halving autofocus points at the
position of ~7.5 mm NCF, and the entire autofocus point at the

position of ~10 mm NCF. The blue line in Fig. 4.2 (c) represents
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the relative optical field intensity in the SMF-NCEF structure. The

position of the maximum intensity value 1 is at the entire autofocus

point.
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Fig. 4.2 (a) The 2D model of the SMF-NCF structure, (b) The mode field
distribution in the SMF-NCF structure, (c) The corresponding transmission light
intensity in the SMF-NCF structure.

For building up an MZI in TCSHF, the light field should be as
even as possible at the NCF-TCSHF fusion splicing point. Thus,
the length of the halving auto-focus points and the entire autofocus
point cannot help to achieve the objective. Finally, taking the final
size of the sensor and the cutting precision of the optical fiber
cleaver (SUMITOMO ELECTRIC INDUSTRIES, LTD. FC-6S)
into account, the final length of the NCF is determined as 5 mm.

4.2.3 Twin-core Single-hole Fiber

75



Chapter 4

The TCSHF utilized in this study was custom-designed and
manufactured by Yangtze Optical Electronic Co., Ltd. As
illustrated in Fig. 4.3 (a), the TCSHF features a clear cross-section
revealing its structure. It consists of two cores, namely core A and
core B, along with an air hole. Core A, positioned centrally within
the fiber, has a diameter of approximately 9.8 um. Positioned at a
distance of roughly 25 um from the central point, core B shares the
same diameter as core A. Similarly, the air hole, with a diameter
of around 42.2 pm, is situated off-center at a distance of
approximately 27 pm. Notably, the center points of both cores and
the air hole align along the same line, as depicted in Fig. 4.3. The
effective refractive index (ERI) of the material composing the two
cores IS measured at 1.4625@630nm, while the ERI of the

cladding material is recorded at 1.4575@630nm.

Fig. 4.3 (a) The cross-section chart of the TCSHF under an electron microscope, (b)
The fundamental mode at core A, (¢) The fundamental mode at core B.
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Fig. 4.3 (b) and Fig. 4.3 (c) display the fundamental mode
distribution simulation results in the TCSHF. The simulation
wavelength is 1550 nm. Different from the uniform distribution of
the mode field in core A, the mode field distribution in core B is
off the center point and away from the air hole. The EFI of the
fundamental mode in cores A and B is 1.460148 and 1.4600009,
respectively.

Since there is a big air hole in the TCSHF, a collapse will appear
when TCSHF is spliced with other fiber types. Several splicing
fusion experiments were conducted to find out the most proper
splicing fusion parameters, which can help avoid this undesirable
collapse feature. The final optimum fusion parameters are shown

in Table II.

Table 1l The Optimum Fusion Parameters Between TCSHF and NCF

Parameter Value
Clean discharge intensity 30
Clean discharge time 100 ms
The first discharge intensity 90

The first discharge time 300 ms

The second discharge intensity 20
The second discharge time 200 ms

Pre-melting time 100 ms
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Splicing  fusion  front-end 20 um
Propulsion distance along the Z- 15 um

Alignment type cladding

Fig. 4.4 displays the fusion splicing point between NCF and
TCSHF based on the parameters in Table Il. The boundary
between the two types of fiber is distinct, and the collapse

phenomenon did not happen as expected.

Fig. 4.4 The microscope image of the fusion splicing point between NCF and
TCSHF

The MZI-based sensors with different lengths of the TCSHF are
obtained, as shown in Fig. 4.5. The transmission spectrum of the
MZI structure contains an envelope curve and a cosine curve. In
this work, the sensing characteristic of the envelope curve is not
used or discussed. As the length increases, the period of the cosine
curve gets smaller. According to the theory of MZ interference,

the FSR can be calculated by the following equation.

2
FSR=Ad=te o A (4.1)
AnL  AnL
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Where 4 is the wavelength interference dip, L is the length of
the TCSHF, and 4n is the difference in the ERI. Take 3 mm
TCSHF as an example. The FSR is 1.86 nm, and the 4n can be
calculated as 0.423 according to Eq. (4.1). Thus, one of the two
light beams is involved in the MZI transmitting in the air hole, and
the other is in the fiber core. This sensor is marked as Sensor 1 in

the following discussion for convenience.
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Fig. 4.5 The experimental transmission spectrums of the MZI structures under
different lengths of TCSHF.
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To figure out whether the length of NCF can influence the final
spectrum, a comparative experiment is conducted by fabricating a
new sensor with different fabrication parameters. The length of
NCF and TCSHF in this sensor structure is 2 mm and 3 mm,
respectively. The transmitted spectrum is shown in Fig.4 6 by the
blue line, and the FSR of this sensor is ~1.86 nm. Thus, it can be
inferred that the length of NCF does not influence the FSR of the
MZI, and the FSR of the MZI is only determined by the length of
TCSHF. Once again, it is demonstrated that the MZ interference
only occurs in the TCSHF. Finally, taking the final size of the
sensor and the complexity of preparation into account, the final

length of the TCSHF is determined as 3 mm.
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Fig. 4.6 The transmission spectrum of the MZI structure under different fabrication
parameters.

Another sensor with the same fabrication parameters as Sensor

1 is fabricated to test the repeatability of the proposed TCSHF
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sensor and its spectrum is shown in Fig. 4.6 by a red line. This
sensor is marked as Sensor 2, and the FSR is ~1.92 nm. The FSR
difference between the two sensors is 0.08 nm, which is in the
range of the errors permitted because the cutting precision of the
optical fiber cleaver is 1 mm. Thus, the preparation repeatability

of the proposed MZI sensor is quite good.

4.3 Sensing Principles

4.3.1 Mach-Zehnder interference
Concluded from the above analysis, the spectrum of the TCSHF
sensor can be expressed as:
I =1,+1,+2,I,1, cosp (4.2)
I, and I, are the light intensity of the beams in the core and air
hole, respectively. The phase difference ¢ between the two light

beams is related to the 4, An, and L.

When the ¢ equals (2m+1) =, the intensity of the transmission
light will reach the minimum value. Then the dip wavelength can

be expressed as:

A= AnL. (4.4)
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If the sensor is used for temperature measurement, the
relationship between 4 and AT can be expressed as Eq. (4.5) based

on the thermo-optic and thermal-expansion effects.

da 2 dL dAn
— = An—+——L |.
dT 2m+1[ dT ar j

(4.5)
As for axial strain measurement, Eq. (4.4) can be transformed
into Eq. (4.6) according to the elastic-optical and tensile

deformation effects.
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Fig. 4.7 The original transmission spectrum of the cascaded structure and the
spectrum of it after the FFT filter.

The black line in Fig. 4.7 is the obtained spectrum after
combining Sensors 1 and 2. There are two optical vernier points in
the spectrum at the wavelength of ~1520 nm and ~1575 nm.
However, this spectrum is not a typical spectrum of the OVE,

which cannot be used for sensing applications. A bandpass FFT
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filter algorithm can be used to filter out useless frequency
components to get a clear view of the Optical Vernier spectrum.
The result is shown by the orange line in Fig. 4.7. The threshold
of the FFT filter is 0.24 Hz~0.76 Hz because the spatial
frequencies of the two MZIs are around 1/1.86 nm~0.54 nm™ (Hz).
The FSR envelope curve read from the orange line is ~55 nm,
marked as FSRy. The theoretical value of FSRy is related to the
FSRs of the two single interferometers, which can be calculated

by the following equation.

FSR,FSR,

FSR, = —— 1 22
R IFSR, — FSR,|

4.7)

After substituting 1.86 nm and 1.92 nm into Eq. (4.7), the
theoretical value of FSR, is obtained as 59.52 nm, which is close

to the experimental value.

_FSR,  FSR,
 FSR, |FSR —FSR,|'

(4.8)

The magnification factor M of the cascaded structure compared
to a single MZI can be calculated by Eq. (2.8). The theoretical

value of M is 31.8.

4.4. Experiments based on the MZI structure

4.4.1 MZI for Temperature Sensing Experiment
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Fig. 4.8 is the abridged general view of the temperature sensing
system. The input light is provided by an ASE laser, and the output
light is recorded by an MCF (AQ6070D, YOKOGAWA). The
temperature change is controlled by a Thermo—Electric Cooler
(TEC, TLTP-TECO0510, Wuhan Talent Century Technology Co.,
Ltd). The function of the acrylic plate in this system is to ensure

an even temperature distribution around the sensor.

Fig. 4.8 The experiment system for temperature measurement.

Figure 4.9 (a) illustrates the spectra of Sensor 1 across various
temperatures ranging from 30 °C to 65 °C, with intervals of 5 °C.
The inset provides an enlarged view of the spectra around 1550
nm. Notably, as temperature increases, the spectrum of Sensor 1
consistently shifts towards longer wavelengths. This relationship

is further depicted in Fig. 4.9 (b), where specific curves correlating
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temperature and dip wavelength are plotted. These curves are well-
described by linear equations, with their slopes representing the
sensitivity of dip wavelength to temperature change. The
sensitivities of three selected dips are measured at 34.19 pm/°C,
34.19 pm/°C, and 33.14 pm/°C, respectively. Remarkably, these
sensitivity values exhibit only marginal differences, indicating a
uniform shift towards longer wavelengths across the entire
spectrum of Sensor 1. Additionally, to confirm the repeatability of
the proposed sensor, the temperature response of Sensor 2 is also

evaluated, yielding a sensitivity of approximately 34 pm/°C.
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Fig. 4.9 (a) The spectrums of Sensor 1 at different temperatures, (b) The fitted
curves of three dips between temperature change and dip wavelength shift

86



Chapter 4

4.4.2 MZI for Axial Strain Sensing Experiment

Fig. 4.10 The experiment system for axial strain measurement.

Identical to the temperature sensing experiment, the two ends of
the Sensor 1 are fixed on the translation stages by fiber clamps as
shown in Fig. 4.10. The resolution of the translation stages is 0.01
mm, and the distance between the two translation stages is 20 cm.
Thus, the axial strain change step value can be calculated as:
0.01/20 cm=50 pe. The spectrums of Sensor 1 under different axial
strains in the range from 0 pe to 1800 pe are displayed in Fig.
4.11(a) with an interval of 200 pe. From the illustration in Fig.
4.11(a), it can be easily observed that the dip wavelength shifts to
the longer wavelength with the axial strain increasing.

The sensitivities of the Sensor 1 to axial strain change at the

three chosen dips can be calculated out: 0.59 pm/ue, 0.59 pm/pe,
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and 0.62 pm/pe as shown in Fig. 4.11(b). The values of
sensitivities are close to each other, which indicates that the
spectrum of Sensor 1 moves to the longer wavelength as a whole
with the axial strain increasing. The axial strain sensitivities of

Sensor 2 are also tested, which are all around 0.6 pm/pe.
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Fig. 4.11 (a) The spectrums of Sensor 1 under different axial strains, (b) The fitted
curve between axial strain change and dip wavelength shift.
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4.4.3 Comparison Between Different Structures of MZI

mput output
light middle light

t1 t2
segmen segment segmen
Fig. 4.12 The diagram of MZI with the sandwich structure.

Table 111 Comparison of the key parameters between the proposed sensor and the
other types of MZI sensors

MZI Strain Temperature Ref.
structure sensitivity sensitivity
(pm/pie) (pm/°C)
MMF-TCF-MMF -2.14 35.2 [76]
TCF-TF-TCF -0.343 26.19 [77]
MMF-SCSHF-MMF 1.05 35.17 [78]
MMF-PCF-MMF 1.29 - [79]
SMF-TCPCF-SMF -0.31 6.68 [80]
NCF-HCF-NCF 0.652 30.92 [81]
NCF-TCSHF-NCF 0.6 34 This work

The sensors in Table Il are all based on the symmetrical
sandwich structure, as Fig. 4.12 shows. The function of the first
and the last segments is like an optical coupler, which can enlarge
or converge the mode field distribution. The middle segment can
provide transmission paths for the MZ interference. As shown in

the Table, the axial strain sensitivities of this sensor structure are
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generally lower than 2.5 pm/ue, and the temperature sensitivities
are less than 35 pm/°C. Though the preparation cost of this type of
sensor structure is not very high, it is not practical in many

measurement fields due to its low sensitivity.

45 Experiments Based on Cascaded MZI
Structure

It is noted that the fabrication repeatability of the proposed
sensor is quite good compared with other structures. Benefitting
from this, a cascaded structure based on the OVE is designed and
tested to improve the practicability and performance of the
proposed sensor. In this paper, Sensor 1 and Sensor 2 are
combined to realize the Optical Vinier Effect because of the slight
difference between their FSRs. The characteristics of the structure
spectrum have been discussed in Chapter 4.3.2.

4.5.1 Cascaded MZIs for Temperature Sensing Experiment

As shown in Fig. 4.13, Sensor 1 is horizontally placed on the

TEC heater, and Sensor 2 is fixed between two translation stages.
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Fig. 4.13 The experiment system is designed for cascaded MZI structures.

In the experiment of temperature sensing, Sensor 1 is the
sensing element, while Sensor 2 serves as the reference element.
The spectrums of the cascaded structure in different environmental
temperatures are shown in Fig. 4.14 (a) with a step of 5 °C in the
range from 30 °C to 70 °C. The vernier points around 1460
nm,1520 nm, and 1580 nm are marked as points A, B, and C,
respectively. It can be observed that the marked points show a
redshift when the temperature increases. Limited by the bandwidth
of the light source, point A or point C cannot be captured when the
environmental temperature is lower than 40 °C or higher than
50 °C. Fig. 4.14 (b) is the fitting curve of the relationship between
temperature and the wavelength of gauge points. The fitted
degrees are all above 0.99, which indicates that the spectrum of

cascaded structures can respond linearly to temperature change.
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The sensitivities are 0.76 nm/°C at point A, 1.167 nm/°C at point

B, and 1.588 nm/°C at point C.

(@) 30°C——40°C——50°C 60 °C
35°C 45 °C 55 °C 65 °C70 5
- . point B noint f U
\point A \
X - S

?—Erf

—

=——

—

L

: - |
- <

1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)

;,._-

(b) 1620

A16OO [ point C y=1.588x+1529.6

E 1580 L R2=0.99995

s ] ~1.167x+1489.8167 o
201560 y

5 - R2=0.99952

® 1540 Hpoint B

§ y=0.76x+1456.025

T R2=0.9903 | =
1480 -
1 1 1 1 ! I | | i

30 35 40 45 50 55 60 65 70
Temperature (°C)

Fig. 4.14 (a)The spectrums of cascaded structure at different temperatures, (b) The
fitted curve between temperature change and point wavelength.

Compared to a single MZI's sensitivity, the cascaded structure's
sensitivity is much higher. The magnification factor M can be
calculated as 1167/34~34, which is in accord with the theoretical

analysis in Chapter 4.3.
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4.5.2 Cascaded MZIs for Axial Strain Sensing Experiment
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Fig. 4.15 (a)The spectrums of the cascaded structure under different axial strains, (b)
The fitted curve between axial strain change and point wavelength shift.

The axial strain measurement experiment is also conducted by
the system displayed in Fig. 4.13. The only difference is that
Sensor 2 serves as the sensing element while Sensor 1 serves as
the reference element. According to the result shown in Fig. 4.15

(a), the maximum range of axial strain measurement is 2000 pe.
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The point B and C shift to the shorter wavelength with the axial
strain increasing. From the slopes and the fitted degree of the
curves in Fig. 4.15 (b), it can be concluded that the cascaded
structure responds linearly to the axial strain fluctuation with
sensitivities of -16.13 pm/pue at point B and -17.08 pm/ug at point
A. The magnification factor M can also be calculated by
17.08/0.6=28, which verifies the analysis result in Chapter 4.3.
4.5.3 Cascaded MZlIs for simultaneous measurement of axial
strain and temperature
Since the spectrum of the cascaded structure can separately
respond linearly to the temperature or axial strain variation, the
spectrum can also shift linearly if the temperature or axial strain
changes simultaneously. In this case, points B and C are chosen as
the monitoring points. Then, the wavelength offset value can be
calculated by the following equation.

{Aﬂ,s = SiAs+SIAT 4.9)

Ade = SEAs+SIAT

Where the S¢ and ST are the strain and temperature sensitivities,
A4 is the value of the wavelength drift. 4e and AT are the values
of the temperature and axial strain change, respectively. Eq. (4.9)

can be transformed into the matrix form as follows:
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Adg | S5 Sg || Ae
Then, the temperature and axial strain change value can be

deduced according to the regulation of matrix operation.

e ] (11

The resolution of the OSA used in this work is 0.1 nm. Thus,
the theoretical error range of the 4e and 4T can be calculated by
Eq. (4.11), which are £7.4 e and £0.017 °C.

Based on the above discussion result, the dual-parameter
measurement is conducted by the system displayed in Fig. 4.13. In
this experiment, Sensor 1 serves as the temperature-sensing
element while Sensor 2 serves as the strain-sensing element,
separately. The original external temperature around Sensor 1 is
30 °C, and the original axial strain added on Sensor 2 is 0 pe. The
first step is changing the original axial strain added on Sensor 1
from 0 pe to 1000 pe. The second step is increasing the external
temperature around Sensor 2 from 30 °C to 42 °C with a step value
of 2 °C. The spectrums under different states during the
experiment process are shown in Fig. 4.16 (a).

The blue points in Fig. 4.16 (b) are the actual calculated values

of every experimental state, and the red points are the truth values.
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Unfortunately, all experimental values are out of the permitted
error range calculated by Eq. (4.11). The major error sources are
the sensor itself and the experiment system. For the experiment
system in this work, the resolutions of the translation stage and the
TEC are the most error parameters for dual-parameter
measurement because the wavelength drift value should be the
multiple of the OSA resolution then the results will be more
accurate. However, it is impossible to achieve such high resolution
in the laboratory. The error from the sensor itself is related to the
linearity of the sensor response, which can be deduced by
improving the fabrication process. The proposed sensor can work
well if the permitted error range of the 4¢ and AT are extended to
+40 pe and +0. 5 °C as areas shown in Fig. 4.16 (b). Thus, the
proposed sensor can be used for roughly measuring axial strain

and temperature simultaneously.
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Fig. 4.16 (a)The spectrums of the cascaded structure under different axial strains and
temperature, (b) The experimental values and the truth values for the dual parameter
sensing experiment.

4.5.4 Comparison with Other Sensors based on the Optical
Vernier Effect

Table IV presents a summary of sensitivities for various sensor

configurations based on the Optical Vector Analysis (OVE)

technique. The proposed sensor exhibits higher sensitivities
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compared to others and offers the capability to simultaneously

measure axial strain and temperature within acceptable error limits.

Table IV Comparison with other sensors’ sensing performance

Sensor Strain Temperature Dual- Ref.
structure Sensitivity  gensitivity Parameter
(pm/pe) (pm/°C) sensing
FPIs 28.11 278.48 - [82]
Sls 58 -1050 - [83]
FPI+MZI - -107.2 [84]
Mls - 143 - [85]
HCF+SMF 18.36 - - [86]
FPI+HCF -43.2 -27 - [87]
MZIs 17.08 1167 Yes This
work

Notably, the fabrication process for this sensor is relatively
straightforward, involving only splicing fusion operations.
Furthermore, the sensor demonstrates robustness, aided by the
uniform diameter of all fibers used (125 pum), which also simplifies
encapsulation challenges. Consequently, the designed sensor
holds significant potential across numerous application domains.
For instance, it could be instrumental in extensive building health
monitoring within engineering contexts, as well as in vital sign

detection within the medical field, and other applications.
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4.6 Summary

This work proposes a sensor based on the OVE for the dual-
parameter measurement of temperature and axial strain. The main
structure of the sensor is built up of two MZIs based on the
symmetrical sandwich structure with similar structural parameters.
The structure parameters are obtained from simulation
experiments and the variable-controlled experiment. The splicing
fusion parameters are also listed in detail, obtained from repeated
experiments. In the experiment part, the sensing performance of
the MZI is studied first. Each MZI can respond linearly to the axial
strain change with a sensitivity of ~ 0.6 pm/ue and temperature
sensitivity of ~34 pm/°C. The sensitivities at this level are not
competitive. Thus, two MZIs are combined to simplify the
sensitivities about 34 times according to the OVE principles. The
proposed sensor has many other advantages, such as being
fabricated easily, low cost, good robustness, and so on.

However, many downsides of the proposed sensor are also
required to be investigated. For example, the accuracy of dual-
parameter measurement should be improved. Besides, a simple

interrogation system to process the response data of the sensor is
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an urgent need because it would help put the experimental results

into the existing application system.
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Chapter 5 An Ultrasensitive Inline Dual Fabry-
Perot Gas Pressure Sensor Based on Single-core
Side-hole Fiber with Optical Vernier Effect

Due to the complexity of the inline MZI structure, cascading
MZIs in series is the best choice for amplifying the sensitivity,
which will increase the system instability. Also, the MZI is
working based on the transmitted light, which is inconvenient for
some specific application scenarios. Such as sensing work in
narrow places, remote places, and confined spaces. In those cases,
the sensors working based on the reflected lights can exploit the
advantages to the full. Generally speaking, the fundamental sensor
structures working based on the reflected lights are FP1 and MI.

In this chapter, an ultrasensitive inline dual FPI sensor based on
Single-core Side-hole Fiber is proposed for gas pressure

measurement in confined spaces.

5.1 Introduction

The gas pressure sensor is an essential element in many
measurement systems. For example, in the aerospace area, the gas

pressure sensor on the carrier rocket body can help monitor the
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health condition of the rocket’s critical components [88]. In the
ocean exploration area, gas pressure sensors can help test the
oceanic environment [89]. In the defense and military area, the gas
pressure sensor in the weapon system can collect battlefield
information in real-time, which can help the man-at-arms adjust
their battle plans in time [90]. In the industrial production area, the
gas pressure sensor in the assembly line can help directly measure
the parameters related to the product quality index [91]. In the
biomedical area, the gas pressure sensor can help monitor the
patient’s body condition as the core component of many medical
testing instruments [92].

Compared to traditional electrical gas pressure sensors, optical
gas pressure sensors are more widely used for their advantages of
anti-electromagnetic interference, fast response speed, and so on
[93-96]. Typically, widespread attention has been drawn to the
sensors based on optical fibers due to their unique characteristics
such as compact size, high sensitivity, strong remote sensing
capability, etc. [97-99]. Over the past few years, a massive number
of structures have been designed and experimentally demonstrated.
In 2015, Tang induced an LPFG in the air-core photonic bandgap

fiber for gas pressure measurement, of which the sensitivity is

102



Chapter 5

about -13.7 nm/MPa [100]. In 2017, an FBG-based gas pressure
sensor presented by Liang exhibited a sensitivity of nm/MPa [101].
In comparison to the grating-based gas pressure sensors with
relatively low sensitivities, sensors based on interferometry such
as FPI, MZI, and SI manifest a better performance with the
sensitivities varying from -5.8 pm/MPa [103] to 98 nm/Mpa [103],
depending on the structure and materials used. In most cases,
however, the sensitivities are below 1 nm/MPa, which severely
inhibits the potential practical applications.

As discussed before, an effective way for optical fiber sensors
to improve sensitivity is by adopting OVE [104]. Up to now, many
optical fiber sensors based on the OVE have been proposed for gas
pressure measurement. In 2018, two integrated parallel MZIs
based on the dual side-hole fiber were demonstrated by Lin with a
sensitivity of ~60 nm/Pa in 0~0.8 MPa [105]. Similarly, Zhao
designed a cascaded MZIs gas pressure sensor based on a length
of open cavity HCF sandwiched in between two pieces of MMF
in 2019 [106]. This type of MZI-based sensor relying on the
transmission mode is of lower practicability than the probe sensor
in the narrow place. The FPI structure can effectively solve this

problem. In 2018, P. Chen et al. fabricated a capillary glass tube
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to detect the gas pressure change in the range of 0~0.6 MPa with
a sensitivity of 86.64 nm/MPa [107]. In 2019, Li designed a gas
pressure FPI probe with a sensitivity of 80.3 nm/Mpa [108] using
a side-opened hollow silica tube. However, the fabrication process
of the above structures is very complex because it not only needs
fusion splicing operation but also uses a femtosecond laser to drill
open one air hole.

In this chapter, the SCSHF is employed for fabricating a gas
pressure sensor composed of two parallel FPIs based on the OVE.
Similar to the sandwich structure, a length of ~1 mm SCSHF is
fusion splicing between the NCF and the HCF. The HCF acts as
the gas channel to connect the air hole in the SCSHF with the
external environment, avoiding drilling an air hole. The
experimental results show that the proposed sensor has a
sensitivity of 183 nm/MPa in 0~100 kPa. This sensor is also
sensitive to temperature change with a sensitivity of 440 pm/°C.
Then, the temperature cross-sensitivity can be calculated as -2.4
kPa/ °C, which is relatively low. The sensor’s gas pressure sensing
repeatability is quite good, verified by repetitive experiments. In
addition, since the proposed sensor works based on the reflective

mode, it can be used in narrow places or places difficult for
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transmissive mode sensors to reach. Thus, the proposed sensor has
an excellent outlook for sensing areas requiring high sensitivity, a

simple fabrication process, and long-term stability.

5.2 Sensor Structure and Fabrication Process

5.2.1 Single-core and single-hole fiber

(@) (b)

Fig. 5.1 (a) The cross-section of the SCSHF, (b) The fundamental core mode of the
SCSHF simulated by the software.

As the main sensing element, the cross-section of the SCSHF
can be seen clearly in Fig. 5.1(a). Its diameter is 125 um, the same
as the standard SMF. The diameters of the core and the air hole are
~9.8 um and ~21 um, respectively. The ERI of the core’s material
Is 1.4494@1550nm, and the RI of the cladding material is
1.444@1550nm. A simulation experiment was conducted to
understand the optical characteristics of the SCSHF, and the result
is shown in Fig. 5.1(b). Like the common SMF, the fundamental

mode of SCSHF only exists in the fiber core. Influenced by the big
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air hole, the mode center does not overlap with the core center.
The effective RI of the fundamental mode is 1.4468.

Based on the gas pressure sensing command, a short length of
NCF is used to enlarge the mode field. This enables a part of the
light to be coupled into the air hole. The diameter of the NCF is
also 125 pum, and the fiber material is isotropic with an RI of
1.4575@630nm.

The HCF is the gas channel connecting the air hole and the
external environment. Thus, the inner diameter of the HCF must
be larger than that of the core to ensure the outside air can access
the air hole of the SCSHF. In this work, the inner diameter of the
HCF is 15 um.

5.2.2 Fabrication Process and Parameters

Fig. 5.2 shows the diagrammatic drawing of the fabrication
process of proposed gas pressure. The fabrication process of this
sensor is straightforward, only involving the fusion splicing
operation.

The first step is fusion splicing the SMF with the NCF using the
Auto Mode of the fiber fusion splicer and then cutting off the NCF
well at ~1 mm. The length of NCF is determined based on our

previous work to ensure a well-proportioned light field
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distribution at the fusion splicing point between the NCF and the

SCSHF.
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Fig. 5.2 The structure of the proposed gas pressure sensor.

A RS

Fig. 5.3 (a) The final fusion splicing result between NCF and SCSHF, (b) The final
fusion splicing result between HCF and SCSHF.

The second step is fusion splicing the NCF with the SCSHF

using the user-defined mode. Since the air hole will result in a
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collapse during the fusion splicing process, the fusion splicing
parameters are carefully selected by numerous attempts, which are
the same as in Table Il shown in Chapter 4. The final fusion
splicing result is shown in Fig. 5.3 (a). The boundary between the

NCF and the SCSHF is clear and there is no collapse at the fusion

splicing point.
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Fig. 5.4 The spectrums of SMF-NCF-SCSHF structure under different lengths of
SCSHF.

Then the SCSHF is cleaved well to prepare for the following
fusion splicing with the HCF. The spectrums of different lengths
of SCSHF after this step are recorded and shown in Fig. 5.4. The
waveform of the obtained spectrums is a typical cosine function
curve and the FSR changes linearly with the increasing SCSHF

length. This indicates there is a two-beam interference occurring
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in the SCSHF. Taking the 1 mm SCSHF as an example, the ERI
difference 4n between the two involved lights can be calculated
by An=i%/(2*L*FSR)=1.5016. The value is close to the ERI
(1.4468 obtained by the simulation) of the fundamental mode.
That is, one of the two involved lights is transmitted in the core
SCSHF and reflected by the cut-end of SCSHF. The other one is
the light transmitted in the NCF and reflected by the boundary

between the NCF and the air hole in SCSHF.
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Fig. 5.5 (a) The spectrum of SMF-NCF-SCSHF-HCF structure before cutting off the
HCF, (b) The spectrum of SMF-NCF-SCSHF-HCF structure after cutting off the HCF.

The third step is fusion splicing the SCSHF with the HCF. The
fusion splicing mode and parameters are the same as in the second
step. The fusion splicing result is shown in Fig. 5.3 (b). The
boundary between the HCF and the SCSHF is clear and there is no

collapse at the fusion splicing point. Thus, the interface between
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the air hole and the HCF can also reflect the light. The spectrum
after this step is shown in Fig. 5.5 (a) by a black line, which is a
typical spectrum based on the OVE. To avoid light reflection at
the end of HCF, a rough surface of the HCF end is fabricated by
cutting the fiber at the length of ~2 mm with a razor blade. As
shown in Fig. 5.5 (b), the final spectrum has almost no change

compared with the spectrum before cutting off.

5.3 Spectrum Analysis

SMF NCF SCSHF HCF
E() BEll
—— . =2 G
AEO CEU —
pm—
DE,
C] CZ

Fig. 5.6 The schematic diagram of optical transmission in the sensor structure.

According to the analysis in Chapter 5.2, there are three
reflectors Ci, C,, and Cs in the sensor structure as shown in Fig.
5.6. If the incident electric field is set as Eo, the whole reflected
electric field E, can be expressed as [109]:

E, = AE, + BE, exp "+ CE, exp 2+ DE, exp'“* (5.1)
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Where AEy, BEy, and CE, are the electric field reflected by the
reflectors C;, C,, and Cs. DEy is the secondary electric field
reflected by the HCF in the side air hole. g1 and ¢> are the phase
differences introduced by the SCSHF, which are related to the
length of the SCSHF L and the effective RI of the core n: and the
air na.

4mn L 47n,L
= ’ = 5 . 2
? 1 ?, J) (5.2)

Then, the reflected light intensity can be expressed by the
following equation.
| =[E & [
A’ +B?+C?+D? (5.3)

= EZ| 2ABcos(¢,) +2(AC +CD) cos(¢,) + 2AD cos(2¢,) +
2BC cos(p, —¢,) +2BD cos(2¢, — ¢,)

From Eq. (5.3), the final output spectrum is the superimposition
of five cosine function modulated spectrums, which are the
interference result of reflected light from different reflectors. The
two exact reflected lights that participate in every interferometer
can be told by the two coefficients before every cosine function.

Thus, the FSR of the five interferometers can be calculated by

the following equations.
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2 2 2
A ,FSR, z/l—,FSR3 ~ A
2n,L 2n,L 4n,L

2 2
~ /1—’ FSR5 ~ ﬂ/—
2(n,—n,)L 2(2n, —n)L

’

FSR, =
(5.4)
FSR,

For the proposed sensor, L~1 mm, N1 ~1.4494, n,=1 and A=1550
nm. Then, it can be obtained that FSR1~0.83 nm, FSR2>~1.2 nm,

FSR3~0.6 nm, FSR4~2.67 nm, and FSRs~2.18 nm.
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Fig. 5.7 The FFT result of the final spectrum.

Every FSR corresponds to a frequency peak in the MCF
consequence if the spectrum is regarded as a normal curve [25].
As shown in Fig. 5.7, the specific frequency peaks could be
obtained by taking the FFT on the final spectrum in the wavelength
domain. For example, if the spatial frequency of the first peak is
~0.3896 nm, then the FSR of this frequency can be calculated as
1/(0.3896 nm™)=2.57 nm. This value is very close to the FSR4,

meaning that the corresponding interferometer indeed exists in the
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proposed sensor structure. Marked by the blue arrows, the spatial
frequency of the other four interferometers can also be found. The
peaks marked by the red points are frequency-doubling
components introduced by the FFT algorithm itself [110].

The amplitude of the first two interferometers is larger than the
others, meaning that their interference effect is more obvious than
others. Their FSRs are close to each other, satisfying the
requirement of raising the OVE. In addition, for both
aforementioned interferometers, one of the two lights involved in
the interference is transmitted in the air hole of SCSHF, which is
a necessary condition for gas pressure sensing. Thus, in the
following experiment part, only the first two interferometers are

considered and discussed while the rest three are all ignored.
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Fig. 5.8 The result of a 0.3~0.5 nm™* band-pass filter.

To get the final spectrum of the two chosen interferometers, a
band-pass filter of 0.3~0.5 nm™ is used on the original spectrum,
and the result is shown in Fig. 5.8. Obviously, the obtained
spectrum is much simpler than the original one to a great extent,
reducing the difficulty of subsequent data processing process. The
red line in Fig. 5.8 is the low envelope of the obtained spectrum.
Usually, the peaks of the fitting envelope curve are chosen as the
observation points in the sensing experiments for convenience. Its
FSRis ~17 nm. The theoretical FSRy of the fitting envelope in this

work can be expressed as:
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FSR,eFSR, A2
IFSR, —FSR;|  2(3n,—2n,)L

FSR, = ~15nm (5.5)

From Eq. (5.5), it can be inferred that the FSRy is only related
to the length of SCSHF. The experimental value of FSRy is close
to the theoretical one, demonstrating the correctness of the
experiment.

Then the peak wavelength of the fitting envelope can be
expressed as:

_2(3n,-2n,)L
m

A m=123.... (5.6)

5.4 Experiments

In this chapter, the air hole in the SCSHF is used as the sensing
element to detect gas pressure and temperature fluctuation because
the peak wavelength of the fitting envelope is determined by the
RI of the air hole according to Eq. (5.6), which is related to the gas
pressure and temperature as Eq. (5.7) shows [108]. That is, the gas
pressure and temperature fluctuation will result in the peak
wavelength shift of the fitting envelope.

-9
n, =1+ 2.8793x107 x P (5.7)
1+0.003671xT

5.4.1 Gas Pressure Sensing Experiment
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Fig. 5.9 The experiment system for gas pressure measurement.

For the gas pressure measurement, the sensitivity Sp can be

calculated by taking the derivative of Eq. (5.6):

o _d4_0in, _ 28793x10° 6L

"TdP on, 9P 1+0.003671xT m (5:8)

Next, by substituting Eq. (5.6) into Eqg. (5.8) again, the Sp can
be calculated as

2.8793x107° 31
Sp = . (5.9)
1+0.003671xT 3n,—2n,
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Fig. 5.10 The spectrums of the proposed sensor under different gas pressures.

Then, the theoretical Sp can be calculated to be ~123 nm/MPa
at the wavelength 1550 nm of the peak traced under room
temperature (20 °C).

As shown in Fig. 5.9, the proposed sensor is placed into a gas
chamber with a resolution of 10 kPa. The incident light is emitted
by an Amplified Spontaneous Emission (ASE) source. After
transmitting through a circulator, the incident light will arrive at

the sensor structure. Then, the reflected light will go through the
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circulator again and finally be recorded by a spectrograph
(AQ6070D, YOKOGAWA).

After being filtered by the FFT filter, the spectrum of the
proposed sensor under different gas pressures is shown in Fig. 5.10.
The red lines are the low envelope of the spectrum under the peak
fitting algorithm. The spectrum shifts to the long wavelength
monolithically with the air pressure increasing.

With a step of 10 kPa, Fig. 5.11 displays the linear fitting curve
between the peak wavelength around 1540 nm and the gas pressure
in the range of 0~100 kPa. The fit index R? is close to 1, indicating
that the proposed sensor responds linearly to the gas pressure
change. The sensitivity can be obtained from the slope of the
fitting curve, which is ~183 nm/Mpa. This discrepancy between
the predicted and measured sensitivity could be attributed to the
length of the SCSHF being longer than 1mm or the room

temperature being lower than 20 °C according to Eq. (5.8).
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Wavelength(nm)

Fig. 5.11 The fitted curves between gas pressure change and wavelength shift of the

The measurement range is limited by the FSR of the envelope
since it is not easy to distinguish if the chosen peak overlaps with
the next interference peak. Then, the maximum gas pressure the

proposed sensor can detect is calculated as FSR,/SP=17 nm/

1556

1552

1548

1544

1540

1

L y=0.183x+1538.745

linear fitting curve

R?>=0.9978

1 1 1 1 1 1 1} 1 1 1

0

10 20 30 40 50 60 70 80 90 100
Gas pressure(kPa)

chosen peak.

(0.183 nm/kPa) =92 kPa.

To test the sensing repeatability of the proposed sensor, a series
of repetitive experiments are conducted based on the system in Fig.
5.9. The sensitivities in the processes of pressures increasing and
decreasing are tested, as shown in Fig. 5.12 (a) to (c). The direction
of the triangle indicates whether the pressure increasing or

decreasing. The sensitivities of these three experiments are 187
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nm/Mpa, 185 nm/Mpa, and 185 nm/Mpa, respectively. The
fluctuation of the sensitivities is relatively small, verifying that the

sensing repeatability of the proposed sensor is good.

(a) 1556 4 gas pressure increasing process (b)]55 ¢l v gaspressure decreasing process
—— lincar [itting curve —— lincar [itting curve
E 1592 E1552
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Fig. 5.12 The peak wavelengths under different gas pressures during the gas pressure
increasing or decreasing process.

Another experiment is conducted 24 hours after the sensor is
fabricated to test the long-term stability of the proposed sensor,
and the result is shown in Fig. 5.12 (d). The sensitivity of this
experiment is 188 nm/Mpa, which is almost no difference from the
before the experiments. Thus, it can be said that the long-term
stability of the proposed sensor is also quite good, increasing the
value of practical applications.

5.4.2 Temperature Sensing Experiment
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Fig. 5.13 The spectrums of the proposed sensor under different temperatures.

As for temperature measurement, the sensitivity St can be
expressed as Eq. (5.10) based on the theories of the thermo-optical

effect and thermal effect of solid materials.

TTAT m dr  dT

da 2[“‘ an)_+L[ dn, dnﬂ (5.10)

Substituting Eqg. (3.6) into Eg. (10), the St can be calculated as

AdL A ( dn, dn j
=——+ 3—=
LdT  3n,—2n, " dT “ar

5.11
e s (5.11)

=—a+
L 3n,-2n,
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Where a is the thermal expansion coefficient of the fiber
material, which is 5.2x1077/<C [111]. & is -9.295% 107" at room
temperature (20 °C) and standard atmospheric pressure (101.325
kPa) according to (7). ¢ is the thermo-optical coefficient of the
fiber material, which is 1.1x107°/<C [111]. Then, the theoretical

St can be calculated to be 426.34 pm/°C.

linear fitting curve
1556 +
’g 1552
£
¥
B0
§ 1548
§ y=-0.44x+1568.129
g
2 sqq| R=0.9983
1540

25 30 35 40 45 50 55 60 65
Temperature(°C)

Fig. 5.14 The fitted curves between temperature and wavelength shift of the chosen
peak.

The light path of the temperature sensing experiment is identical
to that in the gas pressure sensing experiment but uses a
temperature-controlled cabinet instead of a gas chamber. In
complete contrast to the gas sensing experiment, the spectrum

shifts to the short wavelength monolithically with the temperature
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increasing, as shown in Fig. 5.13. The peak wavelength around
1550 nm is chosen as the observation point.

According to the linear fitting result shown in Fig. 5.14, the
proposed sensor can also respond linearly to the temperature
change from 25 °C to 65 °C with a sensitivity of ~-440 pm/°C,
which is very close to the theoretical sensitivity calculated in
Chapter 5.3. Then, the temperature cross-sensitivity can be
calculated as 2.4 kPa/°C, which is at a normal level compared to
other sensors.

5.4.3 Comparison between Different Gas Pressure Sensors

The sensors displayed in Table V are all based on the cascaded
structures with the OVE in the past five years. The sensitivity of
the proposed sensor is at least two times higher than others. The
ultrahigh sensitivity is attributed to the secondary reflection at the
wall between the air hole and the HCF according to (9). Except for
the sensor reported in [108] and our work, the sensors in the Table
need a laser machine to drill an open cavity to ensure the external
air can reach inside sensor structures, making the fabrication more
complex. The proposed sensor presents better performance on
temperature cross-sensitivity than the sensor reported in [107, 112]

but is weaker than the sensors in [105, 106, 108, 111]. A
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temperature compensation such as FBG can be employed to solve

this problem in practical measurements.

Table V The sensing performance of different fiber gas pressure sensors with OVE

Sensor Gas pressure Temperature Ref.
structure sensitivity cross-sensitivity
(nm/MPa) (kPa/°C)

DSHF(MZIs) -60 0.55 [105]
MMF+HCF (MZI) -73.32 0.72 [106]
FPIs 86.64 5.18 [107]
SMF-SOHST-OFC(FPI)  80.3 1.33 [108]
HCFs (FPI) 80.8 2.2 [112]
Parallel FPIs 47.76 5.1 [113]
TCSHF+HCF 183 2.4 This work

5.5 Summary

An ultrasensitive gas pressure sensor based on the SCSHF with
OVE is proposed in this chapter. The fabrication process of this
sensor is quite simple, which only needs the operation of fusion
splicing. A short section of the SCSHF is fusion splicing between
the NCF and HCF. The function of the NCF is to expand the light

field. The HCF serves as the connection channel between the inner
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section of the sensor and the external environment. The fusion
splicing parameters are obtained from multiple attempts. Then the
compositions of the sensor spectrum are analyzed to find the
proper spectrum for the sensing experiment. The experimental
results show that the proposed sensor has a sensitivity of 183
nm/MPa in 0~100 kPa, which is relatively high compared to the
other sensors based on OVE. The good sensing repeatability and
the long-term stability of the proposed sensor are also
demonstrated by experiments. Since the proposed sensor works
based on the reflected mode, it can be used in the remote sensing
area. The temperature cross-sensitivity of the proposed sensor is
calculated as -2.4 kPa/ °C, which is only at a normal level
compared to other sensors. Fortunately, this problem can be solved
by employing a temperature compensation such as FBG. Thus, the
proposed sensor has great application value in the sensing areas
requiring high sensitivity, a simple fabrication process, remote
sensing, and long-term stability.

However, the measurable range of the proposed sensor is not
large enough, which limits its application. In the next step, we will
try combining the gas pressure sensor with deep learning to

enlarge the measurable range.
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Chapter 6 Parallel  Connection of  Dual
Michelson Interferometers for Lateral Stress
Sensing Based on Polarization Maintaining
Fiber with Optical Vernier Effect

In the last chapter, a probe-type FPI structure is proposed and
experimentally demonstrated for gas pressure measurement. The
probe-type sensors work based on the reflected light, which is
more suitable for narrow places than sensors based on the
transmitted light because there is no need for more space to be
reserved for fiber bending. The light emission and receiver can be

accommodated in the same fiber, which is cost-effective.

6.1 Introduction

The lateral stress sensor plays a crucial role in various optical
fiber monitoring systems, serving diverse applications. For
instance, in automotive technology, a lateral stress sensor
integrated into car seat cushions aids in identifying seat occupancy
[114]. Similarly, in building management systems, such sensors
contribute to monitoring the structural health of large buildings

[115]. Moreover, in vital signs monitoring systems, lateral stress
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sensors facilitate the detection of human heartbeat and respiratory
rates [116].

Numerous fiber structures for lateral stress measurement have
been reported recently. These include structures based on optical
fiber gratings, such as FBG [117], LPFG [118], and TFBG [119].
Additionally, interferometer structures like MZI [120], SI [121],
FPI [122], and MI [123] have also been built up for lateral stress
measurement. However, the sensitivity of these individual
structures is relatively low due to limitations in fiber deformation
quantity [124].

To enhance sensor sensitivity for practical applications,
researchers have shifted focus from individual structures to
cascaded structures based on the OVE. For instance, Wang et al.
designed cascaded MZI and Sl structures with a lateral stress
sensitivity of 1.28 nm/kPa [125]. Xu et al. demonstrated a dual FPI
structure with a lateral stress sensitivity of 0.29 pm/psi [126].
Additionally, Yan et al. proposed a hybrid FPI/MZI interferometer
for lateral stress sensing in 2011 [127]. In 2022, L. et al. designed
a cascaded MI and SI structure for dual-parameter measurement

of axial strain and lateral stress [128]. Although cascading
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interferometers together can amplify sensor sensitivity, this
method increases system complexity [129].

In this Chapter, we propose a single Ml-based lateral stress
sensor utilizing PMF and the OVE. The high birefringence effect
in PMF allows for the introduction of OVE into this single Ml
structure, enhancing sensitivity without the need for additional
structures. Experimental results have validated the feasibility of
this approach in enhancing sensitivity. Moreover, the proposed
structure’s sensitivity can be customized according to specific
requirements by adjusting the PMF length. This flexibility allows
for fine-tuning the sensor's performance to meet desired sensitivity
levels, enhancing its versatility across various applications. This
sensor, functioning on a reflected light scheme, offers broader
applications compared to sensors based on transmitted light
schemes.

Another common challenge for optical fiber sensors is
temperature cross-sensitivity [130]. To address this, we utilize an
FBG as a temperature compensation element to demodulate
temperature fluctuations. Experimental results demonstrate that
the proposed sensor operates smoothly across temperatures

ranging from 25<C to 65<C. Additionally, owing to its simple
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fabrication process, low cost, light size, and high sensitivity, this
MI structure holds the potential for integration into various joint

monitoring systems.

6.2 Michelson Interference and Optical Vernier
Effect

6.2.1 Panda polarization-maintaining fiber

(a) (b) ()
SMF
OSA E
n; L]
——
-——
3 dB coupler PMF . ’
broadband '
light source ny L, — n;

Fig. 6.1 (a) The cutaway view of the Panda-PMF, (b) and (c) The simulation results
of the fundamental mode distribution in the Panda-PMF, (d) The structure chart of the
proposed sensor.

The cutaway view of the Panda polarization-maintaining fiber
(PMF) as observed under the Refractive Index Profiler (RIP,
Arden Photonics nPA-400) is illustrated in Fig. 6.1 (a). The
diameters of the fiber core and the stressed zone measured

approximately 9.8 um and 17 um, respectively, with a distance of
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approximately 27 um between them. The ERI of the stressed zone,
core, and cladding are 1.43, 1.445, and 1.44, respectively.

Fig. 6.1 (b) and (c) depict the outcomes of the 2-D fundamental
mode distribution simulation. The red arrow indicates the
polarization direction of the electric field vector, which is mutually
orthogonal. The ERI of the two polarization modes are 1.4417 and
1.442. The minor discrepancy between these modes arises from
the high birefringence of the Panda PMF, quantified at 3.0x<10,

Using the above Panda PMF, a novelty sensor with OVE is
designed, of which the fundamental structure is an MI. As shown
in Fig. 6.1 (d), one arm of the M1 is a section of SMF with a smooth
cutting end. Another arm is a section of PMF with a well-cleaved
end. Generally, a well-cleaved end of a fiber reflects about 4% of
the incident light back to the fiber. Thus, in this work, the well-
cleaved ends act as the reflected mirrors.

6.2.2 Spectrum Analysis

Because of the high-birefringence effect in the Panda PMF, the
launched non-polarized light will orthogonally excite two
polarization modes into the Panda-PMF. Thus, if a broadband laser
light is injected into this fiber, there will be two reflected lights

from the PMF end. Finally, these three back-reflected lights from
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two arms would interfere with each other after transmitting
through the optical coupler, resulting in a Vernier spectrum with

enhanced sensing characteristics.
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Fig. 6.2 The A-FFT result of the sensor spectrum

If the SMF length is L1, the Panda-PMF length is L, the electric
field intensity and ERI of the light in the SMF is E; and ny, the
electric field intensity and effective reflective index of the two
lights in the Panda-PMF is E2 and n2, E3 and ns, the final output

electric field intensity can be express as following equation [131-

136].
E, = E, exp(-i %) LE, exp(i %)
aan,L (6.1)
+E, exp(-i %

Then, the reflected light intensity received at the optical

coupler’s outport can be calculated as:
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Ir:|Er|Er*

=E +E.+E.+2EE, cos{%r(nlL1 —~ nZLz)}
Ar 4r
+2E,E, cos 7(”1'-1‘”3'-2) +2E,E, cos 7(%—”3)'—2

(6.2)
From Eg. (6.2), the output spectrum is a superimposition of
three cosine function modulated waveforms, which is a typical
OVE spectrum. The three interferometers’ FSR can be calculated

as.

A2 A2 A?
S aL-nL) e L —mly o 2w —myr, (6:3)

FSR,

The relationship between the three FSRs can be expressed as:

_ FSRFSR,
PR = [FSR, — FSR,| (6.4)

Thus, the period of the Vernier envelope FSRy is:

A2 4004

FSR, = FSR, =
R o2(n,-n)L, L

(6.5)

The dip wavelength of the Vernier envelop 4, can be calculated
when the phase value of the envelope curve function is equal to

2(m+1)m.

2, =38k o012 (6.6)

S 2m+1

Where B=|n,-ns|, which is the birefringence index of the Panda-

PMF. In this work, B=3.0x10"%, L,=90 cm. The theoretical FSR,

and A, can be calculated as 4.45 nm and 1553.95 nm.
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Fig. 6.3 The reflection spectrum of the proposed Ml structure with different Panda-
PMF lengths, (b) The fitting relationship between the period of the Vernier envelope
FSRy and the Panda-PMF length L

The A-FFT algorithm can be used to find out frequency
components for wavelength domain signals, as shown in Fig. 6.2,
where these three distinct peaks indicate the frequency
components of our proposed sensor. The real FSR, and J, are 4.6

nm and 1554.36 nm, which are all close to the theoretical values.
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From Eq. (6.5), it can be inferred that the FSRy is determined
by PMF length L. Fig. 6.3 (a) displays the spectrums of structures
with different PMF lengths. The FSRy gradually becomes larger
with the L2 becoming shorter. Fig. 6.3 (b) shows the fitting specific
change trends between FSRy and L. The parameter of the fitting
equation is almost no different from the theoretical one in (6.5).
The low accuracy of the fiber length L, measurement and the

reading of FSRy possibly result in an error-fitting result.

6.3 Sensing Principle

Because of the non-circular symmetry structure of the PANDA-
PMF, the lateral stress added to the PMF change results in the ERI
change of the fundamental mode, then finally leading to the
Vernier point shift, as Eq. (6.6) shows.

Then, the lateral stress sensing sensitivity is calculated as:

4, _ 8L, dB

dP  2m+1dP (6.7)

The sensitivity is proportional to the sensing part length of the
PANDA-PMF. Thus, the proposed sensor’s sensitivity could be

customized according to different application scenarios.
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For temperature measurement, the Vernier point will also show
a clear shift because of the thermos-optical effect and elasto-
optical effect. The following equation can calculate the theoretical

sensitivity of temperature measurement.

di, 8 (dB dL
= L +B—2
dT 2m+1[dT 2 de (6:8)

6.4 Experimental Results

6.4.1 Lateral Stress Measurement

(a) (b)

Fig. 6.4 The fiber placement way: () in lateral stress sensing experiment, (b) in
temperature sensing experiment.

When conducting the lateral stress sensing experiment, a section
of Panda-PMF is stuck on an acrylic plate as the detection element,
as shown in Fig. 6.4(a). Another acrylic plate is put on the fiber
sensing part to ensure an even distribution of the lateral stress. The
changing of lateral stress added to the fiber is achieved by putting
different numbers of farmers on the acrylic plate. Fig. 6.5(a) shows

the output spectrums under rising lateral stresses with an interval
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of 1250 Pa. With lateral stress increasing, the spectrum moves to
a longer wavelength direction.

Fig. 6.5(b) illustrates the fitting result between the Vernier peak
at approximately 1550 nm and the lateral stress. The slope of this
linear curve indicates the structure’s lateral stress sensitivity,
which is ~0.564 nm/kPa. With a fitting degree of 0.9992, it
indicates that the sensor exhibits a highly linear response to
changes in lateral stress.

In the experimental setup, approximately 15 cm PMF, is
casually positioned between two acrylic plates without
differentiation between the fast and slow axes. Consequently, the
normalization sensitivity can be computed as 0.564/0.15 = 3.76
nm/(kPa m), a value independent of the fiber length.

Typically, reported sensitivities of interferometric sensors hover
around tens of picometers per thousand Pascals [137]. However,
owing to the OVE, the structure’s sensitivity significantly
surpasses that of conventional interferometric sensors, registering

several times higher sensitivity.
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6.4.2 Temperature Measurement

The temperature response of the structure is also tested using

the equipment in Fig 6.4(b). The test results are shown in Fig. 6.6

(a) and (b). With temperature increasing from 24 °C to 38 °C, the

spectrum moves linearly to a shorter wavelength direction with a
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sensitivity of 0.3155 nm/°C. Then, the temperature Cross-
sensitivity can be calculated as -0.56 kPa/°C. Although this value
IS not very high, it still can result in a relatively large error for

lateral stress measurement in practical applications.
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6.4.3 Temperature Compensation based on an FBG

To eliminate the temperature cross-sensitivity, an FBG is used
as the temperature compensation element. The FBG is cascaded at
the optical coupler's output port to ensure the Ml's arm difference
Is not changed as shown in Fig. 6.7. If the phase difference changes,
the final spectrum and sensitivity change correspondingly,
resulting in errors for the following temperature demodulation

process.

Fig. 6.7 The lateral stress measurement system with an FBG as temperature
compensation component.

This experiment comprises two stages. Firstly, the lateral stress

applied to the PMF is changed from 0 Pa to 1000 Pa while
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concurrently increasing the environmental temperature from 20 °C
to 25 °C. Subsequently, while maintaining constant lateral stress,
the temperature is further increased from 25 °C to 65 °C with 5 °C

increments.
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Fig. 6.8 The reflection spectrum under different conditions in the temperature
compensation experiment.

Fig. 6.8 depicts the spectra acquired during the experimental
process, revealing a distinct loss dip induced by the FBG. Fig. 6.9
illustrates the wavelength of the FBG loss dip under different

temperatures. Notably, the FBG loss dip shifts to longer
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wavelengths with temperature rising. The temperature sensitivity

of the utilized FBG is ~ 10 pm/°C.

20 F

Reflection(dB)

Wavelength(nm)

Fig. 6.9 The wavelength of the FBG loss dip under different temperatures.

The demodulation process involves three distinct steps. Firstly,
the temperature change value is demodulated by calculating the
wavelength shift value of the FBG loss dip. Subsequently, the
vernier spectrum is realigned to its original position before the
temperature shift. Finally, the restored spectrum is compared with
the original spectrum to derive the lateral stress change value.
Lateral stress changes of 500 Pa, 1000 Pa, and 1500 Pa are
individually applied to the fiber. The demodulation results are
illustrated in Fig. 6.10. Take the orange series of dots as an

example, the ordinate values of the points present the actual
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temperature value. The abscissa values are the demodulated lateral
stress values. The blue areas present the permitted error range of =
200 Pa. If a point position is in the blue area, this demodulation

result is correct.
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Fig. 6.10 The lateral stress demodulation results of the temperature compensation
experiment.

In the permitted error range of =200 Pa, the lowest accuracy
rate is 44.4%, and the best of 77.8% can be achieved with a
resolution of 500 Pa. The OSA's low resolution and FBG
sensitivity can lead to inaccurate temperature demodulation values
and result in error lateral stress values. Besides using high-
resolution OSA and high-sensitivity FBG, relying on the machine
learning algorithm to solve this problem is the research direction

for our next step. In this experiment, using the FBG as the
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temperature compensation element greatly expands the operating
temperature range of the proposed sensor.

6.4.4 Comparison with Other Lateral Stress Sensors

Table VI The sensing performance comparison between different sensor structures

Structure Sensitivity Measurement Ref.

(pm/MPa) Range (kPa)

Dual FPIs 42.56 2.2 [126]
MI+SI 3.13*10° 1.2 [128]
FBG-grapefruit fiber  12.86 25000 [138]
SHTC 110.8 200000 [139]
PMF-PCF 4210 20000 [140]
Dual Mls 3.76*10° 7.5 This work

From Table VI, the sensitivity of the fabricated MI structure is
much higher than that of other types of sensors. However, the
measurement range of the proposed sensor is not competitive with
other sensors. This problem is also a common failing for
interferometric sensors. Machine learning can help solve this

problem, which is also the research point for our next step.
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6.5 Summary

In this chapter, we introduce an ultra-sensitive optical lateral
stress sensor incorporating OVE, whose feasibility is empirically
validated. The sensor's core structure comprises an optical fiber
MI constructed around an optical coupler. One arm of the Ml
consists of SMF with a precisely cleaved end, while the other arm
comprises Panda-PMF with a similarly cleaved end. Leveraging
fiber end reflection and the birefringence effect, the interaction of
three reflected lights from the two arms yields a significantly
enhanced sensing capability, manifesting as a large envelope
modulation in the output spectrum. Experimental findings
demonstrate the sensor's linear response to lateral stress variations,

boasting a sensitivity of 3.76 nm/(kPa-m). Additionally, this

structure has a temperature cross-sensitivity of approximately -
0.56 kPa/°C.

The proposed sensor employs readily available commercial
fibers as its raw materials, rendering it cost-effective for mass
production. Moreover, its fabrication process involves only fusion
splicing, ensuring simplicity and efficiency. Notably, the sensor's

lateral stress sensitivity surpasses that of similar sensors, offering
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superior performance. Furthermore, operating on reflected light
rather than transmitted light, the sensor is well-suited for
integration as a probe in various sensing applications, enhancing
its versatility across monitoring systems.

Temperature compensation experiments using FBG are also
conducted to simulate the actual usage. The best accuracy of 77.8%
iIs achieved under temperature disturbance. Additionally, the
prospect of integrating the sensor with machine learning

techniques presents an intriguing avenue for further research.
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Chapter 7 Conclusion and Future Work

7.1 Conclusion

In this thesis, four interferometric sensor structures are
experimentally demonstrated for different sensing applications.
Although the four sensor structures are different, their working
mechanism is all based on amplitude splitting interference. In the
second place, they are built up based on a section of micro-
structure fiber. The temperature cross-sensitivity problem is
solved properly by dual parameters measurement or temperature
compensation method. The sensing results coincided with the
theoretical analysis. Thus, the proposed sensors have great
application potential in different fields.

The first sensor is a lateral stress sensor based on the SI. A
section of BiF is used in the Sagnac loop to motivate two
polarization lights for interference. Because the fiber used is not
circularly symmetric, the change of the lateral stress on the fiber
can result in the shifting of the interference fringe. The sensitivity
is about 1.72 nm/kPa. If a laser beam at a specific wavelength is

injected into the sensor structure, this sensor can be used for
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heartbeat and breath rate monitoring. Compared to the
electrocardiograph monitoring method, this sensor can not only
recover the heartbeat signal without any error but also can monitor
the breath signal simultaneously. In addition, this sensor shows
great characteristics of resisting temperature because the fiber
material is pure silica without any doped materials. Thus, the
proposed sensor can replace the electrocardiograph monitoring
method in the high electromagnetic environment.

The second sensor, an ultra-sensitive axial strain sensor
employing the OVE, comprises two cascaded MZlIs with differing
FSRs. Each MZI is crafted by fusion splicing approximately 3 mm
of TCSHF between two segments of about 5 mm of NCF.
Independently, each MZI displays linear responsiveness to
alterations in axial strain and temperature. The sensitivities are
roughly 0.6 pm/pe and 34 pm/°C. When linked in series, the
cascaded MZIs demonstrate an amplified sensitivity, augmented
by approximately 30 times due to the OVE. The cascaded structure
achieves sensitivities of approximately 17 pm/pe within the range
of 0 to 2000 pe for axial strain sensing, and of roughly 1.16 nm/°C
within the range of 30 to 70 °C for temperature sensing.

Additionally, the cascaded structure enables simultaneous
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measurement of axial strain and temperature changes within
acceptable error margins.

The third sensor, an ultra-sensitive gas pressure sensor, is
formed by fusion splicing a segment of SCSHF between NCF and
HCF. Exclusively involving fusion splicing, this structure is
fabricated with OVE. The theoretical sensing principles
underlying the sensor's operation are elaborated comprehensively.
Utilizing the reflected mode, the sensor effectively functions as a
probe in confined spaces. Within the range of 0 to 100 kPa, the
sensor's capability to detect gas pressure changes with a sensitivity
of approximately 183 nm/MPa. Repeated experiments confirm the
sensor's exceptional sensing repeatability and long-term stability.
Furthermore, the sensor exhibits a low-temperature cross-
sensitivity of about 2.4 kPa/°C. Thus, the proposed sensor holds
promise for practical application in sensing scenarios requiring
high sensitivity, a straightforward fabrication process, and long-
term stability.

The last sensor is an ultra-sensitive optical lateral stress sensor
with the OVE. The fundamental structure of this sensor is an
optical fiber MI based on an optical coupler. One arm of the Ml is

built up by the SMF with a well-cleaved end while the other arm
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IS built up by the Panda PMF with a well-cleaved end. Due to the
fiber end reflection and the birefringence effect, the OVE is
motivated, generating an extensive envelope modulation with
enhanced sensing capabilities on the output spectrum. This
structure exhibits a linear response to lateral stress variations
ranging from 0 to 7.5 kPa, with a uniformization sensitivity of 3.76
nm/(kPa m). Additionally, the temperature cross-sensitivity of the
sensor is approximately ~0.56 kPa/°C. By compensating for
temperature cross-sensitivity using an FBG, the sensor can operate
ideally within an extended temperature range while remaining

within the acceptable error margins.

7.2 Future Works

Gas Pressure Sensor /,/ = it

ood Pressure
Sensor

Vital signs Fiber Sensor

Fig. 7.1 All fiber sensors-based vital signs monitoring system.
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For the next step, an all-fiber sensors-based vital signs
monitoring system will be studied based on different types of fiber
sensors to evaluate body conditions all around. This system cannot
only monitor the heartbeat and breath rate, but also many other
vital signs such as the body temperature, blood pressure, and
exhaled gas composition.

For human beings, there are many different working
mechanisms to detect heart signals. For example, small body
vibrations are caused by the heartbeat, pulse signals at the wrist,
and pulsating blood flow signals at the fingertip. By detecting the
time delay between different heartbeat signals, blood pressure can
be easily obtained. Combining the proposed non-contact sensor in
Chapter 3 with another type of fiber sensor can achieve
simultaneous measurement of heat beat ratio and blood for the bed
patients.

There are more than 3000 volatile organic compounds (VOCs)
in human exhaled air, which are directly or indirectly related to the
body's pathophysiological processes [141]. Therefore, detection
and quantitative analysis of VOCs can help discover and evaluate
some diseases in the early period. The sensor proposed in Chapter

5 can measure the gas pressure change by detecting the air ERI
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change caused by pressure change. If this sensor is combined with
materials that are sensitive to the specific gas, the sensor can
achieve non-invasive, painless, economical, and time-saving
exhaled breath analysis [142]. It is a new field that is developing
rapidly and has great potential in disease screening and clinical
diagnosis.

The body temperature can be easily detected by the temperature
sensor. However, the problem is that the fluctuation range of body
temperature is quite small even in the case of having a high fever.
Thus, the temperature sensor needs high resolution to ensure
measurement accuracy [143]. In addition, because the temperature
at different epidermis parts is different and the most accurate part
is oxter, the reflected type of sensor may be more suitable [144].

Addressing sensor structure challenges is imperative for
developing an all-fiber sensor-based vital signs monitoring system.
Moreover, attention to data processing and transmission aspects is
crucial for future applications [145]. Further research is warranted
to overcome these challenges and realize the full potential of all-

fiber sensor technology in healthcare monitoring.
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