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Abstract

Distributed optical fiber sensors (DOFS) have garnered significant research interest due
to their extensive sensing range, immunity to electromagnetic interference, and multi-
parameter measurement capabilities. Among these, phase-sensitive optical time domain
reflectometers (®-OTDR) and optical frequency domain reflectometers (OFDR), which
are based on Rayleigh scattering, offer high sensitivity and the advantage of single-
ended measurements, presenting substantial application potential. However, practical
implementations still face challenges. For example, in spectral demodulated ®-OTDR,
the dynamic range is often constrained by the frequency range of the Rayleigh spectrum,
limiting the sensor's application in large parameter measurements. Moreover,
traditional DOFS using standard single-mode fibers (SMF) can only measure
temperature, strain, and vibration, failing to meet the requirements of diverse parameter
measurements in practical applications. This thesis delves into various applications and
performance enhancements of spectral demodulated DOFS. The specific research
contributions are as follows:

Firstly, we proposed and demonstrated a novel salinity sensor based on frequency
scanning ®-OTDR and polyimide-coated SMF. Leveraging the hygroscopic property
of polyimide material and the high sensitivity of ®-OTDR, we successfully measured
salinity with a sensitivity of 782 MHz/(mol/L). To address the cross-sensitivity issue
between temperature and salinity unresolved by SMF, we confirmed the feasibility of
simultaneous temperature and salinity measurements using polyimide-coated
polarization-maintaining fiber (PMF). The fast and slow axes of the PMF were
separately interrogated with pulse sequences with orthogonal polarization states,
enabling the decoupling of the two parameters with a single fiber. The proposed sensor
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achieved temperature sensitivities of -1407.8 MHz/K and -1348.9 MHz/K on the slow
and fast polarization axes, and salinity sensitivities of 1028 MHz/(mol/L) and 1008.6
MHz/(mol/L) on the slow and fast polarization axes, respectively. The successful
discrimination between salinity and temperature was also verified.

In terms of performance enhancement, we proposed a large dynamic range coherent
optical time domain reflectometer (COTDR) based on dual-sideband modulation and a
sub-chirped-pulse extraction algorithm (SPEA). We employed a dual-sideband linear
frequency modulation (LFM) signal generated by an intensity modulator (IM). The two
frequency spectrum sidebands can be recovered with in-phase/quadrature (I/Q)
detection and SPEA, thereby doubling the dynamic range of COTDR without
compromising the system's bandwidth.

Lastly, we proposed a highly sensitive pressure sensor based on OFDR, assisted by
a dual-sideband LFM probe signal and an SMF with a thick acrylic resin coating. Due
to the opposite slopes of the LFM signal sidebands, opposite frequency shifts appear in
the positive and negative frequency spectrum sidebands. The sensitivity is doubled by
subtracting the two frequency shifts. A thick acrylic resin coating enhances the fiber's
compressibility, enabling high pressure sensitivity without the need for a special fiber
design. A sensitivity of 3979 MHz/MPa and a measurement accuracy of 0.97 KPa are
achieved on a 500 m fiber with a 35 cm spatial resolution (SR). The system's rapid
responsiveness was also validated through the dynamic measurement of a pressure

release process.
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1 Introduction

1.1 Overview

In 1966, Charles Kuen Kao proposed the use of optical fiber as a waveguide for
communication purposes. This concept was successfully brought to life by Corning
Corporation in 1970. This marked the beginning of a new era in optical communication,
opening up a world of possibilities. As a transmission medium, optical fiber boasts
several advantages including low attenuation for long transmission distance, large
capacity, and high cost-effectiveness. These benefits have not only spurred the growth
of optical fiber communication but have also fostered the development of optical fiber
sensors (OFS).

OFS operates by measuring external parameters through the monitoring of phase,
intensity, wavelength, and polarization state information of light as it travels through
the fiber. Compared to other sensing techniques, OFS offers superior anti-corrosion and
anti-electromagnetic interference properties, along with a small size, lightweight,
remote sensing, and non-intrusive detection capabilities. To date, OFS has been widely
used to measure strain, stress, pressure, temperature, acoustic waves, displacement, and
other parameters.

OFS has a broad range of applications, including seismic signal monitoring, road and
vehicle monitoring, intrusion detection of protected facilities, and structural health
monitoring of bridges, among others [1], [2], [3], [4], [S]. The structures monitored
typically cover large spatial ranges or long distances, from several kilometers to tens of
kilometers, making them ideal for remote and unattended monitoring. These application

scenarios require substantial sensing range, necessitating simultaneous monitoring at



multiple locations. DOFS meet these requirements by enabling spatially resolved
measurements of parameters along a single fiber in a continuous manner.

DOFS can be categorized based on their sensing principles into Rayleigh [6],
Brillouin [7], [8], and Raman scattering-based DOFS [9], [10]. Of these, Rayleigh
scattering-based DOFS is particularly noteworthy for its high accuracy, high sensitivity,
and single-end measurement capabilities, which have sparked significant research
interest in recent years. The work carried out in the thesis focuses on the DOFS based
on Rayleigh backscattering (RBS), conducting a comprehensive study on its

performance enhancement and application aspects.

1.1 Research advance in DOFS based on RBS

1.11  Optical time domain reflectometry

The concept of optical time domain reflectometry (OTDR) was first introduced in 1976
by Barnoski et al [11]. In this technique, a low-coherence light source is modulated into
an optical pulse and injected into the fiber under test (FUT). The RBS light that is
generated within the fiber is then detected, allowing for the monitoring and localization
of faults in optical fiber links. This groundbreaking development made it possible to
detect various issues such as attenuation, connector losses, and points of weak reflection
within the fiber by employing the OTDR system. Subsequent advancements in laser
technology have led to the development of ®-OTDR, which uses coherent light sources
to measure vibrations along optical fibers. ®-OTDR leverages a variety of
demodulation techniques to interpret the backscattered signal, including intensity
demodulation, phase demodulation, and spectral demodulation, which will be

expounded upon subsequently.



1.11.1 Intensity demodulation

In ®-OTDR that employs intensity demodulation, the coherence length of the light
source is required to exceed the width of the optical pulse. The RBS trace displays
random fluctuations due to the interference of Rayleigh backscattered light within the
pulse width. Any external disturbance induces alterations in the intensity of the
detection trace, rendering it suitable for intrusion detection. In 1994, Juskaitis et al.
accomplished the detection of external perturbations on a 30 m SMF using the intensity
demodulation technique, achieving a spatial resolution (SR) of 2 m [12].

In ®-OTDR, the linewidth and frequency stability of the laser play pivotal roles in
system performance. A narrow linewidth laser enhances the interference effect of RBS
light, thereby enhancing measurement sensitivity. The minimal frequency drift of the
laser ensures heightened measurement precision. In 2007, a field test of intrusion
detection was conducted using ®-OTDR, employing an Erbium-doped fiber Fabry-
Perot laser with a linewidth of <3 KHz and a frequency drift of a few KHz per second.
Intruders on foot and in vehicles were successfully detected on a 19 km sensing fiber,
achieving an SR of 100 m [13].

Subsequent studies aimed to enhance the performance of ®-OTDR. Lu et al.
proposed the utilization of moving average and moving differential signal processing
in a heterodyne detection ®-OTDR. A broad frequency wave generated by a pencil
break event was identified with an SR of 5 m on a 1.2 km fiber, with the system
exhibiting the highest frequency response of 1 KHz [14]. Distributed amplification
techniques were incorporated to extend the sensing range by compensating for optical
power attenuation during transmission. In 2004, first-order Raman amplification was

integrated into ®-OTDR. Vibration at a frequency of 250 Hz was successfully detected



on a 125 km sensing fiber, achieving an SR of 10 m [15]. Wang et al. proposed a hybrid
distributed amplification approach combining second-order Raman amplification, first-
order Raman amplification, and Brillouin amplification, enabling an expansion of the
sensing range of ®-OTDR to 175 km with an SR of 25 m [16].

While ®-OTDR based on intensity demodulation can localize perturbations and
provide a preliminary estimation of the perturbation frequency through periodic
intensity variations, the nonlinear correlation between intensity alterations and

perturbation variations impedes the quantitative measurement of disturbances.

1.1.1.2 Phase demodulation

As the exploration of ®-OTDR advances, ®-OTDR based on Rayleigh scattering phase
demodulation has piqued increasing interest. Thanks to the direct correlation between
phase variation and external perturbations, precise quantification of external
disturbances can be achieved through phase demodulation. Various phase demodulation
techniques have been developed, including the 3x3 imbalanced Mach-Zehnder
interferometer (IMZI) [17], [18], [19], [20], the phase-generated carrier (PGC) method
[21], and the dual-pulse approach [22], [23], [24], [25], as depicted in Fig. 1-1.
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Figure 1-1: (a) 3%3 imbalanced Mach-Zehnder interferometer [20]; (b) Phase-
generated carrier [21]; (c) Dual-pulse phase shifted ®-OTDR [22]; (d) Dual-
pulse with diverse frequency ®-OTDR [23].

The 3x3 IMZI and the PGC method share a common principle of extracting phase
information through the interference of two branches of Rayleigh scattered signals with
a relative time delay. While IMZI employs a 3x3 coupler to capture three signal
branches with phase disparities of 120°, PGC incorporates a piezoelectric transducer
(PZT) into one arm of the imbalanced Michelson interferometer (IMI) for self-
heterodyne detection of the RBS signal. By leveraging the mathematical relationship
between light intensity and phase, the phase can be computed through digital signal
processing. The SR of this methodology is contingent upon the gauge length defined
by the time delay discrepancy between the interfering arms. However, the utilization of
phase demodulation techniques with interferometers complicates the system
architecture and necessitates shielding the interferometer structure from external
environmental disturbances.

The dual-pulse ®-OTDR, initially proposed by Dakin et al. in 1990 [24] and later
refined by Alekseev et al. in 2014 and 2015 [22], [23], involves injecting a pair of probe
pulses with varying phase shifts or frequencies into the FUT. The two pulses are
temporally separated to acquire two Rayleigh backscattering signals with a time delay
between them. This approach bears resemblance to the PGC and 3x3 IMZI schemes;
however, instead of utilizing uneven fiber arms in interferometers to generate the
delayed Rayleigh signals, this scheme directly launches two pulses into the FUT to
obtain two Rayleigh signals with relative delays.

In the phase-shifted dual-pulse ®-OTDR [22], three sets of dual pulses are employed,

with the second pulse in each set undergoing phase shifts of 0, -2n/3, and +2n/3



respectively, as illustrated in Fig. 1-1 (c). Consequently, the interference intensities
produced by the three pulse sets are phase-shifted by 120° relative to each other.
Subsequently, phase information can be extracted based on the mathematical
correlation between optical intensities and phase. Due to the necessity of three pulse
sets to construct a phase signal, the frequency response of the phase-shifted dual-pulse
method is reduced by a factor of three. In the dual-pulse ®-OTDR with diverse
frequencies (as depicted in Fig. 1-1 (d)) [23], heterodyne detection is achieved by
introducing a frequency offset between the two pulses. Through a single launch of the
dual pulse, the phase signal is accurately retrieved using the I/Q demodulation
technique. Building upon this methodology, He. et al. successfully conducted multiple-
event measurements with impressive outcomes, detecting a 1 kHz vibration signal with
a low noise level and a remarkable 49.17 dB signal-to-noise ratio (SNR) [25].

This method offers the advantage of eliminating additional interferometric structures,
simplifying the system setup, and enhancing measurement stability under
environmental perturbations. However, the challenge lies in the inability to reconstruct
the complex field of RBS light, which hinders the integration of advanced digital signal

processing techniques into this scheme.
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Figure 1-2: ®-OTDR with heterodyne detection [26].

In 2011, Pan et al. pioneered the application of the digital coherent detection

technique in ®-OTDR [26]. The experimental setup, illustrated in Fig. 1-2, involves the



mixing of the RBS light with the local oscillator (LO) via a 2x2 coupler. This mixture
is then detected by a balanced photodetector (BPD). Through digital signal processing,
the phase information of the RBS light is extracted, showcasing the technique's
effectiveness. In 2016, Wang et al. introduced the 1/Q demodulation method to ®-
OTDR, utilizing a 90° optical hybrid and homodyne detection [27]. This innovation, by
employing homodyne detection, significantly reduces the bandwidth demands on
photodetectors. Their method successfully detected dynamic strain over a 12.56 km
FUT with an SR of 10 meters. The integration of digital coherent detection in ®-OTDR
marks a significant advancement. It amplifies the weak RBS light with the strong LO
light, substantially enhancing the system's sensitivity. Furthermore, the reconstruction
of the RBS light field allows for the application of various sophisticated signal
modulation and demodulation techniques. This not only improves the sensing
capabilities of ®-OTDR systems but also opens up new avenues for research and

development in the field of optical fiber sensing.
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Figure 1-3: Basic setup of OPCR based on pulse compression [28].

In 2015, the innovative optical pulse compression reflectometry (OPCR) technique
was introduced, as depicted in Fig. 1-3. This method employs an LFM pulse to
interrogate the FUT, while a single-frequency continuous light serves as the LO. The
received signal undergoes processing via a matched filter. A key advantage of this

technique is that the system's SR is not constrained by the pulse width sent into the FUT.



Instead, it hinges on the bandwidth of the LFM signal, facilitating the simultaneous
attainment of high spatial resolution and extended sensing ranges. Utilizing a 221 MHz
bandwidth and a 2 ns width LFM signal, researchers achieved a spatial resolution of 47
cm over a 5.4 km fiber span [28]. In the same vein, Wang et al., in 2015, introduced a
time-gated digital OFDR for vibration sensing, drawing on principles akin to those of
the OPCR technique. Their approach successfully captured a 600 Hz vibration with a
spatial resolution of 3.5 m along a 40 km fiber [29].

Further advancements were made to bolster the performance of time-gated digital
OFDR. In 2017, frequency-division multiplexing (FDM) technology was integrated
into this method to enhance the system's frequency response [30]. By injecting LFM
signals covering various frequency bands into the fiber and applying digital matching
filters to the backscattered signals, it became possible to differentiate between signals
from distinct LFM pulses. This innovation allowed for the coexistence of multiple LFM
pulses within the fiber, effectively boosting the sampling rate. As a result, vibration
events at frequencies up to 9 kHz were detected on a 24.7 km fiber, achieving an SR of
10 m and an SNR of 30 dB. In 2021, the field saw the proposal of a continuous chirped-

wave phase-sensitive OTDR [31]. This technique adeptly leverages both the frequency
and time domain properties of the RBS signal, unlocking pg/ VHz strain sensitivity,

metric spatial resolution, and megahertz sensing bandwidth over kilometer-scale optical
fibers. Crucially, in the digital domain, parameters such as spatial resolution, sensing
bandwidth, and strain sensitivity can be adjusted flexibly. This adaptability is
paramount for pushing the boundaries of DOFS technologies based on RBS, offering
new horizons in the exploration of their performance limits.

While @®-OTDR based on phase demodulation has showcased remarkable



capabilities in distributed acoustic sensing, offering high-frequency response, high

spatial resolution, and extended sensing distances, it encounters specific challenges that

limit its application scope:

Despite significant advancements in laser technology that have enabled the
production of lasers with very narrow linewidths, phase noise remains an
unavoidable issue. For measurements of static or quasi-static parameters, such as
temperature and pressure, phase demodulation proves to be ineffective. This
limitation underscores the need for alternative sensing techniques when dealing

with such parameters.

The mutual interference among a multitude of scattering points within the probe
pulse leads to a phenomenon known as interference fading. This results in very
weak interference light intensity at certain positions, potentially causing
inaccuracies in phase demodulation outcomes at these locations. To mitigate
interference fading, various strategies have been explored, including the use of
light at different frequencies to probe the Rayleigh scattering in fibers [32], [33],
[34], [35], and the adoption of space-division multiplexed probes in few-mode
fibers [36]. Nonetheless, these approaches often necessitate extra bandwidth
resources or specific system configurations, presenting a trade-off between

performance improvement and system complexity.

In the phase recovery stage, the periodic nature of trigonometric functions means
that phase demodulation results are confined within the range of [-m, m]. To
reconstruct the true phase, an unwrapping algorithm must be employed, which
requires that the phase difference between adjacent points does not exceed m [37].

This limitation restricts the dynamic range of the system. Although various



unwrapping algorithms [38], [39] and system enhancement methods [40] have
been proposed to facilitate the recovery of large signals, they tend to add

complexity to the demodulation process or the system as a whole.

1.1.1.3 Spectrum demodulation
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Figure 1-4: Principle of frequency scanning @ -OTDR [41]. (a) Rayleigh
scattering in optical fiber; (b) Detected RBS intensity traces with different
optical frequencies;(c) The reference and the measurement RBS spectra.

Spectrum demodulation techniques have emerged as a solution to the limitations
associated with phase demodulation methods in distributed sensing. Introduced by
Koyamada et al. in 2009 [42], the principle of spectrum demodulation is depicted in
Fig. 1-4. This technique involves scanning the frequency of the probing pulses to
capture the RBS intensity as a function of both fiber distance and optical frequency.
Variations in temperature or strain induce shifts in the Rayleigh spectrum, and by
conducting a cross-correlation between the reference and measured spectra,
information about these external perturbations can be discerned. While this method
allows for non-fading measurements of static parameters with an extensive dynamic
range, the necessity of pulse frequency scanning via a microwave synthesizer can
significantly prolong the spectrum acquisition time, thus constraining the system's

ability to perform dynamic measurements.
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To improve the system's frequency response, Liehr et al. employed a distributed
feedback laser diode as the light source, modulating the laser current to obtain the
Rayleigh scattering spectrum at a fast pace, achieving kHz-range repetition rates [43].
In 2020, Zhang et al. leveraged an arbitrary waveform generator (AWGQG) to swiftly vary
the optical pulse frequency, achieving a sampling rate of 27.8 kHz over a 55 m fiber.

They also used a backscatter-enhanced fiber to ensure a high SNR. This approach

reduced the noise floor to below 1.8 ne/ \Hz for vibrations under 700 Hz and even

lower for higher frequencies, all without the need for trace averaging [41].
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Figure 1-5: Principle of chirped pulse ®-OTDR [44].

Chirped pulse ®-OTDR, first reported by J. Pastor-Graells et al. in 2016 and
illustrated in Fig. 1-5 [44], introduces a chirped pulse into the FUT, with the Rayleigh
signal being directly detected. The phase variation caused by strain results in a temporal
shift of the chirped pulse. Cross-correlating the backscattering traces within a time
window allows for quantitative demodulation of external disturbances. Chirped pulses
negate the need for frequency scanning, enabling single-shot measurements. The

system demonstrated a temperature/strain resolution of 1mK/4ne and a kHz

measurement speed, maintaining reliability over extended periods. In 2019, Luis Costa
et al. explored the strain sensitivity limit of chirped pulse ®-OTDR using the Cramér-

Rao lower bound (CRLB), employing interpolation strategies and laser noise
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compensation to achieve a sensitivity of 10 8/ VHz over a km-long fiber [45].

The SR of the time delay estimation schemes mentioned is typically dependent on
the pulse width, presenting a trade-off between high SR and long sensing distances. In
2020, Xiong et al. proposed a spectral demodulation scheme based on pulse
compression, which circumvents this mutual constraint [46]. The SPEA allows for the
retrieval of Rayleigh signals across different frequencies. A single measurement is
sufficient to acquire the RBS spectrum, and external disturbances are determined by
cross-correlating the reference RBS spectrum with the measured spectrum. This method
boasts several advantages, including high SR, high SNR, a broad measurement range,
resilience to fading, and the capability to measure both static and dynamic parameters.
Its superior performance has garnered considerable interest within the research

community.

1.1.2  Optical frequency domain reflectometry

TLS: tunable laser source; OC: optical coupler;
PD: photodetector; DAQ: data acquisition;
FUT: fiber under test;

Figure 1-6: Principle of OFDR [47].
OFDR was first proposed in 1981 [48], with the basic principle illustrated in Fig. 1-6.
In this technique, by utilizing a tunable laser source as both the probing light and LO,
information on the distribution of Rayleigh scattering along the sensing fiber can be

extracted in the frequency domain. The SR of the system is determined by the
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bandwidth of the LFM signal. Thanks to the wide spectral range of tunable light sources,
OFDR has the capability to achieve millimeter or even sub-millimeter levels of spatial

resolution[49], [50], [51], [52].
1.1.2.1 Phase demodulation

Recent advancements in the phase demodulation method of OFDR have underscored
its potential in fully exploiting the theoretical SR of OFDR. In 2017, a method involving
a 3x3 coupler and a cross-multiply and differentiate phase demodulation technique was
introduced to demodulate the phase information of the OFDR signal, with cross-
correlation used solely to pinpoint the location of perturbations, achieving an SR of 10
cm [53]. By 2020, a phase demodulation scheme that eschews additional
interferometric structures was proposed, relying on the differential relative phase
between reference and measurement states [54]. However, the measurable phase range's
limitation to just a few radians also restricted the maximum strain range of this method.
In 2021, a robust phase unwrapping scheme based on density distribution was reported
alongside a phase correlation method to recover coherence deteriorated by fiber
deformation, allowing for highly accurate strain measurements with millimeter-level

resolution [52].

1.1.2.2 Spectrum demodulation
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Figure 1-7: Frequency spectrum demodulation process in OFDR [55].
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Spectrum demodulation based on cross-correlation was proposed by Froggatt et al. [56]
and has been widely accepted and adopted in OFDR sensing. Compared to phase
demodulation methods, its superiority is primarily manifested in terms of a large
dynamic range and immunity to interference fading. The demodulation process is
demonstrated in Fig. 1-7 and as follows:

1: Initially, two measurements are conducted with the OFDR to acquire both the
reference signal and the measurement signal.

2: The time-domain reference and measurement RBS traces are converted into spatial
domain signals through fast Fourier Transform (FFT);

3: Selecting a gauge length in the spatial domain with a sliding window. The length of
the window determines the SR of the system.

4: Padding zeros in the selected RBS signals in the spatial domain and subsequently
using inverse fast Fourier transform (IFFT) converts each local RBS signal to the
optical spectrum domain.

5: The cross-correlation between the reference spectrum and the measurement spectrum
is computed, leading to the determination of the frequency shift, which signifies
external strain or temperature variations.

The presence of phase noise in the laser is a critical element that significantly impacts
the efficacy of OFDR. On one hand, the frequency tuning nonlinearity contributes to
the broadening of the system's point spread function (PSF), leading to decreased
positioning accuracy. On the other hand, random phase noise diminishes the coherence
of the light source. As the sensing distance extends, not only does the PSF widen, but
its amplitude also experiences an exponential decline, resulting in a severe degradation
of the system's performance. Extensive efforts have been dedicated to mitigating phase

noise in OFDR [47], [57]. Various compensation methods have been proposed,
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including frequency sampling [58], [59], [60], resampling algorithms [61], [62], [63],
[64], [65], the concatenately generated phase (CGP) approach [66], [67], [68], [69],
[70], and the deskew filter [71], [72].

The frequency sampling method introduces an auxiliary interferometer into OFDR,
utilizing the zero-crossing points of the signal from the auxiliary interferometer to
trigger data acquisition in the main interferometer. While this technique eliminates the
need for post-processing of data, the system's measurement range is limited by the
length of the delay fiber in the auxiliary interferometer. To overcome this constraint,
various resampling methods have been proposed. In the resampling process, signals
from both the auxiliary interferometer and the main interferometer are collected.
Subsequently, leveraging the frequency information from the signals in the auxiliary
interferometer, interpolation or resampling is applied to the signal in the main
interferometer to achieve uniform frequency interval sampling. These interpolation
algorithms include cubic spline interpolation [64], [73], non-uniform fast Fourier
transform [65], among others. However, the resampling algorithm cannot completely
eliminate the nonlinearity tuning effects of the light source and may not perform
optimally over long distances.

The "CGP" scheme, proposed by Fan et al. in 2007, involves segmenting the sensing
fiber into multiple sections, with each section's laser phase noise compensated using
different CGPs [66], [67], [68], [69]. This method ultimately achieved a spatial
resolution of 7 cm on a 100 km fiber. The drawback of this scheme is that the
compensation performance deteriorates when it deviates from the optimal
compensation point. The deskew filter algorithm, introduced by Ding et al. in OFDR,
compensates for frequency nonlinearity across the entire fiber in a single operation [71].

In experiments, this method achieved a spatial resolution of 1.6 m on an 80 km fiber.
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In 2014, the same group optimized the deskew filter with a more accurate nonlinear
phase estimation method, the spatial resolution was improved to 2 times and the
reflectivity was enhanced by 5 dB compared with the previous deskew filter [72].
Although the resampling algorithm and phase noise compensation schemes have
enhanced SR and measurement range, these approaches involve computationally
intensive processes and rely on auxiliary interferometers, thereby increasing system
complexity. In 2021, Xiong et al. utilized a narrow linewidth laser and I/Q modulator

to generate an LFM signal, achieving an SR of 28.4 cm and a dynamic range of 60 ueg

for strain measurements on a 920 m fiber [74]. This method does not require the use of
auxiliary interferometers or compensation algorithms, effectively addressing the phase

noise issue in OFDR from the source.

1.2 Distributed optical fiber salinity/pressure sensing

Despite the significant advancements in distributed fiber optic sensing technology, the
current scope of measurable parameters remains largely confined to temperature, strain,
and vibration, indicating a narrow application range. However, research into the
measurement of new parameters is crucial to address the sensing requirements of
diverse application scenarios.

The measurement of salinity is particularly critical in disciplines such as
oceanography, climate research, and the management of oceanic resources. Despite its
importance, reports on distributed salinity sensing are scarce. A notable development
occurred in 2020 when Zhang et al. pioneered the measurement of distributed salinity.
They utilized Brillouin dynamic gratings (BDG) in conjunction with polyimide-coated
photonic crystal fibers (PCF) to achieve this feat. Their method, however, yielded a

sensitivity of only 139.6 MHz per mol/L and a measurement accuracy of 0.072 mol/L
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[75]. While this was a significant step forward, the sensitivity and precision achieved
may not meet the stringent requirements necessary for certain practical applications.
Further research and development are needed to enhance the performance of distributed
salinity sensing techniques to fulfill the demands of high-precision measurements in
various industrial domains.

Pressure measurement is a critical aspect in a variety of sectors, including oil and gas
exploration, transportation, and the monitoring of pore water pressure within
geotechnical structures [76], [77]. To date, sensors based on both Brillouin and
Rayleigh scattering have been developed for distributed salinity sensing. In 2016, a
pressure sensor that combined BDG with a thin-diameter polarization-maintaining PCF
was successfully demonstrated, achieving a sensitivity of 199 MHz/MPa and a
measurement error of less than 0.03 MPa [78]. In light of the complexity associated
with the BDG system, a more straightforward pressure sensor employing Brillouin
optical time domain analysis (BOTDA) was introduced in 2020. This sensor, featuring
a double-layer polymer coating, attained a sensitivity of -3.61 MHz/MPa and a
measurement error of 0.09 MPa [79]. Despite these innovations, the pressure
sensitivities of Brillouin scattering-based DOFS are still somewhat limited. To
overcome this challenge, pressure sensors utilizing ®-OTDR have been developed,
showing promising high sensitivities and measurement accuracies. For example, ®-
OTDR systems incorporating high birefringent PCF [80] or elliptical core fiber with
side air holes [81] have achieved sensitivities of -2190 MHz/MPa and 1590 MHz/MPa,
respectively. These developments mark a significant enhancement in pressure
sensitivity over Brillouin scattering-based DOFS. Despite these advancements, there
has been a noticeable gap in the reporting of dynamic pressure measurements.

Addressing this, Qiu et al. in 2022 successfully achieved dynamic pressure
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measurement using ®-OTDR with a standard SMF, reaching a sampling rate of 33.3

kHz and an SR of 2 m [82]. It is important to note, however, that the sensitivity of

702.5 MHz/MPa reported in this study is considerably lower than those obtained with

specialized fibers. Therefore, further research is needed to develop dynamic pressure

sensing techniques that can achieve high sensitivities and measurement accuracies. This

will enable more effective monitoring and control of dynamic pressure variations across

various industries and applications.

1.3 Research objectives and organization of the thesis

In examining the current challenges and future directions of DOFS utilizing Rayleigh

scattering spectrum demodulation, several key issues emerge that necessitate resolution:

1)

2)

In spectral demodulation schemes, the dynamic range of the system's measurable
parameters within the spectrum demodulation scheme is confined by the scope
of the Rayleigh spectrum. When employing LFM signals alongside pulse
compression techniques, the bandwidth of the LFM signal determines the
system's dynamic range. Consequently, as the demand for a broader dynamic
range escalates, both the AWG and the optical receiver are required to support
higher bandwidths. This requirement precipitates a notable escalation in the
overall system costs.

Presently, the bulk of salinity sensing research is anchored in DOFS that leverage
Brillouin scattering. This approach, however, is hampered by limited sensitivity,
necessitating the use of specialized optical fibers to achieve enhanced sensitivity.

The exploration into leveraging ®-OTDR for high-sensitivity distributed salinity
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sensing is still at a nascent stage.

3) There is room for improvement in dynamic pressure measurement, particularly
in terms of sensitivity, measurement accuracy, and spatial resolution, within the
existing sensing schemes. Further research and technological breakthroughs are

required in this area.

This thesis is dedicated to enhancing the performance of DOFS systems and
broadening their application spectrum beyond the traditional realms of temperature,
strain, and vibration measurements. The research objectives are outlined as follows:

e To achieve high-sensitivity salinity measurement utilizing a frequency scanning ®-
OTDR in conjunction with a polyimide-coated SMF. To mitigate the issue of
temperature cross-sensitivity in salinity measurements, PMF will be utilized to
differentiate between these two parameters effectively.

e To extend the dynamic range of ®-OTDR systems based on SPEA through the
implementation of dual-sideband modulation and I/Q detection techniques. This
approach aims to double the dynamic range without necessitating an increase in system
bandwidth.

e To develop a high-sensitivity distributed dynamic pressure sensor by employing a
dual-sideband modulated OFDR alongside a coating thickness-enhanced SMF. The
utilization of both positive and negative sidebands will yield two counteracting
frequency shifts, effectively doubling the sensor's pressure sensitivity. Additionally, the

application of a thicker coating on the fiber is anticipated to further augment sensitivity.

19



The structure of this thesis is organized as follows:

Chapter 1 provides an overview of the application value and advantages inherent in
DOFS. It proceeds to offer a comprehensive review of existing Rayleigh scattering-
based DOFS methodologies, highlighting the challenges these systems encounter and
proposing strategies for improvement. The chapter concludes by presenting the research
motivation and the thesis's organizational framework.

Chapter 2 delves into the fundamental principles underpinning DOFS that utilize
Rayleigh spectrum pattern demodulation. The chapter begins by explaining the
Rayleigh scattering mechanism and its statistical characteristics within optical fibers.
Subsequently, it discusses the temperature and strain sensitivities of optical fibers. The
chapter then thoroughly examines the principles of spectral demodulated DOFS,
including frequency-scanning ®-OTDR, ®-OTDR based on the pulse compression
technique, and OFDR.

Chapter 3 introduces a novel salinity sensor that leverages a polyimide-coated fiber
in conjunction with frequency scanning ®-OTDR technology. Initially, the feasibility
of the proposed sensor design is validated using a polyimide-coated SMF. With a
coating thickness of 15 1M, the sensor achieves a salinity sensitivity coefficient of 782
MHz/(mol/L). To overcome the issue of cross-sensitivity between salinity and
temperature, the chapter proposes a dual-parameter measurement scheme using
polyimide-coated PMF. The PMF's two orthogonal polarization axes exhibit distinct
sensitivity coefficients to temperature and salinity, enabling the differentiation of these

parameters. Experimental results validate the sensor's capability to discriminate
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between temperature and salinity with measurement accuracies of 0.0344 K and 0.0469
mol/L, respectively, over a 100-meter fiber span.

Dynamic range is a critical attribute for DOFS systems. In Chapter 4, we address the
limitations in dynamic range imposed by the frequency span of LFM pulses in spectrum
pattern demodulated ®-OTDR. The chapter presents an ®-OTDR system with an
enhanced dynamic range that utilizes a dual-sideband LFM signal. By employing an
intensity modulator and a 2x4 optical hybrid, the system generates a dual-sideband
LFM signal and recovers the complex optical field of the dual-sideband RBS signal.
This approach allows for the full utilization of the system's bandwidth, achieving a
dynamic strain measurement of 3.09 & , which corresponds to a frequency shift of 461
MHz, using the proposed method.

Chapter 5 showcases the development and testing of a high-sensitivity pressure
sensor that employs a dual-sideband OFDR technique, combined with a thick acrylic
resin-coated SMF. Initially, the theory of the dual-sideband linear frequency modulated
OFDR and the effects of pressure-induced strain on the fiber are elaborated first.
Following the theoretical overview, the chapter presents experimental results, including
the measurement of pressure sensitivity and the sensor's performance in dynamic
pressure scenarios. Remarkably, the sensor achieved a pressure sensitivity of 3979
MHz/MPa, and was capable of sampling dynamic pressure at a rate of 1.25 KHz,
demonstrating its potential for high-precision applications.

Chapter 6 provides a comprehensive conclusion of the research conducted and

outlines future research directions.
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2 Basic Principles of Distributed
Optical Fiber Sensors Based on

Rayleigh Scattering

2.1 Mechanism of Rayleigh scattering

Rayleigh scattering occurs when the dimensions of the scattering particles are
significantly smaller than the wavelength of the incident light, typically less than one-
tenth of the wavelength. As light propagates through a medium with density
fluctuations, the electromagnetic field of the optical wave interacts with the electrons
in the particles, causing them to oscillate at the same frequency as the incident light.
This oscillation induces the formation of electric dipoles within the particles. These
dipoles, in turn, cause the incident light waves to scatter and deviate from their original
path. This phenomenon is known as Rayleigh scattering. Since the frequency of the
incident light remains unchanged during this interaction, Rayleigh scattering is

classified as a form of elastic scattering.
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Figure 2-1: A schematic of Rayleigh scattering in fiber [83].

As depicted in Figure 2.1, optical fibers contain a multitude of scatterers. These
scatterers originate during the fiber manufacturing process, where the glass material is

cooled and solidified into the fiber structure. However, this cooling process is not
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flawless and can result in variations in density and composition throughout the fiber.
Such nonuniformities may arise from several factors, including inconsistent mixing of
the materials, the presence of impurities, or variations in the cooling rate. When light is
introduced into the fiber, it interacts with these inhomogeneities, leading to Rayleigh
scattering in all directions. According to reference [84], the Rayleigh scattering

coefficient in fiber can be mathematically expressed as follows:

V=77 P AKT (2-1)
where Ais the wavelength of the incident light, n is the refractive index (RI) of the

fiber core, p represents the average photoelastic coefficient, K is the Boltzmann
constant, T and g, are fictive temperature and the isothermal compressibility at T,
respectively. For a standard SMF-28, the parameters take these values: n=1.46, p=0.286,
K =1.38x102JK ™, 7=1950 K, B =7x10"m*N . The above equation indicates
that the Rayleigh scattering intensity is inversely proportional to 1/4* . Only a fraction

of scattering light can be recaptured and propagates backward in the fiber. The power

of Rayleigh backscattering light can be expressed as [85], [86]:

vT,
Pa =PSy; Py (2-2)
where S =(1/ 7rnW)2 / 4 is the recapture factor, wis the Gaussian beam spot size, P

is the optical power of incident light, v is the velocity of light, and T is the temporal

width of the optical pulse. In a common standard SMF, the optical fiber loss at 1550 nm

is between -50 to -40 dB per meter (~4.5x10° m™).
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2.2 Statistical properties of Rayleigh scattering in fiber

Light pulse
a a | ak
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d d d

Figure 2-2: Discrete model of Rayleigh scattering in optical fibers.

In optical fibers, there are a large number of scattering points. To simplify the model,
Healey et al. characterized the inhomogeneities in fibers as one-dimensional distributed
scatterers with statistically independent random reflectivity, as illustrated in Fig. 2-2
[87]. The fiber is segmented into a series of scattering centers with an equal distance d,
where d is smaller than the wavelength of the incident light according to the Rayleigh
scattering hypothesis. Each scattering center can be viewed as an independent reflecting
mirror, with its position randomly distributed within the scattering centers. The
reflected light from the k-th scattering center can be expressed as:

b= P exp( i) (2-3)
where p, is the polarization state of the RBS light, a, and ¢, are the amplitude and

phase of backscattering light, respectively. Assuming the fiber attenuation coefficient
is a , a random vector process can be utilized to model the unit-impulse response of the

fiber:

h(t) =exp(—avt) > pas(t—t,) (2-4)
k
0 (t —tk) is the Dirac function which equals 1 when t =t, , and 0 otherwise. t, is the

round-trip time delay of the RBS light generated by the k-th scatterer which can be
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obtained by the effective location of the k-th scattererz, and the group velocity of light
wave V:

t, =2z, /v (2-5)

Supposing an excitation pulse signal with an amplitude of e and an angular

frequency of o is injected into fiber:

x(t)=e(t)cos| at—g(t)] (2-6)
where ¢(t) is the random phase noise. The X('[) can be regarded as a scalar here
since the polarization factor has already been taken into account in the impulse response

mentioned in Eq. (2-4). When the coherence time of the light source A is smaller than
the pulse width, the excitation signal can be divided into multiple sections X; ('[) with

a duration equal to the laser coherence time:
x(t)=>"x (t) = e(t—iA)cos[ @, (t—iA)—¢ ] (2-7)

Within each section, the fields generated by different scatterers must be considered
as vectors due to the presence of a stable, albeit random, relative phase between them.
Consequently, the superposition of scattered light is a vectorial process, where the
outcome is influenced by the relative phase of the scattering light. This vectorial
superposition can lead to either constructive or destructive interference, thereby
amplifying or diminishing the intensity of the light. However, it is important to note
that the light intensity from one section cannot be coherently superimposed with that
from another section, as they are statistically independent. In such cases, the optical
powers from different sections are incoherent and, therefore, can be simply summed to

obtain the total power.

By convolving the unit-impulse response h(t) and the excitation pulse signal X('[),
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we can obtain the Rayleigh backscattering wave:

() =x(t)*h(t)
=% (0)*h(t) = Xy (1) 5

The above equation suggests that the backscattering signal y(t) is the result of the

superposition of statistically independent field components originating from randomly

distributed numerous scatterers. The light intensity can be expressed as:

2
H(t)=221(t) =2y (1) (2-9)
where M, is the number of statistically independent waves (degree of freedom).

The probability density function (PDF) of the RBS light intensity follows a gamma

distribution [88], [89]:

R ()= I [leJ fexp(—M-flj (2-10)

I I
The PDF with different M, is shown in Fig. 2-3. In COTDR, a narrow linewidth

laser (NLL) source is typically employed. When utilizing a single-frequency laser
source with a single polarization state, the degree of freedom is equal to 1. Under this
condition, all scattered light within the pulse width remains coherent, and the statistical
characteristic of the light intensity adheres to an exponentially decaying function.
Consequently, the intensity of the RBS signal is characterized by a jagged pattern,
displaying random and significant fluctuations over distance, with the intensity being
low at most positions along the fiber. The weakest point in the RBS trace, known as
fading, can lead to the failure of external perturbation measurement in phase
demodulated ®-OTDR, as the signal intensity at this point is nearly zero. As illustrated

in Fig. 2-3, an increase in the degrees of freedom results in a more concentrated PDF
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and reduced fluctuations in the RBS trajectory. This observation provides a theoretical

basis for strategies aimed at mitigating the effects of coherent fading.
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Figure 2-3: PDF with different M [89].

As elaborated in Eq. (2-8), the backscattering optical field is the summation of all the
scattering signals within the pulse width. It can be modeled as a zero-mean circular
complex Gaussian variable, with the real part and imaginary part being uncorrelated
and both following a Gaussian distribution [90], [91], [92]. The joint PDF of the real

part R and imaginary part | is:

1 Ez+E/
P(Es.E )= P exp(— Rzaz : j (2-11)

where o is the variance. The joint PDF for amplitude ‘E‘ and phase 6 of the

backscattering signal can be derived by the relation Eg :‘E‘Sine and E, :‘E‘COSG

[93]:

P(|E|,¢9)=%exp[—%} (2-12)

Since the amplitude ‘E‘ and phase € of the backscattering optical field are

statistically independent, the amplitude follows a Rayleigh distribution, while the phase
is uniformly distributed within a range of [—7[, 7[] :
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_r _JE] | [EL :
P(|E|)—L”P(|E|,6’)d¢9—02exp 5 |- and (2-13)

P(@):j:P(|E|,¢9)d|E|=% (2-14)

2.3 Temperature and strain sensitivities of Rayleigh spectrum

When the light propagates in a fiber, the phase can be expressed as:

_ 2zvnL
C

¢ (2-15)

where v denotes the optical frequency, 7 is the RI of the fiber core, L represents the
fiber length, and ¢ stands for the velocity of light in a vacuum, respectively. External
perturbations can induce variations in fiber RI and length of the fiber. By adjusting the
frequency of the light source, the phase variation caused by external perturbations can
be compensated. In the following, the temperature and strain sensing principles will be

elaborated in detail.

. Temperature sensitivity

Temperature affects the optical phase in two ways: fiber length variation caused by

thermal expansion or contraction, and RI variation due to the thermo-optic effect. The

relationship between phase variation Ag and temperature change AT can be

expressed as follows [92], [94]:

Ad, Zﬂan(ldL 1dn)
— = e (2-16)

AT ¢ \LdT ndT

In the given equation, the effect of fiber diameter variation has been disregarded.

Within the parentheses, the first term represents the thermal expansion coefficient,
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while the second term denotes the thermo-optic coefficient. For silica fiber, typical
values for these coefficients are approximately:

1dL

Ed—T=4.5><10—7K‘1 (2-17)
1dn
Hﬁzleo*‘K*1 (2-18)

Based on the above equations, it is evident that the phase change resulting from
thermal expansion is considerably smaller compared to the thermo-optic effect. Hence,
the thermal expansion coefficient is typically negligible. In the present study, the focus
lies on the Rayleigh spectrum shift induced by temperature. A commonly used
parameter to quantify this sensitivity is the temperature sensitivity coefficient, which

can be expressed as:

Av v dn
AT ndT / ( )

« Strain sensitivity

The phase change A¢, induced by strain ¢ can be written as [92], [95]:

Ag, = %(ngL +LAn(¢)) (2-20)

wherein the first term and the second term represent the strain-induced variation in
fiber length and the strain-induced variation in fiber refractive index (known as the
strain-optic effect), respectively. In this context, the strain-induced change in fiber
diameter is disregarded due to its relatively small magnitude compared to the other two

terms. The strain-optic effect results in a change in the optical indicatrix:

1 6
A(—zj =>"p;S, (2-21)
i |
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where p; and S; denote the photoelastic tensor and the strain vector, respectively.

When considering the longitudinal strain, the strain vector can be expressed as:

S;=[¢ —me —wme 0 0 O] (2-22)

here 4 is the Poisson’s ratio. For a homogeneous isotropic medium, the strain-optic

tensor p; is given by:

pll p12 p12 0
plZ pll p12 0

pij _ p12 p12 pll 0 (2_23)

o O O o
o O O O O

where p,, =(p, — p,,)/2 - Hence, the optical indicatrix change in y and z directions
(i=2,3) caused by strain is:
1
Al = | =e(l-p)p,—uepy (2-24)
2,3

The refractive index change for light propagating in the x direction can be expressed

as:

1 1 1
An(g):—E nSA(Fj ZEI’]S [8(1_[1) p12 —,uepll] (2-25)
2,3

Substituting Eq. (2-25) into Eq. (2-20), we can get:

2zvnL 1
A¢s = ﬂ\;n 6‘{ _E n? [(1—;1) Pr _,Upn]} (2-26)

Taking n=1.5, £ =0.17, p,, =0.11, and p,, =0.25, the frequency shift caused by

the longitudinal strain can be deduced:

AV 1
0" v{l—E n’| (1-p) p, - ypn]} =152.44 MHz/ us (2-27)
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2.4 ®-OTDR based on frequency scanning

2.4.1  Basic principle of frequency scanning ®-OTDR

—>

ﬂ FUT

Circulator
Laser = EOM

Data

acquisition'_ Photodetector

Figure 2-4: Basic configuration of ®-OTDR.

Fig. 2-4 shows the basic configuration of a direct detection ®-OTDR. The continuous
light emitted by the laser is chopped into an optical pulse and frequency shifted by an
electro-optic modulator (EOM). The light pulse is launched into the FUT and then the
RBS signal is guided into a photodetector (PD) through the circulator. Finally, the RBS

signal is digitalized and processed. Assuming the optical field of the pulse to be:
po (t) = A(t)exp{ jo(t)} (2-28)
where A(t) and ¢(t) are the amplitude function and the phase function defined by:

p(t)=27(v,+ f)t (2-29)

A(t)=rect {TLJ (2-30)
p

where v, is the optical carrier frequency, fand T denote the modulation frequency

and the pulse width, respectively. We assume that the number of scatterers is N,, and

each scatterer is characterized by its amplitude &, and time delay z; . The time delay

can be calculated based on the distance z; :
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L (2-31)
¢

The Rayleigh backscattering light field is the summation of the reflected light fields

from all scatterers within the pulse width [42]:

E(t, f):iai exp(—ac—;‘j P (t—7)

i=1

- ia. exp(—a%)exp{j&z(v +f)(t—r,)}rect o7 o
— i n 0 i -I-p

in which « denotes the fiber attenuation coefficient. The intensity of the RBS signal

can be obtained using the direct-detection method:
2
L(t, f)=Ryp [E(t, f)

N, —r
= anzai2 exp(—Za %) rect(tT d J

i-1 p

Ny & clz; +7, L t—7
+2RPDZ Z a,a; Cos @; eXpLaqu rect(t_l_—r'Jrect{ = ‘}
n

i=l j=i+l

(2-33)
where Rp, is the responsivity of the photodetector, @; =2 (Vo + f)(q -7 j) ,

representing the phase difference between the i-th and j-th backscattering waves. The
first term in Eq. (2-33) represents the sum of the optical power of scattering light, which
remains unchanged with variations in external temperature or fiber strain. The second
term in Eq. (2-33) involves the interference of Rayleigh backscattered light generated
by different scatterers, resulting in a speckle pattern of intensity trajectories. This

speckle pattern is the phenomenon of interest. Eq. (2-33) describes the Rayleigh
scattering intensity | (t, f) as a two-dimensional function of time ¢ and frequency f,

and is commonly referred to as the Rayleigh scattering pattern. The Rayleigh scattering

pattern | (Z, f) as a function of distance and frequency can be obtained through the
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relationship between the time and distance: z =ct/2n, as shown in Fig. 2-5.

Frequency (GHz)
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Figure 2-5: The Raleigh scattering pattern.

According to Eq. (2-15), the phase difference ¢, can also be expressed as:

Amn(vy + )(z-2) _Amn(vy + )z

@y = (2-34)

c c
From the Eq. (2-34), it is evident that ¢; is directly proportional to the RI, optical

frequency, and the separation distance between scatterers. Both the RI and the
separation distance are susceptible to variations induced by temperature and strain. By
adjusting the optical frequency, it is possible to counteract the phase alterations
triggered by temperature and strain changes, thereby restoring the intensity of the RBS
light. As illustrated in Fig. 2-6, the impact of temperature and strain is manifested as a
frequency shift within the spectrum.

To accurately demodulate the frequency shift observed between the reference
spectrum and the measurement spectrum, the cross-correlation technique is commonly
utilized:

n

Z(Ir(t, fi)—f(t))(lm (t, f, +Af )—E(t))

Ry (t,AF ) = El (2-35)

[0 o [ o)
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where 7 is the frequency number in the scanning process, and:

LO="2LE6) x=rm (2-36)
i=1

Based on Equation (2-35), the cross-correlation spectrum can be formulated as a
function of both time (which corresponds to fiber distance) and optical frequency. This
allows for the quantitative extraction of distributed temperature and strain information

directly from the cross-correlation spectrum.

4 Intensity (a.u.)

Figure 2-6: The frequency drift caused by the temperature/strain.

2.4.2  Key parameters of frequency scanning ®-OTDR

For distributed optical fiber sensing systems, evaluating the sensing performance

involves several key criteria:

Spatial resolution

Spatial resolution refers to the smallest distance over which a change can be detected
by the sensor. In single pulse coherent OTDR, the SR is determined by the optical pulse
width 7). As shown in Fig. 2-7, at t=ty, a fraction of the light pulse is reflected by the
scatterers and then the scattering light propagates backward. Then the pulse continues
to travel forward in fiber. When it comes to =fto+¢’(¢’< 7),/2), another fraction of light

is reflected. The reflected light at 7 and #o+¢’ will overlap with each other, making the
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reflected light indistinguishable. At the time when =to+7,/2, the reflected light pulse

will be temporally separated from the reflected light generated at #. Therefore, the

spatial resolution of the system AZ is one-half the pulse’s spatial width:

Az=—+ (2-37)

Reflected pulse @ to

t=to+t’ | |

Reflected pulse @ to+t’ | |
Reflected pulse w_'_|__

t:t0+Tp/2 |

Reflected pulse @ to+T#/2 —|_
Reflected pulse @ to J i

\

to-Tp to-To/2 1o

Figure 2-7: The propagation of the optical pulse and its backscattering signal.

Measurement range
The measurement range is the maximum distance over which measurements can be
accurately taken. As the transmission distance extends, the energy of the pulse
propagating through the fiber attenuates, leading to a point where the backscattered
energy from the pulse at the distal end of the fiber becomes indistinguishable from noise.
Consequently, the measurement range is fundamentally limited by the SNR.

The generation of noise within the system can be attributed to several sources. These
include the wideband amplified spontaneous emission (ASE) noise introduced by
optical amplifiers, optical pulse leakage due to suboptimal extinction ratios, and

electrical noise such as thermal noise and shot noise emanating from the photodetector.
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The signal power of the system is contingent upon the pulse energy and the reflectivity
of the fiber. Given that the reflectivity of a specific optical fiber is constant,
enhancements in signal power can be achieved either by extending the pulse width or
by increasing the peak power of the pulse.

However, these approaches present a set of trade-offs. In the context of pulse-
interrogated frequency scanning ®-OTDR, an increase in pulse width adversely affects
SR, establishing a compromise between achieving a broad measurement range and
maintaining high SR. Moreover, there is a limit to how much the peak power of the
incident pulse can be increased, constrained by the onset of nonlinear effects within the
fiber. Modulation instability (MI) is typically the first nonlinear effect to manifest as
the optical power crosses a certain threshold [96]. Beyond this threshold, broad
sidelobes may emerge in the optical spectrum, diminishing the coherence of RBS light
and leading to position-dependent signal fading in long-range sensing applications.

To extend the measurement range of ®-OTDR systems, several strategies have been
employed, including Raman amplification [15], Brillouin amplification [97], and
hybrid amplification techniques [16]. These methods aim to compensate for the optical
power attenuation during transmission, thereby enhancing the system's ability to

accurately measure over longer distances.

Dynamic range

Dynamic range is defined as the maximum measurable physical quantity of a system.
In spectrum-demodulated ®-OTDR, a reference RBS spectrum taken before a
perturbation and a live measurement RBS spectrum taken after the perturbation must
be collected by adjusting the optical pulse frequency or launching the LFM signal into
the sensing fiber. The measured quantities are then estimated by calculating the cross-
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correlation between the measurement and reference spectra, and determining the lag of
the maximum in the cross-correlation function.

As the frequency shift increases, the measurement spectrum pattern may move
outside the window of the reference spectrum, reducing the effective spectrum area and
potentially leading to failure in frequency shift estimation. The dynamic range of
spectrum-demodulated ®-OTDR is therefore limited by the frequency scanning range

of the optical pulse or LFM signal.

Measurement time

The measurement time of frequency scanning ®-OTDR T,, is determined by:

T.=N (NaveTr +ts)

(2-38)

where N is the number of the frequencies in the scanning process, N, is the

average times of RBS traces, T, is the pulse period which is the reciprocal of the
repetition rate, and t, is the frequency switching latency. To prevent overlap of RBS
traces between adjacent pulses injected into the fiber, it is necessary to make the pulse

period larger than the round-trip time of the pulse in fiber. T, needs to satisfy:

T > 2nL
c
where L is the length of the sensing fiber. A larger measurement fiber length L will

(2-39)

result in a greater measurement time 7,,, which gives rise to a mutually restrictive
relationship between the measurement speed and the measurement range. In addition,
for a given frequency scanning interval, the frequency scanning range is proportional
to the frequency number N , which brings another trade-off between the dynamic range

of the measured parameter and the measurement speed.
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2.5 ®-OTDR based on chirped pulse and pulse compression

Figure 2-8: Principle of pulse compression. (a) match filtering; (b) non-match
filtering [30].

The concept of pulse compression originated from the radar field. Fig. 2-8 illustrates
the principle of pulse compression using linear frequency modulation. In Fig. 2-8 (a),
when two LFM signals with the same frequency sweep range and sweep rate are cross-
correlated, a correlation peak with sidelobe suppression is generated. However, if the
two LFM signals differ in frequency sweep range and sweep rate, the cross-correlation
result shows weak ripples, as depicted in Fig. 2-8 (b). In pulse compression ®-OTDR,
an LFM pulse is transmitted into the FUT, and the RBS signal is detected by a coherent
receiver using a single-frequency continuous light as the LO. This section introduces
the principle of pulse compression ®-OTDR, followed by the coherent detection
methods utilizing a 2x2 coupler and a 90 °C optical hybrid. Additionally, the spectrum
demodulation technique based on the SPEA is explained.

Hypothesizing an electrical LFM signal with a starting frequency of f, a chirp rate

of K , and a pulse duration of T is used to modulate the laser light source:
p(t) :exp{j27z f t+ jﬂ'ktz} rect(t/T) (2-40)
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The continuous light with a carrier frequency of v, is modulated into:
p, (t)=exp{ j2z (v, + f, )t + jkt® | rect (t/T) (2-41)
Then the optical pulse is launched into the FUT and the RBS signal can be written
as:

Exs (1) = ZS:ai exp (—a %jpo (t-7) (2-42)

i=1

where a; is the reflective amplitude of the i-th scatterer, z; is time delay of the i-th

scatterer, N, represents the number of scatterers, and « stands for the attenuation
coefficient of fiber. ¢ and n are the light velocity in vacuum and the RI of fiber,
respectively. In coherent detection, the LO signal is the continuous light with the

expression:

Eo(t)=Aoexp{j2avt} (2-43)
The interference intensity between the LO and the RBS signal is proportional to the

square of the composite optical field:

8, (1) ¢ |Evo (1) + Eps (1)
|Evo (1) +|Exs ()] + Ens () ELo () + Ezs (1) Euo (1)

In the above equation, the first two terms are direct currents representing light

(2-44)

intensities of LO and RBS respectively, and do not contain sensing information. The
last two terms are beat signals between the LO and RBS, which is the term of interest.

It can be expressed as:
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Sy (1) = 2Rpp Egs () Eo (1)

NS
=2R.p A Y3 exp (—a C—:jexp {=i2nv,r;}
- (2-45)

XeXp{jzﬂfm (t-7)+jzk(t-7, )z}rect(tjl'rij
=2R0 A N (1) D)

R, represents the responsivity of the photodetector, * represents convolution

operation. And Ny (t) is the impulse response of heterodyne detection of FUT, which
is given by:

heyr (t) = Zsla_-ieXp(_jZﬂ'VoTi )5(t —T ) (2-46)

i1
where & =3 exp(—acr, /n).
Then a matched filter p*(—t) can be generated in the digital domain and convolved

with the beat signal in Eq. (2-45):
s(t)=sn(t)*p"(-t)
=2Rop Ao Ny (1) * (1) * p" (-t) (2-47)
= 2R Ao - Neyr (t)* R(t)
in which:

R(t)=p(t)*p"(-t)
_ rect[ % jSin[ﬂkt (T —|t|)] exp {_J.Z”( - %T jt} (2-48)

kt
R(t) is the compressed pulse which can be regarded as the equivalent interrogating

pulse of the system. Therefore, the SR of the system is no longer limited by the pulse

width injected into the fiber, but by the full width at half maximum (FWHM) of R(t)

which is given by:

C C

AN=——=—— 2-49
2nkT 2nB ( )

where B is the bandwidth of the LFM signal. The larger the bandwidth, the higher
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the spatial resolution. So, the SNR of the system can be enhanced by increasing the

width of the LFM signal without sacrificing the spatial resolution.

2.5.1 Coherent detection methods

In pulse compression ®-OTDR, the recovery of the complex optical field, as described
in Eq. (2-45), necessitates the use of a coherent receiver. This receiver employs a strong
LO to serve as the optical frequency reference. Subsequently, the received signal is
convolved with a digital matched filter to achieve pulse compression. Coherent
detection techniques, such as balanced coherent detection and I/Q detection, are

instrumental in this process.

Balanced
. PC . receiver
(000) 14(t)
>‘<: I1t)
E} > I2(t)
Elo E>
LO laser

Figure 2-9: Sketch map of balanced coherent detection [98].

Balanced coherent detection is a technique employed to measure the beat frequency
between the signal and the LO, as illustrated in Fig. 2-9. A polarization controller (PC)
is used to align the polarization states between the signal and LO, and a balanced
receiver is utilized to eliminate the direct current (DC) component. A 3 dB coupler is

employed to mix the LO E, and the signal Eg ,and its transfer matrix is:

m :%E HE} (2-50)

Therefore, the output signal of the two ports is:

Ex(t)=[Es(t)+ jEw (1) ]/V2 (2-51 a)
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E:(t)=i[ Es(t)- jEw(1)]/N2 (251 b)

The photocurrents detected by the two photodiodes can be derived:

A ;pDU& ‘+‘ALo(t)‘2+2AS(t)-ALO(t)Sin(a),Ft+Ago)J (2-52 a)
:% DAS )+ Ao () Zk(t)'ﬂo(t)sm(a)mtﬂcﬂ)} (2-52 b)

where A  (t)and A (t) are the amplitude of LO and signal, ¢ = @, — s is the

frequency difference between them, known as the intermediate frequency.
Ap =@ , — s represents the phase difference. In the balanced receiver, two head-to-

toe connected photodiodes are used and the DC components in Eq. (2-52) can be

canceled by subtracting I, (t) and I, (t) :
Ai(t) =i (t)—i, (1) =2Rp A (t) Ao (t)sin (@t + Ap) (2-53)
When a balanced coherent detection is applied in the pulse compression ®-OTDR,

the photocurrent would be:

NS
Ai(t)=2R,, A0 8 exp(—a %j
B " (2-54)
xsin [—Zﬂ'VOTi +27f,(t—7)+7k(t-7, )2} rect (tjl__flj
Generally, the optical power of the LO is much greater than the RBS. This disparity
in power levels is advantageous because the strong LO can effectively amplify the weak
RBS signal through the process of coherent detection. As a result of this amplification,

the SNR of the detected signal is enhanced The amplitude and phase of the detected

signal can be demodulated with digital processing [26], [99].
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Figure 2-10: Block diagram of a 2x8 90-degree hybrid coupler [83], [100].

The I/Q detection method, which utilizes a 90° optical hybrid, is another approach
for recovering the full optical field, as depicted in Fig. 2-10. This method incorporates
phase diversity, polarization diversity, and balanced detection techniques to achieve
comprehensive demodulation of the light field. By introducing an additional branch of
the LO with a 90° phase shift and splitting the signal into two separate paths, in-phase
() and quadrature (Q) components of the signal can be simultaneously obtained. Since
the 1/Q demodulation is achieved in the optical domain rather than in the electrical
domain in this method, techniques such as positive and negative frequency multiplexing
[101] can be effectively implemented using the optical hybrid. Meanwhile, two
polarization beam splitters (PBS) are used to achieve polarization diversity and
overcome the fading arising from the polarization mismatch between the LO and signal.
Taking the x polarization state as the example, the output optical field of four ports of

couplers are:

E:(t)=| Es(t)+ jEwo (1) /2 (2-55 a)
Ex (t)=J| Es ( —JELo(t)]/Z (2-55 b)
Es(t)=| Es(t)-Ew(t)]/2 (255 ¢)

Ea(t)= J[Es )+Euo(t)]/2 (2-55 d)
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So that the photocurrent of the two balanced photodetectors can be expressed as:

Ay (8) =Reo | [EOf [0

(2-56 a)
=RopA (1) Ap (t)sin(mt +Ap)
Al (t): Reo [‘Ez;(t)‘ _‘Es(t)‘ } (2-56 b)
= Rop A (1) Ao (t)cos(mt +Ap)
The complex optical field can be constructed as:
E =Ai, (t)+ jai, (1) (2-57)

In pulse compression ®-OTDR, the optical field of Eq. (2-45) detected by the 1/Q

detector is:

: S cr,
Al (1) =Rp A0 D 8, exp(—a %)
i=1

(2-58 a)
83, (1) = ReoAo Y2, 00 -0
- ! (2-58 b)

25.2  Spectrum demodulation based on SPEA
Eq. (2-45) indicates that the Rayleigh scattering signal is the convolution of the impulse
response of fiber Ng; (t) and the chirped pulse function p(t) . Although phase

demodulation can be employed after pulse compression to obtain the information of
measurands [102], [103], the primary focus of this work is on the RBS spectrum pattern
demodulation. In this section, the signal demodulation from the frequency domain is
analyzed.

Taking Fourier transform to the fiber impulse response of heterodyne detection
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heur (t) in Eq. (2-46):

her (@)= [ heyr ()& dt

Ny (2-59)
=Y aexp{-j2zv,r,} J'j:é(t —7,)e ) dt
i1
The Dirac function s has the property of:
[T ()8 (x=x,)dx = (x,) (2-60)
and Eq. (2-59) can be expressed as:
heor (a)):iaexp{—j(woJra))ri} (2-61)

where @, =27v,. In Eq. (2-61), EI is the amplitude of the i-th scatterer considering

the fiber attenuation, which is a random variable. Therefore, the impulse response of
fiber in the frequency domain also fluctuates randomly. A chirped pulse can act as a
filter for the fiber's impulse response in the frequency domain, with the filtered signal

varying in accordance with the frequency range of the chirped pulse.
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Figure 2-11: Principle of @ -OTDR based on pulse compression and spectrum
demodulation. (a) system configuration; (b-d) principle of SPEA [46].

Fig. 2-11 depicts the configuration of pulse compressed ®-OTDR and illustrates how
the SPEA is utilized to enable single-shot measurements. A LFM signal with a wide

bandwidth is injected into the FUT to capture the RBS signal. In Fig. 2-11 (b), the
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acquired signal encompasses a wide span of the fiber impulse response in the frequency
domain due to the large bandwidth of the probing LFM signal. Referring back to Eq.

(2-45), the RBS signal in the frequency domain can be expressed as:

S (@) =2Rp AN (@) p(0) (2-62)
If a chirped pulse p’(t) with a much smaller frequency range than p(t) is used to

compress the detected RBS signal in digital domain, the obtained compressed signal is:

Sn (w) = 2Rop APy (a)) p,(a’) =Sp (a’) h (a)) (2-63)

where h(w)=p'(@)/p(w)- In the digital domain, we generate sub-chirped pulses

P, (t)(m=212,..,N) with equidistant frequency spacing and a much smaller

frequency range than p(t) (as shown in Fig. 2-11 (c)). Using matched sub-chirped
filters p;, (—t) to filter the Rayleigh scattering signal, we can get:

[pa (@)

Spim (@) =————5,, (@) (2-64)

p(@)

To simplify the expression, construct the transfer matrix H (w):

@)l [p(@f  [pu()
H = e 2-65
7o) o(e) () o
The RBS matrix is given by:
Sy =5(@) 1,y o H (o) (2-66)

where Ao B represents the Hadamard product. 1, isamatrix with 1 rowand N

columns and all elements 1. Then the RBS spectrum can be acquired through IFT and
taking the absolute value. With the SPEA algorithm, the time-consuming frequency
scanning process to construct the Rayleigh spectrum is not needed and single-shot
measurement can be achieved. Since sub-chirped pulses are used here, the SR is
eventually determined by the bandwidth of the sub-chirped pulse.
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2.6 Optical frequency domain reflectometry

LO signals Backscattering or
. reflection signals
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Figure 2-12: Schematic diagram of OFDR principle [57].
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The time-frequency relationship of OFDR is shown in Fig. 2-12. A LFM signal with a

slope of » is used as the LO light and the probe light simultaneously. As the probe

light travels in the sensing fiber and is reflected by the scatterers at position z , a time

delay 7, related to z is generated between the LO and RBS signal:

7, =2Zn/c (2-67)

where n and c are the RI of fiber and the vacuum velocity of light, respectively. The
beat frequency frear can be written as:

foe = 7,7 =2Zny/cC (2-68)

From Eq. (2-68), the magnitude of beat frequency is proportional to the position of

scatterers. Therefore, the spatial domain signal can be obtained by applying FFT to the

time domain signal.

The LO can be expressed as:

E, (t)=E, (t)exp{ jl27 b+ mpt? +¢(t)]} (2-69)

¢(t) is the random phase of the laser source. Supposing the fiber attenuation

coefficient is « , the reflectivity of fiber is:

R(z,)=r(z,)exp(—ar,c/n) (2-70)
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The RBS light with a time delay z, can be written as:

E, (t):\/@Er (t_TZ)
:\/@Eoexp{j[ZﬂfO(t—rZ)wzy/(t—rz)Z +¢(t—rz)}

The beat signal between the LO and the RBS can be written as:

} (2-71)

loew (t) o= 2E, (1) E; (1)

=2, jR(rZ)EO2 005[27[[ for, + fi ot +%yrzz +o(t)-g(t —rz)ﬂ

In the above equation, f,t represents the beat frequency, and ¢(t)—g(t—z,) is the

(2-72)

phase noise. The PSF refers to the power spectral density (PSD) of the beat signal |,
[47]:
4
P( f ) fbeat ) = 2RE05< f- fbeat) (2-73)
The FWHM of the PSF determines the SR of the OFDR system. Theoretically, the

optimal SR Az and the sensing range L of OFDR are:

Az=—C
Lo ¢
2nAv

where AF and Av are the frequency sweeping range and the laser linewidth. In an
OFDR using a tunable laser source, the phase noise term in Eq. (2-72) is non-negligible,
which is the primary factor leading to the degeneration of PSF and the system’s
performance. The phase noise contains two parts: the frequency tuning nonlinearity and
the stochastic laser phase noise. The frequency tuning nonlinearity of the laser source
results in the broadening of the PSF, deteriorating the SR of the system. Additionally,
the stochastic laser phase noise reduces the light source’s coherence, which not only
degrades the spatial resolution but also exponentially decreases the amplitude of the

PSF. One effective approach to overcome the frequency tuning nonlinearity and the
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phase noise is using an NLL and an EOM to generate the LFM signal [74]. The

configuration is shown in Fig. 2-13.

FUT

Laser — EOM

A

. = PD
Hybrid

Figure 2-13: Basic setup of OFDR using an NLL source and an EOM.

The spectrum demodulation process is shown in Fig. 1-7 in section 1.2.2.3. After
converting the signal to the spatial domain through FFT, a sliding window is applied to
the spatial domain signal and IFFT is employed to convert the local RBS signal to the
optical spectrum domain. The length of the sliding window is a crucial parameter that
would finally determine the SR. The following equation is satisfied between SR AX
and the number of points in the window N:

AX=NAz (2-75)
where AZ is the optimal SR defined in Eq. (2-74). To ensure a high SR, N should be

small. However, it also results in a reduction of points in the frequency spectrum after
IFFT, deteriorating the frequency resolution and the strain resolution.

To quantify the strain resolution, we collected 800 RBS traces of an unperturbed fiber
with the OFDR and computed the frequency shifts of the Rayleigh spectra using cross-
correlation. The frequency range of the LFM signal and the system’s sampling rate were
3.5 GHz and 1.25 kHz, respectively. The PSD of the frequency shift results with

different sliding window widths are shown in Fig. 2-14.
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Figure 2-14: The PSD in case of different spatial resolutions.

From Fig. 2-14, the higher the spatial resolution, the noise level in the PSD also gets
higher. The noise levels for spatial resolutions 17.5 cm, 35 cm, and 70 cm are -13.3 dB,
-22.7 dB, and -27.5 dB, respectively, corresponding to 0.0014 yg/ JHz , 488 pg/ JHz,
and 281 pe//Hz strain resolutions.

We calculated the PSD along the fiber distance and analyzed the noise level in the
PSD. The PDFs of the noise level at different fiber locations are shown in Fig. 2-15 (a).
As the spatial resolution gets larger, the PDF becomes narrower, indicating a more
stable measurement of strain. Then the cumulative distribution functions (CDF) are also
computed. The 99% of the CDF is used to characterize the strain resolution of the
system, which are 536 pg/\/m, 1323 pg/\/m, and 0.03 ,ug/\/m for 70 cm, 35 cm,
and 17.5 cm SR, respectively. When determining the number of data points N in the
sliding window, it is important to strike a balance between the spatial resolution and

sensing accuracy requirements in practical applications.
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Figure 2-15: (a) The PDF of the strain resolutions; (b) The corresponding CDF.

2.7 Summary

In this chapter, we first introduce the mechanism of Rayleigh scattering. We then
discuss the statistical characteristics of Rayleigh scattering in optical fibers, along with
the temperature and strain sensitivity of the Rayleigh spectrum. Additionally, we
elaborate on the theories of DOFS based on frequency scanning ®-OTDR, pulse
compression @-OTDR, and OFDR. The theoretical foundation laid out in this chapter

serves as the basis for the experimental investigations detailed in the following chapters.
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3 Distributed Salinity Sensing Based
on Frequency-Scanning ®-OTDR

3.1 Introduction

Salinity holds significant importance in various fields such as oceanography, climate
studies, and ocean resource management [104], [105], [106]. For instance, in ocean
resource development, salinity measurements offer valuable insights into salinity
gradients and the adaptability of marine organisms, aiding in activities like aquaculture,
fishing, and marine energy development. In climate research, precise measurement of
salinity in the ocean helps to track changes in surface and deep-water circulation, thus
revealing the ocean's impact and feedback mechanisms on climate change. These
applications underscore the need for high-performance salinity sensors.

Commercially available salinity sensors typically fall into two categories: electrical
and optical sensors. Electrical sensors often measure the conductivity of solutions to
determine salinity [107], while optical methods typically utilize prismatic structures to
measure the RI of the solution indirectly for salinity determination [108], [109]. While
these sensors have made significant advancements in sensitivity and accuracy over the
years, a limitation is that they are unable to facilitate remote salinity measurements.

In recent years, OFS has garnered attention for environmental monitoring due to their
corrosion resistance, safety, immunity to electromagnetic interference, and remote
sensing capabilities. Several types of optical fiber sensors have been developed for
salinity measurements, including fiber Bragg grating (FBG) [110], [111], [112], Fabry-

Perot (F-P) cavity [113], [114], surface plasmon resonance (SPR) [115], [116], [117],
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and special fiber structures [118], [119], [120], [121]. The principles of measuring
salinity using these sensors can be categorized into two types. One approach involves
obtaining salinity information by measuring the RI of the sample. For example, the F-
P cavity [113] and the special fiber structures based on no-core fiber [118] have
achieved high-sensitivity salinity sensing through RI measurements. In these methods,
changes in salinity lead to variations in RI, altering the optical path of light passing
through the samples, which in turn induces wavelength shifts in the interferometric
spectrum of the sensors. Such sensors generally require intricate structural designs and
complex fabrication procedures. Another type of sensor does not measure RI but instead
utilizes hygroscopic materials such as polyimide or hydrogel. By interacting with the
surrounding medium, these hygroscopic materials convert salinity into strain on the
optical fiber, enabling salinity measurements. For instance, L. Men et al. proposed a
multiplexed FBG sensor with polyimide and acrylate coating for simultaneous salinity
and temperature measurement, achieving a salinity sensitivity of 0.0165 nm/(mol/L)
and a temperature sensitivity of 0.0094 nm/°C [111]. In 2015, X. Zhang et al. introduced
a salinity sensor based on an F-P cavity with a solid polyimide diaphragm and a spliced
face, which attained a higher sensitivity of 0.45 nm/(mol/L) [114]. While these sensors
exhibit high sensitivity and functionalities such as temperature and salinity
discrimination, a common limitation is that salinity can only be measured at discrete
points, and the salinity distribution profile along the optical fiber cannot be obtained.
DOFS offers the capability to spatially resolve and interrogate measurands along an
unmodified optical fiber, thereby replacing tens of thousands of single-point sensors.
DOFS based on BDG has emerged as a solution for continuous salinity measurements.
In a study referenced as [75], salinity is measured by mapping the birefringence through

BDG, while temperature compensation is achieved by monitoring the Brillouin
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frequency shift of the fiber. With the support of a highly sensitive PCF, this approach
demonstrated a salinity sensitivity of 139.6 MHz/(mol/L) and a salinity accuracy of
0.072 mol/L, coupled with an SR of 15 cm. Despite these achievements, the Brillouin
scattering sensing mechanism presents challenges in further enhancing the sensitivity
of the system, thereby limiting its application in high-sensitivity salinity measurement.

In this chapter, we propose and investigate high-sensitivity salinity sensors based on
frequency-scanning ®-OTDR and polyimide-coated fibers. The polyimide material
used for fiber coating exhibits hygroscopic properties, causing the coating to swell or
shrink with changes in external salinity. This, in turn, induces strain variations in the
sensing fiber. We conducted a validation experiment on a polyimide-coated SMF to
measure salinity. With a coating radius of 15 um and a fiber length of 1100 m, we
achieved a salinity sensitivity of 782.4 MHz/(mol/L). The response time of the
polyimide-coated fiber to salinity changes was measured to be 8 minutes. We also
analyzed the measurement accuracies of the system for different pulse widths, revealing
an inverse relationship between measurement accuracy and pulse width. Furthermore,
we proposed a method for discriminating between salinity and temperature using
frequency-scanning ®-OTDR and a polyimide-coated PMF. The anisotropic structure
of the PMF allowed for different sensitivities to temperature and salinity on its slow
and fast axes, enabling the decoupling of these parameters using a single fiber. In our
experiments, the frequency-scanning ®-OTDR probed the two polarization axes of the
polyimide-coated PMF with orthogonal pulse sequences to obtain the temperature and
salinity sensitive coefficients for each axis. The system demonstrated temperature
sensitivities of -1407.8 MHz/K and -1348.9 MHz/K on the slow and fast polarization
axes, respectively. Additionally, it exhibited salinity sensitivities of 1028 MHz/(mol/L)

and 1008.6 MHz/(mol/L) on the slow and fast polarization axes, respectively.
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Simultaneous measurement of temperature and salinity was successfully performed,
with systematic measurement uncertainties of 0.0344 K and 0.0469 mol/L, respectively.
These results demonstrate the sensor's excellent discrimination ability for temperature

and salinity measurements.

3.2 Salinity-induced strain on polyimide-coated fiber

Figure 3-1: Water concentration distribution of the fiber cross-section [122].
To achieve distributed salinity measurement, it is necessary to utilize special fibers, as
the commonly used standard SMF are less sensitive to salinity changes. One effective
approach for salinity measurement is to coat silica fibers with hygroscopic materials.
When a concentration gradient exists between the hygroscopic coating and the
surrounding solution, water molecules will diffuse between the two mediums. The

diffusion process can be described using Fick's second law [111], [122]:

oc )
—=DV-c 3-1
p (3-1)

where c represents the water concentration, t and D are the diffusion time and
diffusion coefficient, respectively.
As can be seen in Fig. 3-1, the fiber coating can be modeled as a cylinder. Eq. (3.1)

can be expressed in cylindrical coordinate:
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oc 10 ( ac)
—=D-—|r= (3-2)
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At time t, the radical diffusion at position  in the cylinder has the boundary condition:

c(a<r<b,t=0)=C, (3-3a)
c(r=b,t>0)=C,, (3-3b)
oc
—(r=a,t>0)=0. 3-3
P ) (330

where C,, andC,, are water concentrations at the inner and outer coating boundaries.

ext

In this study, we opted for a polyimide coating due to the material's advantageous
properties, such as its excellent linear response, high repeatability, and stable chemical
attributes. When exposed to a test solution with relatively high salinity, water molecules
will permeate unidirectionally from the coating into the solution. This osmotic process
results in the dehydration and consequent shrinkage of the polyimide coating. In
contrast, when the salinity of the test solution is comparatively low, the coating will
absorb water molecules from the solution, leading to its expansion. Eventually, an
equilibrium state is achieved between the coating and the solution. The solution to Eq.

(3-2), which describes this equilibrium, is as follows:

ext

c(r,t)=C erfc( '_4rDtj (3-4)

As the polyimide coating swells or shrinks by absorbing or releasing water, the
salinity of the solution can be converted into a mechanical response on the fiber in the

form of strain, which is the basis of salinity measurement.
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3.3 Distributed salinity sensor based on frequency-scanning ®-OTDR

and polyimide-coated single-mode fiber

3.3.1  System configuration

To validate the feasibility of measuring salinity using polyimide-coated fiber, we
constructed a frequency-scanning ®-OTDR setup and conducted experiments. The

configuration is depicted in Fig. 3-2.

Micro-wave
generator

EDFA

Filter

Ployimide-coated fiber

PD Filter EDFA

Figure 3-2: System configuration of frequency-scanning @ -OTDR. EOM:
electro-optic modulator; AWG: arbitrary waveform generator; EDFA: erbium-
doped fiber amplifier; PD: photodetector.

As shown in Fig. 3-2, we utilize a laser featuring a narrow linewidth of 100 Hz,
operating at a wavelength of 1550 nm, as the light source for our setup. The continuous
wave emitted by the laser undergoes a frequency shift facilitated by the first EOM,
which operates in a double-side-band modulation mode. This frequency shift is
meticulously scanned by adjusting the output frequency of the microwave generator in
increments of 20 MHz, ranging from 8.01 GHz to 11.99 GHz, thereby generating a total
of 200 distinct frequencies. Subsequently, the frequency-shifted light is segmented into
pulses by another EOM with a high extinction ratio (>40dB), referred to as EOM2,

which is modulated by the electrical pulse signal output from the AWG. To optimize
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the extinction ratio, two PCs are strategically placed at the input of each EOM. The
peak power of the probe pulses is significantly amplified to 23 dBm using an erbium-
doped fiber amplifier (EDFA), followed by a band-pass filter that eliminates unwanted
sidebands and ASE noise. These prepared probe pulses are then introduced into the
FUT, which spans a length of 1100 m, via a circulator. The Rayleigh backscattering
light emanating from the FUT undergoes pre-amplification by a second EDFA
(EDFA2), with its ASE noise further mitigated by another band-pass filter. A
photodetector with a 200 MHz bandwidth converts the optical signals into electrical
voltage, which is subsequently digitized by a high-speed oscilloscope (Osc) capable of
sampling at a rate of 2 GSals.

In this experiment, the FUT is a commercially sourced polyimide-coated SMF, with

a coating thickness of 15 xm (YOFC HT9/125-14/155(300)). The fiber is suspended

in air within a relatively stable environment. At the distal end, a fiber segment
approximately 6 m in length is submerged in a water bath maintained at room
temperature. To create solutions of varying salinity, NaCl solution is added to pure
water. For comparative purposes, the salinity levels of these solutions are concurrently
measured using a commercially available salinometer, which boasts a nominal

measurement accuracy of 0.0034 mol/L.

3.3.2  Measurement results of salinity sensitivity

Initially, the system's response to salinity was examined using a pulse width of 10 ns,
which corresponds to an SR of 1 m. To determine the frequency shift associated with a
specific salinity level, we conducted two sets of 3-D Rayleigh scattering spectrum
measurements. In these experiments, the fiber was submerged in pure water and then

in a NaCl solution of a given salinity. A 10-minute interval was allowed between the
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two measurements to ensure the fiber coating adequately responded to the external
change in salinity. To enhance the SNR, the traces were averaged 128 times, resulting
in each measurement taking approximately 120 seconds. Fig. 3-3 displays the detected
frequency spectra and their cross-correlation results for a salinity level of 1.33 mol/L.
Fig. 3-3 (a) illustrates the frequency spectra before and after the salinity change at the
location of 1079 m, where the fiber was exposed to air. It is evident that the two
frequency spectra are similar in shape and exhibit no frequency shift, with their cross-
correlation curve depicted in blue in Fig. 3-3 (c). Fig. 3-3 (b) presents the frequency
spectra before and after the salinity change at the location of 1129 m, where the fiber
was immersed in a water bath. Although the shapes of these two spectra are similar, a
frequency shift is observed between them. The cross-correlation of these two spectra is
represented by the red line in Fig. 3-3 (c). To accurately determine the frequency shift
value, the peaks of the cross-correlation curves were subjected to quadratic polynomial
fitting, as indicated by the black line in Fig. 3-3 (c). The abscissa value at the peak of
the fitting curve provides the required frequency shift value. The two frequency shift

values identified in Fig. 3-3 (c) are 0.015 GHz and 0.893 GHz, respectively.
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Figure 3-3: The detected frequency spectra before and after salinity change at
different fiber locations at the concentration of 1.33 mol/L and their cross-
correlation curves. (a) The frequency spectra before and after salinity change
at the location 1079 m; (b) The frequency spectra before and after salinity
change at the location 1129 m; (c) The cross-correlation curves of traces in
Fig.3-3 (a) (blue) and (b) (red).
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The cross-correlation spectrum was obtained by performing cross-correlation along
the fiber distance, as depicted in Fig. 3-4 (a). From Fig. 3-4 (a), it is evident that the
frequency shift approaches zero when the environmental conditions are stable. Fig. 3-
4 (b) presents a magnified view of the spectrum, as indicated by the red dashed box in
Fig. 3-4 (a). A discernible frequency shift spanning a length of 6 m is observed, which
aligns well with the actual conditions encountered. To quantitatively assess the extent
of the frequency shift, an average is computed over the segment between 1126.8 m and
1132.8 m, yielding an average frequency shift of 0.88 GHz at a salinity concentration

of 1.33 mol/L.
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Figure 3-4: (a) The cross-correlation spectrum of 3-D Rayleigh backscattering
spectra in the case of pure water and 1.33 mol/L salinity solution. (b) The
enlarged cross-correlation spectrum at the location near the fiber end.

The frequency shift measurement results for different salinities are shown in Fig. 3-
5 (a). The salinity ranges from 0 mol/L to 1.61 mol/L. We can see that as the salinity
increases, the frequency shift increases accordingly. The average frequency shift in Fig.
3-5 (a) is plotted as a function of salinity, as shown in Fig. 3-5 (b). The frequency shift
has a linear relationship with salinity. The fitting curve of the experimental results has

a slope of 782.4 MHz/(mol/L), suggesting a high salinity sensitivity of the system. It is
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worth noting that the dynamic range of the system is not restricted to 1.61 mol/L, since
it can be easily increased by enlarging the frequency sweep range of probe pulses.

As can be seen from Fig. 3-5 (a), the frequency shift fluctuates over the distance
between 1126.8 m and 1132.8 m, especially in the case of salinity of 0.41 mol/L and
1.61 mol/L. The uniformity of the frequency shift can be affected by different reasons
such as the uniformity of NaCl solution, the contact between the fiber and solution, and
the environmental perturbations. Since each salinity was measured independently, these
experimental conditions might be slightly different in different measurements. The dip
at 1131.5 m at the salinity of 0.41 mol/L might result from the insufficient contact
between the fiber and the solution, and the fluctuation in the case of 1.61 mol/L salinity
might be a comprehensive result of the nonuniformity of NaCl solution and the

environmental perturbations.
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Figure 3-5: (a) The measured frequency shift of different salinities; (b) the
frequency shift variation with salinity.

3.3.3  Measurement results of response time

Then we tested the response time of the fiber to salinity change. In this experiment, the
frequency shift of optical pulses was swept from 9.765 GHz to 14.235 GHz at a step of

30 MHz, thus generating 150 frequencies in total. To make each measurement faster,
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the average time of traces was set to 64, and the time taken for each Rayleigh
backscattering spectrum measurement was 44.2 seconds. The response times of salinity
0.48 mol/L and 1.76 mol/L were measured with 3 ns pulse width respectively. For each
salinity, we collected 18 Rayleigh spectra consecutively starting from the NaCl solution
added into pure water, which took 13.3 minutes in total. Then the cross-correlation was
performed to the adjacent spectra and 17 frequency shift curves were obtained. The
results for different salinities are shown in Fig. 3-6. As time goes by, the magnitude of
the frequency shift decreases, and the fiber reaches a stable state gradually. The

frequency shift almost reaches zero at the time of 8 min.
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Figure 3-6: The response time of the fiber to salinity change
3.3.4  Analysis and evaluation of measurement accuracy

For each salinity, the 3-D Rayleigh scattering spectra were measured once in pure water
and once in saline solution, and the cross-correlation of the two spectra provided the
measured frequency shift results. The frequency shift measurement uncertainties O

can be characterized by the root mean square error between the true frequency shift Af

and the estimated frequency shift Af | which is formulated as [123]:
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o= \/EZ(M ~af) (3-5)
I m=1

where | is the total measurement times. In radar and sonar systems, the time delay
estimation problem has been widely studied [124], [125], [126], [127], and the lower
limit of mean-square error for time delay estimation is provided by the CRLB which
indicates the optimal performance when utilizing a minimum variance unbiased
estimator. The frequency shift estimation here is mathematically equivalent to the ‘time
delay estimation’ in the radar system. The systematic noise is modeled as zero-mean

additive white Gaussian noise to the true Rayleigh spectrum. The frequency shift

estimation uncertainty is determined by:

oo 1 _ 1
BIM,  BM,

where M. and M, represent the SNR of electrical power and optical power,

(3-6)

respectively. S is given by:

2=4ﬁ2jf2‘u(f)‘2df

Jlu(e) o

in which f and U(f) are the optical frequency and the Fourier transform of the

B (3-7)

Rayleigh spectrum, respectively. For a frequency scanning ®-OTDR interrogated with
a rectangular pulse, the expected power density is in a triangular shape, and f with a

triangular shape power density takes the following analytical form:

2T
B= % (3-8)

where 7 is the rectangular pulse width. Finally, the theoretical frequency shift

estimation uncertainty can be written as:
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O =
2rtM,

(3-9)

According to Eq. 3-9, the pulse width and the optical SNR of the signal are the two
factors that affect the measurement accuracy. Then we experimentally investigated the
measurement accuracy of frequency shift and compared it with the theoretical value.
To investigate the measurement accuracy of frequency shift in the case of different
pulse widths, a group of measurements was carried out. The pulse widths in this group
of measurements were set to be 20 ns, 10 ns, 5 ns, and 3 ns respectively, the salinities
were 1.33 mol/L in four experiments, and other parameters were the same as those in
section 3.3.1.

Fig. 3-7 demonstrates the power density of the RBS spectra in case of different pulse
widths. The horizontal axes are normalized frequencies, and the amplitudes of power
density are normalized to the max. The envelopes are triangular shapes, which is as
expected. As the pulse width increases, the bandwidth of the power density increases

too. According to Eq. 3-7 and Eq. 3-8, the theoretical and measured S can be

calculated respectively, the results are shown in Fig. 3-8.
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Figure 3-8: The change of g with pulse width.

Another parameter that affects the measurement accuracy is the signal-noise ratio Mo.
In the ®-OTDR, the RBS traces are random fluctuated patterns that follow exponential
PDFs due to the non-uniformity of scattering points. In [123], it has been proved that
the average value of the jagged intensity trace is nearly the same as the true optical
power, and the noise level can be assessed by the standard deviation (SD) of the signal.

Fig. 3-9 shows the SNR with different pulse widths, indicating a proportional
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relationship between them. The fitting result shows a linearity of 0.9865.
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Figure 3-9: The change of signal-to-noise ratio M, with pulse width.

From Fig. 3-8 and Fig. 3-9, as the pulse width increases, both the parameter  and

M, linearly increase, which will decrease the frequency shift estimation uncertainty

O in Eq. 3-6. Therefore, when the system noise is determined, increasing the pulse
width will be effective for improving the measurement accuracy of the system.
However, the spatial resolution will deteriorate as the increase of pulse width, which
leads to a tradeoff between the SR and the measurement accuracy. As shown in Fig. 3-
10, the theoretical frequency shift uncertainties calculated by Eq. 3-9 and the measured
frequency uncertainties are presented in the black line and magenta dots, respectively.
Since the measurement results of frequency shift at different fiber locations are
independent, the frequency shift measurement uncertainties can be characterized by the
SD of frequency shift at different fiber locations. To eliminate the influence of ambient
perturbations like temperature change on system measurement uncertainty results, we
calculate the SD every 2.5 m, and an average of SD was calculated from 0 m to 960 m.
In Fig. 3-10, the vertical axis on the left shows the frequency shift measurement
uncertainty and the vertical axis on the right shows the corresponding salinity

measurement uncertainty with a coefficient of 782.4 MHz/(mol/L).
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Figure 3-10: The measurement accuracy of frequency shift and salinity in case
of different pulse widths.

In Fig. 3-10, the measured frequency uncertainties are larger than the theoretical
frequency uncertainties. This is reasonable because the ambient perturbation will also
result in measurement error although an average was used. The salinity uncertainty in
the case of 20 ns is 0.005 mol/L (corresponding to 3.7 MHz frequency uncertainty),
while the salinity uncertainty in the case of 3 ns is 0.022 mol/L (corresponding to 17.6

MHz frequency uncertainty).
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Figure 3-11: The measured cross-correlation spectra near the fiber end with
pulse widths of (a) 3 ns; (b) 5 ns; (¢) 10 ns; (d) 20 ns.
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Fig. 3-11 demonstrates the cross-correlation of RBS spectra over the last ten meters
of FUT where the salinity is changed. A clear trade-off between SR and frequency shift
accuracy can be observed. As the pulse width increases from 3 ns to 20 ns, the frequency
shift estimation results show less fluctuations. However, a wider rising edge can be seen

at the location of the salinity jump, implying the deterioration of spatial resolution.
3.3.5 Discussion

Table 3.1 compares the salinity measurement performances of our salinity sensor with
previous fiber-optic sensors. The proposed sensor employs an unmodified polyimide-
coated single-mode fiber as the sensing medium, distributed salinity sensing can be
realized over a long distance, and no complex process is required. Meanwhile, the
proposed sensor shows a high salinity sensitivity, which enables good measurement
accuracy. However, the cross-sensitivity between salinity and temperature can easily
introduce errors in salinity measurement results. The following section will discuss how
to mitigate the crosstalk between temperature and salinity, achieving simultaneous

measurement of temperature and salinity.

Table 3.1 Comparison between frequency scanning ®-OTDR with other fiber-optic

Sensors.
Technique Sensitivity Spatle}l Sensing Ref
resolution range
FBG 15.40 nm/RI - - [128]
MZI1 64 pm/%o - - [129]
F-P interferometer 0.45 nm/(mol/L) - - [114]
SPR 0.3769 nm/%o - - [130]
BDG 119 MHz/(mol/L) 15 cm 9m [75]
This work 782 MHz/(mol/L) 30 cm 1 km

MZI: Mach-Zehnder interferometer.
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3.4 Distributed salinity and temperature sensor based on frequency-

scanning @®-OTDR and polyimide-coated PMF

3.4.1 Principle of salinity and temperature discrimination using PMF

As is elaborated in Section 2.2, temperature or strain change will cause variations in the
fiber RI and the distance between scatterers. When temperature and salinity change

simultaneously, the variations of RI and the distance between scatterers are a

superposition of the two effects. Under variations of temperature AT and strain Ag,

the refractive index of fiber core ny and the fiber length between m-th and n-th Rayleigh
backscattering centers L, can be written as [131]:

Mo (T, &)=, (Ty, & )(1+C,Ae+C,AT) (3-10)

Lo (T, €)= L (To, & ) (1+Ac+ P AT) (3-11)

where C, and C; are strain coefficient and temperature coefficient of refractive

index, respectively. P; is the thermal expansion coefficient. To compensate for the

phase change and recover the RBS intensity, the frequency shift of the light source Av

should satisfy the following condition:

AV

—=—(1+cC )Ag— +C )AT

" (I+c,)Ae—(p; +c;) 612
=a,Ac+a; AT

where V, represents the frequency of the light source. ., and «; denote the strain

sensitivity coefficient and temperature sensitivity coefficient, respectively.
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Figure 3-12: The cross section of polyimide-coated PMF.

SMFs are incapable of decoupling temperature and salinity. To address this issue, we
employed a polyimide-coated bow-tie high birefringence PMF. Fig. 3-12 shows the
cross section. A refractive index difference exists between the two polarization axes due
to the introduction of the bow-tie stress region. Compared with common SMF whose
modal birefringence is approximately 107~107, the birefringence of PMF can reach to
10" level. Therefore, the linearly polarized light can stably transmit along the fast axis
or slow axis in PMF with its polarization state unchanged, and the fast polarization

mode and slow polarization mode have different propagation constants.
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Figure 3-13: Principle of simultaneous salinity and temperature measurement.
(b) The reference and the measurement Rayleigh backscattering spectra of the
slow axis of disturbed area. (c) The reference and the measurement Rayleigh
backscattering spectra of the fast axis of disturbed area.

The principle of using polyimide-coated PMF to simultaneously measure salinity
and temperature is shown in Fig. 3-13. As shown in Fig. 3-13 (a), pulse sequences with
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orthogonal polarization states are launched into the fast axis and slow axis of PMF

respectively. To separately detect the backscattering light of the fast axis and slow axis,
a time delay 7, needs to be introduced between the two orthogonal pulse sequences.

For each polarization axis, the pulse frequency is scanned with a certain frequency step,
and two Rayleigh backscattering spectra can be obtained with one measurement. Due
to the anisotropic structure of PMF, the Rayleigh spectra of the two polarization axes
will show different frequency shifts under the variation of temperature or salinity,

therefore enabling the discrimination between temperature and salinity with a single
fiber. The frequency shifts of x polarization axis and y polarization axis AV,_ ool > AVy_ pol.

can be written as the function of temperature variation AT and salinity (or strain)

variation AS [132]:
AVx—pol. _ aT,x—poI. aS,x—poI. |:AT:| (3 13)
AVy—pol. aT,y—poI. aS,y—poI. AS ’
Where o7, and o, , are temperature and salinity sensitive coefficients of x

polarization axis, o, ., and o, ., are temperature and salinity sensitive

coefficients of y polarization axis. Once the four sensitivity coefficients are determined,
independent temperature and salinity profiles can be retrieved by taking reverse matrix

operation as follows:

AT 1 s y_po s y_po AVx— 0
|: }: |: S,y-pol. S, pl.:|{ pI} (3_14)
AS aT,x—pol.aS,y—pol. _aT,y—pol.aS,x—pol. _aT,Y*DOL aT,X*DOL AVY*DOL

The measurement uncertainties for temperature o,; and salinity o,s can be

calculated as follows [133]:
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o = \/(as,y—pol. 'fopol.)z +(ast*P°|- .Gy*p"l-) (3-15)

‘aT,x— pol.&s y—pol. ~ X7 y—pol. &s xpol.

2 2
\/(aT,y—pol. 'O-x—pol.) +(aT,x—poI. 'O-y—pol.)

‘aT,x—pol.aS,y—pol. - aT,y—poI.aS,x—pol.

: (3-16)

Ops =

where o,_,, and o_,, stand for the measurement uncertainties in frequency shifts of

x polarization axis and y polarization axis, respectively.

3.4.2  System configuration

The configuration of frequency-scanning ®-OTDR is shown in Fig. 3-14. A narrow
linewidth (100 Hz) laser operating at 1550 nm wavelength is used as the light source.
The light is frequency-shifted by an EOM1 which works in a carrier-suppressed double-
sideband modulation mode. The frequency scanning interval of the radio frequency
source (RF) is 20 MHz, and the scanning range is between 17.5 GHz and 31.5 GHz.
Then another EOM2 with a high extinction ratio larger than 30 dB modulates the
continuous light into light pulses. The arbitrary waveform generator is used to produce
a pulse signal to drive the EOM2. An EDFA is used to amplify the power of frequency-
shifted light pulses. To separately probe the fast axis and slow axis of polyimide-coated
PMF, the amplified light needs to be split into two beams with orthogonal polarization
states and a time delay in between. To fully make use of the light power, a filter with a
transmission end and a reflection end is used to split the upper sideband and lower
sideband of the light pulse to serve as the x polarization state and y polarization state
respectively. By employing a delay fiber with a length larger than twice the length of
the FUT, the light in the x-polarization state and y-polarization state can be separated in
the time domain. Two PCs are used to adjust the polarization states of light pulses in

each branch to maximize the light power of two orthogonal polarization states aligned
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to the polarization beam combiner (PBC). The combined light is launched into the
polyimide-coated PMF through the circulator. The Rayleigh backscattering light is
amplified by another EDFA with a bandpass filter (BPF) followed to remove the ASE
noise generated by EDFA. Finally, a 200 MHz wide photodetector (PD, Thorlabs, PDB-
450 C) converts the optical signal into an electric voltage and the detected signals are
sent to the oscilloscope to be collected. In the experiment, the length of polyimide-
coated PMF (Fibercore, HB1500P) is 100 m. Its operating wavelength is from 1520 nm

to 1650 nm. The cladding diameter and the polyimide coating diameter are 125 ym and

155 pm respectively.

]
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T T Del x pol.
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Osc. — PD —1&)— 9
|
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Figure 3-14: Schematic configuration of frequency scanning ®-OTDR. EOM:
electro-optic modulator; RF: radio frequency source; AWG: arbitrary
waveform generator; EDFA: erbium-doped fiber amplifier; PC: polarization
controller; PBC: polarization beam combiner; PD: photodetector; OSC:
oscilloscope.

3.4.3  Characterization of temperature and salinity coefficients

To simultaneously measure the temperature and salinity profile along the fiber, a
calibration experiment that specifies the four sensitivity coefficients related to

temperature and salinity variation in Eq. (3-13) should be conducted first. To obtain the
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temperature coefficients of fast and slow axes, a length of 6 m polyimide-coated PMF
near the far end was immersed in the water bath with temperature control. The pulse
width was 20 ns. Rayleigh backscattering trace was averaged 128 times, and the
sampling rate of the oscilloscope was 2 GSa/s. Fig. 3-15 shows the measurement results
for a temperature change of 1.5 K. Fig. 3-15 (a) and (b) represent the reference and
measurement Rayleigh backscattering spectra for the x-axis and y-axis respectively
(only a spectral range of 6 GHz is displayed for better visualization). Fig. 3-15 (c)
displays the cross-correlation results between the reference and measurement spectra
for both axes, revealing different frequency shifts under the same temperature change.
Fig. 3-15 (d) and (e) demonstrate the frequency shift distributions along the fiber for
the two axes, and the results are compared in Fig. 3-15 (f), with the x-axis and y-axis

exhibiting frequency shifts of -2152 MHz and -2058 MHz, respectively.
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Figure 3-15 The reference and measurement Rayleigh backscattering spectra
of (a) x polarization axis and (b) y polarization axis; (c) Cross-correlation
results of frequency spectra of the two polarization states. (d-e) The frequency
shift distributions along the sensing fiber of x polarization axis and y

polarization axis; (f) The frequency shifts of the two axes between 89 m and
100 m.
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Figure 3-16: Temperature sensitivities of the proposed sensor. The dots are
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the data.

Fig. 3-16 shows the temperature coefficient measurement results. The temperature

changes with a 0.5 K increment step from 0 K to 2.5 K. To improve the measurement

accuracy, we repeated the measurement 5 times for each temperature and took the

average value. The linear least square fitting results of x polarization and y polarization

suggest -1407.8 MHz/K and -1348.9 MHz/K sensitivities, respectively.
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Figure 3-17: Salinity sensitivities of the proposed sensor.

In the salinity coefficient measurement experiments, the frequency shifts of

different salinities are acquired by cross-correlating the reference RBS spectrum when

the polyimide-coated PMF is in pure water and the measurement RBS spectrum when
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the polyimide-coated PMF is in a certain concentration of NaCl solution. For
comparison, a commercially available salinometer with a nominal range of 1.7 mol/L
and measurement accuracy of 0.05 mol/L is used to measure the salinity of the solution
at the same time. The pulse width is 5 ns, leading to a 0.5 m spatial resolution. The
average time of trace and the sampling rate of the oscilloscope are 32 and 5 GSa/s,
respectively. Fig. 3-17 demonstrates the measured frequency shift results of the x
polarization state and y polarization state in the case of different salinities. The
frequency shift exhibits a positive linear relationship with the salinity, indicating the
linear response of polyimide coating-induced strain to salinity. The least-square fitting
curves of x polarization axis and y polarization axis have slopes of 1028 MHz/(mol/L)

and 1008.6 MHz/(mol/L), respectively.

3.4.4  Measurement results of response time to salinity change
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Figure 3-18: The response time of polyimide-coated fiber to salinity variation.
Then, we investigated the response time of the polyimide-coated fiber to salinity
variation. Before the data acquisition of the reference spectrum, the polyimide-coated
PMF with a length of 4 m was immersed in a water solution and left still for 2 hours to

ensure the polyimide coating fully responded to the solution. After the reference
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spectrum collection was finished, NaCl solution was poured in, and the RBS spectrum
was collected every 3 minutes. In total, nine RBS spectra including the reference
spectrum were detected. In data processing, the frequency shifts were calculated
between every two adjacent RBS spectra. The measurement results for salinity of 0.45
mol/L and 1.17 mol/L are depicted in Fig. 3-18. It can be seen that the frequency shifts
gradually approach zero as time increases. At the 21sz minute, the response time curves

reach a stable state.

3.4.5 Simultaneous temperature and salinity measurement results

After the sensitivity coefficients of temperature and salinity have been determined, the
characteristic matrix in Eq. (3-13) can be obtained, enabling the simultaneous
measurement of salinity and temperature. To validate the sensor's discrimination
capability between temperature and salinity, we set up the optical fiber according to the
configuration shown in Fig. 3-19. At about 58.2 m away from the incident end of the
fiber, a 4.4 m long polyimide-coated PMF was placed in a temperature-controlled water
bath for temperature measurement. The following 5 m was in the air and then 4.6 m

long fiber was immersed in pure water for salinity detection.

58.2m 5m 28 m
44 m 46 m
T R [ R 4
®OTDR ] J | ! 7
Temperature Salinity
change change

Figure 3-19: The deployment of polyimide-coated PMF for simultaneous
temperature and salinity measurement.

Then the simultaneous measurement experiments for temperature and salinity
were carried out. The pulse width, sampling rate, and trace averaging were set to be 20

ns, 5 GSa/s, and 32, respectively. Fig. 3-20 (a-c) shows the measurement results with a
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temperature variation of 2 K and a salinity variation of 0.835 mol/L. Fig. 3-20 (a)
depicts the frequency shift distributions of x-axis and y-axis along the fiber. It can be
seen that the temperature change between 58.2 m to 62.6 m causes a negative frequency
shift, while the salinity change between 67.6 m to 72.2 m leads to a positive frequency
shift. This is as expected since the temperature coefficients are negative, but the salinity
coefficients are positive. The inset zooms in on the frequency shift from 67.6 m to 72.2
m for better visualization. Fig. 3-20 (b) and (c) show the demodulated temperature and
salinity profiles using the obtained characteristic matrix, in which the temperature and
salinity are 1.95 K and 0.815 mol/L, respectively. Compared to the expected values, the
measurement errors for temperature and salinity are 0.05 K and 0.02 mol/L, respectively.
Fig. 3-20 (d-f) shows another group of measurement results with a temperature
variation of 3 K and a salinity variation of 1.66 mol/L. The demodulation results of
temperature and salinity in Fig. 3-20 (e) and (f) are 2.93 K and 1.72 mol/L respectively,
slightly deviating from the true value. The experimental results agree very well with
the values of applied parameters, demonstrating the sensor's remarkable ability to

discriminate between temperature and salinity.
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Figure 3-20: (a) Frequency shifts of x polarization axis and y polarization axis
(T=2 K, S=0.835 mol/L); (b) Demodulated temperature profile (T=2 K,
S=0.835 mol/L); (¢) Demodulated salinity profile (T=2 K, S=0.835 mol/L); (d)
Frequency shifts of x polarization axis and y polarization axis (T=3 K, S=1.66
mol/L); (e) Demodulated temperature profile (T=3 K, S=1.66 mol/L); (f)
Demodulated salinity profile (T=3 K, S=1.66 mol/L).

In Fig. 3-20 (e), a tiny temperature change (~0.3 K) can be still observed between
the positions 67.6 m and 72.2 m. Several factors may contribute to this phenomenon.
Firstly, although the water and NaCl solutions have been placed in a stable environment
for a long time to reach a steady state, the temperature of the two solutions cannot be
identical, and small temperature fluctuations may occur in the measurement. Secondly,
the temperature and salinity measurement by the water bath and salinometer exhibit
certain inaccuracies, which results in slight deviations between the calibrated sensitivity
coefficients and the true values, also leading to some errors in the demodulation results.

Utilizing a more precise thermometer and salinometer can achieve a more accurate
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estimation of sensitivity coefficients, thereby reducing measurement errors.

Comparing Fig. 3-20 (b) and (e) to Fig. 3-20 (c) and (f), we can find that the
fluctuations of salinity measurement results along the fiber are larger than those of
temperature measurement results. This phenomenon can be explained by the error
estimation formula in Eq. (3-15) and Eq. (3-16), which have indicated that the
measurement uncertainty of salinity is determined by the higher temperature sensitivity
coefficients, while the temperature measurement uncertainty is essentially dominated
by the lower salinity sensitivity coefficients. The measurement uncertainties of

frequency shifts on x polarization axis and y polarization axis (0, .9, ,) can be

characterized by calculating the standard deviations of frequency shifts at different fiber
locations. In Fig. 3-20 (a), we chose the fiber position from 53 m to 56 m to calculate
the standard deviations, which are 0.4495 MHz for x polarization axis and 1.0338 MHz
for y polarization axis, respectively. According to Eq. (3-15) and Eq. (3-16), the

estimated measurement uncertainties for temperature and salinity (o,;,0,s) should be

0.0352 K and 0.048 mol/L, respectively. These values match well with the measurement
uncertainties on the same location of profiles in Fig. 3-20 (b) and (c), which are 0.0344

K and 0.0469 mol/L respectively.

In the conducted experiment, the frequency scanning range of the optical pulse
extended to 14 GHz, enabling the detection of salinity levels up to approximately 6.8
mol/L. Given that the average salinity of ocean water is about 0.6 mol/L, our system's
dynamic range comfortably exceeds that of marine environments. Furthermore, the
measurement precision achieved is 0.0469 mol/L, which is considerably finer than the
typical salinity of seawater, thus fulfilling the demands of practical

applications. Regarding real-time monitoring, the response time of the polyimide
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coating to variations in salinity is currently around 8 minutes. Consequently, employing
frequency-scanning ®-OTDR for salinity assessment meets and potentially surpasses

the existing operational requirements.

3.5 Summary

In this chapter, we introduce a novel approach for high-sensitivity distributed
salinity sensing that integrates frequency-scanning ®-OTDR with polyimide-coated

fibers. Our initial experiments utilize an SMF with a coating radius of 15 gm to gauge

salinity levels. This setup yields a salinity sensitivity of 782.4 MHz/(mol/L) and
achieves an SR of 1 m. We further examine the fiber's response time to changes in
salinity, determining that it takes approximately 8 minutes to stabilize after variations
of both 0.48 mol/L and 1.76 mol/L. Subsequently, we delve into the theoretical and
practical aspects of measurement accuracy within the context of frequency-scanning ®-
OTDR. Our findings indicate a compromise between SR and the precision of frequency
shift measurements related to salinity. Experimental data points to a measurement
uncertainty of 0.005 mol/L and 0.022 mol/L for interrogation pulse widths of 20 ns and
3 ns, respectively.

Moreover, we extend our research to achieve concurrent measurements of salinity
and temperature using a polyimide-coated PMF. The frequency-scanning ®-OTDR
system dispatches pulse sequences with orthogonal polarization states to independently
track the optical path variations along the PMF's fast and slow axes. By scrutinizing the
frequency shifts in the Rayleigh backscattering spectra, we ascertain the temperature
and salinity sensitivity coefficients for the slow and fast axes of the polyimide-coated
PMF. These coefficients are determined to be -1407.8 MHz/K and -1348.9 MHz/K for

temperature, and 1028 MHz/(mol/L) and 1008.6 MHz/(mol/L) for salinity, respectively.
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Through our experiments, we successfully demonstrate the capability of this system to
perform simultaneous salinity and temperature measurements, with uncertainties of
0.0344 K for temperature and 0.0469 mol/L for salinity. The proposed system offers a
promising solution for distributed, discriminative salinity and temperature sensing with
high sensitivity and minimal measurement errors, making it suitable for applications

that demand precise monitoring of these parameters.
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4 Large Dynamic Range Distributed
Fiber Sensor Based on Dual-
Sideband Linear Frequency

Modulated COTDR

4.1 Introduction

Dynamic range, which refers to the maximum range of measurand, is a crucial
parameter for DOFS. In this chapter, we propose a COTDR based on a dual-sideband
LFM pulse to enhance the dynamic range. The COTDR system utilizing the sub-chirp-
pulse extraction algorithm offers several advantages, including fading immunity, high
SNR, high SR, and the ability to perform single-shot measurements [46]. However, its
dynamic range is limited by the frequency tuning range of the LFM pulse.

To address this constraint, we have developed a COTDR system that utilizes a dual-
sideband LFM pulse. This system incorporates I/Q demodulation, enabling the effective
demodulation of both the positive and negative frequency bands within the RBS signal.
Consequently, this approach leads to a doubling of the dynamic range while
circumventing the necessity to expand the bandwidth of the signal generator, PD, and
oscilloscope.

In our experiment, we launch a chirped pulse with a pulse width of 10 xs and a

frequency sweeping range of 498 MHz into the sensing fiber. With this setup, we

achieve single-shot strain measurement over a 5 km single-mode fiber, providing an

SR of 2.5 m and a strain sensitivity of 7.5 pe//Hz . Additionally, we successfully
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measure a vibration signal with a peak-to-peak amplitude of 3.09 we (corresponding

to a 461 MHz frequency shift) using the double-sideband spectrum. This vibration

signal cannot be accurately recovered using the single-sideband spectrum.

4.2 Principle of COTDR based on dual-frequency sidebands

Figure 4-1: EOM based on MZI structure [100].
As shown in Fig. 4-1, a Mach—Zehnder EOM can be used to generate the dual sideband
signal. In the EOM, the incident light is divided into two arms equally and recombined
subsequently. Supposing that the phase delays of light in the two arms are ¢1 and ¢,

the input optical fields is Ei, and the output optical field E, can be written as:

1 . . _ Pt
E, :E(e“”l +e”)E, = cos(2—%2 Z(DZ)eJ = (4-1)
The phase shifts of the two arms are given by:
Ve (1)

= +—2C2 4-2
P=@+ V. (4-2)

_ ”[Vbias _VAC (t)] 4-3
2 Y, (4-3)

T

where ¢o represents the inherent phase difference between the two arms without
applied voltages. Vbias represents the bias voltage and the modulation voltage is

expressed as V,. (t) =V, cos(w,.t), respectively. Vx means the half-wave voltage of
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the modulator, which is the required voltage for the output light intensity to change

from minimum to maximum. With Eq. (4-1) to Eq. (4-3), we can get:

o ”Vbias
E, = cos(ﬂvAC 05 (@sct) _ Vo + % ]ej[(p e ]Ei (4-4)
2V N2

T

Considering the angle addition formulas and the real-valued expression of Jacobi—

Anger expansion:

cos(a+ )= cos(a)cos(,B)—sin(a)sin(ﬂ) (4-5)
cos(zcos0)=1J,(z)+ ZZ (z)cos(2n0) (4-6)
sin(zcos@ ——22 3,02 (2)c0s((2n-1)0) (4-7)

EqQ. (4-4) can be expanded as follows:

{ 20, Vbias
E = Ee1(7+ W, J cos gDO ﬂ.vblas J M
° 2 4 )’ 2y

+ Zcos{ Vi ]i (”2\\//“ jcos(Zna)ACt) (4-8)

iz n=1 V4

+23m[ b'“] Zn_l( VAC]COS[ 2n—1) @yt |
7 n 1 2V7!

Jn() is the n-order Bessel function. When ¢o/2-(7Vvias)/4V=n/2 and 7Vac/2V.K1 are

satisfied, the EOM works at the null point, and the optical carrier and the higher order
sidebands are suppressed. Only the first-order positive and negative sidebands need to

be considered. In this situation, Eg. (4-8) can be simplified:

E,(t)=Ee . 2J( AC)cos(a)ACt)

7[

(4-9)

[(/70 ”VblaS]
=Ee t2ra { 1,& AC) [exp(j@,ct) +exp(- Ja)ACt)]}

7Z

In pulse compression COTDR, an LFM pulse signal generated by the AWG drives

the modulator, which can be written as:
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t
o(t) = (27z ft +m<t2)- rect[?J (4-10)

The output light field of modulator Eo(t) can be written as

P0 , MVhias

E,(t)=— J(W)E 5w, .{exp[j(27rfct+¢9(t))]+exp[j(27zfct—H(t))]}rect(%j

(4-11)
where y=V4c/V) is the modulation depth, f., fo, and x represent the optical carrier

frequency, initial sweeping frequency, and the slope of the LFM signal, and 7 denotes
the pulse duration. The Rayleigh backscattering signal probed with the LFM pulse is
mixed with the LO to obtain the beat signal. The RBS signal and the LO can be written

as:

Eres ( Zr exp( a—} o(t-7) (4-12)
EL( )= Eoexp(j2rzft) (4-13)
Using an optical hybrid coupler, the optical field of the beat signal can be recovered

using the I and Q components:
E, (t)oc EqgsElo

=ia, exp| j( Z”fcfi+9(t_fi))]+eXp[1(—27fchi—9(t—ri))]}rect[t—TTi]

i=1

(4-14)

@ ﬂvblas

In the above equations, a =-J (W)ELoEle 2 % rexp(— a—) ri and t;

represent the amplitude and time delay of light reflected by the i-th reflector in FUT,

and a is the fiber attenuation.
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Rayleigh backscattering spectrum
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Figure 4-2: Principle of COTDR based on double frequency sidebands: (a) The
detected RBS traces and the corresponding frequency spectrum; (b) The
Rayleigh backscattering spectrum.

As shown in Eq. (4-14) and Fig. 4-2, the detected complex signal contains two
frequency sidebands with different information. The RBS signals with different
frequencies can be derived using matched filters with different frequency sweep ranges.
Hypothesizing sub-chirped pulse sequence with initial frequency fk and duration Ty is

used to perform matched filtering on positive and negative bands:
h, (t) =exp{j(2x f t + zxt*)}rect(t/T,) (4-15 a)
h_(t) =exp{—j(2z f,t + zxt®) }rect(t/T,) (4-15b)
The compressed signal of the A-th matched filter can be deduced according to Eq.
(4-14) and (4-15):
s(t) = E,(t) *h,,_(t)

(20 MVbis in —|tht 4-16
=—31(%)ELOE£J 2w hFUT{SI [mc(ll':t t) ]-exp(ijZﬂ'(fk+%Tl)tJ (4-16)
T

C

N
where h; =1 exp(-a—)-exp{—j27f,z}-5(t-7,) is the impulse response of
n

i=1
FUT. As can be seen from the above deduction the compressed signal is the convolution

of hryt and a sinc function with different frequencies. Therefore, an RBS spectrum as
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the function of time and frequency s(t,f) can be constructed using matched filters with

different center frequencies.

4.3 Experiments

43.1 System configuration

. 5 Km fiber
W epeay Fittera pZT

Coupler i @
—]

Laser s EOM | 4 \77,\ @ g 7
90:10 'y
AWG N EDFA2
Trigger

00 gl

Hybrid Oscilloscope
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Figure 4-3: System configuration of dual-sideband COTDR based on pulse
compression.

The configuration of dual-sideband COTDR is presented in Fig. 4-3. A laser with a
narrow linewidth of 100 Hz operating at 1550 nm was split in a 90:10 ratio. In the upper
branch, the light was modulated into a chirped pulse by an EOM driven by an AWG.
The frequency of the chirp signal sweeps from 2 to 500 MHz, the pulse width and pulse
period were 10 ws and 150 ys respectively. An EDFA and a bandpass filter were used
to amplify the power of the chirp pulse and remove the ASE noise. Later, the amplified
pulse was injected into a 5-km sensing fiber. And the Rayleigh backscattering light was
amplified and filtered by another group of EDFA and bandpass filter. The fiber length
of PZT was 10 m and it was put at the far end of the 5 km sensing fiber. In the lower
branch, a PC was employed to control the polarization state of the LO. Finally, the LO
in the lower branch and the backscattering signal were mixed in an optical hybrid. Two

photodetectors with 500 MHz bandwidths were utilized to receive the | and Q
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components and the detected signals were sent to the oscilloscope to be collected at the

sampling rate of 2 GSal/s.

4.3.2  Frequency shift estimation based on a least mean square algorithm

1

1
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-1 : ; -1 : :
0 20 40 60 53.82 53.84 53.86 53.88 53.9 53.92
Time (us) Time (us)

Figure 4-4: (a) The detected dual-sideband RBS signal. (b) A magnified view
of Fig. 4-4 (a).

Fig. 4-4 (a) shows the detected In-phase and Quadrature components of Raleigh
backscattering signal in a dual-sideband LFM COTDR system, and Fig. 4-4 (b) shows
a magnified view at positions from 53.82 us to 53.92 s. In Fig. 4-4 (b), the intensities
and phases of the 1 and Q components are different. The Rayleigh spectrum is
constructed using matching filtering to the complex signal in Fig. 4-4 (a). The Rayleigh
backscattering spectrum after match filtering is shown in Fig. 4-5, where different
colors represent different RBS intensities. In our demodulation process, the bandwidth
of the matched filter is 40 MHz and the frequency interval is 4 MHz, which results in
114 traces available for each sideband. It should be noted that the 44 MHz frequency
spectrum around carrier frequency is not available (interpolate to 0 in Fig. 4-5) since
the initial sweeping frequency is 2 MHz. During the frequency shift estimation process,
if the commonly used cross-correlation algorithm is employed, the missed 44 MHz in
the spectrum may adversely affect the frequency shift estimation result and potentially

lead to erroneous estimations. To mitigate the impact of the missed 44 MHz spectrum
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on the frequency shift estimation result, we utilized the frequency shift estimation based

on a least mean square (LMS) algorithm here.

Frequency (MHz)

Distance (Km)
Figure 4-5: Rayleigh backscattering spectrum after match filtering.

Supposing that the Rayleigh spectrum range is F, the reference and the measurement

RBS spectrum are represented by Syerand Syeq, respectively. The mean square error with

a frequency shift of 6f is given by [43]:

F-lsf
1 \\

t,of)=————
( ) |5f| f=— F\&f\

(St (6, F +5F) =5t )] (4-17)

ref mea

The frequency shift is given by:

(t,5)] (4-18)

Foi () =arg Min[Re; e,

Fig. 4-6 illustrates the process of estimating frequency shift using the LMS algorithm.
The figure presents two double sideband spectra, depicted in red and blue. Two spectra
exhibit a strain-induced frequency shift relative to each other. The dotted lines shaded
in blue represent the 44 MHz regions that are missing from the spectra. Using the blue
spectrum as a reference, the red spectrum is shifted along the frequency axis

incrementally. At each shift, the square errors between the two spectra are computed

over their overlapping regions. The mean square error is then determined by averaging
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these square errors, with the caveat that the shaded areas (the 44 MHz missed areas) are
not included in the averaging process. The frequency shift caused by strain is identified
by locating the position where the mean square error is minimized. Since the shaded
areas are excluded in the calculation process, it doesn’t affect the frequency shift results.
To improve the accuracy, the frequency spectrum interval is interpolated to be 0.04
MHz by using cubic polynomial interpolation with a factor of 100.

Measurement spectrum Reference spectrum

ML N NI

Frequency

Figure 4-6: Frequency shift estimation principle based on LMS algorithm.
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Figure 4-7: (a) The frequency shift result near the end of FUT. (b) The vibration
at 4965 m.

Fig. 4-7 shows the calculated frequency shift map near the end of FUT. The applied
voltage and frequency are 2 V and 100 Hz, respectively. A disturbed area can be
identified from 4960 m to 4970 m. Fig. 4-7 (b) is the time trace of vibration at 4965 m,

we can see that the sine waveform is well recovered with the LMS algorithm
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4.3.3  Measurement results of dynamic strains
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Figure 4-8: (a) Frequency shifts of RBS at different voltage; (b) Measured
frequency spectra of different frequency vibrations.

Firstly, we measured the vibration signals with different amplitudes and different
frequencies. The measurement results are displayed in Fig. 4-8. The vibration voltages
applied to the PZT changed from 0.2 V to 10 V in Fig. 4-8 (a), and the frequency was
kept at 100 Hz. The frequency shift coefficient is 13.63 MHz/V, and the coefficient of
determination is 0.9999, suggesting a good linearity between the frequency shift and
the amplitude of the vibration. Figure 4.8 (b) depicts the measurement results of
vibrations with an amplitude of 5 V and frequencies ranging from 200 Hz to 800 Hz,

which are consistent with the applied signals.
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Figure 4-9: The measurement results of large amplitude vibrations (a) 200 Hz;
(b) 500 Hz; (c) 1 KHz. (Blue: double sideband; Red: single sideband).

To investigate the dynamic range of our method, we used a piezo controller to

amplify the vibration signal applied to the PZT. The pulse width and pulse period are
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10 ms and 80 ms respectively in this case. Fig. 4-9 (a), (b), and (c) show the
measurement results of vibrations with frequencies of 200 Hz, 500 Hz, 1 KHz, and
amplitudes of 31V, 34 V, and 32 V, respectively. The frequency shifts reach 424 MHz,
461 MHz, and 434 MHz, respectively. We can see that the results demodulated from
the single-sideband frequency spectra are distorted, while the waveforms can be
perfectly retrieved from the double-sideband spectra. In the demodulation process, a
fixed reference RBS spectrum is used, and the maximum frequency shift between the
measured spectrum and reference spectrum is 267 MHz (in Fig. 4-9 (b)). The strain
range can be extended by calculating the frequency shifts between every two

consecutive RBS spectra and then integrating the frequency shifts along the time axis.
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Figure 4-10 (a) The double-sideband frequency spectra two different times;
(b) The frequency shifted double sideband spectra; (c) The positive sideband
frequency spectra; (d) The frequency shifted positive sideband spectra.

Fig. 4-10 shows the frequency spectra of the same data in Fig. 4-9 (a) at 4.08 ms and
4.96 ms. Fig. 4-10 (a) shows the double sideband frequency spectra, where the 44 MHz
missing frequency points are drawn with dashed lines. Fig. 4-10 (b) shows the double

sideband frequency spectra after 222 MHz frequency shift. The gray and red shaded
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areas are used to estimate the mean square error with the LMS algorithm. The unshaded
areas with dashed lines are invalid areas that are discarded in the calculation process to
avoid frequency shift estimation errors. Fig. 4-10 (c) shows the positive sideband in Fig.
4-10 (a), and Fig. 4-10 (d) displays the frequency-shifted positive sideband spectra. The
red shaded area which is used to estimate frequency shift corresponds to the red shaded
area in Fig. 4-10 (b). It can be seen from Fig. 4-10 (d) that the frequency shift reaches
almost half of the spectrum range, in which circumstance the frequency shift is easily
estimated incorrectly. But in Fig. 4-10 (b), the valid area is larger, and the frequency

shift can be estimated more accurately.
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Figure 4-11 (a) Spatial resolution of the system; (b) Averaged power spectral
density between 500 Hz and 3000 Hz along the fiber.

In the pulse compression scheme, the spatial resolution of the system is no longer
restricted by the pulse width but determined by the bandwidth of matched filters.
Therefore, long pulses can be used to improve the SNR of the signal. According to Eq.
(2-67), a matched filter with 40 MHz bandwidth will lead to an SR of 2.5 m, as indicated
in Fig. 4-11 (a). To evaluate the noise level of the system, the PSD along the fiber

distance is calculated. As shown in Fig. 4-11 (b), the maximum averaged PSD between

500 Hz and 3 kHz is -59 dB, corresponding to a strain sensitivity of 7.5 pg/«/ Hz .

Compared with the phase demodulation scheme, interference and polarization fading

free measurement is achieved over the entire FUT.
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To further demonstrate the performance of double-sideband COTDR, complex
waveforms are applied to the PZT. The pulse width and pulse period are set to be 10

us and 150 us respectively. Fig. 4-12 shows the measurement results of a chirped

waveform (a-c) and a triangle waveform (d-f). The chirped waveform swept from 100
Hz to 1000 Hz with a duration of 20 ms and an amplitude of 2V. From the time-
frequency map in Fig. 4-12 (c), we can see that the chirped waveform is well recovered.
The frequency and amplitude of the triangle wave are 300 Hz and 2V respectively. The

measurement result demonstrates the reliability of the system.
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Figure 4-12 (a-c): Frequency shift, time-domain waveform, and time-
frequency map of chirped wave; (d-f): Frequency shift, time-domain
waveform, and frequency spectra of triangle wave.

It is noteworthy that the dual-sideband LFM scheme was introduced in COTDR to
address the issue of phase drift noise in [134]. In this scheme, external disturbances are
obtained directly through the cross-correlation of local RBS trace segments rather than
first recovering the RBS spectrum using the SPEA and then cross-correlating the
reference and measurement spectra. However, without implementing pulse
compression, the constraint relationship between spatial resolution and pulse width
cannot be overcome, which makes it challenging to achieve high spatial resolution and

long sensing distance simultaneously in [134].
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4.4 Summary

In this chapter, we propose a COTDR system based on dual-sideband LFM. This system
is designed to fully utilize both the positive and negative frequency bands of the RBS
spectrum, effectively doubling the dynamic range without necessitating an increase in
the bandwidth of the electronic equipment within the system. By employing a dual-

sideband LFM pulse with a 10 s pulse width and a 498 MHz frequency sweep range,
we have achieved fading-free distributed strain measurement over a 5 km single-mode
fiber. The system's SR is 2.5 m, and it exhibits a strain sensitivity greater than 7.5
pg/ VHzZ . The proposed scheme shows promise for application in the measurement of

large vibration signals, offering a significant advancement in the field of optical fiber

sensing.
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5 Pressure Sensor with High-
Sensitivity Based on Dual-Sideband
Linear Frequency Modulated OFDR

5.1 Introduction

Pressure measurement is crucial in various fields, including oil and natural gas exploration,
transportation, and pore water pressure monitoring in geotechnical structures, among others
[76], [77] To meet the growing demands for pressure measurement, numerous studies have
been carried out on pressure sensing techniques. OFS such as FBG, F-P cavity, and SPR [135],
[136], [137], [138], [139] have been recognized as suitable candidates for pressure sensing due
to their anti-electromagnetic interference, corrosion resistance, remote interrogation, and high
robustness properties. For instance, the FBG can be securely attached to a structure that is easily
deformed under pressure, like an elastic metal film [135] or a thin-walled cylinder [136], to
facilitate pressure measurement. Using an elastic metal film and a thin-walled cylinder,
pressure sensitivities of 23.8 pm/MPa and 69.4 pm/MPa were achieved, respectively. The FBG
can also be inscribed on special fibers that are highly sensitive to pressure to enhance sensitivity.
On a single-ring suspended fiber, the FBG achieved a pressure sensitivity of -43.6 pm/MPa
[137]. Hydrostatic pressure sensors based on F-P cavity and hollow-core (HC) fibers were also
proposed, with pressure sensitivities of -17.3 and -23.4 pm/MPa using a HC microstructured
fiber and a HC photonic bandgap fiber, respectively [138]. However, these OFS can only
provide single-point measurements, and distributed pressure profiles cannot be obtained.

To facilitate continuous pressure measurement, various DOFS have been developed. The

BDG combined with a thin-diameter polarization-maintaining PCF was demonstrated as a
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pressure sensor in 2016, achieving a sensitivity of 199 MHz/MPa with a measurement error of
less than 0.03 MPa [78]. Due to the complexity of the BDG system, a simpler pressure sensor
based on BOTDA was proposed in 2020, achieving a sensitivity of -3.61 MHz/MPa and a
measurement error of 0.09 MPa with a double-layer polymer coating [79]. Despite the use of
special optical fibers, the pressure sensitivities of Brillouin scattering-based DOFS remain
limited. Pressure sensors based on ®-OTDR have also been developed, exhibiting high
sensitivities and measurement accuracies. For example, the ®-OTDR combined with high
birefringent PCF [80] or the elliptical core fiber with side air holes [81] achieved sensitivities
of -2190 MHz/MPa and 1590 MHz/MPa, respectively. Although there was a significant
improvement in pressure sensitivity compared to Brillouin scattering-based DOFS, dynamic
pressure measurement was not reported. In 2022, Qiu et al. achieved dynamic pressure
measurement with a 33.3 KHz sampling rate and a 2 m spatial resolution using ®-OTDR and
a standard SMF [82]. However, its sensitivity of 702.5 MHz/MPa is significantly lower than
those achieved using special fiber.

This chapter introduces a highly-sensitive distributed dynamic pressure sensor based
on a dual-linear frequency modulated optical frequency domain reflectometry and a
coating thickness-enhanced SMF. A dual-sideband LFM signal is used to interrogate the
sensing fiber, which allows us to obtain a dual-sideband Rayleigh backscattering signal.
Due to the opposite slopes of the two LFM sidebands, the Rayleigh backscattering spectra
of the two sidebands drift in opposite directions when the fiber is disturbed. By
subtracting the frequency shifts of the two spectra, we can double the system's sensitivity.
We further enhance the sensitivity by using an SMF with a coating thickness of 200 zm.
This results in a pressure sensitivity of 3979 MHz/MPa, a measurement accuracy of 0.97

KPa, and a spatial resolution of 35 cm over a 500 m optical fiber. Our system successfully
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detected a dynamic pressure change at a sampling rate of 1.25 KHz, demonstrating the

sensor's excellent dynamic measuring capabilities.

5.2 Principle

5.2.1  Principle of dual-sideband linear frequency modulated OFDR
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Figure 5-1: Principle of dual-sideband-modulated OFDR. (a) The time-
frequency relationship between the LO and RBS based on dual-sideband
modulation; (b) The time-frequency map of the beat signal.

Fig. 5-1 illustrates the principle of the dual sideband modulated OFDR. The frequency and

amplitude of the laser source are f, and A, , and the starting frequencies and slopes of the dual-

sideband LFM signal are =f; and =+, , respectively. The LO can be expressed as:

Eo=A [exp{ j@rft-27tt-m1?)

(5-1)
+ex|0{j (27r ft+2zft+ 72'}/1:2)}}
The RBS generated in fiber can be expressed as:
Eres :Zai |:€‘Xp{j(27[fc (t—ri)—27zf0 (t —ri)—m/(t—ri )2)}
| (52)

+exp{j(27rfc(t—ri)+27rf0(t—ri)+ﬂ7(t—fi)z)}}
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where a, is the reflective amplitude of the scattering points, -, is the time delay of scattering

points. For simplicity, the fiber attenuation is neglected here. So, the beat signal between the

LOandthe RBS I, . can be expressed as:

beat

*

lugar o By (1) Egs (1)
=R,p A z a [exp{ j (27r fr—2rfc+mye’ - 27[]/Tit)} (5-3)
+ exp{ J (27[ fr+2rnfc —myr’+ Zﬂyrit)ﬂ
where R, is the responsivity of the PD. Note that only the beat frequency between LOp and
RBSp, as well as the beat frequency between LOn and RBS, need to be considered. The
unwanted beat signals between the positive sideband and the negative sideband can be set

beyond the PD bandwidth by reasonably setting the frequency f, and the LFM bandwidth.

From Eq. (5-3), we can find that two opposite beat frequencies are generated. When the fiber
is disturbed by pressure, the time delay between LO and RBS changes, causing frequency shifts
in the two frequency sidebands. The green arrows in Fig. 5-1 (a) depict the opposite changes in
beat frequencies caused by the pressure. Fig. 5-1 (b) demonstrates the time-frequency
distribution of the beat signal of dual-sideband OFDR. Since the frequency ranges of the two
sidebands are different, the information contained in the two frequency spectra is different, too.
Therefore, by calculating the positive and negative sideband frequency shifts separately and

subtracting them, the sensitivity of the system can be increased to 2 times.

5.2.2  Pressure-induced strain on optical fibers

When the fiber is under pressure, axial and radial strains are generated in the fiber, therefore
causing a phase change of light. The frequency shift caused by pressure can be written as [140],

[141]
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where p,,and p,, are the elasto-optic coefficients of silica glass fiber, and  is the RI of fiber.

¢,and ¢, are the axial and radial strains, which are given by:
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Representing the radius of fiber and polymer coating by a and b, we define f = (a/ b)z,

which normally satisfies f <1. p is the pressure. vg, v denote the Poisson’s ratios of glass fiber
and polymer coating. Eg, Ep represent Young’s modulus of glass fiber and polymer coating,
respectively. According to Eq. (5-4), we simulated the pressure sensitivities in the case of
different Ep and vp. Taking p11=0.1254, pas=-0.0718, n=1.51, vg =0.17, Eg = 73 GPa, p=1 MPa,

a=62.5 um, the simulation results of pressure sensitivities AV, /AV are

Uncoating

and Av

Uncoating

demonstrated in Fig. 5-2, where Av stand for the frequency shift of a

oating
coating fiber and an uncoating fiber, respectively. An increase in coating radius will increase
pressure sensitivity. For the same coating radius, using coating materials with smaller E, and v
will result in higher pressure sensitivity. According to our calculation, the axial strain & in Eq.
(5-5) is negative when positive pressure is applied, proving that the silica glass fiber will
contract in the axial direction along with the polymer coating. Our experiment adopted an

optical fiber with a coating radius of 200 xm (YOFC PM 1550_125-13/400). Compared with
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a standard SMF with a coating radius of 125 m, the sensitivity can be increased by 2.19 times,

2.48 times, and 2.56 times in the three cases in Fig. 5-2.

120 - —Ep=3.5, vp=0.3
——E =1,v =0.35
r r r

Sensitivity ((AV) gy o MAV), o)

500 1000 1500
Coating radius(im )

o

Figure 5-2: Pressure sensitivities AV, /AV. .~ in case of different
Uncoating

coating Young’s Modulus E, and coating Poisson’s ratios v,.

5.3 Experiments

5.3.1 System configuration

As shown in Fig. 5-3, an NLL light source operating at 1550 nm is injected into an electro-optic
intensity modulator and modulated into a dual-sideband LFM pulse signal. The AWG is used
to generate the LFM signal. EDFA1 and a BPF are used to amplify the power and remove the
ASE noise, respectively. Then the light is split into two branches in a 90:10 ratio. The 10%
serves as the LO, and the probe pulse is launched into the FUT with a length of 500 m through
the circulator. Later, the Rayleigh-backscattering light from the FUT is amplified by EDFA2,
whose ASE noise is suppressed by another band-pass filter. Finally, an optical hybrid
recombines the LO and RBS signal, and the I and Q components in the x polarization state are
detected by two 500 MHz bandwidth PD. The PC controls the polarization state of LO and
makes the optical power detected by the PD maximized. The electrical signal output by PD is
collected by the oscilloscope with a 1 GSa/s sampling rate.
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Figure 5-3: Experimental setup for high-sensitivity pressure measurement.

5.3.2  Pressure measurement results
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Figure 5-4: The detected in-phase and quadrature RBS signal.

In our experiments, the pulse width of the LFM signal is set to be 100 x5 and the frequency
scans from 500 MHz to 4 GHz, yielding a slope of 3.5x10** Hz/s. As the length of FUT is 500
m, the maximum beat frequency between the RBS and the LO is calculated to be 175 MHz.
Fig. 5-4 shows the detected complex RBS signal. A short-time Fourier transform (STFT) with
an 8.192 x5 Hamming window and a sliding step of 1.024 ;s is applied to the detected signals,
resulting in a 35 cm spatial resolution. Fig. 5-5 shows the demodulated RBS spectra. The
pattern of the positive sideband is different from that of the negative sideband, which indicates

that we can improve the sensitivity by synthesizing the frequency shifts of two sidebands.
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Figure 5-5: The measured RBS spectra along the sensing fiber for (a) the
positive sideband and (b) the negative sideband.
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Figure 5-6: (a) The positive sideband of frequency spectra under 0.312 MPa
pressure change and (b) their cross-correlation; (¢) The negative sideband of
frequency spectra under 0.312 MPa pressure change and (b) their cross-
correlation.

To realize the pressure measurement, the SMF with a 200 zm coating radius is placed in an
oil pressure chamber. Fig. 5-6 shows the measurement results of a 0.312 MPa pressure change.
Fig. 5-6 (a) presents the positive sidebands of the reference spectrum at 0 MPa and the

measured spectrum at 0.312 MPa. The patterns of the two spectra look similar but a frequency
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shift exists between them. Fig. 5-6 (b) shows the frequency shift acquired by cross-correlating

the two spectra, which is 613 MHz. The negative sideband frequency spectra and their cross-

correlation result are shown in Fig. 5-6 (c) and Fig. 5-6 (d), respectively. We can find that the

frequency shifts of the two sidebands are the same in magnitude but opposite in sign, which is

consistent with our analysis as indicated in Fig. 5-1.
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Figure 5-7: The pressure distributions of (a) the positive sideband and (b) the
negative sideband; (c¢) The frequency shift comparison between the single
sideband and dual sideband; (d) The sensitivities of the sensor.

Fig. 5-7 demonstrates the distributed measurement ability of the system and the pressure

sensitivity measurement result. The pressure change is 0.212 MPa in Fig. 5-7 (a-c). The fiber

length in the pressure chamber is about 5 m. Average frequency shifts of 422 MHz and -420

MHz are obtained from Fig. 5-7 (a) and (b). In Fig. 5-7 (c), a subtraction between the two

sidebands is performed and an average frequency shift of 840 MHz is acquired. To obtain the

pressure sensitivity of the proposed scheme, we measured the pressure from 0.11 MPa to 0.51

MPaat an interval of 0.1 MPa, and Fig. 5-7 (d) shows the frequency shift results. The dash lines
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are linear fitting curves to dots. We can see that the pressure sensitivities are 1991 MHz/MPa
for single-sideband demodulation and 3979 MHz/MPa for dual-sideband demodulation. The
linearities are good, which reached 99.4% and 99.3%, respectively.

To assess the measurement precision of our scheme, we calculated the SD of the dual-
sideband frequency shift at various fiber locations. To mitigate the impact of environmental
disturbances such as temperature fluctuations, we selected a region with a minimal frequency
shift, ranging from 442 m to 466 m, for the SD calculation. The measurement accuracy

obtained was 3.87 MHz, corresponding to a pressure measurement accuracy of 0.97 KPa.
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Figure 5-8: The temporal frequency spectral evolution of (a) the positive
sideband and (b) the negative sideband under pressure change; (c) Frequency
shift as a function of time under dynamic pressure.

Finally, the dynamic pressure sensing ability is verified experimentally. The pressure of the
oil pressure chamber is increased to a certain level in advance, then the air valve is opened, and
the pressure-releasing process is recorded. The sampling interval is set to be 800 s, leading to

a 1.25 KHz sampling rate to the dynamic pressure change. The temporal evolutions of the
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positive and negative sideband frequency spectra are shown in Fig. 5-8 (a) and (b). And Fig. 5-
8 (c) demonstrates the subtracted frequency shifts of the two sidebands. We can see that the
frequency shift gradually increases negatively with time, leading to a total frequency shift of -
670 MHz in a 600 ms time scale. The result shows that the system has a good dynamic

measurement capability.

5.4 Summary

In summary, we have proposed and experimentally validated a dynamic distributed pressure
sensor, leveraging a dual-sideband modulated OFDR and a coating thickness-enhanced SMF-.
The strain induced by pressure results in opposing frequency shifts in the positive and negative
frequency spectrum sidebands of the Rayleigh scattering signal, thereby doubling the sensor's
sensitivity. The pressure sensitivity was theoretically analyzed and simulated, confirming that
the pressure sensitivity can be significantly amplified by increasing the fiber coating's thickness.
We utilized an SMF with a 200 #m coating radius to measure the pressure with the OFDR.
Over a 500 m fiber length, we achieved a pressure sensitivity of 3979 MHz/MPa and a
measurement accuracy of 0.97 KPa, with a spatial resolution of 35 cm. Furthermore, we
conducted a dynamic pressure measurement with a sampling rate of 1.25 KHz. Within 600 ms,
a 670 MHz frequency shift was accurately detected. The proposed sensor demonstrated high-
pressure sensitivity, superior accuracy, high SR, and rapid frequency response, offering a
potential solution for application scenarios necessitating high-performance pressure

measurements.
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6 Summary and Outlook

6.1 Summary

DOFS technology, which exploits Rayleigh scattering, is renowned for its high
sensitivity, capability for single-ended measurements, non-intrusive nature, and remote
sensing potential. These attributes render it exceedingly valuable for applications in
industrial production, intelligent transportation systems, security surveillance, and
environmental monitoring. Currently, with a plethora of interrogation, demodulation,
and performance enhancement strategies at hand, DOFS technology predicated on
Rayleigh scattering has reached a mature stage of development. DOFS that rely on
Rayleigh spectrum demodulation are inherently resistant to interference and
polarization fading, and they are capable of measuring both dynamic and static
parameters, which positions them as a particularly reliable demodulation technique. In
response to the ever-evolving demands of practical measurement applications, this
thesis undertakes a comprehensive investigation into DOFS based on Rayleigh
spectrum demodulation. The research extends beyond the conventional sensing of
temperature, strain, and vibration to explore the detection of other physical parameters
and to seek performance enhancements. The principal contributions of this thesis are as
follows:

1. A distributed salinity sensor featuring high sensitivity was developed, utilizing
frequency scanning @®-OTDR technology. This approach diverges from
conventional DOFS methodologies that typically rely on standard SMF, which
exhibits minimal sensitivity to salinity changes. Instead, our design incorporates a

polyimide-coated SMF, significantly enhancing salinity sensitivity. The proposed
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sensor achieved a remarkable salinity sensitivity of 782.4 MHz/(mol/L) over an
1100 m fiber length with an SR of 1 m, validating the efficacy of our approach.
Additionally, the measurement accuracy of the cross-correlation frequency shift
estimator was rigorously analyzed using CRLB and tested across various pulse
widths. The results indicated measurement uncertainties of 0.022 mol/L
(equivalent to a frequency uncertainty of 17.6 MHz) for a 3 ns pulse width and
0.005 mol/L (corresponding to a frequency uncertainty of 3.7 MHz) for a 20 ns
pulse width.

To address the issue of cross-sensitivity between salinity and temperature, further
research was conducted using a bow-tie PMF sensor to decouple these two
parameters. The sensitivity coefficients for temperature and salinity along the fast
and slow axes of the PMF were calibrated independently. Subsequent simultaneous
measurement experiments successfully demodulated the distributed salinity and
temperature profiles along the fiber, achieving measurement accuracies of 0.0344
K for temperature and 0.0469 mol/L for salinity, respectively.

With the objective of maximizing the utilization of frequency spectrum resources
and enhancing the dynamic range, we introduced a dual-sideband LFM COTDR
system based on SPEA. This method effectively doubles the dynamic range
without necessitating an increase in the bandwidth of electronic devices, compared
to the single-sideband modulation approach. In our experimental setup, we
successfully measured a maximum frequency shift of 461 MHz using an LFM
signal with a frequency sweep range of 498 MHz, a feat unattainable with single-
sideband modulation.

We proposed a high-sensitivity pressure sensor employing OFDR. The

implementation of dual-sideband modulation creates two opposing frequency
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shifts in the sidebands, which, when subtracted from one another, enhance the
overall sensitivity of the sensor. Theoretical analysis guided the choice of using

SMF with a coating thickness of 200 um to further increase the sensor's sensitivity.

The culmination of these design choices led to the achievement of a pressure
sensitivity of 3979 MHz/MPa, a measurement accuracy of 0.97 KPa, and an SR of

35 cm on a 500 m sensing fiber.

We have conducted a comprehensive comparison of the various sensing schemes
proposed, as well as contrasting them with other contemporary state-of-the-art
distributed sensing technologies. The performance characteristics of each sensing
scheme have been succinctly summarized in Table 6.1 for ease of evaluation and

reference.

Table 6.1 Comparison of distributed optical fiber sensors based on RBS

Frequency- Dual- Dual- ®-OTDR Direct
scanning ®- sideband sideband with digital detection
OTDR modulated modulated coherent chirped
(Chapter3) COTDR OFDR detection pulse ®-
(Chapter 4)  (ChapterS)  [26] OTDR [44]
Dynamic 14 GHz 1 GHz 3.5 GHz 7 rad
Several GHz
range (46 u¢) (3.09 ue) (~11.5 ue) (0.72 ug/m)
Spatial
2m 2.5m 35cm 2.6 m 10 m
resolution
Frequency 6.66 KHz @ 1.25 KHz @ ol KHz @ 1 km
- c/2n
response 5 km fiber 0.5 km fiber fiber
Strain
6.8 ng 1.4 ng 26 ng Not available 4 ng
resolution
Fading Immune Immune Immune Not immune  Immune

The table presented above clearly illustrates that each sensing scheme possesses
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unique advantages and disadvantages. The frequency-scanning ®-OTDR stands out for
its high dynamic range, yet it is limited to static parameter measurements only. Among
the various sensing schemes, the dual-sideband LFM COTDR demonstrates a robust
performance, with each of its performance parameters reaching satisfactory levels. On
the other hand, OFDR distinguishes itself with its exceptional spatial resolution. When
it comes to practical applications, the selection of a particular scheme should be guided

by the specific requirements and needs at hand.

6.2 Outlook

Looking ahead, there is considerable scope for research and enhancement in the field
of DOFS based on Rayleigh spectral demodulation. Future investigations could
concentrate on the following areas:

1. Inthe practical deployment of salinity and pressure measurement applications, the
encapsulation and protection of optical fibers are critical to ensure their longevity
and reliability. However, this protective process can adversely affect the sensitivity
of the fibers. It is, therefore, imperative to rigorously test the practical viability of
the proposed sensing schemes. For salinity sensing in particular, there is a need for
comprehensive studies to ascertain the long-term stability of the hygroscopic
properties of polyimide coatings.

2. As discussed in Chapter 4, while the dynamic range of ®-OTDR has been
expanded using dual-sideband LFM, it still falls short when compared to other
methodologies, such as those based on Brillouin scattering sensors. To further

extend the dynamic range, one could consider utilizing PMF as the sensing

111



medium and concurrently measure its birefringence and Rayleigh spectra. The
birefringence spectrum, derived from cross-correlating the Rayleigh spectra of the
fast and slow axes, exhibits significantly lower strain coefficients than the Rayleigh
spectrum [132]. This implies that within the same frequency sweep range of the
LFM, the birefringence spectrum can accommodate a wider strain range than the
Rayleigh spectrum. When strain-induced frequency shifts exceed the Rayleigh
spectrum's capacity, the birefringence spectrum's frequency shift can be employed
for strain demodulation. Conversely, when the strain is too subtle to be detected by
the birefringence spectrum, the Rayleigh spectrum can provide the necessary strain
information. By leveraging the properties of PMF, a substantial enhancement in

dynamic range could be achieved.
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