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Abstract

This dissertation studies on quasi-distributed optical fiber sensing system that is capable of
tele-monitoring the change of temperature, pressure and the occurrence of gas leakages. Three
techniques are involved, an improvement technique over the optical pulse correlation sensing
continuously studied in our lab, an quasi-distributed optical fiber gas sensing method based on
gas spectroscopy and region selectable technique, and a quasi-distributed plastic optical fiber
gas sensing concept using gas sensitive material coated POF and OTDR.

Optical pulse correlation sensing system utilizes the time modulation of the optical sig-
nal propagating in the optical fiber transmission line to monitor the temperature, stress or
pressure around the optical fiber. It provides high accuracy (sub-picosecond ), large range lin-
ear response (~10ps) and high time resolution (~0.01ps). However, the sensing signal suffers
from polarization fluctuation over long transmission line. Chapter 2 proposes a polarization
scrambled pulse train (PSP) to reduce the polarization impact in remote fiber sensing, gener-
ating a polarization-insensitive pulse correlation measurement. In the PSP, the polarization
state of each pulse is randomized. The polarization scrambling mechanism in pulse correlation
measurement with PSP is theoretically explained, experimental generation of PSP has been
specifically described, and the polarization fluctuation resistance of PSP has been experimen-
tally demonstrate. Moreover, the fiber strain measurement using PSP-based pulse correlation
tele-monitoring under various polarization states on a multi-region fiber sensing system has
been implemented. The results show good stability against polarization fluctuation, indicating
that the technique has great potential for use in harsh environment tele-monitoring.

Chapter 3 presents a novel optical gas tele-monitoring concept to construct a long distance
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region selectable gas sensing, which can address gases of single and/or different types at multiple
locations. The technique is based on the gas absorption spectroscopy in near infrared area and
region selectable technique. Constructed with a wavelength scanning LD, optical fibers, gas
sensing regions and region selectors, the technique is able to detect the occurrences, locations
and types of the gas leakages along the transmission line from a long distance monitoring
center. By accurate power monitoring, it is possible to analyze the concentration of the gas
leakage. A multi-region tele-monitoring experiment using FBG monitor as spectroscopy unit,
long propagation fibers, gas cells as leakage sensing regions and FBGs as region selectors is
demonstrated. Available numbers and coverage of multi-sensing regions are estimated using loss
of sensing unit and propagation. In addition, a technique to extend the number of the sensing
regions is proposed and experimentally demonstrated. The technique provides long distance (~
tens of km) sensing, super low pressure gas detection (10 Torr), and easy operation, showing
potential to be applied to long distance lightweight fiber optic wide-region gas sensing.

Chapter 4 gives a gas detection concept using POF coated with gas sensitive chemical
material whose refractive index is reduced in the presence of hydrocarbon gases owing to gas-
absorption swelling. Combining with OTDR technique and silica fibers, a quasi-distributed
gas sensing can be built which provides a practical possibility to be applied in hydrocarbon gas
occurrence and location monitoring. The working principle of the gas recognition is explained.
A pre-demonstration utilizing an OTDR, GI POFs, GI silica fibers, alcohol and water are
completed.

A summary is presented in chapter 5 including a conclusion of the current work and an

outlook for future study.
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Chapter 1

Introduction

1.1 Background

Except for the rapid development of semiconductor lasers in 1960, the prosperity of optical fiber
sensors benefits from the increasingly perfecting of optical fiber technology began in 1966 [2].
Since the initial experiments on low loss optical fibers being used for sensor purpose in 1970s,

the field has continued to progress and has developed enormously.

1.1.1 Development history of optical fibers

When light rays incident into a water jet at a glancing angle, the total reflection of light at the
common surface of two media of different reflective indices - water and air, would trap the light
rays in the liquid, thereby the light can be guided downward along the flowing water generating
a beautiful illuminated appearance [3], as shown in Fig 1.1. It is a famous demonstration of total
internal reflection guiding light along flowing liquid invented in 1841. In the mid-nineteenth
century, the physical phenomenon of total internal reflection has been widely used in light
guiding and illumination. Light pipes for illumination, illuminating glass rods for medical
utility, e.g., dental illuminator, and surgery illumination, were invented by physists.

Glass fibers were made in 1920s, however they were not practical for information transmis-

sion as a result of light leakage until the deposition of a cladding layer around the fiber core
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Figure 1.1 Fountain sparkles with light from an arc lamp, illustrated by Colladon in 1884 [3].
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dramatically reduced the transmission loss to 1000dB/km [4]-[6]. In 1966, K . C. Kao, analyzed
the light transmission in a dielectric-fiber waveguide with a circular cross-section showing glass
or silica fibers can be potentially used in optical communication [7]. Following the suggestion
of the paper [7], Corning corporation successfully reduced the transmission loss of silica fiber to
below 20dB/km in 1970 [8]. In 1979, optical fibers with a transmission loss of 0.2dB/km at the
1.55um spectrum region [9] led to the revolution in the field of light wave technology [10]. By
the end of 1990s, fibers were being used worldwide not only for signal transmission but also for

making many useful optical devices in the form of couplers, gratings, amplifiers, and sensors.

1.1.2 Types of optical fiber

An optical fiber consists of a cylindrical core with diameter less than 1mm, which is surround
by a cladding whose refractive index is lower than that of the core. According to the refractive
index change at the core-cladding interface, optical fibers are known as step-indez fibers with
abrupt index change, and graded-index fibers with a gradual refractive index reduction in the
core. The refractive index difference between the core and the cladding make total internal
reflection possible which confines light to the core of an optical fiber. In this section, a simple

introduction of typical types of optical fibers is given from the application perspective.

Silica fibers

Both the core and the cladding of silica fibers are made using silicon dioxide, SiO2 or silica
as the basic materials. The difference of their refractive indexes is realized by the dopants in
the core, or the cladding or both of them. Schematics of the structures of step-index fibers
and graded-index fibers are shown in Fig 1.2 and Fig 1.3. For step-index fibers, the refractive
index of the core is in the range from 1.44 to 1.46, depending on the wavelength. Examples of
standard core and cladding diameters of step-index fibers are 8/123, 50/125, 62.5/125, 85/125,
100/140 (units of pm) [11]. Especially, silica fibers show the least attenuation of 0.2dB/km at

the wavelength of 1550nm.
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Figure 1.2 Structure of step-index fibers. (a) Light propagation. (b) Cross section. (c) Refractive
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Figure 1.3 Structure of graded-index fibers. (a) Light propagation. (b) Cross section. (c)

Refractive index distribution.
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Plastic optical fibers

With the need of high bandwidth connectivity over short distance, known as the ‘last hundred
meters’, in optical fiber infrastructure [12], plastic optical fibers (POFs) have caused tremen-
dous interest since 1990s and growing quickly.

POFs has larger diameter than silica fibers do, the core diameter varing from 10 to 1000um
and the cladding diameter approaching 200um, resulting in higher numerical aperture and
higher coupling efficiency. Moreover, POFs are more flexible than silica fibers, and optical
devices for POFs are cheaper than those for silica fibers [13] . Initially, POFs had large trans-
mission loss, > 50dB/km [14]. But the technology developed so quickly that the transmission
loss of POF's are reduced to less than 20dB/km, acceptable transmission loss exhibition in long
distance region (~ 1310um) enabling even more extensive application. Especially, Graded-
index POFs (GI-POF) have been demonstrated to provide an ideal solution for transferring
data among computers since they can greatly reduce mode dispersion, allowing transmission at
faster than 1Gbps.

Plastic optical fibers use plastics in the form of organic polymers to make both the core
and the cladding. Based on the core material, plastic optical fibers can be classified into fibers
with PMMA (polymathy methacrylate) core, fibers with PS (polystyrene) core, fibers with
PC (polycarbonate) core, and fibers with deuterated core [15], amorphous fluorinated polymer
poly (perfluoro-butenylvinyl ether), and perfluoro-butenylvinylether (PFBVE) can be used to

make POF as well [10].

Holey and photonic-crystal fibers

A holey fiber is a pure silica-glass fiber that contains multiple cylindrical wire holes parallel to,
and along the length of, its axis. The holes are organized in a regular periodic pattern. As
illustrated in Fig 1.4, the core is defined by a defect, or fault in the periodic structure, such as
a missing hole, a hole of a different size, or and an extra hole [16].

The idea of photonic-crystal fibers emerged that light could be trapped inside a hollow

fiber core by creating a periodic wavelength-scale lattice of microscopic holes in the cladding
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Figure 1.4 Scanning electron micrographs of microstructure fibers

glass [17]. As shown in Fig 1.4(b), the small hole microstructure has a dispersion diagram with
photonics bandgaps. If the optical frequency lies within the photonics bandgap, propagation
through the cladding is prohibited and the fiber serves as a photonic-crystal waveguide [16]. Tt
is possible to produce the microstructure in air-glass PCF to accuracies of 10nm on the scale
of 1um, allowing the control of key optical properties such as nonlinearity, birefringence and
dispersion [18].

The versatile characteristics of PCF's allow their wide application areas, such as high-power
and energy transmission [19]-[23], fiber lasers and amplifiers [24], [25], brillouin scattering [26]—

[29], and the analysis of gas in the fiber core [30]-[32].

1.2 Optical fiber sensor

Optical fiber sensors can be used in harsh measurement situations where conventional sensors
are not well suitable to use because of the multiple advantages of optical fiber sensors, such as
electromagnetic interference (EMI) immunity, lightweight, compact, and high flexibility. Up
to now, plastic optical fibers (POFs) based optical sensors are drawing increasingly attention
owing to their high flexibility allowing the sensors to withstand large strains, and a so-called
“memory effect” of POF-based sensors that POF's are able to store the information of applied
large strain due to their plastic deformation [33], [34].

The working principle of optical fiber sensors, some typical examples of fiber sensors, as well
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as the common applications of optical fiber sensors are briefly introduced in this section.

1.2.1 Optical fiber sensor configurations and types

In an optical fiber sensor, the optical parameters of working optical waves, e.g., time, wave-
length, power, phase and polarization are modulated by the variation of the temperature or
pressure around the optical fiber, as shown in Fig 1.5. By analyzing the modulated optical

parameter, we can estimate the variation of the temperature or pressure.

Temperature Estimate
Pressure......
3 |
( [
;.5&“} 1 Optical fiber
i)
Modulate Modulated results

Figure 1.5 Principle of optical fiber sensors

Intensity-based optical fiber sensor

Intensity-based optical fiber sensor realizes the sensing according to the optical field distribution
or the power loss caused by micro- or macro-bending. Since the optical field distribution is
related to the longitudinal and axial distance between the transmitter fiber and a receiver fiber.
By using a transducer, the distance between the transmitter fiber and monitoring fiber was
modulated by the environment such as temperature and pressure, so the optical power detected
by the receiving fiber was modulated and the sensing was realized. For the micro-and macro-
bending sensor, the optical intensity is modulated by the distortion of fiber resulted in the
power loss. Intensity-based fiber sensors have simple structure. However, they have a series of
limitations imposed by various losses in the system that are not caused by the environmental
change to be measured. Potential error sources include variable losses due to connectors, splices,

and mechanical creep and misalignment of light sources and detectors.
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Optical fiber interferometer

The optical fiber interferometer is developed based on coherent theory of optical beams. The
interference fringe visibility is related to the phase difference between coherent beams. There
are mainly four structures: Mach-Zehnder interferometer (MZI), fiber optic gyroscope (FOG)
based on Sagnac interference, Michelson interferometer, and Fabry-Perot interferometer (FPI).

Fiber optic gyroscope obtained the contemporary development with optical fiber hydrophone,
which was used to measure the rotation as a replacement of ring laser gyroscope firstly devel-
oped by V.Vali and R. E. Shorthill in 1976 [18]. Extrinsic Fabry-Perot interferometer (EFPI)
has high resolution and small size, which has been widely used in health monitoring of large
scale civil engineering structures, acoustic detection and aircraft [19, 20]. In 1996, Bhatia et al.
demonstrated an absolute EFPI system for measuring values of cavity length d ranging from 40
to 300 ??m with a demonstrated spectral resolution of 0.1 nm [21]. In 2001 M. Schmidt. et.al.
proposed a fiber-optic extrinsic Fabry-Perot interferometer strain sensor with 50 pm displace-
ment [22]. However, EFPI sensors are limited by the weak interferometric signal and difficulty

in multiplexing. At present, many researchers are concentrated to solve these problems [23-25].

Fiber Bragg Gratings

When optical fibers are exposed to intense radiation from a laser, their optical properties can
be changed permanently. This photosensitive effect can be used to induce periodic changes in
the refractive index along the fiber length, resulting in the formation of fiber grating, which
includes the Fiber Bragg grating (FBG) and the long-period fiber grating (LPG) [2], [35]-[38].

FBG is known as an effective wavelength selection component. Under phase matching
conditions, a fiber Bragg grating (FBG) couples the forward propagating core mode to the
backward propagating core mode. A LPG, which has a period A lies from hundreds of mi-
crometers to millimeters, can couple the forward propagating core mode to one or a few of
the forward propagating cladding modes. Other types of fiber gratings includes chirped fiber
gratings, tilted fiber gratings, and sampled fiber gratings.

Grating based sensors have wide applications, especially in the area of distributed embedded
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sensing in materials for creating smart structures. However, FBGs are the most widely used
as they are well suited to quasi-distributed point measurements of strain or temperature at
known positions in an optical fiber network, with simple configuration and high sensitivity. An
remarkable characteristic of FBG sensors is their multiplexing ability [39], where by encoding
directly in wavelength terms, the output does not depend on other physical parameters of the
system, e.g., intensity, fiber or coupling loss, or input power. Thereby, measurands, such as
temperature, strain, or gas aborption [40], can be determined by the corresponding wavelength

associated with a particular spatial location.

Brillouin Optical Time-domain Reflectometer (BOTDR)

BODTR is a sensor based on the Brillouin gain in an optical fiber. When two lasers, one
is defined as the probe laser and the other is pump laser, are launched into an optical fiber,
Brillouin effect will occur if the pump laser frequency is greater than that of the probe laser by
the Brillouin frequency shift; the probe laser will be amplified, experiencing Brillouin gain. Since
the Brillouin frequency shift depends on the environment around the fiber such as temperature
or the strain, the sensing is realized. If the probe intensity emerging from the fiber is monitored
following the launch of a pump pulse, an increase in the intensity will be observed whenever
Brillouin gain occurs. The time delays between the launch of the pump pulse and these increases
in the received probe signal correspond to round-trip times for light traveling to and from the
regions of gain. These times provide the position information. Therefore the distribution
sensing is available. BOTDR is powerful to realize the high-sensitivity distribution monitoring
in long-range, however, its response time is required to be several minutes. So it is a little

difficult to realize the real-time monitoring.

Optical pulse correlation measurment

In an optical fiber sensor, the environmental change around the optical fiber, such as temper-
ature, pressure, etc, will cause the fiber to longitudinally extend, leading to propagation time
become longer than expectation, as shown in Fig 1.6. The time extension, called time drift or

time delay in this article, contains abundant informations about the ambient change. Thereby,
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Reference pulse Er(t)
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Temperature, stress or pressure

Figure 1.6 Time drift in optical fibers.

the monitoring of the time delay is valuable for understanding the environment condition.

Optical pulse correlation sensing is an effective way to monitor the environmental change
around the fiber through the propagation time in the transmission line [41]-[43].

In an optical pulse correlation measurement, a monitoring pulse which reflected back from
the monitoring region would be detected by an optical receiver where it going to correlate with
a reference pulse that comes from the same light source with the monitoring pulse. The time
delay 7 is related to the overlapped area of the reference pulse and the monitoring pulse, as
shown in Fig 1.7. The environmental change can be demodulated by analyzing the time delay

T.

Reference pulse Monitoring pulse

1

Figure 1.7 Pulse correlation measurement

Pulse correlation measurement provides high accurate, large range linear response. It is an

continuos study of our lab [41]-[49], and it is part of the study of this thesis as well.

10
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1.2.2 Optical fiber remote sensing

Optical fiber sensors are widely used in the measurement of various measurands, such as strain
[50], temperature [51], and pressure [52]. Various optical fiber sensing techniques have been
developed, including fiber Bragg grating sensors [53], fiber-optic gyroscopes [54], and fiber-optic
current sensors [55].

One of the most popular sensor system is point sensor, which is used to measure a particular
measurand at a particular location, as shown in Fig 1.8(a). Point sensors are widely used in
the measurement of temperature, pressure, acceleration, etc. Alternatively, a sensor system
might be designed to be able to monitor the measurand along the length of the fiber, and these
sensor systems are known as distributed sensing, as shown by Fig 1.8(b). Distributed sensing
employs the nonlinear effects in optical fibers, such as Brillouin scattering, Raman scattering
or Rayleigh scattering. Optical Time Domain Reflectometer(OTDR) is one successful example
of distributed sensing. Besides point sensor and distributed sensing, there is a sensing system
can detect the measurand at particular and pre-determined points along the length of a fiber
network, known as quasi-distributed sensing, as shown in Fig 1.8(c). Quasi-distributed sensing
can be widely used in temperature or pressure measurement. Fiber Bragg grating (FBG) is

one typical optical components used to realized quasi-distributed sensing.

11
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Figure 1.8 Configurations of optical fiber sensors.
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Distributed sensors

Distributed sensors rely on the Raman, Brillouin, or Rayleigh back scattering. The measurand,
typically temperature or pressure, can be revealed by demodulating the backscattered radiation
produced by a forward-traveling optical beam [56], [57].

The returned intensity of Rayleigh backscattering represents the intensity arrived at the
scattering point. OTDR is one of the most well-developed and commercialized distributed
sensing using Rayleigh backscattering has become a standard technique for testing optical fiber
links [58], [59].

Brillouin scatter is usually used in the frequency domain. The peak offset frequency for
spontaneous/stimulated Brillouin is measured and is a unique function of the acoustic velocity,
which is related to the temperature and strain (In fact, the Brillouin frequency shift in an
optical fiber depends linearly on the fiber strain [60]-[63]). The disadvantage of the technique
is that it suffers from the cross correlation problem as the Brillouin frequency shift depends on
both the temperature and strain.

Raman scatter probes the optical phonon spectrum and this in turn can give a unique
measure of the temperature at the scattering point. Raman-distributed temperature sensor
system is well developed and commercialized. One typical example is the Distributed Anti-
Stokes Raman Thermometer (DART), in which a intense laser pulse is used to yield spontaneous
Raman scattering in the fiber, resulting Anti-Stokes and Stokes photons a produced along the

fiber [2], [64].

1.2.3 Common application of optical fiber sensors

Optical fiber sensors are widely used in the measurement of temperature, pressure, acoustic,
strain, displacement, rotation, current/voltage, etc. Thereby, optical fiber sensors have found
applications in the fields of Structural health monitoring (SHM), deep sea monitoring, gas

detection, etc. As shown in Fig 1.9, Fig 1.10, and Fig 1.11.

13
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Optical fiber sensors for structural health monitoring

The definition of structural health monitoring (SHM) refers to the use of in-situ, continuous
or regular (routine) measurement and analyses of key structural and environmental parameters
under operating conditions, for the purpose of warning impending abnormal states or acci-
dents at an early stage to avoid casualties as well as giving maintenance and rehabilitation
advice [65],[66]. SHM requires small, durable sensors able to do multi-point monitoring, with
electrical or magnetic interference (EMI). Optical fiber sensors shows intrinsic advantages in
this area, such as flexibility, embeddability, multi region and EMI immunity. Fabry-Perot sen-
sors, Fiber Bragg gratings (FBGs), OTDR and BOTDR are the most commonly used optical

fiber sensors in this area.

Figure 1.9 Optical fiber sensors for civil structure measurement.

Optical fiber sensors for deep sea

Optical fiber sensors can be used to in deep sea sensor network where optical fiber sensors
are installed beyond 1500 meters depth for servicing smart sensors, to monitor the physical

parameters, such as pressure and temperature, as shown in Fig 1.10.

14
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Figure 1.10 Optical fiber sensors used in deep sea monitoring.

Optical fiber sensors for gas detection

There are two genetic gas detection methods using optical fibers. The first is gas absorption
spectroscopy, and the second is the combination of chemical sensor heads with optical fiber
sensing. Fig 1.11 is a schematic of optical fiber gas detection.

The principle of gas absorption spectroscopy is that a laser output is scanned through an
absorption line of the gas species of interest and as the wavelength is scanned the absorption
through the gas is measured [57]. Gas absorption are strong in the mid infrared range (3-7pm).
In the near infrared range (1-2um), the absorption is typically 1-2 orders of magnitude weaker
than the mid infrared fundamental. However, much of this weakness can be compensated
through the availability of higher power sources and fundamentally better optical detection
systems. Techniques using gas absorption spectroscopy requires a gas cell where the propagation
light and the gas to be detected can interact with each other, D fibers and hollow core fibers
suitable to provide such a function. Nevertheless, multi region detection based on gas absorption

spectroscopy are barely realized. In chapter 3 of this article, a method to realize long distance

15
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multi point gas detection has been realized.

The combination of chemical sensor heads with optical fiber sensing where a sensitive probe
or dye indicator changes its characteristic (which would alter the power of the transmission
signal) or color, in the presence of the gas species to be detected. Optical fiber sensors with
chemical sensor head has found applications in toxic or hazardous gas species, such as hydro-
gens, hydrocarbons, oxygens, and nitrogen oxides. Gas sensitive chemical materials, such as
tungsten trioxide (WOj3), metallic platinum (Pt), and palladium (Pd), are widely used. Chemi-
cal materials can be coated around the core of silica fiber to realize distributed sensing [67]—[71].
However, when silica fiber basded gas sensing is utilized to measure long distance harsh envi-
ronment, the sensor heads are easy to be broken since silica fibers are fragile. Thereby, plastic
optical fibers (POF's) are coated with gas sensitive materials on plastic optical fibers (POFSs)

which is going to be the topic of chapter 4 in this article.

amp\nghole
Hollowf‘ber
Gas
"/ & —\

AR laser source

Sampl g Pump.

Figure 1.11 Optical fiber sensors for gas detection.

1.3 Outline of the thesis

In this dissertation, I study on quasi-distributed optical fiber sensing system that is capable of
tele-monitoring the change of temperature, pressure and the occurrence of gas leakages. Firstly,
I work on an improvement technique for the optical pulse correlation sensing which modulates
the propagation time according to the transmission fiber expansion caused by the fiber tensile
strain force. Secondly, I present on an quasi-distributed optical fiber gas sensing method based
on gas spectroscopy and region selectable technique, to monitor the occurrence of gas leakage

along gas pipeline. Finally, I propose a quasi-distributed plastic optical fiber (POF') gas sensing

16
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concept using OTDR and POF with one end coated with gas sensitive material. As a result of
absorption swelling, the reflective index of the chemical material will be reduced in the presence
of gas, leading to the Fresnel reflection change at the POF-air interface from which one can

obtain the gas information.

Chapter 2 Polarization-insensitive pulse correlation measurement for remote fiber

sensing using polarization scrambled pulses

The variation of measurands, e.g. temperature, pressure, strain, etc., would cause the expan-
sion/compression of sensing fibers which lead to the increase/decrease of the path length of
optical signals that finally vary the propagation time of sensing signals. The propagation time
drift containing abundant information of ambient environmental change, is a valuable param-
eter in optical fiber sensors. However, it is difficult to be detected by traditional electrical
components as the time drift normally occurs in picosecond. One of the most effective ways to
realize high precision timing control/measurement is to use pulse correlation measurement.

Optical pulse correlation sensing system utilizes the time modulation of the optical signal
propagating in the optical fiber transmission line to monitor the temperature, stress or pressure
around the optical fiber. It provides high accuracy (sub-picosecond ), large range linear response
(~10ps) and high time resolution (~0.01ps).

Correlation signal detection using second harmonic generation (SHG) in a suitable optical
crystal are the most popular and cost-effective experimental methods. The resulting second-
harmonic wave is detected by a conventional, slow optical receiver that is capable of sub-
picosecond-order time resolution in temporal waveform measurement, such as a semiconductor
photodiode or an Avalanche photodiode. However, the SHG conversion efficiency is strongly
dependent on the polarization state of the incident light wave. Thus, if the incident polarization
state is affected, e.g., by birefringence in the transmission line or optical fiber twisting, the
output signal of the pulse correlation measurement is easily disturbed.

One idea to suppress the polarization fluctuation in the correlation signal is utilizing the

birefringence compensation approach in a retraced fibre path using Faraday rotator mirror.
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However, the technique is not suitable for multi region sensing due to the utilization of Faraday
rotator mirror in every region is inconvenient, pricey, and non-immune to electro-magnetic
interference (EMI).

A more practical method is proposed in this chapter, using polarization scrambled pulse
train (PSP), in which the polarization state of each pulse is randomized. The principle of PSP
suppressing the polarization fluctuation in correlation signals is analyzed. A PSP is generated
using a GS-LD modulated by an external RF signal to work as a low-coherence pulsed light
source (with the central wavelength of 1550nm, frequency of 1.5GHz), an PM optical coupler
to split the incident signal into two beams and precisely adjust the polarization state and pulse
propagation time of each beam. The stability of PSP-based optical pulse correlation sensing
is evaluated using a PSP/PMP, an optical coupler, a half wave plate (HWP), a quarter wave
plate (QWP), and a pair of SHG and APD.

Afterwards, wide region optical pulse correlation sensing is explained, including the principle
of correlation sensing, the impact of polarization instability on tele-monitoring and improve-
ments of optical pulse correlation technique using PSP light source. Experimental demonstra-

tion has been conducted on a pulse correlation sensing utilizing a PSP light source.

Chapter 3 Quasi-distributed region selectable gas sensing for long distance pipeline

maintenance

Many chemical species exhibit strong absorption in the UV /visible, near infrared or mid infrared
regions of the electromagnetic spectrum. The absorption lines or bands are specific to each
species, forming the basis for their detection and measurement. Gas absorption spectroscopy
offers direct, accurate and highly selective means of gas measurement. Optical gas sensors
can realize high sensitive detection of gas concentration. Owing to the intrinsic advantages of
optical fiber sensors, optical fiber gas sensors based on gas absorption spectroscopy are widely
studied and applied in the gas detection, such as CH4, HCN, and NHj3, etc. However, multi
region detection based on gas absorption spectroscopy are barely realized.

This chapter presents a new concept, which is capable of addressing multiple gas sensors in
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one single fiber using region selectable technique. Wavelength scanning LD and wavelength an-
alyzer connect with optical fibers and region selectable reflectors to launch wavelength scanning
light pulses and receive the reflected absorption spectroscopy from multi-regions.

Firstly, the concept of region selectable gas sensing using tele-spectroscopy for gas pipeline
detection is explained in detail. To demonstrate the concept, gas cells are employed to simulate
gas leakages along the pipeline. Along with scanning LD, FBGs and fibers, an optical fiber
gas remote sensing based on gas absorption spectroscopy is constructed. The gas absorption
spectrum is detected and analyzed. Moreover, some issues that are potentially to impact the
performance of the technique is discussed, including absorption line broadening under varied
temperatures and pressures, and the impact of FBG instability under high temperatue.

To distinguish multi-regions, gas spectroscopy combines with a region selectable technique
by synchronizing a fiber Bragg grating (FBG) reflector with the target absorption line in each
sensing region. Spectroscopy performances under different temperatures, pressures and different
leakage occurrences are measured. The possible optical loss is going to be discussed and the
available sensing length of the system is estimated.

In addition, the performance of multi-region tele-monitoring gas sensing is experiment
demonstrated. Available numbers and coverage of multi-sensing regions are estimated using
fiber propagation loss and the loss of sensing unit. Also, the sensing length and the maximum
number of the sensing regions are estimated by taking into account of the impact of optical
transmission loss.

Finally, a method to extend the number of sensing regions is presented using optical partial
reflectors and the time dependent wavelength scanning scheme of the FBG sensor monitor,
which causes the displayed wavelength shift in long range detection (>1km). The principle
of displayed wavelength shift of FBG sensor monitor is explained specifically. The concept
of the extension technique of the number of sensing regions is introduced and experimentally

demonstrated using FBG sensor monitor, optical partial reflectors, FBGs and long fibers.
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Chapter 4 Plastic optical fiber gas sensing using OTDR

Optical chemical sensors are growing quickly over the last few decades driven by such factors
as low cost, miniature optoelectronic light sources and detectors. Fiber-optics chemical sen-
sors (FOCS) make particular interrogation methods, e.g., evanescent wave spectroscopy and
spatially resolved lifetime spectroscopy, become practical.

A concept for a quasi-distributed gas detection method by plastic optical fiber with one
end coated with gas sensitive chemical material, OTDR, silica fibers, and optical couplers
is proposed in this chapter. The refractive index of the gas material is reduced in the pres-
ence of hydrocarbon gases owing to gas-absorption swelling, leading to the propagation light
field change which can be used to estimate the occurrence of the gas. Combing with OTDR
technique, the location of the gas can be distinguished.

The concept of the GI-POF gas sensing by OTDR and the principle of Fresnel reflection
power variation caused by the refractive index change of the chemical material in the presence
of a specific gas is explained. As a pre-demonstration, ethyl alcohol is used as a substitute of
gas, the difference of Fresnel reflection power at the POF-air interface, POF-alcohol interface,

and POF-water interface are measured and analyzed.

Chapter 5 Summary

A conclusion and discussion is presented in Chapter 5. The whole study is going to be summa-

rized. A future research plan is presented.
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Polarization-insensitive Pulse
Correlation Measurement for
Remote Fiber Sensing Using

Polarization Scrambled Pulses

In order to reduce polarization impairment in remote fiber sensing, a polarization-insensitive
pulse correlation measurement technique using polarization scrambled pulse train (PSP), in
which the polarization state of each pulse is randomized, was proposed. The principle of the
stabilization technique was explained and experimental generation of PSP was verified. More-
over, the fiber strain measurement using PSP-based pulse correlation tele-monitoring under
various polarization states on a multi-region fiber sensing system was implemented. The results
show good stability against polarization fluctuation, indicating that the technique has great

potential for use in harsh environment tele-monitoring.
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2.1 Introduction

The time-of-flight (TOF) of light pulse has been applied to direct distance measurement over
50 years [72]. By converting the distance variation into time change and precisely timing
control, the technique has been widely used in diagnostic and therapeutic medicine [73], [74],
3D distance measurements [75], complete range cameras [76], [77], and depth sensors [78], etc.
The TOF distance measurement has achieved nanometer measurement precision by timing
femtosecond pulses through phase-locking control of the pulse repetition rate using the optical
cross-correlation technique [79].

In optical fiber sensors, prolonged fiber length caused by the change of measurands, e.g.
temperature, strain, etc, can be detected by the propagation time change of optical pulses.

Pulse correlation measurement is an effective way for high precision timing control [41], [80],
examples include the electron/electronic performance monitoring using high time resolution
pulses [81],[82], precise timing stabilization of light pulse over long distance [83], and time
jitter detection between two laser pulses [84], etc. Sub-picosecond, even femtosecond timing
control were obtained in the stabilization or synchronization of laser pulses by optical pulse
correlation measurement.

When applying pulse correlation measurement in optical fiber sensing systems that monitor
the ambient conditions around the optical fiber by fiber length extension, a high accurate,
anti-EMI, real-time sensing system with large range linear responsibility was realized [42]-[46].

The principle, development, as well as the long term instabilities of fiber sensing using op-
tical pulse correlation measurement have been illustrated in this chapter. The polarization
fluctuation of optical pulse correlation measurement is discussed. A method to solve the po-
larization fluctuation in optical pulse correlation measurement is proposed and experimentally

demonstrated.

2.1.1 Optical fiber sensing based on pulse correlation measurement

When working with optical short pulses, we can not directly measure their temporal waveform

using a conventional electrical receiver. The most widely used technique for measuring them
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Figure 2.1 Fiber sensing based on pulse correlation measurement.

is to use pulse correlation measurement, in which the short optical pulse is used to measure
itself. Correlation techniques using second harmonic generation (SHG) in a suitable optical
crystal are the most popular and cost-effective experimental methods, as shown in Fig 2.1. The
resulting second-harmonic wave is detected by a conventional, slow optical receiver, such as
a semiconductor photodiode or an Avalanche photodiode (APD). The combination of SHG
and APD, called a nonlinear optical receiver in this paper, has been shown to be capable of
sub-picosecond-order time resolution in temporal waveform measurement. In this study, we use
pulse correlation measurement for observing the sub-picosecond time drift variation between
two optical pulse trains.

In optical pulse correlation measurement, a reference pulse train E_(¢) is guided to correlate
with a monitoring pulse train E_ (¢) which is an actual replica of the reference pulse train with
a time delay 7 caused by the optical path extension in sensing region. As shown in Fig. 77, the
area of the overlapped section of E (¢) and E_,(¢), depends on 7, i.e., 7 can be indicted by the
area of the correlation section of E, (t) and E,_ () that can be accurately measured through an
nonlinear crystal, e.g., Second Harmonic nonlinear crystal with spatially modulating nonlinear

property realizing Second Harmonic Generation (SHG).
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2.1.2 Problem of Optical fiber sensing based on pulse correlation mea-

surement

Despite the multiple advantages of optical fiber sensing based on pulse correlation, when using
SHG for pulse correlation measurement, the problem is that the SHG conversion efficiency is
strongly dependent on the polarization state of the incident light wave. Thus, if the incident
polarization state is affected, e.g., by birefringence in the transmission line or optical fiber twist-
ing, the output signal of the pulse correlation measurement is easily disturbed, leading to the
system sensitivity reduction and linear range compression. To stabilize the SHG pulse correla-
tion measurement against the polarization fluctuation, we propose the use of a pulse scrambled

pulse train (PSP), in which the polarization state of each pulse is randomly scrambled.

2.2 Pulse correlation measurement using collinear SHG

process

If the intensity profile of two independent short pulses, the reference and the monitoring pulses,

are represented by I,(t) and I,,(t) with the peak at ¢t = 0, respectively,

The pulse correlation function can be written as

Golr) = / S LIt — P, (2.2)

—o0
here 7 is the time difference between the reference and monitoring pulses. If the two fields
have the same gaussian waveform with the FWHM (full width at half maximum) pulse width

At, their intensity distribution is given by

t2

I7(t) = Im(t) = ﬁ eXp(—m) = I(t)7

(2.3)
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Figure 2.2 SHG output with respect to time drift 7 between two pulses. Inset figures show the
time-position relationship between the reference pulse (the red solid line) and the monitoring pulse
(the blue dashed line). The shaded and the remaining regions correspond to the pulse independent

term G2(0) and the pulse correlation term G2(7) in the SHG output, respectively.

Thus, Eq. (2.2) is calculated as

Go(r) = / T W — e

— 00

IZ 7_2

where [ is the energy of one pulse. From Eq. (2.4), we can determine the small variation AT
in the time drift 7 from the pre-measured values I and At.

When using SHG in a collinear geometry to obtain the pulse correlation function, the SHG
output recorded by a slow detector includes not only the pulse correlation term but also the
T-independent constant term, as shown below. We assume the electric fields of the reference
and monitoring pulse train have the same repetition period T and the same intensity profile

I(t). The SHG output power Pgug is given by
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Psme(r) o <‘{Er(t) Y Bt — T)}2‘2>
o< (I(t)* +1(t—7)*> +4I(t)I(t—7)+s(t, 7))

X GQ(O) + 2(;'2(7')7 (25)

here |E,(t)]* = L(t), |Em(t)|> = In(t), s(t,7) is the oscillation term with the phase term
arg[E,(t)Em(t — 7)*] induced by the optical interference and ( - ) shows the time averaging in
the slow optical receiver. The fast oscillation terms s(¢,7) can be averaged out to zero over
a sufficient long time if the independent two electric fields E,(t) and E.,(t) have uncorrelated
phase terms.

Equation (2.5) shows the pulse correlation term sitting on top of a background with a
peak to background ratio of 3:1 (see Fig. 2.2). The SHG output is maximized when the two
optical pulses overlap and minimized when the two pulses are completely separated. The SHG
output corresponding to the first term on the right-hand side of Eq. (2.5), G2(0) oc (I(t)?) =
(I(t —7)?), gives the averaged intensity independent of the time drift 7. This term is called as
a pulse independent term of the SHG output in this paper. The SHG output corresponding to
the second term on the right-hand side of Eq. (2.5) gives the required pulse correlation term
Go(7) o< (I(t)I(t — 7)). If the pulse independent term G3(0) can be eliminated from the SHG
output, we can obtain the pulse correlation term Ga(7).

In order to eliminate the pulse independent term G2(0) and obtain the pulse correlation
term Go(7), differential measurement is employed by splitting the light signal into two identical
signals and propagating in two different channels. One signal works as reference pulse, and the
other works as monitoring pulse traveling through the monitoring region. At each channel, the
signal is going to be measured by a pair of SHG and APD. In the end, the differential power of

the reference pulse and monitoring pulse detected.
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2.3 Polarization fluctuation of pulse correlation term and

its suppression

2.3.1 Polarization-induced fluctuation of pulse correlation term in

SHG output

The time-dependent polarization fluctuation in transmission line can be modeled by the special

Unitary matrix as follows:

~ (673 t i t
Ui(t) = ® Ao (i =r,m), (2.6)

=Bi(t)" ou(t)”

where «;(t) and §;(t) are complex values satisfying |c; (¢)|? +8:(t)|? = 1, and i = r, m show the
polarization fluctuation for the reference (r) and the monitoring (m) pulse train, respectively.
In what follows, we assume that the polarization fluctuation is slow and has a longer correlation
time than the averaging time of the optical detector. Under this condition, the complex values
a; and (; can be treated as constant values.

When the horizontal and the vertical components, E;u(t) and E;v(t) (i = r,m), have the
same intensity profile I(¢), we can define the electric field vector E;(t) (i = r,m) of the pulse

train as

— EjV (t) L 1 6]¢1 (t)
Ewb =" = I(t)eJ”tT , (2.7)
Eim(t) 2\ giwi)
where @ is the central angular frequency and ¢;(t) and v;(¢) show the time-dependent phase
terms of the horizontal and the vertical components of the electric field vector, respectively.
For simplicity, the optical axis of the SHG crystal is assumed to be fixed in a vertical

direction. Under the polarization fluctuation represented by Eq. (2.6), the intensity I;(¢) of the

reference and the monitoring pulse train along the optical axis of the SHG crystal is given by
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L(t) = | Biv () + Bi B (t)]?

SO {1+ 0}, (28)

with

fi(t) = 2]aiBi| cos [¢i(t) — ¢i(t) + arg (a:if57)] (2.9)

where ¢ = r,m and f;(t) shows the intensity fluctuation due to the change in polarization.
Assuming that the phase difference (¢; — 1);) is almost constant within a single optical pulse,

the pulse correlation term in the SHG output is calculated as

GQ(T) X

—~

I.() I (t — 7))

(IOt —=7))r

] =

x <{1+fr(t)}{1+fm(t_7—)}> pulse; (2.10)

where the first bracket ( - )1 shows the time averaged over the pulse repetition period T and the
second one { - Ypuise shows the averaging over the number of pulses included in the response time
of the detector. In the case of conventional optical pulses, the pulse averaging term including
fi(t) in Eq. (2.10) is strongly dependent on the polarization fluctuation represented by «; and
B; since the phase difference (¢; — ;) is fixed at the constant value in all pulses.

Fig 2.3 shows the differential signal change under polarization fluctuation, the sensitivity of

the signal is reduced and the linear range is narrowed down.
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Figure 2.3 Polarization fluctuation caused SHG signal degradation.

2.3.2 Suppression of the polarization fluctuation in the pules correla-

tion measurement

Suppression of polarization fluctuation of the correlation signal in optical pulse correlation
sensing by Faraday rotator mirror and polarization scrambled pulse train (PSP) are discussed

in this section.

Faraday rotator Mirror

The polarization fluctuation in correlation signals can be suppressed utilizing the birefringence
compensation approach in a retraced fibre path using Faraday rotator mirror, as shown in
Fig 2.4.

When the signal passes through the monitoring fiber in the forward direction, some bire-
fringence fluctuation will occur due to birefringence or fiber twisting. After passing through
the Faraday rotator mirror twice, the optical polarization state of the optical signal has been
rotated 90°. Then some birefringence fluctuations will be exerted on the optical signal when
it transmits the sensing region again in the backward direction, which will compensate the
birefringence fluctuation in the forward direction.

Using Faraday rotator mirror can effectively improve the polarization stability of pulse
correlation sensing, however, the technique is not suitable for multi region sensing due to the
utilization of Faraday rotator mirror in every region is inconvenient, pricey, and non-immune

to electro-magnetic interference (EMI).
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Figure 2.4 Polarization fluctuation suppression Faraday rotator

Polarization scrambled pulse train

Assuming the two phase terms of Eq. 2.10, ¢;(¢) and v;(t), have a correlation time that is much
shorter than the response time of the detector and the pulse repetition period. In this case, each
pulse has a certain polarization state, while the polarization state of each pulse is randomly
changed and there is no correlation between the polarization states in each pulse. We call this
pulse train a PSP. When using the PSP, the fluctuation term (f;(¢))puise (¢ = r,m) in Eq. (2.10)
becomes zero by the pulse averaging. Moreover, if the reference and the monitoring pulses
are independent, i.e., (eX(® %)y . =0 (i # 7), the fluctuation term (f,(¢)fm(t — 7)) puise in

Eq. (2.10) also becomes zero. Thus, the pulse correlation term becomes

(L)t —1)) = %(I(t)[(t—T»T. (2.11)

This is a constant value even under the polarization fluctuation represented by «; and ;.
Consequently, we can stabilize the pulse correlation measurement with SHG process by using

the PSP as shown in Fig 2.5.
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Figure 2.5 Polarization fluctuation suppression polarization scrambled pulse train (PSP). The
pules in black color are the ones did not experience polarization fluctuation, the pulses in red color

are the ones experienced polarization fluctuation.

2.3.3 Experimental generation of PSP and stabilization of pulse cor-

relation measurement

Let us consider the conventional optical pulses, which we call a polarization maintained pulse
train (PMP), with 45° linear polarization [see Fig. 2.6(a)]. If the horizontal components of the
PMP are delayed with the time period greater than the coherence time 7', the phase difference
between the vertical and the horizontal components of the electric field has a correlation time
that is much shorter than the average time of the slow detector. Moreover, when the delay
time is set to be the integral multiple of the repetition period T, the resultant pulse train has
the same intensity waveform as the PMP but the polarization state in each pulse is randomized
[Fig. 2.6(b)].

The setup to generate the PSP is shown in Fig. 2.6(c). We used a GS-LD modulated by an
external RF signal as a low-coherence pulsed light source. The central wavelength is 1550nm,
the repetition frequency is 1.5GHz, and the pulse width is 10ps. First, the incident PMP is
split into two components with the same intensity and the same vertical polarization state by
the polarization-maintained coupler. Next, the polarization state of one component is changed
to horizontal by a horizontal polarizer, and the other component is delayed with a time period
larger than the coherence time T'. and equal to the integral multiple of the repetition period 7.

Finally, two components are recombined at the coupler and the resultant pulse train becomes

31



CHAPTER 2

b) L

T
P—SP%& A
N2 N O O

(c) PMP The PSP

Vv
|—> I
Aazé»’ 1L -
N O

(v 1.5GHz  fiber \E}H

Figure 2.6 (a) PMP with 45° linear polarization. V and H show the vertical and the horizontal
polarization, respectively, and T is the coherence time of optical pulses. (b) PSP. The dark blue
rotating arrows below each pulse show the polarization state. (c) Setup to generate the PSP from
the PMP. The temporal delay in the delay line is set to be larger than the coherence time T'; and

be integral multiple of the repetition period T'.
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Figure 2.7 Experimental setup of the SHG pulse correlation measurement using the PMP or the

PSP under polarization fluctuation.

the PSP.

We performed the SHG pulse correlation measurement through a polarization changing
media. The experimental setup is shown in Fig. 2.7. The incident pulse train (PMP or PSP)
is divided by a 50% coupler, one of which corresponds to the reference pulse train and the other
to the monitoring pulse train. The monitoring pulse train is sent through a transmission fiber
longer than the coherence length of the pulse train. Thus, the two pulse trains can be treated
as independent. The polarization fluctuation is induced by changing the angle of the half
wave plate (HWP) and the quarter wave plate (QWP). The experimental results are shown in
Fig. 2.8. The vertical axis corresponds to the pulse correlation term in the SHG output when
7 = 0. In the case of PMP, there is a large fluctuation of the pulse correlation term, as shown
in Fig. 2.8(a). In contrast, by using the PSP, the fluctuation can be drastically suppressed, as
shown in Fig. 2.8(b).

We can estimate the stability of the pulse correlation term in the SHG output under the

polarization fluctuation by using R value defined with

Max — Min

R= ———,
Max + Min

(2.12)

where Max and Min show the maximum and minimum value of the pulse correlation term
under the polarization fluctuation. R = 1 means that the pulse correlation term of the SHG

output is strongly dependent on the incident polarization state and is unstable under the polar-
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Figure 2.8 Comparison of the pulse correlation terms in the SHG output at 7 = 0 induced by

(a) the PMP and (b) the PSP during the variation of polarization state.

ization fluctuation, while R = 0 means that it is stable even under the polarization fluctuation.
In the case of PMP, R value is almost 1, while in the case of PSP, the R value becomes less

than 0.1 in this experiment.

2.4 PSP-Based Wide-Region Optical Pulse Correlation

Sensing

2.4.1 Principle of pulse correlation measurement for fiber strain/temperature

sensing

The schematic of conventional wide region optical pulse correlation sensing is shown in Fig 2.9.
Conventional optical pulse train (PMP), is split into reference pulse train and monitoring
pulse train which transmits in the optical sensing fiber. When measurands such as strain or
temperature are varied, optical sensing region would trancduce the variation of the measurand
as additional time drift between the monitoring pulse and the reference pulse. From this sub-

picosecond order time difference, the variation of measurand can be demodulated by correlation
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Figure 2.9 Schematic of optical pulse correlation sensing technique.

Correlation sensing unit is comprised of a pulse doubler, an optical pulse combine and split
unit and a pair of orthogonally polarized nonlinear optical receiver (Vertical-polarization PPLN
SHG and APD, Horizontal-polarization SHG and APD) as shown in inset of Fig 2.9. The
pulse doubler is connected to the reference arm. The reference pulse is split into a vertical
polarization component (RefA) and a horizontal polarization component (RefB) with a fixed
time difference 7¢. The two reference pulses are combined with monitoring pulses, which are
supposed to be polarized at 45°, in the optical pulse combine and split unit. The resulting
combination of reference pulses and monitoring pulse are then split into two groups and guided
into two separate channels. The combination of backward reference RefA with monitoring
pulses have time drift value of 7¢-7, transmitting in one channel. The forward reference RefB
with monitoring pulses have a time drift value of 7, transmitting in the other channel.

In each channel, the combined pulses are guided into a SHG crystal to create a second
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harmonic wave, of which the averaged intensity is detected by APD within its response time.
The averaged intensity of the second harmonic wave approaches maximum value when the two
input pulses completely overlap each other, i.e., 7o-7=0 or 7=0. Using this technique, differen-
tial signal of the two channels is detected to obtain wide range linear response between signal
intensity and time position drift. Each nonlinear optical signal contains both pulse correlation
term and pulse independent term, as shown in Fig 2.2. Fortunately, pulse independent terms

would be canceled out by the differential process.

2.4.2 Impact of polarization instability on tele-monitoring and im-
provements of optical pulse correlation technique using PSP

light source

The optical pulse correlation sensing system described in the previous section can realize wide-
region environment tele-monitoring by applying the multi-region selectable technique using
partial reflectors [45]-[47]. Unfortunately, polarization management over long distance and
multi-region fiber lines is difficult. Thus, in the CSU, the signal splitting ratio between Chl
and Ch2 can be easily changed when the polarization states of monitoring pulses are varied, as
shown in Fig 2.10. The blue line in Fig 2.10(b) is the result of horizontal-polarization input,
and the red line is the result of vertical-polarization input, respectively. The waveforms of
differential signals are dramatically changed due to their polarization.

Figure 2.11(a) shows the schematic of PSP-based pulse correlation sensing. The states of
polarization of the pulses on PSP are scrambled as described in section 2.3.1. Because of
polarization scrambling, averaged signal intensities of Chl and Ch2 are stable even when the
polarization states fluctuate. Consequently, the polarization fluctuation at the twisting of fibers
or fiber links would not impact on the output SHG signal. In addition, the averaged differential
signal of two channels will have stable waveform, regardless of the polarization changing on

transmission lines, as shown in Fig 2.11(b).
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2.5 Experimental Results of Correlation Measurement un-

der Various Polarization Conditions

2.5.1 Sensitivity stabilization against polarization instability

An experimental setup to investigate polarization impact on the PMP- and PSP-based optical
pulse correlation multi-region sensing was constructed as shown in Fig 2.12. An optical pulse
correlation two-region sensing system was constructed by connecting two partial reflectors at
the end of each region. A pair of wave plates, a half wave plate and a quarter wave plate,
worked as polarization change medium in the first region of the transmission line. Meanwhile,
the time position measurement in the second sensing region is to demonstrate tensile-strain
measurement on the fiber.

First of all, polarization impact of the fiber twisting situation in first region was imitated by
rotating the quarter wave plate and half wave plate separately. Under each state of polarization,
the differential signal was measured and recorded by scanning the time position of reference
pulse which is used to measure the correlation signal versus monitoring pulse time position,
as shown in the inset of Fig 2.12. Our tunable optical time delay line has a time resolution
of 0.005 ps and a scanning range of 0-330 ps. The differential signals labeled PR1 and PR2
are responses from sensing region 1 and sensing region 1 plus sensing region 2, respectively.
The gradient of the linear areas of the differential signal, which are highlighted by red ellipses,
indicates the sensitivity of this measurement. Importantly, the time difference between PR1
and PR2 responses (as shown in the inset of Fig 2.12) explains pure impact from selected region
2.

As the first step, the responses of PMP-based optical pulse correlation sensing is measured,
in which a conventional pulse is used as the PMP light source. Differential signals and their sen-
sitivities under typical polarization states were estimated. Subsequently, the system sensitivities
using PSP were estimated. Experimental results are shown in Figs 2.13 and 2.14. The data in
Fig 2.13 was gathered under different polarization conditions, in which the half wave plate and

the quarter wave plate were set at (A/2,\/4) = (150°,180°) and (A/2,A/4) = (60°,90°), re-
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Figure 2.12 Experimental setup of demonstration of PMP and PSP-based optical pulse correla-
tion sensing. Region 1 was demonstrated as polarization fluctuation on transmission line. Region

2 was used as strain sensing region.

spectively. The data in Fig 2.14 was obtained when half wave plate and quarter wave plate were
changed from 0 to 180° in steps of 30°. As shown in Figs 2.13(a) and 2.14(a), the differential
signals and sensitivities of PMP-based optical pulse correlation sensing were extremely unsta-
ble. In the case of PMP, the signal slope and sensitivity fluctuated dramatically between 0
and 1.1 mV/ps, with a fluctuation of 89.4%. Moreover, the responses from sensing region 1 and
sensing region 2 had different sensitivities. However, the PSP based optical pulse correlation
sensing could be stabilized at around 0.55 mV/ps at any polarization condition, as shown in
Figs 2.13(b) and 2.14(b). The results of PSP-based optical correlation sensing technique had
good consistency during the variation of polarization. However, they had a small fluctuation

within R= 4.5% since the PSP had a power fluctuation.
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2.5.2 Strain measurement using PSP-based sensing for tele-monitoring

After ensuring the improvement in sensing stability versus polarization drift using PSP based
measurement, the region selected strain measurement of PSP-based pulse correlation sensing
technique was demonstrated. As shown in Fig 2.12, the polarization state of the monitoring
pulse was changed in sensing region 1. Tensile strain was applied to a single mode optical
fiber using a mechanical strecher in sensing region 2. The pulse correlation signal against ten-
sile strain at both short sensing distance (0.2 m) and tele-monitoring (1 km) was measured.
Figure 2.15(a) shows the relationship between the pulse correlation signal and the time po-
sition. The time difference between zero-cross points of the differential signal explains the
optical length of sensing region 2 and its variation can be used to measure the impact of strain
change. Figure 2.15 shows the pulse correlation signals against tensile strain, with a 0.2m-long
transmission line [Fig 2.15(b)] and a lkm-long transmission line [Fig 2.15(c)]. The diamond,
square and triangle dots in Fig 2.15(b) were measured under the angle of half wave plate and
quarter wave plate of (A\/2,\/4) = (0°,0°), (A/2,\/4) = (0°,45°), and (\/2,A/4) = (0°,90°),
respectively. In Fig 2.15(c) the blue and red dots were detected under the angle of wave plates
of (A\/2,A/4) = (0°,45°) and (A/2,A/4) = (0°,0°), respectively. As shown in Figs 2.15(b) and
2.15(c), the time difference change of the differential signal and the strain applied to the fiber
has good linear relationship at any polarization change and length of transmission line. The
fluctuation in the results is less than 1%. Additionally, with polarization deviation, the exper-
imental results show great consistency meaning that polarization deviation did not affect the
sensitivity of this PSP based optical pulse correlation sensing technique.

Polarization instability is usually accentuated by long transmission fiber lines. Thus, this

technique is useful in tele-monitoring.
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2.6 Discussion

The maximum sensing length of an optical fiber system is limited by the fiber input power
which is restricted by fiber nonlinearity, the propagation loss, the pulse broadening caused by
fiber chromatic dispersion and polarization dispersion. The influence of the multiple effects is
discussed in the following section, as well as the crosstalk of multi-reflection in each region.
In the end, an analysis is given on the sensing length and number of sensing regions of the
multi-region optical pulse correlation sensing.

The system configuration of the multi-region optical pulse correlation sensing is shown in
Fig 2.16. Fig 2.16(a) shows the physical configuration of sensing region where is assumed each

region to have equal coverage length L. P;, is the input power for fiber sensing region, Pgy; is
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the reflected optical power, PR,, are nth partial reflectors, N is the number of sensing regions,
R is the reflectance of partial reflectors. Figure 2.16(b) shows input/output sensing pulses with

the repetition of T,.

(a)

Pulse repetition Tp

Pulse repetition

>

= ANANN N

1 rc-ﬂe:mr2 reflector Last{N+1) reflector

(5)

Figure 2.16 Schematic configuration of multi-region optical pulse correlation sensing.

2.6.1 Propagation loss

As a result of fiber loss, the power of an optical wave propagating in optical fibers decreases

exponentially as e~ for a fiber of length L, as expressed by Eq. 2.13

Pout = Pan(l - R)2N6_2(XNZ; (213)

where « is the fiber loss factor. It approaches the smallest attenuation value of 0.2dB/km
in the spectral region near 1550nm.
The output power Pyt dependence on the number of regions is calculated as the following

equation
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Pou
10log— L — 2N10log(1 — R) — agpL + 10logR, (2.14)

wm

where agp is the fiber loss factor in decibel. Eq. eq:output dependence indicates that the
output power P, gradually decreases with the number of sensing regions. Besides, there are
interference pulses by the reflection at partial reflectors. The largest interference pulse power

P, is estimated from the reflection of the second reflector.

P,, = Py(1 — R)*R3e~%L, (2.15)

~Pout/Pin(N=1000)
~—Pout/Pin(N=100)
Pm/Pin
% |
I
I
|
108 10.25%
0 0.1 02 m)os 04 0.5

Figure 2.17 The output power P,y and the interference power Py, depend on the reflectivity
of the partial reflector. Assuming the number of sensing regions N=100, the fiber loss factor

a=0.2dB/km, and the length of each sensing region L=10m.

The influence can be estimated by the ratio Py /Py, and Py, /P;, as shown in Fig. 2.17.

Figure 2.17 is calculated on the basis of a 1km-long fiber sensing with the number of regions
N=100, fiber loss @=0.2 dB/km and the length of each region L=10m. These results indicate
that P,y decreased as the reflectivity of partial reflector increases. On the other hand, inter-

ference power increases as R increases. These results mean that if we select low reflection with
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partial reflectors, we can avoid the interference problems. Specifically, in the reflectivity range of
0.2% < R < 0.45%, Pt/ Pin approaches the maximum range, simultaneously P,,/P;, stays in
the minimum range. Analysis of crosstalk shows using partial reflectors with 0.25% reflectivity,

time averaged sensor-sensor crosstalk levels can be <30dB for an array of 25 sensors [85].

2.6.2 Chromatic dispersion

In the long sensing region, the sensing pulses are broadened during transmission by fiber chro-
matic dispersion, fiber nonlinearity and polarization dispersion. Especially, in the case where
very short pulses are used to improve the time resolution of the technique. Next, we will ana-
lyze the influences of chromatic dispersion. We will consider the influence of the different pulse
widths on pulse correlation measurement. Assuming the reference pulse with Full Width at

Half Maximum FWHM= (1 + §)Ar is expressed as
t2
I.(t) = exp{—4In2 x —1}, (2.16)
AT

Broadened pulse width approaches (1 4 §)A7, where 0 is dispersion width factor.

2

I, (t) = —4In2 X —— =}, 2.17
(t) = exp{—4in {1 +6)2AT2} (2.17)
The resultant correlation output is
G(r) = / I.(t) L (t — 7)dt
1 4ln2
(1+6)ATym exp| In 2 (2.18)

= — 5 3 T
2/{1+ (1 +6)2}In2 {1+ (1402} AT
The resultant pulse FWHM width is @ = /1 + (1 + §)2A7. The differential detection can

be delayed /2 times of the FWHM, with the output

B (14 0)ATy/T
Cair(T) = 5 T (s 02
< feapl~ "2 (7 + a/ V3] — eap|~ a2 (v — a/VDY], (219)
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The slope of the differential output can be obtained by the derivation of Eq 2.19

dGaip(t) (1 +6)Vmin2
dr 2AT{1+(1+4)2}?

x[(r = Vaa)eapl~ 5 (r — V3a)*)

4Zn272}] (2.20)

The center of the slope sits at 7 = a/ V2, the corresponding slope at this point is

0.15
E 0.1 | 90%,
wv
E
>
E
g0.05 -
0 - |
-1 -0.5 0 0.5 1
8

Figure 2.18 Central peak of the slope of output signal changes along with the dispersion width

factor 6.

2nin2(1 + 90) (2.21)

Y =30 a+ory

which is dependent on the value of § as shown in Fig 2.18. If we assume the system can

tolerate Y with a 10% reduction from its maximum value, then the allowable § is obtained as

0.373 < § < 0.595
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Considering pulse chirp, the pulse width broadening bs by chromatic dispersion is expressed

as

AT (2) = /(1 +5Cz/Lp)? + (2/Lp)?, (2.22)

where s=sgn(f2), C is the chirp parameter, Lp is dispersion length calculated by Lp =
AT?/(4|Ba] In2).

And if the sensing fiber input power Py, is large, nonlinearity effects in the optical fiber will
be observed. The most important nonlinearity is self-phase modulation (SPM) which causes
frequency chirp and affects input sensing pulse by fiber chromatic dispersion. The influence of

SPM can be expressed with the chirp parameter changes as

C=Co+Cspu, (2.23)

Where Cy is the chirp parameter without SPM and Cgpys is expressed as

2y Py, 1
(1 TNL)’ (2.24)

Cspy = V2

where v is the nonlinear parameter. The variation of sensing pulse width along with the
propagation distance z is shown in Fig 2.19.
If we assume pulse width broadening is less than 1.5, then z/Lp < 1.118. Estimated

allowable length L is

2meAT? TeAT?
L<1118x Lp=1118——— =1.118 ——
< X o D 2N2Din2’

(2.25)
If A7=10ps, D=1ps/km/nm, then L < 31.6km.

If L is larger than 50 km, D < 0.6ps/km/nm.

Now, we will consider the temperature dependence of the fiber chromatic dispersion. If the

technique is applied to a quasi-distributed temperature optical sensor, the chromatic disper-

sion can be influenced by the ambient temperature. If we use this technique to measure strain
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Figure 2.19 Pulse broadening factor changes as a function of propagation distance z for a Gaus-
sian pulse propagating in the fiber. The blue curve corresponds to the case of an unchirped pulse.

The green curves are obtained for chirp parameter C=2.

distribution, then the influence of chromatic dispersion would be the same observed as when
measuring temperature. Therefore, we will estimate temperature dependence here. The disper-
sion slope S of dispersion shifted fiber (DSF) is S < 0.085ps/nm/nm/km. Then, the allowable
wavelength deviation from zero dispersion wavelength is 7nm, However, there is temperature
dependence of the chromatic dispersion as shown in Fig 2.20.

This figure assumed the dispersion slope is 0.085ps/nm/nm/km and the temperature de-
pendence of zero dispersion wavelengths is 0.028nm/°C. The temperature dependence can be
estimated as 0.238ps/nm/km/°C by these results. On the other hand, the temperature depen-
dence of the fiber expansion is 0.085ps/m/°C. Then, the influence of the chromatic dispersion

is considered to be small enough.
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Figure 2.20 Temperature dependence of the chromatic dispersion.

2.6.3 Sensing length and number of sensing regions

According to the above analysis, if we construct the optical pulse correlation sensing using PSP
light source (A7=10ps), 1000 partial reflectors with 0.25% reflectivity and 10m spacing, the
calculated output and input power ratio is Py, /Pin=-51.8 dB, and the signal to interference
ratio is P, /P, =28 dB. Considering a system where the input pulse peak power is 100mW (20
dBm), the chirp parameter is estimated to be 0.6, and received peak power is -34.8 dBm. The
total fiber length is 10 km then the round trip 20km. The chromatic dispersion influence is not
large. Thus, a 10km-long optical correlation sensing with 1000 sensing points, 10m-long sensing

spacing would be feasible.

2.7 Summary

In summary, a polarization scrambled pulse train (PSP) has been developed and applied to
our optical pulse correlation sensing system. The stability of this system with polarization
sensitive SHG receiver was well demonstrated. Compared with the results obtained using a

conventional optical pulse (PMP), this technique has good resistance to polarization fluctuation.
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The strain measurement of the system in various polarization states on a multi-sensing-region
system has been demonstrated. Strain measurements along a meter-long region over kilometer
distances in varying polarization states have been successfully performed. It is very useful in
tele-monitoring situations. The consistency and high accuracy of the results show that this
practical technique can be used for reliable sensing even in harsh environment tele-monitoring,

such as gas transportation, power plants, and desert sensing.
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Quasi-distributed region
selectable gas sensing for long

distance pipeline maintenance

In this chapter, a novel optical gas tele-monitoring concept is proposed. By following this
concept, we construct a long distance region selectable gas sensing system, which can address
gases of single and/or different types at multi-locations. This approach is based on optical
spectroscopy of selected absorption lines of gas leakage. A gas line spectrum can be addressed
from a long distance monitoring center using optical fiber, gas sensing region and region selector.
The region selecting technique monitors the selected gas absorption and identifies the location
simultaneously. The technique has potential to be applied to long distance lightweight fiber
optic wide-region gas sensing. A multi-region tele-monitoring experiment using FBG monitor
as spectroscopy unit, long propagation fibers, gas cells as leakage sensing regions and FBGs
as region selectors is demonstrated. Available numbers and coverage of multi-sensing regions
are estimated using loss of sensing unit and propagation. Moreover, a technique to extend the

number of the sensing regions is proposed and experimentally demonstrated.
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3.1 Introduction

Pipelines are playing an increasingly important role in energy transportation, especially in
the process of shipping hydrocarbons over long distances. Pipelines are popular infrastructure
due to their safety and economy. However, being laid over long distances in remote areas,
pipelines are typically affected by geohazards and harsh environmental conditions which may
cause failures. Pipeline failure can lead to large business losses and environmental damage.
Consequently, there is growing demand for the maintenance of pipeline over long distances.
A system is required that has the ability to detect and locate problems such as leakage and
emission along the pipeline. A technique that can perform multipoint and real- time monitoring
is expected [86]-[88].

A lot of electrical gas sensing systems have been explored in order to satisfy the requirements
of the gas industry. Gas sensing electrodes are free of the liquid junction potential problems
associated with pH and ion sensitive electrodes, and are free of redox interferences, but the
technique suffers from the limitation of dissolved gas [89]. A homogeneous semiconductor gas
sensor array simply detects the resistivity from a variety of gases. The sensors can convert
the concentrations of gases into an electrical signal. However, these electrical gas sensors are
basically onsite point sensors with power supply [90].

Gas absorption spectroscopy [91] offers direct, accurate and highly selective means of gas
measurement. Optical gas sensors can realize high sensitive detection of gas concentration [92]—-
[94]. However, they are not applicable in a long distance monitoring system, since they are
usually composed of separate optical components. Optical fiber sensors are proven to be an
effective method for environmental monitoring in various environmental processes [46]. When
we apply optical fiber sensing technique to gas spectroscopy, we can probably realize a long
distance optical gas tele-monitoring technique.

This chapter explains a new concept, which is capable of addressing multiple gas sensors
in one single fiber, by inserting optical gas sensors into our region selectable system [47], [95].
Wavelength scanning LD and wavelength analyzer connect with optical fibers and region se-

lectable reflectors to insert the light source and receive the results of spectroscopy of multi-
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Figure 3.1 Conceptual schematic of the gas sensing for a long distance pipeline.
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Figure 3.2 Conceptual schematic of the gas sensing for a long distance pipeline.

regions.

To distinguish multi-regions, gas spectroscopy combines with a region selectable technique
by synchronizing a fiber Bragg grating (FBG) reflector with the target absorption line in each
sensing region, as shown in Fig 3.1 and Fig 3.2. Spectroscopy performance under different
temperatures, pressures and different leakage occurrences is measured. We discuss possible
optical loss and estimated available sensing length of the system.

The remainder of this chapter is organized as follows. In section 3.2, the concept of quasi-
distributed region selectable gas sensing is explained for one of its applications, long distance
pipeline maintenance. Section 3.3 discusses basic tele- spectroscopy technique and its perfor-
mance. Impact factors such as absorption line broadening and FBG instability have been

discussed. Section 3.4 discusses multi-region gas sensing. The multi-sensing situation is dis-
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cussed. In section 3.5, the performance of multi-region gas sensing over a km long distance
is demonstrated and discussed. In section 3.6, a technique to increase the number of sensing
regions by power division and time-dependent wavelength scanning and display is proposed and
illustrated, the performance of the technique is experimentally demonstrated as well. Finally,

a summary of this study is given in section 3.7.

3.2 Concept of region selectable gas sensing by tele-spectroscopy

3.2.1 Gas absorption spectroscopy and tele-spectroscopy

Many chemical species exhibit strong absorption in the UV /visible, near infrared or mid in-
frared regions of the electromagnetic spectrum. The absorption lines or bands are specific to
each species, forming the basis for their detection and measurement. The absorption spec-
tra in different spectra regions originated differently, e.g., the absorption in the UV spectra,
200-400nm, caused by the Electronic transitions; the absorption in near IR, 700nm- 2.5um, orig-
inated from the first harmonic molecular vibration and rotation; while the absorption in mid
IR, 2.5um-14pum, comes from the fundamental molecular vibration and rotation [67]. Fig 3.3
shows the hydrogen cyanide H'3C!¥N spectrum in near IR region, which has more than 50
strong absorption lines in the 1530-1565 nm region.

Optical gas detection using absorption spectroscopy is based on application of the Beer

Lambert Law:

P = Pyexp(—al), (3.1)

Where, P is the power of the light transmitted through the gas cloud, P is the power of the
incident light, « is the absorption coefficient of the gas species. L is the optical pathlength
through the gas. The absorption coefficient « is the product of the gas concentration and the

specific absorptivity of the gas e.
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Figure 3.3 Hydrogen cyanide H**C'*N 2v3 rotational-vibrational band spectrum [96].

3.2.2 Concept of region selectable gas sensing by tele-spectroscopy

In our region selectable concept, we distinguish various sensing regions by different reflection
wavelengths, which are selected by bandpass optical filters named region selectors in this work.
When a gas absorption line center wavelength is selected in one sensing region, a gas absorption
spectrum can be detected when gas exists in the region. In this paper, we would like to explain
and demonstrate this concept of spectroscopy-based region selectable gas sensing for one of its
potential applications, gas leakage monitoring of a gas pipeline. As shown in Fig 3.1, a pipeline
with gas flowing inside is put in a suburb. The gas monitoring system is supposed to be set
alongside the pipeline. The entire monitoring area is separated into several sensing regions by
region selectors, i.e. FBGs in this study. In each sensing region, the gas absorption spectrum
can be reflected back by the region selector. A wavelength scanning light source is needed to
provide wavelength scanning light for the monitoring system. An analyzer is required to detect
and record the reflected leakage gas spectrum and their distance. Leakage gas can be caught
by the corresponding sensing region as shown Fig 3.2. Components which are able to capture
the leaks, such as open gas cells or special sensing fiber [95], are used as sensing regions.

To directly detect the leakage, this gas sensing system should be set alongside the gas

pipeline. When leaked gas flows out of the pipeline, the gas cell inside the sleeve picks up
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Figure 3.4 Imitation of gas leakage in pipeline using gas cell with fibers.

nearby gas leakage as shown Fig 3.1. This process could be imitated using a gas cell with
fibers, as shown in Fig 3.4. We use a gas tube cell filled with hydrogen cyanide gas (HCN13)
to work as leakage imitation. The cell receives scanning LD light through fibers. Scanning
lightwave propagates through the gas cell and is partially reflected back by FBG. The roundtrip

absorption profile is monitored.

3.3 Tele-spectroscopy by scanning-LD, FBGs and fibers

The concept of basic tele-spectroscopy technique and an experimental demonstration are ex-
plained in this section, including the schematic and signal analysis. Potential impacts on the

technique such as the absorption line broadening and FBG vibration are also discussed here.

3.3.1 Schematic of tele-spectroscopy

Schematic of tele-spectroscopy is shown in Fig 3.5(a). The technique uses long propagation
fibers, an FBG monitor as spectroscopy unit, gas cells as leakage sensing regions and FBGs
as region selectors. The FBG, which has almost complete reflection at selected wavelength

range, adds to the sensitivity of the system. It is laid behind the sensing region to reflect
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Figure 3.5 Schematic of tele-spectroscopy gas sensing.

the absorption spectrum from which the location and species of the leakage can be analyzed.

An FBG sensor monitor (Anritsu SF3011A) is composed of a wavelength analyzer with 0.01

nm resolution and a wavelength scanning LD with the scanning range from 1520 to 1570 nm.

Wavelength scanned light [97] propagates through the sensing region in the fiber. The selected

wavelength range is reflected back by FBG into the analyzer. If gas is located in the sensing

region, roundtrip absorption will be measured and recorded as spectrum in this demonstration.

A hydrogen cyanide gas cell with fibers, as shown in Fig 3.5(b), is used to simulate the gas

leakage from the sensing cell alongside the pipeline. A 16.5 cm long HCN13 gas packaged cell

under weak pressure of 10 Torr was used for demonstration.

There are many absorption lines for each type of gas. The absorption spectrum of HCN13
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gas can be seen from Fig 3.5(c). The wavelength range of the absorption lines of HCN13 gas,
from 1525 to 1565 nm, is within the wavelength range of the scanning LD. It has more than 46
absorption lines [91], [98]. According to gas spectroscopy, when a light wave propagates through
gas, the intensity of the light will reduce due to gas absorption. If we ensure the sensing region
focus on one special absorption line, and select the target absorption line by region selector
(FBG), the gas leakage could be detected by analyzing the reflected absorption spectrum. As
shown in Fig 3.5(c), we choose one of the absorption lines, Agas, for detection, and synchronize
the peak reflection wavelength of FBG, Appa, with the target absorption line. The intensity of
the spectrum at Agas can be monitored in this way. It needs to be noted that the bandwidth of
the reflection spectrum of FBG, AAppg, is required to be broader than that of gas absorption
lines, AXgas.

In this demonstration, the target absorption line is P7 of [4, 14], 1547.4 nm. The 3 dB
linewidth of the absorption line, which is less than 0.01 nm, is within the 3 dB bandwidth of
the FBG reflection spectrum (AAppg = 0.2 nm). Therefore, absorption line of HCN13 gas,

1547.4 nm, can be monitored and analyzed.

3.3.2 Tele-spectroscopy experiment and analysis

The detected reflection spectrum and the signal analysis are shown in figures 3.6(a) and 3.6(b),
respectively. Figure 3.6(a) expresses the intensity distribution of the reflected spectrum. Curve
A illustrates the reflected power distribution when there is no gas in the objective region, i.e.
gas cell does not exist in the system. Curve B illustrates the reflected power distribution when
gas exists in the same sensing region. By comparing the intensity distribution of the two figures,
we can see that the peak intensity and spectrum of the reflected signal is obviously reduced
when gas cell exists in the region because of link loss with the gas cell. In order to analyze
the absorption intensity more clearly, we divided the intensity of curve B spectrum by curve
A at around wavelength range of Appg and normalized the ratio as shown in Fig 3.6(b). The
normalized transmissivity demonstrates the ratio of the cell transmitted power Pi,ans and FBG

reflected power Pjy, referred to as Piyans/Pin. Additionally, link loss has been eliminated in the
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Figure 3.6 Absorption signal of reflected signal and normalized figure.

normalization process. The normalized figure shows that the minimum value appears at the
wavelength of 1547.4 nm, which is well matched to the central wavelength of absorption line.

The absorption depth is 11% when the gas pressure is 10 Torr, length of gas cell is 16.5 cm.

3.3.3 Discussion of tele-spectroscopy technique

The region selection technique by absorption peak wavelength selection suffers from the impact
of the potential absorption line broadening in various temperatures and pressures. Additionally,
the FBG profile at various temperatures affects the performance of the system as well. We

measure the effects and discuss as follows.
3.3.3.1 Impact of absorption line broadening under varied temperatures and pres-
sures

The transmitted power Pians through gas leakage, is related to the absorption coefficient «

and the absorption path length L according to equation 3.1:

Ptrans = Py eXP(—OéL)v (32)

where Pj, is the power of the incident light.
We get the absorption ratio when we divide the absorption power (Pin-Ptyans) by the incident

light power Pjiy:
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Pin - Ptrans
R=—"—
Py
=1—exp(—al)

~ al, (3.3)

where we approximate aL < 1.

The magnitude of absorption coefficient « is determined by absorption line of the gas, it
also related to ambient temperature T and pressure P.

Linewidth broadening Ag,s mainly caused by the interaction of the molecules during elastic
collisions, which result in Gaussian broadening (caused by Doppler broadening, for example)
and Lorentzian line shape, known as temperature broadening or pressure broadening.

The broadening of hydrogen cyanide gas absorption line P7 [91], [96] under different pressures
and temperatures are measured in the following experiment. Two different HCN13 gas cells,
10 Torr, 5.5 cm long and 100 Torr, 5.5 cm long, are used for the demonstration under 290
and 320 K, respectively. Absorption depths and full widths at half maximum (FWHM) of the
absorption line are measured. Absorption areas are calculated. During this demonstration, we
only vary the ambient temperature of the gas cells, while the temperature of FBG is kept in
the same range because the line broadening is negligibly small compared with the resolution of
spectroscopy.

The experimental results show that temperature change did not impact the absorption
linewidth under 100 Torr. HCN gas under 10 Torr, in contrast, suffered a FWHM broadening of
0.02 m from 290 to 320 K. Fortunately, such weak broadening does not impact the performance
of the sensing system since the FWHMs of absorption line are within the 0.2 nm FWHM of
the reflection spectrum of FBG, which is much wider than the 10 Torr absorption line. And
the temperature dependence of other lines of HCN spectrum is not expected to be significantly
different [99].

At each temperature, the detected FWHM of line P7 under 100 Torr is broader than that

under 10 Torr. The absorption under 10 Torr is less than that under 100 Torr. However, gas
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leakages in both cases are within the detectable range.

Table 3.1 Measured and estimated pressure dependence of line Pz of HCN13 under varied

pressures.

Pressure 10 Torr 100 Torr 760 Torr

FWHM (nm) 0.05 Measured 0.09 Estimated ~ 0.065 Estimated~0.05

Table 3.1 lists the measured and estimated pressure broadening of line P; of HCN13 under
various pressures at 290 K. We estimated the linewidth of line P7 under 100 and 760 Torr using
the data of [96].

Compared with the estimated linewidth under 100 Torr, the measured data are larger. This
is reasonable as the measured value includes the error of the measurement device. Therefore,
the measured result has good agreement with the estimated value.

In the case of leakage with 760 Torr pressure, that is 1 atm pressure, 100% leakage, the
differential technique cannot catch an entire absorption line because the transition linewidth
becomes wider than a typical FBG linewidth (0.2 nm). We can only tell the rough amount of
gas leakage by directly reviewing the spectrum with selected FBG line disappearance.

In summary, we have demonstrated the temperature dependence and pressure dependence
of line P7; of HCN13 gas as well as the absorption under various temperatures and pressures.
The slight temperature broadening of the linewidth of HCN13 gas is tolerable for this technique
because the bandwidth of FBG is much larger than that of the absorption line. Compared to
temperature broadening, pressure broadening is more obvious and apparently leads to increase
of absorption depth; consequently, the absorption ratio has been improved greatly.

Additionally, this system focuses on fuel gases, which possess pure absorption spectroscopy
with narrow absorption lines. In the case of fuel gas mixed with water vapor, we would like to
treat water vapor as brief background of fuel gas measurement as HoO has broad absorption
band with line center wavelength of 1.38 pm, from 1.32 to 1.56 pm, which is not a sensitive

chemical phenomena.
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3.3.3.2 Impact of FBG instability

The peak reflection wavelength of typical FBG at 1550 nm band has an approximately 1 nm
shift over 100°C temperature range which may cause some serious problems in a sensing system.

Fortunately, an athermal packaged FBG with passive or active temperature compensation ||
is more reliable. Therefore, it can be applied in an ambient temperature range. An athermal
packaged FBG is applicable for -5°C to +70°C in the case of AAppg ~ 0.2 nm due to the small
shift (~0.07 nm) of FBG peak. Consequently, the target gas can be detected.

As to realistic pipeline monitoring, in order to avoid the fluctuation of FBG peak caused
by the ambient temperature of the pipeline, commercial available athermal packaged FBG can

be employed in the system.

3.4 Multi-region gas sensing demonstration

In this section, we would like to explain the concept of wide-region optical gas tele-monitoring
by inserting tele-spectroscopy into the region selectable system. The performance of tele-
spectroscopy applied to multi-region gas sensing has been demonstrated by constructing three-
region gas sensing using FBG selectors. Absorption spectra of different occurrences of gas leak-
age have been detected. Leaks in different regions have been distinguished. The multi- sensing

situation is discussed in this section.

3.4.1 Setup of three-region gas sensing demonstration

The schematic of three-region gas sensing is shown in Fig 3.7. The implementation of three-
region selection is explained in the bottom half of figure 3.7. Different absorption lines Ay, Ao
and A3 are selected from the P-branch of the gas spectrum in Fig 3.5(c) for sensing regions 1,
2 and 3, respectively. The peak reflection wavelength of Appa; (i = 1, 2, 3) for region i should
be synchronized with Agas;, respectively.

The schematic of three-region gas sensing is shown in Fig 3.7. The implementation of three-

region selection is explained in Fig 3.8. Different absorption lines A1, Ay and A3 are selected
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from the P-branch of the gas spectrum in Fig 3.5(c) for sensing regions 1, 2 and 3, respectively.
The peak reflection wavelength of Agppg; (i=1, 2, 3) for region i should be synchronized with
Agasi, respectively.

The three-region gas sensing setup is shown in figure 3.7. Three FBGs, whose peak reflection
wavelength range AAppg; includes the target absorption lines Agagi, are used to separate the
sensing regions. HCN13 gas cells under pressure of 10 Torr are used to simulate the leakage at
the sensing regions.

In this demonstration experiment, major absorption lines of HCN13 gas in Fig 3.5(c) at
the wavelengths of P5 (1546 nm), P; (1547.4 nm) and Py (1549.75 nm) are selected. The
reflection peak wavelength of FBG1 is at 1546 nm, FBG2 is at 1547.4 nm, and FBG3 is at
1549.75 nm. The absorption sensitivity can be enhanced due to reflected roundtrip propagating
and detection setup.

The reflected spectra of gas under four different situations are demonstrated. Firstly, we
detect the spectrum when there is no gas absorption of leakage at any sensing region, defined as
situation (a). Secondly, we measure the signal when only sensing region 2 has gas by connecting
16.5 cm long, 10 Torr gas cell in sensing region 2. This is named situation (b). Thirdly, the
reflected spectrum when gas only exists in region 3 is measured. The gas cell is connected
in sensing region 3 to simulate gas leakage. It is referred to as situation (¢). Finally, we
demonstrate the performance when both sensing region 2 and sensing region 3 have leakage. In
this situation, 10 Torr, 5.5 cm long gas cell is connected in sensing region 2, and 10 Torr, 16.5
cm long hydrogen cyanide gas cell is connected in sensing region 3 simultaneously. This case is

known as situation (d). The spectra of the four situations are detected and analyzed as follows.

3.4.2 Results of three-region gas sensing demonstration

The results of the demonstration experiment of the multi- region gas sensing system are shown
in Fig 3.9. Reflected absorption spectra of situations (a), (b), (¢) and (d) are shown in fig-
ures 3.9(a), 3.9(b), 3.9(c), and 3.9(d), respectively. The blue curve of situation (a) is due to

the fact that there is no gas in the sensing regions, which becomes the reference of the mea-
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Figure 3.9 Absorption spectra of three-region gas sensing system under different gas leakage

occurrences.

surement. The peak reflected spectrum of FBG2 has an absorption peak at the wavelength
of 1547.4 nm, as shown in Fig 3.9(b), because gas exists in sensing region 2. The amplitude
reduction of peak reflected spectrum of FBG3 is caused by the introduction of link loss. The
normalized curve of case 2 in the small inset figure shows that the detected absorption depth
is 11%. The absorption peak occurs in the reflected spectrum of FBG3 in case 3, as shown
in Fig 3.9(c), due to the fact that gas exists in sensing region 3. The normalized figure shows
that the absorption depth in this situation is 12%. In case 4, the absorption depths are 2.6%

in sensing region 2 and 10.6% in sensing region 3, respectively, as shown in figure 3.9(d).

67



CHAPTER 3

3.4.3 Analysis of multi-sensing situation

One of the important issues for multi-region gas sensing system is the discrimination of the
locations of each gas leakage when problems occur. Due to the fact that a type of gas absorbs
light at all absorption lines, in multi-regions, power reduction is present in the backward sensing
regions even when leakage only exists in one sensing region. Using this three-region sensing
model, we discuss the difference between situations (b), (c¢) and (d); gas leakages occur in both
region 2 and region 3. The absorption R34 in the peak of FBG3 contains the absorption in
both sensing region 2 R3o and sensing region 3 R33. Therefore, it is important to estimate the
origin of power reduction in each region.

For multi-region gas sensing, the absorption ratio, equation 3.3, for ith absorption line (i =

1, 2, 3: where i means the ith sensing region) takes the form of

o Pin - Ptrans
P

=1—exp(—o;L;)

~ O[iL

s (3.4)

where «; shows the absorption coefficient of the ith absorption line, 7 shows the absorption
path length of the jth sensing region, j = 1, 2, 3. In situation (d) of this demonstration, Ly =
5.5 cm and L = 16.5 cm.

The detected absorption ratio Rsq of the third absorption line is given by

R3q = 1 — exp(—asLy) x exp(—aszLs)
~ 043.[/2 + a3L3

= R3s + R33, (3.5)

In this demonstration experiment, A1, Ao and A3 are near to each other, and aq, as and ag
have almost the same value.

Consequently, the detected ratio of the third absorption line is
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R3q = R33 + R3z2 = R33 + Rao, (3.6)

The absorption depth in sensing region 2 is 2.6%, sensing region 3 is 10.6%, so the depth of
absorption caused by the leakage in sensing region 3 would be about 10.6%-2.6% = 8%.

To sum up, when gas absorption is present in sensing region 3, we should compare the
detected absorption Rsq with forward sensing region Rsq.

If R3q — Rag = 0, it indicates the absorption in the third absorption line comes from leaks
in forward sensing region.

If R3q — Roq > 0, it suggests that leaks also exist in region 3.

3.5 Long distance multi-region gas sensing

In this section we would like to explain the concept of long distance multi-region gas sensing
by reporting both its schematic and performance. Available numbers and coverage of sensing
regions are limited by the loss of sensing unit and fiber propagation. The possible sensing length

is evaluated.

3.5.1 Demonstration of multi-region tele-monitoring

We demonstrated the performance of three-region gas sensing over 3 km. The schematic of
the demonstration experiment is shown in figure 3.7. To construct sensing regions far from the
monitoring center, long fibers with length of 1 km and 2.005 km are connected in front of sensing
region 2 and sensing region 3, respectively. As in the multi-region gas sensing demonstration,
this experiment uses FBG sensor monitor as wavelength scanning LD and spectrum analyzer,
FBGs as region selectors and gas cell as sensing region.

Three different occurrences of leakage are detected and analyzed. Firstly, we measure the
reflected spectrum when there is no leakage in any region, named situation (a). Then, we
measure the response when leakage only exists in sensing region 2, called situation (b). Finally,

we measure the absorption when leakage only exists in sensing region 3, referred to as situation
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Figure 3.10 Absorption spectra of long distance gas sensing system under different gas leakage

occurrences.
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(c). The recorded reflection spectrum and normalized absorption depth of the three situations
are displayed in Fig 3.10.

When leakage only exists in sensing region 2, the absorption peak appears at the peak
reflection wavelength of FBG2, and the analyzed absorption depth is 14.2%. It is 12% when the
leakage only occurs in sensing region 3, the absorption peak is at the peak reflection wavelength

of FBG3 in this situation.

3.5.2 Impact of optical loss in the design of gas sensing

The sensing length of this technique is limited by optical loss such as numbers of link loss for
each sensing region and length of propagation in fiber.
When we take link loss into account, the transmissivity 7T'; of transmitted power and input

power for sensing region ¢ are given by

T; = C'exp|—arpF], (3.7)

where C' is the coefficient of transmitted power related to coupling loss and L; represents the
distance between the monitor center and the ith sensing region. ap is the loss parameter of op-
tical fiber. It includes not only material absorption but also other sources of power attenuation.
A typical optical fiber has 0.2 dB km™! transmission loss, consequently, ar = 0.046.

We substitute C = 0.71 and ap =~ 0.046 in equation (3.7) and obtain

T; = 0.71" exp[—0.046 L], (3.8)

The output power and minimum detectable power of FBG sensor monitor accept system

loss within 30 dB. The maximum number of sensing region N is required to satisfy

103 < 0.71" exp[—0.046 Ly], (3.9)

Assuming the coverage of each sensing region is 1 km, the maximum number of sensing

regions would be 19, the available sensing length is less than 20 km.
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If the designed coverage of each sensing region is 10 km, the maximum number of sensing
regions is 8, the corresponding sensing length approaches 80 km.
The total length and sensitivity of one system can easily be enhanced by inserting an optical

fiber amplifier before detection.

3.6 Extension of the number of sensing regions

The number of regions with synchronized FBGs is limited by the numbers of absorption lines
of each gas. In order to make the technique more applicable to long distance quasi-distributed
gas sensing system, the technique for reusing the same gas absorption line was explored.

To indicate multiple sensing regions using the same gas absorption line, wavelength divi-
sion multiplexing implementing in the current system must be converted into other types of
multiplexing techniques, e.g., time division multiplexing, power division multiplexing, spacial
division multiplexing, etc. Inspired by Optical Time Domain Reflectometer (OTDR), a time
division like technique was realized by combing power division technique and time-dependent
wavelength scanning and display characteristic of the FBG sensor monitor, making the number
extension of sensing regions feasible. The FBG monitor (Anritsu SF3011A) in use is consisted
of a wavelength scanning light source and a spectrum analyzer. The wavelength scanning light
source in the monitor is capable of emitting time dependent wavelength scanning lightwave into
transmission fibers and the spectrum analyzer can detect lightwaves reflected back by FBGs.

Both the wavelength scanning light source and spectrum analyzer read the wavelength of
lightwave by time span and wavelength scanning speed of the FBG sensor monitor. The
time dependent wavelength scanning scheme of the FBG sensor monitor causes the displayed
wavelength shift to longer wavelength area in long range detection. More importantly, the FBG
reflection wavelength displayed on the FBG sensor monitor linearly relates to the transmission
time of the optical signal, enabling the displayed wavelength of the FBG sensor monitor to be

linearly proportional to the transmission fiber length.
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3.6.1 Wavelength shift of FBG sensor monitor

In stead of showing the real wavelength of the scanning spectrum, the displayed wavelength
on FBG sensor monitor is calculated from the initial wavelength, pulse propagation time, and
scanning velocity. Consequently, when connected to long fibers, the displayed wavelength of
FBG sensor monitor will shift to longer wavelength as a result of the time-dependent wavelength
scanning scheme of the FBG sensor monitor. Initiated at the same time origin, the wavelength
scanning light source periodically emits lightwave into FBGs, meanwhile, the spectrum analyzer
receives the reflected lightwave of FBGs, calculates the wavelength according to the time interval
between the emission and reception of the lightwave which is defined as t4elay in this study, and
displays on the screen.

For example, if an optical fibre with length of L, and refractive index of n is connected in
front of an FBG with a central peak reflected wavelength of Agriginal, signal emitted from light
source at time t1, accounting for transmission time, the reflected signal will arrive the spectrum

analyzer at time to,

2fdelay =l— 1t = QTLL/C, (310)

The displayed wavelength of FBG sensor monitor would be

)\dis ()\originab tdelay) = )\original + v tdelay (311)

where v is the canning speed of the FBG sensor monitor. It is should be noticed that if the
fiber length L is short enough, 7 can be neglected, which leads to Ag;s >~ Ao.

Fig 3.11 shows the relationship of displayed wavelength shift against transmission fiber
length. It can be seen that the displayed wavelength of 1547.4nm on FBG sensor monitor
shifts linearly to longer wavelength with the growth of transmission fiber length.

Assuming three FBGs with central wavelengths of A\;=1546nm, Ay=1547.4nm, and A3=1549.75nm
are connected to the FBG sensor monitor, as shown in Fig 3.12.

In short range detection, in which the connection fiber length can be approximate at

0, the displayed wavelength of FBG sensor monitor is Agjs1=1546nm, Ags0=1547.4nm, and
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Figure 3.11 Wavelength shift at 1547.4nm over kilometer distance.

Adis3=1549.75nm, as shown in Fig 3.12(a).

By contrast, in long range detection, in which the fiber connection fiber lengths are more

than kilometers, say Okm, 1km, and 2km as shown in Fig 3.12(b), redshift would appear in the

displayed wavelengths.

Light power AL A2 A3
Okm Okm Okm
@
Light power
A1l A2 A3
l:l ;;;( 1km ;;;! 2km /(//
(b)
| ’%\—
1546 1547.4 1549.75 1549.1 1552.5 o

Figure 3.12 Wavelength shift of FBG sensor monitor in long distance.
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3.6.2 Principle of the number extension of sensing regions

The technique for increasing the number of sensing regions is shown in Fig 3.13. Regular fibers
work as long distance light transmission path. FBG reflectors combine with partial reflectors to
work as region separators in the system. FBGs are connected in the system to select different
gas absorption lines. In front of each FBG, we set several partial reflectors to work as power
separators. In this way, the gas absorption lines can be reused by the partial reflectors. Taking
FBG1 in Fig 3.13 for example, if the peak reflection wavelength of FBG1 is synchronized with
one gas absorption line Ay, the sensing regions in front of FBG1 could be separated by the
intensity analysis at the wavelength of A\g of the reflected spectrum, because the displayed value

Adis of Ag shifts with the transmission time, as expressed by Eq 3.12.

3.6.3 Experimental demonstration of sensing region extension tech-

nique

An experimental demonstration of the number of sensing region extension by partial reflector

is given in this section.

(0]



CHAPTER 3

3.6.3.1 Experimental measurement of displayed wavelength shift on FBG sensor

monitor

Prior to the experimental demonstration of the region extension technique, the displayed wave-
length shift of FBG sensor monitor has been detected with the absorption line P7=1547.4nm

of HCN under test, as shown in table 3.2.

Table 3.2 Experimental measurement of the displayed wavelength shift of FBG sensor monitor

over different transmission distances. The original wavelength under test is 1547.4nm

Transmission distance(km) 1 2.005 3.005

Displayed wavelength(nm) 1549.2  1550.89  1552.76

In this demonstration, the experiment relationship between the original wavelength Aoriginal

and displayed wavelength Agis(Aoriginal, tdelay) 18

)\shift = )\display()\originalv tdelay) - )\original

= (1.7 X ¢/2n) X taelay, (3.12)

3.6.3.2 Experimental setup

Fig 3.14 is a simplified experiment set up of Fig 3.13, which constructed by aFBG sensor
monitor, a FBG, a partial reflector, and a terminator. The partial reflector whose reflectivity
was 14% worked as power separator. FBG reflector worked as a wavelength separator in the
system. HCN13 gas cell with fibers was used in the system to construct sensing regions instead
of suspended core optical fibre. The selected HCN13 gas absorption line \g in this experiment
was 1547.4nm. The peak reflection wavelength of FBG was synchronized with the selected
gas absorption line. We connected long fibers in the setup to realize long distance detection.
The distance of sensing regionl was L;=1km, and sensing region2, L,=2.005km. Reflected
spectrum will be detected and recorded by the analyzer in the FBG monitor.

Fig 3.11 shows the relationship of the displayed spectrum profile and the original spec-
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Figure 3.14 Instrument layout for 2 regions demonstration. L1=1km, L2=2.005km.

trum profile where time delay occurs. The horizontal axis represents the displayed wavelength
of the spectrum analyzer which contains the information of both original light source wave-
length and time delay. The vertical axis represents the original wavelength. The solid line
shows the displayed spectrum profile when the transmission time is negligible, i.e. short dis-
tance measurement. The dashed lines show the displayed spectrum profiles due to time delay
at the distances of L; and Ls, respectively. We can see from the figure that the displayed
wavelength of absorption line A\g at short transmission distance, long distance L; and Lo are
Lshorts Adisplay1 (A0, fdelay1) and Adisplay2(Ao, tdelay2), respectively. if short time delay satisfies
that Ao > 1.7 X ¢/2n X tgelay, displayed wavelength Ashory Will be almost equal to original A,
Ashort =Ao-

According to equation 3.12,

Adisplay = >‘0 + 1.7 x 0/277, X tdelay (313)

The displayed wavelength of the gas absorption line Ay in the reflected spectrum will be
Adis1 (Ao, tdelayr) for sensing regionl and Agisa(Ao, tdeiaye) for sensing region 2. Consequently,
the two sensing regions could be separated easily. When gas exists in sensing region 1, the power
of the signal at the absorption line, A\g = 1547.4nm, whose displayed wavelength is Ag;s1( Ao,
tdelay1 ), will be decreased, from the power reduction we can estimate the existence and location
of the leakage for sensing region 1. 86% of the power transmits to sensing region2 and is reflected

back to the analyzer by FBG. The intensity reduction will appear at the absorption line whose
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displayed wavelength is Agis2(Ao, tdeiay2) When gas exists in sensing region2. Three different
occurrences of gas were detected, case 1, no gas leakage at any sensing region; case 2, only

sensing regionl had gas; and case 3, gas only existed in sensing region2.

3.6.3.3 Experimental results

The performance of the demonstration experiment of the quasi-distributed system with partial
reflector is estimated. Reflected absorption spectrums of casel, case2 and case3 are shown
in Fig 3.15(a), 3.15(b), and 3.15(c), respectively. There is only one reflected peak since
the partial reflector reflects the whole spectrum but only part of the power. The displayed
wavelength of the gas absorption line is Agis1(Ao, tdelayr)=1549.2nm at sensing regionl and
Adis2( Aoy tdelay2)=1552.76nm at sensing region2 due to time delay. As shown in Fig 3.15(a),
the displayed central wavelength of peak reflection spectrum of the FBG reflector is Ag;s2 (Ao,
tdelay2 )=1552.76nm, while the original absorption peak wavelength is 1547.4nm, as illustrated
in Fig 3.11. When we detect the same absorption line in sensing regionl and sensing region 2,
the intensity of the peak reflection spectrum of the FBG will be reduced even when gas only
exists in sensing regionl as shown in Fig 3.15(b). However, we could distinguish the leakage
location by analyzing the absorption proportion. For case2, we got an absorption proportion of
14.6% in sensing regionl and 12.6% in sensing region2. The absorption proportion of sensing
region2 should be larger than that of sensing regionl if gas exists in both sensing regionl and
region2, otherwise, leakage only occurs at sensing region 1. Absorption line only exists in the
reflection spectrum of the FBG reflector when only sensing region2 has gas as shown in Fig 3.15.

The absorption proportion in this case is 15.2%.
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Figure 3.15 Experimental results of the extension of sensing regions demonstration.
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3.7 Summary

In this paper we proposed an innovative concept of gas sensing which can be used to detect the
types and locations of gas at multiple regions over long distances. The technique is based on
optical tele-spectroscopy and the fact that one kind of gas has numerous absorption lines. The
basic concept of tele- spectroscopy was explained. Potential impact factors such as absorption
line broadening under varied temperatures and pressures were demonstrated and discussed.
Low pressure leakage around 10 Torr is detectable.

Multi-region tele-monitoring experiment using FBG monitor as spectroscopy unit, long
propagation fibers, gas cells as leakage sensing regions and FBGs as region selectors is demon-
strated. Four different situations of the existence of gas were measured. Leakage distinguishing
in a multi-sensing situation was also discussed based on the three-region gas sensing demonstra-
tion. The location of the gas leakage was estimated by the absorption profile in the reflected
spectrum.

The performance of multi-region tele-monitoring was demonstrated in this study as well.
Long fibers were used to connect long distance absorption sensing regions. The results indicated
that the technique worked well in long distance gas monitoring. Optical loss was analyzed and
evaluated based on link loss and fiber propagation loss. The relationships between available
region numbers and tele-monitoring length were estimated based on designed coverage of the
sensing region. A technique was proposed to extend the number of sensing regions over long
distance using the time dependent wavelength scanning scheme of FBG sensor monitor and
power division multiplexing realized by partial reflectors. Good results was obtained on a
two-region gas sensing experimental demonstration, indicating the technique is feasible.

The advantage of the approach is that it is simple, safe, cost effective and can be easily
extended to long distance, multipoint sensing systems. The technique is capable of being used

for long distance distributed pipeline maintenance.
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Plastic Optical Fiber (zas Sensing

using OTDR

A gas detection concept using POF coated with gas sensitive chemical material has been pro-
posed in this chapter. Combining with OTDR technique and silica fibers, a quasi-distributed
gas sensing can be built which provides a practical possibility to be applied in hydrocarbon gas

occurrence and location monitoring.

4.1 Introduction

Aside from gas spectroscopy described in chapter 3, chemical sensors are highly effective in gas
detection [100]-[104].

A proper definition of chemical sensor is the so called “Cambridge definition” [102], [105]:
Chemical sensors are miniaturized devices that can deliver real time and on-line information
on the presence of specific compounds or ions in even complexr samples.

Optical chemical sensors are growing quickly over the last few decades driven by such factors
as low cost, miniature optoelectronic light sources and detectors. Fiber-optics chemical sensors
(FOCS) enable optical spectroscopy to be performed over long distance, at sites conventional

spectroscopy difficult to access, or even multi region detection along the optical fiber. By inte-
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grating chemical analysis to optical sensing, particular interrogation methods, e.g., evanescent
wave spectroscopy and spatially resolved lifetime spectroscopy, become practical. In addition,
FOCSs capacitate the long-wave sensing that embraces weaker background signals and less
expeunsive light sources [106]-[108].

FOCS can be classified into direct and indirect sensing schemes. In direct sensing, the
intrinsic physical properties of an analyte, such as absorption and fluorescence, are detected.
In the indirect sensing scheme, the analyte is monitored by a change in the optical response
of an intermedia agent, such as a coated film, an immobilized indicator probe, an optically
detectable label, etc. Another active research field includes advanced interrogation methods,
e.g., time-resolved or spatially resolved spectroscopy, leaky mode spectroscopy, evanescent wave
and laser-assisted spectroscopy, (localized) surface plasmon resonance, and multidimensional
data acquisition [103],[104], [109].

FOCS have found numerous applications in gas detection field, gases such as Hydrogen, hy-
drocarbons, oxygen, ammonia, carbon dioxide, nitrogen oxides, etc., have been successfully de-
tected by FOCS. Up to date, the detection of hydrocarbons and hydrogens have been attracting
more attention in the field out of environmental protection. Distributed gas leakage detection
has been successfully demonstrated using silica fiber-optics chemical sensor and OTDR [68]—
[71]. However, along with the abundant advantages of FOCS, there is a hot potato in the area
that the silica fiber-optics are so fragile that sensor heads based on them are easy to be broken,
especially in the applications of reference [70], [71] where only the core of the fiber-optics are
used. Plastic optical fiber (POF)s are good substitute to solve the problem [110] as they are
flexible, cheap, and developed so fast that they have reasonably low transmission loss.

In this chapter, I would like to explore a quasi-distributed gas detection method by plastic
optical fiber with one end coated with gas sensitive chemical material Cis-Polyisoprene (PIP),
OTDR, silica fibers, and optical couplers.

The remainder of this chapter is organized as follows. Section 4.2 explains the concept
of the GI-POF gas sensing by OTDR and the principle of Fresnel reflection power variation

caused by the refractive index change of the chemical material in the presence of a specific gas.
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As a pre-demonstration, ethyl alcohol is used as a substitute of gas, the difference of Fresnel
reflection power at the POF-air interface, POF-alcohol interface, and POF-water interface are
measured and analyzed which is given in section 4.3. A summary of the chapter and an outlook

is presented in section 4.4.

4.2 Principle and scheme of POF gas sensing using OTDR

Some chemical polymers are know to be swelling in the presence of gas, such as Cis-Polyisoprene
(PIP) meets hydrocarbon gases. Simultaneously, the polymer is undergoing remarkable refrac-
tive index reduction. Assuming an optical pulse train is launched into a plastic optical fiber
(POF) with PIP coated at one end, in the presence of hydrocarbon gas, taking hexane for
example, the Fresnel reflection power at the interface of PIP coating and air is varied, from
which the occurence and concentration of the gas can be assessed. When OTDR technique is
introduced to measure the Fresnel reflection, the location of the gas analyte is possible to be

determined as well.

4.2.1 Optical Time Domain Reflectometer OTDR [1]

The Optical time-domain reflectometry (OTDR) based on Rayleigh scattering is is one of
the most popular intrinsic distributed fiber optic sensors. It has been widely used to detect
fault/imperfection location in fiber optic communications. As a sensing application, (OTDR
can be effectively used to detect localized measurand-induced variations in the loss or scattering
coefficient of a continuous sensing fiber.

The basic configuration of an OTDR is shown in Fig 4.1. A short pulse of light from a
laser is launched into the fiber that needs to be tested. The photodetector detects the Rayleigh
backscattering light intensity as a function of time relative to the input pulse. If the fiber
is homogeneous and subject to a uniform environment, the backscattering intensity decays
exponentially with time due to the intrinsic loss in the fiber. However, if at a particular
location there is a nonuniform environment (e.g., having a localized perturbation), the loss

coefficient at that particular location will be different from the regular Rayleigh scattering
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coefficient. Thus, the backscattering intensity will not decay according to the exponential issue
at other unperturbed locations. If we draw a curve using time as the horizontal axis and log(Ps)
(where P; is the detected) as the vertical axis, a sudden change in this curve is expected at the
perturbed location, as shown in Fig 4.1.

input localized
pulsef| Po perturbation (loss)

coupler

Pulsed
laser

ﬂ continuous sensing fiber
S

fiber end

Log (Ps) loss osfiic; reflection
ent q; loss coefficient
//(]i +Aa

lo,
Ss
¢
oefﬁe"ent
i

t=2nz/c

Figure 4.1 Principle of OTDR based on Rayleigh scattering.

When light is launched into an optical fiber, loss occurs due to Rayleigh scattering that arises
as a result of random, microscopic (less than wavelength) variations in the index of refraction
of the fiber core. A fraction of the light scattered in a counter propagation direction (i.e., 180°
relative to the incident direction) is recaptured by the fiber aperture and returned toward the
source. When a narrow optical pulse is launched in the fiber, by monitoring the variation of
the Rayleigh backscattered signal intensity, one can determine the spatial variations in the fiber
scattering coefficient, or attenuation. Since the scattering coefficient of a particular location
reflects the local fiber status, by analyzing the reflection coefficient, one can sense the localized
external perturbation or fiber status. Thus, distributed sensing can be realized. Since this
sensing technique is based on detecting the reflected signal intensity of the light pulse as a

function of time, this technique is called optical time-domain reflectometry (OTDR).

84



CHAPTER 4

The detected scattering light intensity, Pg, is given by

P,(t) = Pyr(z)exp{— /OZ 2a(z)dz} (4.1)

where Py is a constant determined by the input pulse energy and the fiber optic coupler
power splitting ratio. z = tc¢/2n reflects the location of the launched pulse at time t (where
c is the light speed in vacuum, and n is the refractive index of the fiber), r(z) is the effective
backscattering reflection coefficient per unit length that takes into account the Rayleigh back
scattering coefficient and fiber numerical aperture, and «(z) is the attenuation coefficient. The
slope of the logarithm of the detected signal is proportional to the loss coefficient «/(z).

The spatial resolution of an OTDR is the smallest distance between two scatters that can

be resolved. If the input pulse has a width t, then the spatial resolution is given by

4.2.2 Operation principle of the POF sensor head

Polyisoprene is the polymer of isoprene (C5Hg) that is the primary chemical constituent of nat-
ural rubber. Cis-Polyisoprene (PIP [111]) is one type among all the structures of Polyisoprene,
which, however, has a configuration most closely mirrors the properties of natural rubber and
is the most important commercially, it is going to be the focus of this article. The molecular
structure of PIP is shown as Fig 4.2. In the presence of hydrocarbon gases (CHy), PIP would
swelling as a result of absorption, causing the reduction of refractive index as shown in Fig 4.3,
which is the basis of the gas detection concept in this chapter.

Assuming a POF has one end coated with PIP, the other end injected with pulse light, as
shown in Fig 4.4. The power of Fresnel reflection, defined as FR at the interface of PIP and
air, is the physical parameter interested. Without the existence of gas as shown in Fig 4.4(a),

FRy is going to be determined by Eq. 4.3,
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Figure 4.2 Molecular structure of cis isoprene.
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Figure 4.3 Refractive index reduction of PIP against time in the presence of hydrocarbon

gases [112].
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FRo = (nprp — Nair)?/(nprp + nair)?, (4.3)

In the presence of hydrocarbon gases, the refractive index of PIP undergoes a reduction as
a result of absorption swelling as shown in Fig 4.4(b), the Fresnel reflection FRy,s is defined by

Eq. 4.4,

FRgas - (nswelling - naiT)Q/(nswelling + nair)Q; (44)

Assuming the refractive index of POF is npor = 1.35, ngir = 1.0, nprp = 1.35, Nswelling =
1.3, according to equation 4.3 and equation 4.4, the FRy and the F'Ry,s (in logarithm) are

given by

FRo = 10log{(npor — nprp)?*/(npor + npip)’}
= 10log{(1.35 — 1.35)?/(1.35 + 1.35)?}

= 0dB (4.5)

FRgas = 10109{(”P0F - nswelling)2/(nPOF + nswelling)Q}
= 10log{(1.35 — 1.3)?/(1.35 + 1.3)*}

= —34.49dB (4.6)

Comparing with the case coating PIP at one end of silica fiber whose refractive index is

Nsilica = 1.46), the F Ry and the FR,,s are calculated as

FRsilicaf(] = 10109{(n5ilica - nPIP)2/(nsilica + nPIP)z}
= 10log{(1.46 — 1.35)?/(1.46 + 1.35)?}

— —28.15dB (4.7)

87



CHAPTER 4

FRsilicafgas = 10[09{(”31‘%0@ - nswelling)Q/(nsilica + nswelling)Q}

10l0g{(1.46 — 1.3)?/(1.46 + 1.3)?}

—24.74dB (4.8)

The Fresnel power reduction in the presence of gas comparing that without the presence of

gas is much larger using POF as sensing fiber (34.5dB) than silica fiber (3.59dB).

Swelling
Polymer coating

POF Polymer _ POF
Pulse light Input Iigh-t coating Pulse light Input light
transmission /\ transmission -/\-
Refractive Refractive
index N1 n1>n2 index n2
(a) POF sensor head without gas presence. (b) POF sensor head with gas presence.

Figure 4.4 Schematic of POF sensor head and the polymer swelling in the presence of hydrocar-

bon gas.

4.2.3 Scheme of POF gas sensing using OTDR

A quasi-distributed sensing needs an OTDR to launch optical pulse and trace every event
along the transmission line, and POF sensor heads are connected to the transmission line by
optical couplers, dividing the sensing area into several sensing regions and monitoring the gas
occurrence in each sensing region, as shown in Fig 4.5. GI silica fibers are designed to work as
transmission line out of the consideration that GI fibers have low loss and less connection loss
with POFs than single mode fibers do, as shown in table 4.1.

An optical pulse train from the OTDR transmits along the GI fiber to the first 1 x 2
optical coupler, where a certain percentage of optical power is guided into the POF sensor
head, defined as sensing region #1, and the rest is guided along the transmission line until

the second 1 x 2 optical coupler divides the optical power and guides them into sensing region
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Table 4.1 Comparison of systems constructed by different types fibers

Parameter Distance range Spatial resolution Sensitivity

all SMF O @) x
all GIF O @) x
all POF x @) O
GIF+POF O O O

#2 and transmission line. The number of sensing regions depends on the input power and the
receiver sensitivity of the OTDR, the transmission loss in fibers (including GI fiber and POF,
especially the connection loss from POF to GI fiber), and the coupling ratio of the optical
coupler. In the sensing region, the Fresnel reflection power at the interface of PIP coating
and air from each sensing region is going to be detected by OTDR as shown in the lower part
of Fig 4.5. The Fresnel reflection power in the presence of gas is smaller than that without
the presence of gas, from which the gas occurrence can be assured. OTDR is able to tell the

distance of the event, enabling the location determination of gas occurrence.
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Figure 4.5 Connection loss from POF to silica fiber using pipes.
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4.3 Pre-demonstration of POF gas sensing using OTDR

For some reason, the GI-POF sensor head has not prepared yet. Besides, the connection loss
between silica fiber and POF has turned out to be difficult to reduce. In an investigation over
one year, various connection techniques have been used on trial, such as directly alignment
between silica fiber and POF, aligning through POF collimator, and/or GRIN lens. However,
the transmission efficiency between silica fiber and POF, especially that from POF to silica
fiber was not effectively improved until the commercial available GI-POF which has been
decided to be used in the experimental demonstration.

Figure 4.6 to Fig 4.11 show the connection configurations between silica fiber and POF and
corresponding losses from POF to silica fiber.

In Fig 4.6, single mode fiber (SMF), POF, and SMF are aligned using two copper pipes
with different diameters, ¢,ut represents the outer diameter of the pipes, and ¢;n indicates the
inner diameter of the pipes. Light pulse at the wavelength of 1550nm is launched into SMF,
Propagating to POF and SMF and detected by an power meter (with a resolution of 0.1nW).

The transmission loss from light source to the end of the second SMF is 40dB.

Pipe 1, gout=1 000pm, Qin=600pm

Pipe 2, Gout=600um, ﬂin=200um

POF
SMF .
n |
LD 6 - PM
1550nm, -3dBm — SMF

-43dBm
Aligned by fiber holders

Loss from the LD to PM: 40dB

Figure 4.6 Connection loss from POF to silica fiber: using pipes.

In Fig 4.7, SMF collimator, POF collimator are used to align light. Graded-index (GRIN)
lens is used to focus parallel light beam into a smaller spot diameter, which would improve
the connection efficiency from POF to SMF. The wavelength of light pulse is 1550nm. The
transmission loss from POF to SMF is 13.1dB.

In Fig 4.8, POF collimators are connected at the both ends of the POF. Multimode silica
fiber with super large core diameter of 105um is used to receive light from the POF. The

wavelength of light pulse is 1550nm. The transmission loss from POF to SMF is 19dB.
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Figure 4.7 Connection loss from POF to silica fiber: using fiber collimator and GRIN lens.

SMF POF POF
collimator collimator collimator
POF MMF
(=D (O ) =]
SMF D: 500pm D: 105um
-3dBm -7dBm -17dBm -36dBm
Loss: 19dB
D: Diameter

Figure 4.8 Connection loss from POF to silica fiber: using fiber collimator and large diameter

silica MMF'.

In Fig 4.9, normal multimode silica fiber with core diameter of 50pum is used to receive light
from the POF. The wavelength of light pulse is 1550nm. The transmission loss from POF to

SMF is 19.36dB.

SMF POF
collimator colllmator collimator
—_—
SMF D: 500um IZD D: 50pm
-3dBm -15.36dBm -36.72dBm

Loss: 19.36dB

D: Diameter

Figure 4.9 Connection loss from POF to silica fiber: using fiber collimator and normal silica

MMF.

In Fig 4.10, a larger diameter POF, 900um is used for test. normal multimode silica fiber
with core diameter of 50um is used to receive light from POF. The wavelength of light pulse is
1550nm. The transmission loss from POF to SMF is 17.4dB.

In Fig 4.11, the POF under test is 500um, normal multimode silica fiber with core diameter
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Figure 4.10 Connection loss from POF to silica fiber: using fiber collimator and large diameter

POF.

of 50um is used to receive light from POF. Matching oil is put between the POF and the MMF
to reduce the connection loss. The wavelength of light pulse is 1550nm. The transmission loss

from POF to SMF is 19.8dB.

SMF POF Matching oil
collimator collimator

POF MMF
LD -. ‘
SMF D: 500pm D: 50pm

-3dBm -20.7dBm -40.5dBm
Loss: 19.8dB

D: Diameter

Figure 4.11 Connection loss from POF to silica fiber: using matching oil.

In this section, a pre-demonstration of POF gas sensing using OTDR, GI silica fiber,

GI-POF, ethyl alcohol was implemented.

4.3.1 Set-up

The OTDR in use was mini OTDR AQ7275 (GI) with a wavelength capability spans from
850nm (MMF) to 1650nm (SMF), a dynamic range of up to 24dB and an 0.8m spatial resolu-
tion. To distinguish the 1m-long POF head in each region, the OTDR was adjusted to launch
a light pulse train with a GI mode, wavelength of 1310nm, and pulse width of 3ns. GI silica
fiber with lengths of 500m, 500m, and 100m were used to work as transmission line as shown
in Fig 4.12. Two 1 x 2 multi-mode optical couplers with splitting ratio of 50% 50% separated

the whole area into three sensing regions, #1, #2, #3. In each sensing region, a lm-long POF
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worked as sensor head.

OTDR Graded index silicon fiber
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! POF | | ! ! |
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Figure 4.12 Experimental demonstration using OTDR, POF, and ethyl alcohol.

At the beginning, the three POF sensors were left in the air naturally, an averaged backscat-
ter spectrum was recorded as shown by the black line of OTDR response in Fig 4.12. Secondly,
POF of #1 was put in the ethyl alcohol (POF in #2 and #3 were left in air) to record a
averaged backscatter spectrum. Then, POF of #2 and #3 were put in alcohol respectively to
recored the averaged reflection spectrum. The refractive index of GI-POF, ethyl alcohol, and

water are shown in table 4.2

Table 4.2 Refractive index of GI-POF, ethyl alcohol, and water

Refractive index

GI-POF 1.342-1.356
Ethyl alcohol 1.364
Water 1.32344 (detected at 1.13pum)
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In the end, the same procedure went through again using water replace ethyl alcohol.

4.3.2 Results of experimental demonstration

The experimental results are shown in Fig 4.13 and Fig 4.14.

Figure 4.13(a) shows the Fresnel reflection spectrum from the end of the first POF (#1)
when it was in air (blue line) and in ethyl alcohol (red line). The right figure is the enlarged view
of the part labeled by the ellipse in the left figure. There are three peaks in the spectrum, which
caused by the reflection from the coupler input end, the coupler output end, and the POF end,
as shown in the right figure of Fig 4.13(a). The blue line shows a peak (Fresnel reflection peak
at the POF-air interface) at a length of 0.52156km where a small valley (Fresnel reflection peak
at the POF-alcohol interface) appears in the red line. The measured power reduction between
the blue peak (POF in air) and red valley (POF in ethyl alcohol) is 27.6dB.

Figure 4.13(b) shows the Fresnel reflection spectrum from the end of the second POF (#2)
when it was in air (blue line) and in ethyl alcohol (red line). The right figure is the enlarged view
of the part labeled by the ellipse in the left figure. The blue line shows a peak (Fresnel reflection
peak at the POF-air interface) at a length of 1.04147km where a small valley (Fresnel reflection
peak at the POF-alcohol interface) appears in the red line. The power reduction between the
blue peak (POF in air) and red valley (POF in ethyl alcohol) is 20.4dB.

Figure 4.13(c) shows the Fresnel reflection spectrum from the end of the third POF (#3)
when it was in air (blue line) and in ethyl alcohol (red line). The right figure is the enlarged view
of the part labeled by the ellipse in the left figure. The blue line shows a peak (Fresnel reflection
peak at the POF-air interface) at a length of 1.14373km where a small valley (Fresnel reflection
peak at the POF-alcohol interface) appears in the red line. The power reduction between the
blue peak (POF in air) and red valley (POF in ethyl alcohol) is 22.628dB.

Figure 4.14(a) shows the Fresnel reflection spectrum from the end of the first POF (#1) it
was in air (blue line) and in water (red line). The right figure is the enlarged view of the part
labeled by the ellipse in the left figure. The blue line shows a peak (Fresnel reflection peak at

the POF-air interface) at a length of 0.52258km where a small valley (Fresnel reflection peak
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Figure 4.13 Fresnel reflection at the POF-air interface and the POF-alcohol interface.

96



CHAPTER 4

at the POF-water interface) appears in the red line. The power reduced 8.272dB from the blue
peak (POF in air) and red valley (POF in water).

Figure 4.14(b) shows the Fresnel reflection spectrum from the end of the first POF (#2) it
was in air (blue line) and in water (red line). The right figure is the enlarged view of the part
labeled by the ellipse in the left figure. The blue line shows a peak (Fresnel reflection peak at
the POF-air interface) at a length of 1.04147km where a small valley (Fresnel reflection peak
at the POF-water interface) appears in the red line. The power reduced 7.682dB from the blue
peak (POF in air) and red valley (POF in water).

Figure 4.14(c) shows the Fresnel reflection spectrum from the end of the first POF (#3) it
was in air (blue line) and in water (red line). The right figure is the enlarged view of the part
labeled by the ellipse in the left figure. The blue line shows a peak (Fresnel reflection peak at
the POF-air interface) at a length of 1.14352km where a small valley (Fresnel reflection peak
at the POF-water interface) appears in the red line. The power reduced 6.638dB from the blue

peak (POF in air) and red valley (POF in water).
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Figure 4.14 Fresnel reflection at the POF-air interface and the POF-water interface.
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4.4 Summary

A concept to realize quasi-distributed gas sensing using OTDR, GI fiber, GI-POF with PIP
coating at one end, and optical couplers have been proposed in this chapter. According to the
fact that the refractive index of PIP coating is reduced in the presence of hydrocarbon gases
caused by PIP absorption swelling, and Fresnel reflection law, the power of reflection peak at
the interface of PIP coating and air varies in the presence of hydrocarbon gases enabling the
monitoring of hydrocarbon gas occurrence.

However, GI-POF with PIP coating at one end is not ready to use yet, therefore, a pre-
demonstration on a three region POF sensing using mini OTDR AQ7275 (GI), GI fiber,
GI-POF, optical couplers have been implemented. Power reduction of Fresnel reflection at the
POF-air interface and POF-alcohol interface (~20dB), and the power reduction at the POF-
air interface and the POF-water interface (~ 7dB) have been measured. Significant difference
of Fresnel power reduction have been detected when dip POF into alcohol and water, showing
that he method has practical possibility to be used in gas detection.

This research is going to be carried on when GI-POF with PIP coating is ready to use. The
configuration would be the one shown in Fig 4.5. The Fresnel reflection of each sensing region,
in air and in the presence of gas, is going to be detected, from which the refractive index change
of the PIP in the presence of gas can be calculated, consequently the concentration of the gas
can be estimated. The number of measurement points is decided by the input power, receiver
sensitivity, coupling ratio, and fiber loss. The maximum measurement distance is dependent on
the fiber loss and number of measurement points. And the sensitivity of the system is related

to the coupling ratio and back scattering power.
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Chapter 5

Conclusions

A summary of the work and a future work plan are given here.

5.1 Summary

Three techniques have been studied in this thesis. Firstly, I studied on polarization stabilized
pulse train which can be used to eliminated the polarization fluctuation in pulse correlation
sensing signal over long transmission line. On top of that I moved my study to optical gas sensing
technique. A long distance region selectable gas sensing technique based on gas spectroscopy
and region selectable technique has been successfully demonstrated. Moreover, a POF gas
sensing concept has been proposed using GI-POF with PIP coating. A pre-demonstration of
the concept has been implemented using OTDR, GI-POF, GI fiber, alcohol and water.
Pulse correlation measurement is a continuous study of our group began in 2004, the tech-
nique can be used in wide region, high sensitive temperature and strain measurement. However,
the correlation signal suffered from polarization fluctuation over long distance transmission line
caused by fiber birefringence and twisting. To solve the issue, I developed a polarization scram-
bled pulse train (PSP) by GS-LD modulated by an external RF signal, an optical delay line,
an optical polarization state converter, optical couplers, and polarization maintain fibers. The

pulse correlation signal with PSP light source has been examined in a polarization chang-
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ing experiment with polarization sensitive SHG receiver. High consistency, with a fluctuation
(defined by Eq 2.12) less than 4%, has been obtained. Next, the PSP has been applied to
multi-region strain measurement using optical pulse correlation sensing in various polarization
states. Fiber tensile strain measurements along a meter-long region over kilometer distances
in varying polarization states have been successfully performed. A stable sensitivity of ap-
proximate 0.0021ps/ue has been obtained. It is very useful in tele-monitoring situations. The
consistency and high accuracy of the results show that this practical technique can be used for
reliable sensing even in harsh environment tele-monitoring, such as gas transportation, power
plants, and desert sensing.

The second study is a quasi-distributed region selectable gas sensing for the application of
long distance pipeline maintenance. In this study, an innovative concept of gas sensing which
can be used to detect the types and locations of gas at multiple regions over long distances has
been proposed. The technique is based on optical tele-spectroscopy and the fact that one kind
of gas has numerous absorption lines. The basic concept of tele-spectroscopy was explained.
Potential impact factors such as absorption line broadening under varied temperatures and
pressures were demonstrated and discussed. Low pressure leakage around 10 Torr is detectable.

Multi-region tele-monitoring experiment using FBG monitor as spectroscopy unit, long
propagation fibers, gas cells as leakage sensing regions and FBGs as region selectors was demon-
strated. Four different situations of the existence of gas were measured, obtaining a normalized
power reduction of more than 10% in the presence of gas. Leakage distinguishing in a multi-
sensing situation was also discussed based on the three-region gas sensing demonstration. The
location of the gas leakage was estimated by the absorption profile in the reflected spectrum.

The performance of multi-region tele-monitoring was demonstrated in this study as well.
Long fibers were used to connect long distance absorption sensing regions. The results indicated
that the technique worked well in long distance gas monitoring. Optical loss was analyzed and
evaluated based on link loss and fiber propagation loss. The relationships between available
region numbers and tele-monitoring length were estimated based on designed coverage of the

sensing region, indicating tens of kilometers distance is possible to be measured. A technique
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was proposed to extend the number of sensing regions over long distance using the time de-
pendent wavelength scanning scheme of FBG sensor monitor and power division multiplexing
realized by partial reflectors. Good results was obtained on a two-region gas sensing experi-
mental demonstration, indicating the technique is feasible.

Following the above study, a concept to realize quasi-distributed hydrocarbon gas sensing
using OTDR, GI fiber, GI-POF with PIP coating at one end, and optical couplers have been
proposed. According to the fact that the refractive index of PIP coating is reduced in the
presence of hydrocarbon gases caused by PIP absorption swelling, and Fresnel reflection law,
the power of reflection peak at the interface of PIP coating and air varies in the presence of
hydrocarbon gases, enabling the monitoring of hydrocarbon gas occurrence. However, GI-POF
with PIP coating at one end is not ready to use yet, therefore, a pre-demonstration on a three
region POF sensing using OTDR, GI fiber, GI-POF, and optical couplers, alcohol, and water
have been implemented. Power reduction of Fresnel reflection at the POF-air interface and
POF-alcohol interface has been measured, obtaining a approximate Fresnel reflection differ-
ence of 20dB. Simultaneously, the Fresnel reflection at the POF-air interface and POF-water
interface have been measured, resulting a power difference of ~7dB. The results show that the
technique has potential to be used in hydrocarbon gas detection when POF sensor heads are
ready to use, on which a discussion about the system parameters has been given in the summary

of the chapter.

5.2 Outlooks

The demonstration of POF sensing for Hydrocarbon gas detection is going to be implemented
once the POF sensor head with PIP coating is ready to use. Following that, I would like to
study further on the topic of chapter 4 using step index POF coated with PIP cladding replaces
GI-POF with PIP coating at one end. As discussed in chapter 4, the refractive index of PIP
is going to be reduced in the presence of hydrocarbon gases. As shown in Fig 5.2, assuming a
sensor head has POF core with refractive index of nyof, and PIP coating with initial refractive

index of ny, nyor < 11, the transmission mode in the sensor head would be leaky mode, thereby
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the OTDR detected power from the sensor head would be limited. However, in the presence
of hydrocarbon gases, the refractive index of the sensor head would be reduced to n,,r > n1
as a result of absorption, where the transmission light in POF sensor is turing into guiding
mode from leaky mode causing a Fresnel reflection peak to show at OTDR. Consequently, the

occurrences and locations, even concentrations of hydrocarbon gases can be detected.

Radius Radius
7 7 o
7T 7777,
T X ction
/////4////////////////
POF Expansion  pQF
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Figure 5.1 Index change of suspended core optical fiber in the presence of gas cloud.

On top of that, if it is possible, I would like to explore the distributed evanescent wave gas
sensing using suspended core optical fibers with air hole on its surface, OTDR, and single mode
fiber, as shown in Fig 5.2. Small air hole on the surface of suspended-core optical fibers work as
gas tunnels where gas can spread inside of empty space of the fiber, as shown in Fig 5.3(a) and
Fig 5.3(b) and Fig 5.3(c). A standard silica fiber works as link in and link out fiber. In order to
reduce the insertion loss, firstly, it should fuss and splicing the standard single mode fiber and
the suspended core fiber, and then heating and drawing at the splicing point. In the presence
of gas, there is going to be smaller absorption peaks in the OTDR spectrum as a result of gas

absorption.
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Suspended
core fiber

Figure 5.2 Schematic of evanescent gas sensing using suspended core optical fiber with air holes

on its surface.

A 4

(a) Suspended core optical fiber with air hole on its surface.

Glass capillary

. Gas inside

Light leakage

(b) Cross section of suspended core optical fiber. (c) Sample of suspended core op-

tical fiber.

Figure 5.3 Suspended core optical fiber for gas detection.
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Appendix A

The development of optical fiber
sensing based on pulse

correlation in the lab

The concept of timing control using optical double-pulses correlation measurement was proposed
in 2004 [?],[?]. The technique constructed a high resolution signal timing monitoring and control
scheme for short optical pulses utilizing a high-speed optical-to-electrical (O/E) receiver, a
phase comparator, a master clock, and a voltage controlled oscillator. Real time temperature
and fiber tensile strain has been monitored by pulse correlation and differential measurement,
obtaining 0.04 m°C resolution in temperature measurement, and 0.2u¢ resolution in fiber tensile
strain measurement. Besides, the obtained linearity of temperature/fiber tensile strain-time
difference change relationship was more than 99% [43]. However, polarization fluctuation caused
by the birefringence in fibers or fiber links was observed in the correlation signals. Further
study proposed a method to eliminate the polarization fluctuation over transmission line by
the birefringence compensation approach putting a Faraday rotator mirror in a retraced fiber
path [44]. The polarization fluctuation of the output correlation signal was suppressed by

more than 15dB. Afterwards, the technique was applied to a time multiplexing fiber optic
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temperature sensing system combining with 3- and 100-m long monitoring fibers to achieve high
sensitive and dynamic measurable range [45]. On top of that, a multi-region quasi-distributed
fiber tensile strain measurement was successfully demonstrated combining pulse correlation
measurement and region selectable technique consisting of Fiber Bragg Grating (FBG) or
partial reflectors [46],[47]. However, when applied to remote sensing, the technique suffered
from long term instability at transmission line, i.e., time drift fluctuation and polarization
instability. A method to eliminate the long term time drift was proposed in 2012 [48], using
a remote reference pulse against the time drift fluctuation caused by the long transmission
line. Remote temperature monitoring over the 30 km-long transmission line was demonstrated
utilizing a remote reference pulse and obtained good linearity of the time drift value with respect

to the temperature around the sensing region.
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