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Abstract

Distributed optical fiber sensors offer unprecedented advantages, and the most re-
markable one is the ability to continuously measure physical or chemical parameters
along the entire optical fiber, which is attached to the device, structure and system.
As the most recently investigated distributed optical fiber sensors, phase-sensitive op-
tical time domain reflectometry (¢-OTDR), Brillouin optical time domain analysis
(BOTDA) and Brillouin dynamic grating-optical time domain reflectometry (BDG-
OTDR) techniques have been given tremendous attention on the advantage of quanti-
tative measurements ability over high sensitivity and absolute measurement with long
sensing distance, respectively. However, the accompanying limitations in terms of static
measurement range, acquisition rate, laser frequency drifting noise, and spatial resolu-
tion limitations in these techniques hinder their performance in practical applications.
This thesis pays particular attention to the above three distributed sensing techniques
to explore the fundamental limitations of the theoretical model and improve the sensing
performance. Before presenting the novel sensing scheme with improved sensing per-
formance, an introduction about distributed fiber optical sensing, including three main
light scattering mechanisms in optical fiber, the recent advancements in distributed
sensing and key parameters of Rayleigh scattering- and Brillouin scattering-based sens-
ing systems. After that, a study on the theoretical analysis of large chirping rate pulse
generation and the theoretical model of using chirped pulse as interrogation signal in

©-OTDR, BOTDA and BDG-OTDR systems are given.
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In the disruptive experimental implementations, the sensing performance has been
improved in different aspects. By using a random fiber grating array as the distributed
sensor, a high-precision distributed time delay measurement in a CP (-OTDR system is
proposed thanks to the enhanced in-homogeneity and reflectivity. In addition, a simple
and effective method that utilizes the reference random fiber grating to monitor the
laser frequency drifting noise is demonstrated. Dynamic strain measurement with a
standard deviation of 66 ne over the vibration amplitude of 30 ue is achieved. To solve
the limited static measurement range issue, a multi-frequency database demodulation
(MFDD) method is proposed to release the large strain variation induced time domain
trace distortion by tuning the laser initial frequency. The maximum measurable strain
variation of about 12.5 ue represents a factor of 3 improvements.

By using the optimized chirped pulse p-OTDR system, a practical application of
monitoring the impact load response in an I-steel beam is demonstrated, in which
the static and distributed strain variation is successfully reconstructed. To obtain an
enhanced static measurement range without a complicated database acquisition process,
a photonic approach for generating low-frequency drifting noise, arbitrary and large
frequency chirping rate (FCR) optical pulses based on the Kerr effect in the nonlinear
optical fiber is theoretically analyzed and experimentally demonstrated by using both
fixed-frequency pump and chirped pump. Due to the Kerr effect-induced sinusoidal
phase modulation in the nonlinear fiber, high order Kerr pulse with a large chirping
rate is generated. Thus the static measurement range of higher order Kerr pulse is
significantly improved.

Chirped pulse BOTDA based on non-uniform fiber is also analyzed, showing a high
acquisition rate that is only limited by the sensor length and averaging times due to
the relative Brillouin frequency shift (BFS) changes are directly extracted through the
local time delays between adjacent Brillouin traces from two single-shot measurement

without frequency sweep process. BFS measurement resolution of 0.42 MHz with 4.5 m
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spatial resolution is demonstrated over a 5 km non-uniform fiber. A hybrid simultaneous
temperature/strain sensing system is also demonstrated, showing a strain uncertainty
of 4.3 pe and temperature uncertainty of 0.32 °C in a 5 km non-uniform fiber.
Besides, the chirped pulse is also utilized as a probe signal in the Brillouin dynamic
grating (BDG) detection along the PM fiber for distributed birefringence variations
sensing. The strict phase-matching condition only enables part of the frequency com-
ponents within the chirped probe pulse to be reflected by BDG, giving an adjustable
spatial resolution without photo lifetime limitation. The spatial resolution is deter-

mined by the frequency chirping rate of the probe pulse.
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Chapter 1

Introduction

This chapter primarily introduces the background and motivation, contributions,
and the outline of research works. Section 1.1 gives a brief introduction to the moti-
vation and the background of the research conducted in this thesis, focusing on the
study and development of high-performance distributed OTDR sensing systems by
using chirped pulse based on Rayleigh/Brillouin scattering mechanisms. Section 1.2
summarizes the contributions of our work to the Rayleigh/Brillouin scattering-based

distributed sensing. Section 1.3 gives the outline of the thesis.

1.1 Background and Motivation

Standard Single mode fiber (SMF) was invented in the early 1960’s as a higher-
capacity transmission medium (with low attenuation and dispersion) to be utilized in
high-speed and broadband optical fiber communications, which is the cornerstone of
modern internet technology and keeps changing our daily lives. Apart from high-speed
communications, in which optical fiber plays a crucial role as the transmission media.
Optical fiber can also be used as distributed sensors. The fiber act as the disturbance
information provider (sensing element), enabling the measurement of environmental

parameters, such as temperature, static and dynamic strain and stress, sound and



vibrations, electrical and magnetic fields, presence and concentration of chemical species
and biological reagents, ionizing radiation and more from any point along an optical
fiber through light scattering.

Nowadays, optical fiber sensors (OFSs) play an important role in the safety mon-
itoring applications for buildings, bridges, highways, tunnels, power plants, industrial
facilities, and pipelines that are critical to the day-to-day lives of people around the
world. The concept of distributed optical fiber sensing was initially inspired by active
sonar and radar, which locates a target with a continuous reading of the propagating
medium between the central radar station and the target [1]. Distributed optical fiber
sensing is a cost-effective technique that offers continuous reading along a single fiber,
and it is able to spatially resolve one or more measurands by using only one interroga-
tor unit. In this sensing scheme, local external disturbance information from thousands
of or even millions of locations could be obtained. Based on different light scattering
mechanisms including, Rayleigh scattering, Brillouin scattering and Raman scattering
in the fiber, various Distributed optical fiber sensors (DOFSs) have been researched
and demonstrated for quantitative external disturbance sensing, such as Rayleigh scat-
tering based sensing system: phase-sensitive optical frequency domain reflectometry
(p-OTDRs) [2] [3] [1] and optical frequency domain reflectometry (OFDRs) [5]; Bril-
louin scattering based sensing system: Brillouin optical time domain reflectometry
(BOTDR) [6] [7], Brillouin optical time domain analysis (BOTDA) [3] [9],Brillouin dy-
namic grating-optical time domain reflectometry (BDG-OTDR) [10] [I1]; and Raman
scattering based sensing system: Raman optical time domain reflectometry (Raman-
OTDR) [12]. In this thesis, we mainly focus on the ¢-OTDR, BOTDA and BDG-OTDR
systems.

DOFSs support a thriving research community and a growing industrial market,
offering many advantages when compared to conventional electronic-based sensors, in-

cluding high sensitivity, immunity to electromagnetic interference, compact size, light-



weight, robustness, flexibility, and the ability to provide multiplexed or distributed
sensing. Thanks to the advances in research and development of DOFS over several
decades, there are currently found in a large number of applications, such as the oil
and gas industry [13] [11]; power industry for power transmission [15] [10]; structure
monitoring [17] [18]; transportation industry [19] [20], and security monitoring [21] [22].
As distributed fiber optic sensors become more cost-effective and technology advances,
we expect to see a growth in demand for these sensors in the energy, medical, and indus-
trial markets. In recent years, many interesting types of research related to distributed
sensing or intruder detection based on telecom networks have been carried out, vali-
dating the efficiency in detecting disturbances near a transmission line such as traffic,
construction, or even seismic monitoring [23] [24]. A review of recent developments in
distributed fiber-optic sensing can be found in Chapter 3.

Since the DOFSs have broad applications in our daily lives, it is significant to ex-
plore their underlying physics and improve their performance. Probably the two most
adopted solutions for DOFSs are ¢p-OTDR and BOTDA systems. These have been
intensely studied over the past ten years, with current state-of-art techniques using
single-frequency pulses from a narrow linewidth laser as the interrogation signal. In
©-OTDR, the phase recovery process requires a coherent detection scheme in which the
backscattering signal is mixed with the local oscillator. Such implementation brings
several issues: (1) Highly coherent source with ultra-narrow linewidth laser increases
the system cost; (2) intensity and polarization fading problem; (3) in-homogeneity in-
duced non-linear response; (4) phase noise accumulation problem; and (5) the weak
reflection of Rayleigh scattering gives a low signal-noise-ratio (SNR) in long sensing
distance. Recently, the chirped pulse p-OTDR has been proposed aiming to over-
come these problems, and it has the following advantages: (1) single-shot measurement
without the requirement of coherent detection, in which the amplitude of external dis-

turbance is measured by local time delays in Rayleigh traces. The direct measurement



in the electrical domain without an optical interferometer structure shows good sensing
accuracy. (2) A broadband DFB laser (MHz range) is used as a laser source, leading
to a system free of the fading problem and a cost reduction; (3) The frequency scan-
ning (chirp) with a single transmission pulse enables the development of a system with
high acquisition rate, resulting in the capacity of high-frequency vibration detection.
However, this technique still has some problems that need to be solved, such as static
measurement range limitation, laser frequency drifting noises, and accumulation errors
in the integration of differential measurement (detailed in Section 4.2). Thus, the first
motivation of this thesis is to solve, with the support of theoretical analysis and experi-
mental demonstration, the limitations in ¢o-OTDR to optimize the sensing performance
in terms of SNR, measurement accuracy, and static measurement range.

Secondly, the static measurement range in chirped pulse p-OTDR is limited by the
frequency chirping range of the interrogation pulse (Section 4.2.1). To achieve both
high spatial resolution and large static measurement range, a narrow pulse with a large
frequency chirping range (or high chirping rate) is generally required. Thus, our second
motivation is finding a method to generate ns pulses with high-frequency chirping rates.
In addition, the pursue of high chirping rate pulses is not only important for fiber sensing
applications but for multiple other fields, such as radar [25], ultra-wideband sensing [20],
bio-medical imaging [27], and non-contact healthcare monitoring [25].

Apart from p-OTDR, we also focus on improving BOTDA technique, which is a
typically Brillouin scattering-based sensing technique, providing a high spatial resolu-
tion over long sensing ranges, and it has found many applications in structural health
monitoring of bridges, dams, pipelines, and railways over the past decades. The current
challenges in the traditional BOTDA system include (1) a low acquisition rate due to
the slow frequency sweep process; (2) intensity fading problems in Brillouin traces; and
(3) phonon lifetime limited spatial resolution. Therefore, our third motivation is to

solve these limitations and propose an optimized BOTDA sensing system.



Finally, a novel birefringence measurement enabled by Brillouin dynamic grating
(BDG) detection is also investigated at the end of this thesis. The distributed temper-
ature/strain measurement based on local birefringence variation has the advantage of
high sensitivity, which is a hundred times larger than that in BOTDA systems. Beyond
that, the different strain/temperature sensitives in chirped pulse BOTDA and Chirped
pulse BDG-OTDR also potentially solve the cross-sensitive problem between strain and
temperature. It’s noted that the Brillouin trace in BOTDA and BDG reflected traces
could be collected in one system by simply using frequency diversity detection, with

negligible increase in the system complexity.

1.2 Thesis contributions

This thesis is focused on the generation of optical chirped pulses in ns regime for
applications in distributed fiber-optic sensing systems, including chirped pulse phase-
sensitive optical time domain reflectometry (CP o-OTDR), chirped pulse Brillouin op-
tical time domain analyzer (CP-BOTDA), and chirped pulse Brillouin dynamic grating
optical time domain reflectometry (CP BDG-OTDR) which enables fast quantitative
measurements with high accuracy and spatial resolution on different measurands with-
out time-consuming frequency sweep process. Below are the main contributions of this
thesis:

(1) We investigated and demonstrated the extension of the frequency chirping range
of a chirped laser pulse by all-optical means via the Kerr effect to improve the Chirped
Pulse ¢o-OTDR measurement range. Benefiting from the use of a single laser source
and large Frequency chirping rate (FCR) Kerr pulse, the system exhibits a 3.9 ue
static strain measurable range with 8 times enhancement and 0.24 pe measurement
uncertainty by using the —4 order Kerr pulse that has a frequency chirping rate of up

to 0.8 GHz/ns [29].



(2) We proposed a high-precision distributed time delay measurement in a CP -
OTDR system based on a random fiber grating array. As the distributed sensor, a
random fiber grating array gives unique localized speckle patterns at different locations.
These patterns change with temperature so that the backscattering spectral response
will change accordingly. Unlike a conventional ¢-OTDR sensing system which measures
a distributed phase change along the fiber using an ultra-narrow linewidth laser, the
distributed time delay is directly measured in real-time, achieving a minimum detectable
temperature variation of about 0.028 °C [30)].

(3) We first proposed a multi-frequency database demodulation (MFDD) method
for strain variation measurement in CP ¢-OTDR, which enables a larger measurement
range for both static and dynamic strain sensing. Furthermore, a random fiber grating
made with embedded large random refractive index changes along the single-mode fiber
provides a stable reflection with a wide reflection spectrum range. Such a structure
successfully improves the time delay measurement precision and achieves a large tuning
range as demonstrated by the database demodulation method. Ultimately, a dynamic
strain with the peak-to-peak value of 12.5 pe at a vibration frequency of 50 Hz is
accurately reconstructed when the pulse repetition rate is 1 kHz, which was not detected
using a conventional chirped pulse ¢-OTDR [31].

(4) After solving the static measurement range limitation in CP ¢o-OTDR systems,
significant laser frequency drifting (LFD) becomes a major limitation for detecting
dynamic strain events over a frequency range from 0.01 to 20 Hz. Therefore, we propose
a simple and effective method that utilizes the random fiber grating reflection as a
stale reference to monitor the variation of the laser frequency. A minimum detectable
frequency drifting of 7.28 MHz could be achieved over the optical frequency of 2
Hz, which is later shown to be compensated, resulting in a light source with reduced
frequency drifts [32]. By using the fully optimized CP ¢p-OTDR system, we demonstrate

a real-time monitoring system to detect the responses of an I-beam from the impact of



a free-falling load, including acoustic wave, damped harmonics oscillations, and static
strain measurement [33].

(5) For the application of chirped pulse in the Brillouin scattering-based sensing
system, we first proposed and demonstrated a novel method by using a chirped pulse as
a pump signal to extract the relative Brillouin frequency shift (BFS) changes through
the real-time delays between two adjacent Brillouin traces without need of Brillouin
gain spectrum recovery. Thanks to the single-shot measurement, the system has a high
acquisition rate that is only limited by the sensor length without averaging and is im-
mune to the polarization fading problem thanks to electrical delay time measurement.
In the experiments, BFS measurement resolution of 0.42 MHz with 4.5 m spatial reso-
lution is demonstrated over a 5 km non-uniform fiber. To solve the temperature strain
cross-sensitive problem, we propose a real-time simultaneous temperature and strain
sensing system by combining the CP-BOTDA and CP Jo-OTDR together, achieving
4.5m spatial resolution with strain uncertainty of 4.3 ue and temperature uncertainty
of 0.32 °C in a 5 km non-uniform fiber [3].

(6) Finally, we investigate the distributed four-wave mixing (FWM) mismatching
due to the randomly varied birefringence along a PM fiber by Chirped pulse BDG-
OTDR system. Most importantly, there is phonon lifetime-related spatial resolution
limitation imposed by weak Brillouin spectrum in such a technique, and the spatial
resolution (effective pulse width) is limited by the combination of non-uniformity of fiber
birefringence and the chirped frequency rate rather than the pulse width of interrogation
pulse. In the experiment, a high spatial resolution of up to 10 cm (equivalent to 1 ns
pulse width) is achieved by using 20 ns interrogation chirped pulses with a chirping rate
of 93.5 MHz/ns, resulting in a sensing accuracy of up to 370 ne for strain and 38 mK

for temperature.



1.3 Thesis outline

The thesis is structured as follows:

Chapter 1 contextualizes the work presented in this thesis, describing the main
motivations of the research, objectives, main contributions, and also the outline of the
thesis.

Chapter 2 introduces the fundamentals of light scattering mechanisms, including
Rayleigh scattering and Brillouin scattering.

Chapter 3 gives a comprehensive review of recent advancements in distributed fiber-
optic sensing. The working principle and detailed developments of different Rayleigh/Brillouin
scattering-based sensing systems are presented. This chapter is important for the work
as a parallel with distributed sensing system is traced along the thesis, contributing
to a full understating of theoretical and experimental results in the rest of the thesis.
Finally, four key parameters are discussed, including sensing distance, SNR, spatial
resolution, and acquisition rate (sampling rate).

Chapter 4 starts by showing the theoretical analysis of the generation process of
high chirping rate pulses. Next, it addresses the fundamentals of two particular DOFS
systems: chirped pulse p-OTDR and chirped pulse BOTDA, including theoretical mod-
els of the two systems, their limitations of static measurement range and acquisition
rate in chirped pulse p-OTDR, and also the chirped rate dependence spatial resolution
in chirped pulse BOTDA.

Chapter 5 investigates the random fiber grating array (RFGA) based high-performance
chirped pulse p-OTDR system. Firstly, the enhanced backscattering of RFGA gives an
optimized signal-noise ratio of Rayleigh traces, thus lowering the measurement uncer-
tainty. Secondly, the limitation of maximum measurable strain or temperature variation
introduced by the large time delay estimation (TDE) error is mitigated using the multi-
frequency database demodulation method. Finally, the last section studies a simple but

effective method to compensate for the laser frequency drifting noises.



Chapter 6 describes the experimental results of using a high chirping rate Kerr pulse
as the interrogation signal in the p-OTDR system to improve the static measurement
range. Two types of implementations are investigated and compared in this chapter.
The difference is that one uses a fixed-frequency pump, and the other uses an opposite-
chirped pump.

Chapter 7 studies one application of our optimized chirped pulse ¢-OTDR sys-
tem in structural health monitoring fields. A distributed impact load measurement is
demonstrated.

Chapter 8 proposes a novel chirped pulse BOTDA sensing system, and the results
of distributed dynamic measurement along the non-uniform fiber are presented. The
non-uniformity of the core size enables a fast time-varied profile in Brillouin traces,
which gives a high accuracy of time delay measurement.

Chapter 9 explores the BDG detection in a PM fiber with chirped pulses as the
probe signal. It has been found that the temperature/strain-induced local birefringence
variation could be directly measured by the local time delay in BDG reflected traces.
The experimental results of static temperature and dynamic strain measurements are
involved.

The final chapter summarizes the main results of this thesis and suggests possible

directions for future research.



Chapter 2

Light scattering mechanisms in

optical fiber

2.1 Introduction

To better understand and further improve the performance of Rayleigh and Brillouin
scattering-based DOFS, it is important to study the fundamentals of light scattering
mechanisms. Light scattering phenomena are physical processes involving light-matter
interactions. When a light wave propagates along an optical fiber, it interacts with the
atoms and molecules inside the medium. The electric field will then introduce a time-
dependent polarization dipole. When the optical wavelength of incident light is far from
the medium resonance, the polarization dipole generates secondary electromagnetic
waves, resulting in a small portion of forward-traveling light being re-directed into
random directions. Due to different physical mechanisms, including mechanical and
optical properties of the materials, the scattering process is classified into elastic or
inelastic scattering. The former scattering phenomenon is a linear process, which means
the power of back-scattering light is linearly proportional to the incident power and
without energy exchange. Therefore, the frequency of scattered light does not have a

frequency shift compared with the incident light.
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Figure 2.1: The spectrum of three types of back-scattered light in optical fibers.

On the other hand, inelastic scattering processes are regarded as those with energy
exchange, i.e, the energy between the incident and scattered photons is not conserved
since the energy and momentum of incident photons are partially transferred to the
medium. Based on the interaction between the incident photon and microscopic vi-
brations, the inelastic scattering process includes Brillouin and Raman scattering. Ba-
sically, the Brillouin scattering is initially generated by the thermal-excited acoustic
wave, resulting in material density variations manifesting in the optical domain in the
form of variations in the refractive index. Thus acoustic-like vibrations among the en-
tire molecule chain are generated. The energy and momentum are transferred from
the optical photon to the acoustic phonon with low energy but high momentum, re-
sulting in a relatively small frequency shift of about 11 GHz with a typical linewidth
of 30 MHz, as shown in Figure 2.1. Another optical branch of inelastic scattering is
Raman scattering, in which the light interacts with optical-like vibrations that come
from the molecular chain’s oscillatory motion. This optical-like vibration will introduce
a periodic modulation of local polarizability corresponding to the molecular vibrational
frequency. In this process, the energy is transferred from the optical photon to the opti-

cal phonon with high energy and low momentum, giving a Stokes light with a frequency
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of 13 THz apart from the frequency of incident light and with a typical linewidth of
6 THz. In inelastic scatterings, a stimulated interaction exists and gives rise to the

dynamic coupling between all waves participating in this process.
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Figure 2.2: The energy diagram of the generation of Stokes and anti-Stokes light.

As shown in Figure 2.2, both Brillouin scattering and Raman scattering have Stokes
and anti-Stokes components, which are presented by the back-scattered light spectral
component showing a lower and a higher frequency than the incident light, respectively.
For Stokes scattering, when a stream of photons with a frequency v, interacts with
excited particles (electrons), a photon with reduced optical frequency vgokes is emitted
accompanied by a phonon (acoustic or optical) with frequency Q = v, — Vgiokes- In
the anti- Stokes process, a phonon must be available in the medium so that when an
incident photon is absorbed, a photon with higher energy is emitted with a frequency

(energy) higher than the incident photon, of Vanti—stokes = Vp + 2.

2.2 Brillouin scattering

2.2.1 Spontaneous Brillouin scattering

In the spontaneous Brillouin scattering (SpBS), the scattering process occurs as

the interaction between incident optical waves and thermally excited acoustic waves
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propagate at sound speed. Due to the elastic properties of the medium, it is equivalent
to the density waves inside the medium. Therefore, the density variations of the medium
introduce refractive index changes due to the photo-elastic effect. The physical reason
behind this is that the polarization field increases with a denser medium, resulting in
a higher electric susceptibility (x) and thus a higher effective refractive index (neg),
which is given by:

Net = /1 + X. (2.1)

The heat in the medium is held in the form of lattice vibrations (acoustic waves)
that usually occur at the hyper-sonic frequency range (10-30 GHz), a much lower range
compared with Raman scattering. Thus, there is an energy exchange between incident
light and dielectric medium, and the resulting new spectral features on both sides are

known as Stokes and anti-Stokes light lines with typical narrow bandwidth.

(b)

Stokes
-

Anti-Stokes q

Figure 2.3: Wavevector diagram of Brillouin scattering.

As discussed above, the Brillouin scattering could be regarded as the interaction
between the pump light (incident light) and the acoustic phonons initially generated
thermally. Unlike the Raman scattering process in which the optical phonons vibrate at

a very high frequency with a vanishing momentum, the acoustic phonons in Brillouin
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scattering carry the momentum that increases with acoustic frequency. The propor-
tional factor is determined by the acoustic velocity V. As shown in Figure 2.3 (a),
the thermally excited acoustic wave with a frequency 2 and wavevector ¢ will in-
troduce local refractive index modulation and then diffract the incident wave with a
frequency v and wavevector Ez, generated a scattered light wave with frequency v, and
wavevector Z During the interaction between these three waves, including incident
optical wave, scattered optical wave, and acoustic wave. The energy and momentum
must be conserved. The conservation condition of large momentum is translated into a
strict phase-matching condition, resulting in a narrow Brillouin gain bandwidth. The

momentum and energy conservation conditions are given by:

hw = hw, + W9, (2.2)
Ik, = ke + W (2.3)

And the coupled equations between the wavevectors, and the scattering angle # and

¢’ for Stokes and anti-Stokes waves, respectively, as shown in Figure 2.3 (b), are given

by:
Zsin@z?sin@’, (2.4
2.
- =
k, = ki cos® + ¢ cos#,

— — —
where 6 is the angle between k, and k,, and ¢’ the angle between k, and . After
squaring and summing these equations, the magnitude of the acoustic wavevector can

be expressed as [35]:

|q|2 = ]k:plg + \k‘s|2 — 2|ky| |ks| cos 6. (2.5)

By using the relationship between frequency and wavevector, i.e., v = kyc/2m, v =
ksc/2m,Q = qV,/2m, and considering the fact that V, (~ 5900 m/s) is much smaller

than light velocity ¢ in the silica (~ 200,000,000 m/s) and v is much larger than €,
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then the frequency of the acoustic wave is given by [30]:

Vo . 0
Q=2— —. 2.
vsing (2.6)

On the other hand, the energy is transferred from the acoustic phonons to the
incident photos for the scattered anti-Stokes wave generation. The wavevector of anti-
Stokes light is given by ks = k, 4+ ¢ [37]. Using the same derivations from (2.4) to (2.6),
the frequency shift of anti-Stokes wave will be:

% 0

Qas = nysin 7 (2.7)

Hence, in the single-mode fiber, the frequency shifts of the Stokes and anti-Stokes
waves are the same. Equation (2.6) and (2.7) show that the frequencies of scattered
Stokes and anti-Stokes waves depend on the scattering angle 8. In the optical fibers,
only forward (6 = 0) and backward (6 = 7) propagation directions are supported. The
frequency shift is 0 with a scattering angle of 0, indicating no scattering in the forward
direction. The frequency shifts become maximum when the scattering angle is equal to
7, and the backward Brillouin frequency shift (BFS) is expressed as:

V(0 = 1) = 222, (2.8)

c

In materials that support shear stress, such as glasses, Brillouin scattering exists
with both longitudinal acoustic (LA) pressure waves and transverse acoustic (TA)
shear waves [38], with TA waves being substantially slower than LA waves. In real
applications, the LA waves are used almost exclusively in distributed sensing, primarily
because only back-scattered light is considered for sensing. In contrast, scattering from

TA phonons is weaker than that from LA phonons.

2.2.2 Stimulated Brillouin scattering

The concept of high-frequency phonon generation via the interaction of matter with

intense laser light was first introduced by Townes in [39] and led to the first Stimulated
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Brillouin scattering (SBS) demonstration in liquids. Once the power of the launched
incident light wave exceeds the threshold, the Brillouin scattering becomes a stimulated
process, in which the interference wave generated from the intensity beating between the
incident and scattered waves will strengthen the acoustic wave through electrostriction
(or radiation pressure). In the SBS process, when the incident lightwave interacts with
the weak Stokes lightwave or a probe light with a frequency matching the Brillouin
frequency, then their interference will introduce a local electrical field intensity variation.
Thus, an acoustic wave with the same frequency as this intensity-interference wave is
excited due to the electrostriction effect. Electrostriction introduces density variation
in the material through the electrostrictive pressure (Ap), which is given by:

1
Ap = —5507€E2, (2.9)

where g¢ is the permittivity in vacuum, F is the electric field, v, = p(0¢/dp) is the
electrostrictive constant, and p is the material density. Thus, the density change of the

material is expressed as:

Ap =— (B—?)p) Ap = %50p0'yeE2, (2.10)
where C' = p~1(dp/dp) is the compressibility of the material. The equations above
indicate that a strong electromagnetic field translates into higher variations in material
density, which ends up increasing the refractive index due to the photo-elastic effect as
shown in Figure 2.4 [10]. Hence the electromagnetic energy density in the medium also
increases since the intensity is proportional to the refractive index: I = n|Eo|* /2 [11].
The grown refractive index modulation causes the light from the pump to be diffracted
more towards the Stokes lightwave, reinforcing the signal so that the acoustic and Stokes
waves mutually reinforce each other.

In the SBS process, the energy is transferred from the incident lightwave to the

Stokes lightwave. It should be noted that stimulated scattering only occurs for Stokes

scattering, i.e., that coupling only occurs from the higher frequency wave towards the
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lower frequency wave, as only in this way the idler acoustic wave is enhanced and

thus the coupling reinforced. The anti-Stokes process annihilates a phonon, and the

stimulated interaction rapidly quenches the acoustic wave [12].

fbeat = |f1 - f?l

z=0 z=L
g’ < >
Figure 2.4: Conceptual picture illustrating stimulated Brillouin scattering [10]. The

two fields are incident from left and right at frequencies f; and fs, respectively. In the
center, the waves in the medium represent the density variations (acoustic waves). L is

the total interaction length in the sample.

Considering the stimulated Brillouin scattering as the interaction between three
waves, incident pump wave (E,(z, 1)), scattered Stokes wave (E;(z,t)), and the acoustic
wave (E,(z,t)), the set of equations coupling the amplitude of these three interacting

waves can be expressed as [35] [13]:

r
OB, nypO0Ep
Oz c ot EQES’

OF, ngobs *
4 MOBs — prR
l % e ? (2.11)

% + FEa = %FBQBE})E;J

| T=Tp+ily,

where ny is the refractive index of fiber, ¢ is the velocity of the light in the vacuum,
and gp is the Brillouin gain factor. I' is the damping constant of the acoustic wave,
Fgl is the damping time of the phonon, I's is the detuning angular frequency that is
given by I'y = 27dvg, and dvp is the detuning factor, i.e. the difference between the

Brillouin shift of the material and the actual value of the frequency difference between
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Stokes and pump waves. In the SBS process, the Brillouin gain bandwidth is related to
the phonon lifetime (T = I'z'), and it is much narrower (~ 10 MHz) than the Raman
gain spectrum bandwidth. The acoustic wave decay as exp(I'gt), resulting in Brillouin

gain spectrum with a Lorentzian shape [30] [35]:

9p (L /4m)”
(l/ — VB)2 + (FB/47T)2’

g(v) = (2.12)

where v is the beat frequency between the pump and Stokes lightwaves, and vg is the
Brillouin frequency shift. The g, is the peak value of Brillouin gain at the v = v, and

it is given by [30]:
4#27§n;PpK P

, 2.13
C)\zz)p()VAFB ( )

9 =98 (vB) =
where 2= 0.902 is the electrostrictive constant of silica; po= 2210 kg/m? is the material
density; P, is the pump power; Kp is the State of polarization (SOP) related coefficient.
For instance, Kp=1 when the pump and Stokes waves propagate along with the same
polarization axis in a Polarization maintaining fiber (PMF). The full width at half

maximum of the Brillouin gain spectrum (BGS) is related to the I'g and is given by

AI/B = FB/QTF.

2.2.3 Spectral width

The phonon lifetime is temperature and frequency-dependent. For example, the
phonon lifetime is ~ 10 ns, and the BGS bandwidth (Avp) is about 17 MHz when the
pump wavelength is 1550 nm [11]. Another factor that can affect the BGS bandwidth
is the waveguide geometric, in which the increase of Numerical aperture (NA) makes

the bandwidth broader since more light is captured by the waveguide from different

angles [15]. The inhomogeneous SBS bandwidth can be calculated by:
NA*
AVB(NA) == \/AVB(0)2 + V%F, (214)
ny

where Avg(0) is the homogeneous width of the Brillouin spectrum. vp is the BFS at

0 =.

18



2.3 Rayleigh scattering

When a monochromatic wave propagates through the optical fiber (dielectric medium),
it interacts with the medium particles by forcing the atomic electrons to oscillate, gen-
erating electric dipoles. Then the dipoles will radiate and generate an electric field,
resulting in light scattering. When the medium is perfectly homogeneous, the phase
relationship of the emitted waves only allows the forward scattered beam due to the

destructive interference in other directions.
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Figure 2.5: Rayleigh scattering in dense and homogeneous materials [35].

As shown in Figure 2.5, the total scattering centers within the volume V; give a
scattering angle of f. Since the scattering center is much smaller than the wavelength ()
and each volume has the same number of scattering centers in homogeneous materials,
there is always another volume Vo=V whose scattered field will destructively interfere
with light scattered from V;. This is always valid when the following condition is
satisfied: 2dsinf = X\ (6 # 0).

The medium can then be considered continuous, and the scattered lights are coher-
ently added. Thus random scattering (except in the forward direction) cannot occur
in a completely homogeneous medium. However, optical fiber is an inhomogeneous

medium due to the random order of small size particles in nano-meter scale (typical
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lees than A\/15) resulting from the presence of flaws and impurities [16], which causes
non-propagating (localized) variations in density [35]. Therefore refractive index fluc-
tuations along the fiber. As a result, the inhomogeneity of the medium disturbs the
interference condition of radiation, leading to light scattering.

A macroscopic approach is preferred to analyze the strength of the scattered light
from the scattering centers in the dense medium. On a small spatial scale, one would
observe fluctuations in local temperature or strain values under incident light on ma-
terial. This EM field E would reorient the originally incoherent random fluctuating
molecular clouds to tend to respond collectively the same way on a small spatial scale
covering the wavelengths of the EM field. Such collective tendency to respond to an
EM field would result in macroscopic polarization that is proportional to the external

electric field E. The macroscopic polarization (P) is expressed as:
P = ¢y xE, (2.15)

where ¢, is the electric permittivity of free space and y is the electric susceptibility.
Assuming simple linearity of the polarization for a non-magnetic material like the fiber,

we write the electric displacement field vector [22]:
D=eE=cE+P=¢c(l+x)E=(c+A€)E, (2.16)

where ¢ is a constant, and the second term Ae is the fluctuation dielectric tensor
that describes the locally fluctuating physical mechanism contributing to the scattering

process. It can be re-written as [12]:
Ae = Ael + Aé". (2.17)

The first term (Ae) indicates the thermodynamic quantities fluctuations, such as
pressure, density, temperature and entropy, resulting in two scalar light scattering phe-
nomena: Rayleigh and Brillouin scatterings. While the second term (Ae') results in

the Rayleigh-wing and Raman scatterings.
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2.3.1 Rayleigh Scattering coefficient

From the above analysis, the forward propagating light will be scattered in the
non-uniform optical fiber due to the spatially and time-varied permittivity (dielectric
constant fluctuations). These fluctuations are themselves the result of fluctuations
in thermodynamic variables, such as the material density (p) and temperature (7)
[35]. In order to obtain the scattering coefficient in the Rayleigh scattering process, a
macroscopic analysis approach is used, in which light is assumed to be scattered from
a small volume V' containing a group of molecules, and not that it is scattered by each
atom. A common interpretation for this approach is that all atoms within the volume
V' radiate essentially in phase and in the same direction. If we consider a plane-wave

incident electric field [47]:
Eln(R, t) = Ein exp [Z (,Bq,n ‘R — wlt)] s (218)

where Fj, is the amplitude of the incident light, f;, is the propagation constant vector,
and w; is the frequency of the sinusoidal travelling wave. R is the position of interest
in the xyz coordinated system. The component of the scattering electric field at a large
distance R from the smaller scattering volume V' with electric susceptibility fluctuation

Ay is given by:

exp [i (BsR — wit)]
4R

< [ B ) exp i (B~ ) v

E;(R,t) =B x (Bs x Ei,)

(2.19)

where [s is the propagation constant vector of scattered light. Since € = ey(1 + x), the
fluctuation in the electric susceptibility is then given by Ax = Ae/ey. Considering the

propagation constant = w/c, it leads to the scattered electric fields:

w?sing exp [i (BsR — wit)]
c2el 4R

X /Ae (', t)exp[i (B — Bs) - '] dr’,

where ¢ is the light speed in vacuum, g5 = |Bs|, R = |R|. From the Equation (2.20),

Es (Rv t) :Ez

(2.20)

the scattering electric field is inversely proportional to the distance R. In addition,
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the integral part for the phase component represents the interference between different
lightwaves scattered within the volume V. Lastly, the equation reveals that the fluctu-
ation of permittivity causes the Rayleigh scattering and there is no Rayleigh scattering
if Ae(r',t) =0.

The intensity of scattered light corresponds to the flow of power crossing a unit area
along the direction of propagation, which should be identified with the time-averaged
value of (Eq - Ef):

T = /)" (B, E). 2:21)

where p is the magnetic permeability, and the factor of 1/2 is induced as the scattered
electric fields are taken as complex. By introducing Equation (2.20) into Equation (2.21)
we obtain:

w4 sin? _sin®p

i |, [ (e A ) el (8, - 8 (7 vy )ariar,
(2.22)

]S:]

where I;, = 1(e/p)"/?E2,. Considering that each scattering center within a small volume
V, with V much smaller than the wavelength of the incident light, radiates in phase
at the direction of ¢, then the phase component of the integral at the right of the
Equation (2.22) can be written as 1. The fluctuation of the electric permittivity within
the volume V' is approximated to be constant, and given by Ae. Therefore, the intensity

of the scattered light emitted by the volume V' can be expressed by:

w_4 sin? V2 (Ae?)
ct e(4rR)?

I, = I (2.23)

Based on the above equation, the intensity of scattered light is related to the direc-
tion ¢, and there is no light scattering when ¢ = 0, indicating the intensity of scattered

light in the direction orthogonal to the incident light propagation is zero.
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2.3.2 Thermodynamic variables theory in Rayleigh scattering

The parameter y is a randomly fluctuating term in the medium with Ae(t, z), which
is the fundamental reason for Rayleigh scattering. These permittivity fluctuations are
themselves the result of fluctuations in thermodynamic variables, such as the material

density (p) and temperature T

Oe Oe
Ae=|—) A — | AT. 2.24
In the silica fibers, the contribution of temperature to Ae is lees than 2 % [15], so

we only need to consider the density fluctuation of the material:

(Ae) = 2 <Ap§2>, (2.25)

where py denotes the mean density of the material, and ~? is the electrostrictive con-

stant, which is defined by:

Oe
= (& , 2.26
ol (p ap> . (2.26)

2
In Equation (2.25), the term <Ap§ ) can be calculated using the laws of statistical
0

mechanics [19]:
<A,02> . kZTOT

2.27
p% V/ ? ( )

where k is the Boltzmann constant and C'r is the isothermal compressibility coefficient.
By introducing Equation (2.27) and Equation (2.25) into Equation (2.23), the scattered

intensity can be rewritten as:

wsin? oV A2ETCr
I, =L, — L 2.28
* €(4mR)? (2.28)
So, the scattering coefficient is thus given by:
4
R= Y2CrkT sin® . (2.29)

1672ct
The above equation indicates that Rayleigh scattering is an elastic scattering pro-

cess, i.e., no energy is transferred from the incident photons to the material; therefore,
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the incident and scattered lights frequencies are equal. Also, Rayleigh scattering is the
principal cause of transmission losses in SMF at 1550 nm [50], which comes from frozen
density fluctuations in fused silica during the manufacturing process. According to
Equation (2.23), the intensity of scattered light is proportional to the w?*, thus inversely

proportional to A*. So the intrinsic loss coefficient as a result of Rayleigh scattering is:
R = — (230)

where A is a constant with typical value of in range 0.7-0.9 (dB - km™" - ym™*).
Rayleigh scattering and material absorption are the two main mechanisms for fiber
losses. The total attenuation coefficient is denoted as o (with units of km™). In
the wavelength of 1550 nm, commonly used in optical communication, the attenuation
coefficient is about 0.2 dB/km in standard single-mode fibers. The scattering coefficient
in the range of 0.12-0.16 dB/km shows that Rayleigh scattering is the dominant loss
near that wavelength. It provides a way to estimate fiber attenuation by monitoring

the Rayleigh.
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Chapter 3

Recent advancements in distributed

fiber-optic sensing

3.1 Rayleigh scattering-based distributed sensing tech-

niques

3.1.1 Conventional OTDR

Rayleigh scattering is caused by the in-homogeneity property of the optical fiber
and is actually a source of noise and transmission loss, which is a detrimental phe-
nomenon in optical communication. However, it could be used to achieve distributed
measurement since the ongoing optical signal is continuously backscattered along with
the fiber and the sensing system allows the determination of the spatial distribution
of the key parameters. As a well-known technique, Rayleigh scattering based optical
time domain reflectometry (OTDR) is first proposed in 1976 [51] and initially devel-
oped to detect attenuating or reflective faults or imperfections in optical transmission
lines. In the OTDR scheme, as shown in Figure 3.1, a series of optical pulses from a
broadband laser is probed into a section of optical fiber through an optical circulator,

and the reflected optical power is detected at the input end by a photo-detector (PD)

25



that converts the optical power to electrical current. When the broadband optical pulse
propagates along the fiber, the Rayleigh scatters due to the material density fluctuation
will re-direct a small portion of forward-propagating light into all directions. Finally,
the backscattered light within the acceptance angle is captured by the fiber core and
propagates back to the input end. Rayleigh traces at a different location, as shown in
the right hand of the Figure 3.1, is mapped through the time of flight, and the spatial
resolution is determined by the duration of the optical pulse (approximate 10 cm/ns).
At some strong reflection points, such as fiber break, optical connectors or a splice
spot, a larger fraction of the probe light will be reflected at the fiber region due to large
refractive index variations (Fresnel effect), which could be employed for detecting the

defects, measuring the fiber length or checking the performance of connectors [1].

Optical pulse

Rayleigh trace
PC R JL  fur Fvr end
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laser ™ Connector
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Figure 3.1: Schematic diagram of an OTDR system and the typical back-scattered
Rayleigh traces in time domain.SOA: semiconductor optical amplifier; FUT: fiber un-
der test; PD: photo-detector; OSC: oscilloscope; CIR: circulator; PC: polarization con-

troller.

The transmission attenuation could be spatially monitored by Rayleigh scattering-
based OTDR system, which is a direct way to achieve distributed sensing. One source
of power loss is micro-bending loss [52], which increases local attenuation in single-
mode fiber. Based on that, A high-sensitivity fiber-optic micro-bend strain sensor for

detecting the bending of large mechanical structures has been constructed [53] [54]. In
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addition, lateral pressure measurement on optical fiber has been developed [55] that
places a fiber inside a spiral sheath that induces micro-bending in the fiber when a
lateral force is applied. Moreover, a liquid hydrocarbon sensor is designed such that
liquid swelling polymers transducer their swelling into a micro-bend force on optical
fiber when exposed to hydrocarbon fuels [56]. The first demonstration to measure the
change of scattering intensity due to the local temperature change was in 1983 [57]
by using a fiber with liquid-core as a sensor. However, the major problem of using
attenuation detection for achieving distributed sensing is that the larger attenuation
coefficient makes the available optical power for downstream interrogating locations

very low after the high-loss sensing point.

3.1.2 Polarization-OTDR

To achieve long-distance distributed measurement with a larger number of sensing
points, the measurand under test is required not to affect the attenuation of the fiber
too much. In 1980, the polarization-OTDR (POTDR) was proposed by Alan Rogers
[58] by using the basic concept that the backscattered light maintains the SOP in
the Rayleigh scattering. The typical setup of POTDR system is shown in Figure 3.2.
Unlike the conventional OTDR system, the generated optical pulse passes through a
polarizer 1 and is completely polarized. It is noted that the light source used here has
a narrower linewidth of about 0.1 nm rather than 10-20 nm in conventional OTDR, to
avoid light depolarization. Given the fact that the SOP of the probe light keeps changing
along with the single-mode fiber, the backscattered light will preserve the incoming
polarization states. After that, the Rayleigh backscattered light is detected with a
periodically variations after passing through another polarizer 2. In other words, the
SOP variation of the probe light is measured by optical intensity as it propagates along
the fiber, which indicates the information about the distributed polarization properties

of the fiber, such as Polarization mode dispersion (PMD) and birefringence. So, the
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distributed measurement could be achieved by monitoring the intensity profile change

since the SOP of light is sensitive to external disturbances, such as PMD [59], Faraday

effect [60] [01] [62], fiber bending [63] [64] and lateral pressure [65].
Optical pulse et
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Figure 3.2: Schematic diagram of a polarization-OTDR system and the typical back-

scattered Rayleigh traces in time domain.

POTDR has advantages in applications requiring fast response and high positioning
accuracy. The reason is that the SOP of the light at a specific location is also related
to the locations before it. Thus, SOP changes in one location will make the follow-
ing Rayleigh signals after the perturbation point change together, which detects the
external disturbance quickly and accurately locates the perturbation point. However,
this mechanism also has some problems. Firstly, in conventional fibers, the SOP is af-
fected simultaneously by many potential measurands, and it is problematic to apply this
technology to sense just one measurand reliably [1]. Secondly, due to the downstream
perturbations will be hidden by the disturbance at upstream locations, the multiple
events at different locations are hard to be demodulated simultaneously [66].

Thus some solutions have been proposed to overcome this issue and achieve multi-
ple events detection. A novel image processing and an automatic-clustering algorithm
are proposed to achieve multi-point disturbance detection based on the identifiable
temporal-spatial evolving information of the multiple individual events [67].In [6%], au-

thors propose a distributed vibration sensor with a 2 km sensing length and 10 m spatial
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resolution in which 5 kHz vibration frequency and double events were detected using fre-
quency spectrum analyzing method. More importantly, two simultaneous disturbances
with the same frequency can be successfully identified by plotting the magnitude of a
specific frequency component from an FFT spectrum along the fiber position. Another
proposed method to detect two events with identical frequencies is that FFT obtains the
phase of the vibration signal along the fiber. Therefore, two vibration events with the

same frequency could be distinguished effectively using the phase distribution pattern.

3.1.3 Phase-sensitive OTDR

Rayleigh scattering-based DOFS in OTDR scheme could be mainly divided into
three categories: OTDR, Polarization OTDR, phase-sensitive OTDR (¢ — OTDR) [69]
[1] [70]. Polarization OTDR has been demonstrated for extracting the vibration fre-
quency in distributed dynamic sensing, but only the phase-sensitive OTDR could ex-
tract not only the frequency but also the amplitude of the perturbations. A major
difference between ¢ — OTDR and the other two types of schemes is the laser source.
The linewidth of the laser source used in ¢ — OTDR is much narrow, which ensures the
backscattered light within the pulse width is coherent. Recall the Rayleigh scattering
is due to the localized in-homogeneity of the refractive index of the medium, and the
re-emitted light from the polarized dipoles has a fixed relationship with incident light.
Because the narrow linewidth laser has a longer coherent length, the propagating pulse
shines the light with a consistent phase over the coherent length covering the fiber
section corresponding to half pulse width, resulting in the re-radiated light consists
a collection of electric fields with fixed phase relation and a random phase term de-
pends on its random disposition. As shown in Figure 3.3, the intensity of the reflected
light at the input end is the sum of the interference between any two re-radiated lights
within the pulse width. The random fluctuation of the Rayleigh traces (backscattered

light) shows a static speckle pattern fundamentally determined by the in-homogeneity
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property of the fiber.
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Figure 3.3: Schematic diagram of an polarization-OTDR system and the typical back-

>t

scattered Rayleigh traces in time domain.

The Rayleigh traces profile is pretty much constant if no perturbation is applied
to the fiber. While in the presence of external perturbation, the optical path length
between any two scattering centers within the perturbed fiber section is altered, re-
sulting in a local fluctuation intensity of the Rayleigh traces. In 1993, Taylor and Lee
first proposed an intrusion detection system base on this concept in a patent applica-
tion [2]. Benefiting from the single-shot measurement and direct intensity-based de-
modulation, this demodulation method is a good candidate for high-frequency dynamic
strain sensing by simply monitoring the intensity changes between adjacent Rayleigh
traces. [71] [1] [72]. In [72], Authors demonstrate a high-frequency vibration sensing
system merging a Mach—Zehnder interferometer and ¢ — OTDR, in which the frequency
information is obtained by demodulating the interference signal, and vibration points
are located by ¢ — OTDR system, resulting in the combined benefits of MZI, and
¢ —OTDR allow this new scheme for high-frequency responses up to 3 MHz with satis-
fied spatial resolution about 5 m. However, the relationship between the magnitude of
a distributed applied disturbance and the change in the intensity of the back-scattered

Rayleigh traces is not linear. Thus conventional amplitude demodulation cannot be
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used in ¢ — OTDR to measure the magnitude of the disturbance.
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Figure 3.4: Two schematic diagrams of dual pulse phase sensitive OTDRs. A: Two
pulse cascaded with time separation; B: Two pulses connected in parallel with delay

line in one branch.

To quantify the amplitude of external perturbation, the phase information of Rayleigh
backscattered light should be extracted since the phase difference between the backscat-
tered light from two ends of the perturbed fiber section is linearly proportional to the
optical path length change (related to the effective refractive index and physical dis-
tance). For this purpose, several techniques for phase demodulation for quantitive
measurement have been proposed:

(1) Dual pulse system: a pair of pulses with different optical frequencies is injected
into the fiber under test with time separation related to the desired spatial resolution.
As shown in Figure 3.4, due to the fixed time interval between two pulses, the backscat-
tered Rayleigh signals from these two pulse regions will arrive at the detection end at
the same time. The mixed term is directly related to the fiber section between two
scattering zones (Z; and Z,) and its phase is determined by the optical path length
between two scattering zones. Therefore, the phase of the beat signal at each posi-
tion along with the fiber has a linear relationship with applied external disturbance

on that fiber section, such as strain and temperature variations. This configuration is
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initially proposed by Dakin and Lamb [73]. One drawback of this method is that the
laser frequency drifting noise between the generation of two pulses will affect the mixed
Rayleigh signal. To eliminate this potential noise, an optimized scheme is proposed
in [71], as shown in Figure 3.4. The output of the narrow linewidth laser is split into
two paths, each of which encounters an Acousto-optic Modulator (AOM) that creates a
pulse with frequency shifts. In the bottom arm, a delay line adjusts the time separation
between two pulses. In 2014 [75], by controlling the phase of the second half of the
probe pulse signal after the intensity modulation, the single pulse rather than the pulse
pair is launched into the fiber for phase recovery. The first and second half within the
single pulse could be regarded as a pulse pair, similar to the dual-pulse scheme, but
with a fixed spatial resolution of half the distance occupied by the pulse. In addition,
the same group also modulates the phase of dual pulses rather than frequency, showing
that this sensing technique can measure 230 Hz periodic perturbations along a 2 km
long sensing fiber with a spatial resolution of 5 m.

(2) Interferometric phase recovery: In 2000, a novel setup for measuring the relative
phase between two sections of fiber based on Mach-Zehnder interferometer (MZI) was
first proposed by Posey ea al [3], as shown in Figure 3.5. In 2013, Masoudi et al. used
the same interferometric phase recovery principle and demonstrated a dynamic strain
sensor with a spatial resolution of 2 m and a frequency range of 500-5000 Hz [70]. The
minimum detectable strain perturbation of the sensor was measured to be 80 nano-
strain. In this technique, the single pulse is launched into an imbalanced MZI having
a different path due to the delay line in the receive path to compare the phase of
backscattering light return from separate parts of the fiber (7, Z;). The imbalanced
MZI includes a 2x2 coupler and a 3x 3 coupler, and the mixed backscattering light after
delays is then sent to the 3x3 coupler to provide a 120 degree phase difference between
each of the three outputs. Finally, the relative phase difference at one fiber section

could be extracted based on the intensity information from the Rayleigh time-domain
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traces. The intensity of three outputs of the 3x3 coupler that with 120 degree phase
shift is given by [77]:
I = Iy|M + N cos(p)],

2

Iy =1 |:M+NCOS <90+ g)} ; (3.1)
2m

]3210 |:M+NCOS (QO—?):| s

where M and N are constant, ¢ is the phase difference of the light returning through
the two arms of the MZI, and [ is the intensity of the input signal. The dynamic
extension between the fiber section Z; and Z, will alter the differential phase, which is

spatial resolved along the fiber.
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Figure 3.5: Two schematic diagrams of interferometric phase recovery-based phase

sensitive OTDRs.

Besides, another interferometric phase recovery technique in ¢-OTDR based on
an unbalanced Michelson configuration is also studied [78] [79]. By using Faraday
rotation mirrors, the problem of the relative alignment of the polarisation state of the
interfering light is solved. Moreover, the Phase-generated carrier method is recently
proposed and carried out as an interferometric phase recovery technique to recover the
phase information by Fang et al. [$0]. In the experiments, a phase modulator driven

by Piezoelectric transducer (PZT) is added into one interferometer arm for generating
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specific tones in the detected signal, clearly showing the feasibility of single frequency
vibration event detection over 10 km fiber length with a spatial resolution of 6 m and
the Signal-to-noise ratio (SNR) of 30.45 dB.

One drawback of these techniques is the SNR. Since several couplers are used and
thus attenuate the reflected Rayleigh signal, the longer pulse width is required to im-
prove the optical power at the detention end, which limits the spatial resolution to a
few meters. In addition, high thermal and mechanical stabilization is usually required
for MZI based scheme since the interferometer is a highly sensitive sensor to external
environmental noises. This fact, together with the demand for a precise coupler and
three identical photo-detectors, hinders its application beyond tests under laboratory
conditions [81].

(3) Coherent detection, which is originally from the optical communication com-
munity and has the capacity to perform phase recovery, is based on optical and elec-
trical mixing of the backscattered signal with a local oscillator (LO) in optical and
electrical domain [82]. Unlike the previous technique, the phase information in co-

herent detection is carried out from the electrical domain rather than directly from

the optical domain [33]. Among coherent detection scheme in ¢-OTDR, the optical
frequency of optical local oscillator could be same ((homodyne [341] [25]) or different
(heterodyne [83] [36] [87] [88]) with the frequency of Rayleigh backscattering signals.

As Shown in Figure 3.6 (a), highly coherent light emitted from a narrow linewidth laser
is split into two branches; one path is frequency and intensity modulated by an AOM
with frequency shifts of Af. A circulator is used to launch the pulses into the sensing
fiber and to direct the backscattered Rayleigh signals to the balanced receiver via a
further coupler that mixes the backscattered signals with the reference signal from the
narrow linewidth laser. Finally, the mixed electrical signals with a typical frequency
of Af is collected by Oscilloscope (OSC) for the phase demodulation. The phase of

the backscattered light is measured via the down-shifted mixing signals that retain
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that phase information and yet are at a frequency that can be handled in the elec-
tronics. In-phase/Quadrature (IQ) phase demodulation [39] [85] and Hilbert-transform
phase demodulation [90] [91]are two main techniques used in coherent detection based

©-OTDR schemes.

(a) Heterodyne detection
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Figure 3.6: Two schematic diagrams of coherent detection-based phase sensitive OT-

In

DRs. (a) Heterodyne detection; (b) Homodyne detection.

In IQ demodulation, The heterodyne signal output by a detector is mixed with the
two parts of the local signal with a frequency of Af. The local signal should be split
into two parts; one part is applied with 7/2 phase shift, and another one keeps the
initial phase. Then the In-phase and Quadrature components could be obtained after

sending the two outputs of the hybrid signals to the low pass filters to remove the
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high-frequency components, which could be expressed as [39]:

I(t) = 5 Ts(1) o sinle(0)],
1 (3.2)
Q) = 3I5(t) o coslp (1)),

where Ig(t) is the amplitude of the heterodyne signal, and I is the amplitude of the
local signal. ¢ is the difference between the initial phases of the local signal and the
heterodyne signal. Then, the amplitude and phase of the Rayleigh scattered light are
given by:

Ls o</ I2(t) + Q*(),

o(t) = arctan(I(£)/Q(1)) + mr,

where mm is used to unwrap the arc-tan function, and m is an integer number so that

(3.3)

the range of the demodulated phase changes from negative infinite to positive infinite
[86]. The heterodyne signals could also be Hilbert-transformed first. The transformed
and the original heterodyne signal are used as the I and () components in the 1/Q
demodulation process to extract the phase information [91].

Another potential arrangement of coherent detection is Homodyne detection based
©-OTDR [92], in which the interrogation signal is only intensity modulated by the
Electro-Optic Modulator (EOM) without optical frequency shifts, resulting in the same
frequency between an optical local oscillator (OLO) and the Rayleigh backscattered
signal. Thus the mixed signal is in the baseband, and only low-speed ADC is sufficient
for detection, allowing the phase difference to be unwrapped and tracked in slow time.
It is noted that the phase information measured here is the phase difference between the
Rayleigh backscattered signal and the OLO, so the phase difference will continuously
increase along with the fiber. A valid approach in a real application is to calculate the
phase difference across a certain fiber length determined by spatial resolution by simply
subtraction for quantifying the external perturbations.

The coherent detection technique has some advantages: Firstly, the power of the

mixed signal at the detector end depends on the Rayleigh backscattered signal and
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OLO power. Thus the noise could be highly suppressed by setting a sufficient strong
OLO signal, and the low SNR due to the inherent attenuation of the fiber would not
be a problem. In addition, the balanced detection can further reduce the DC noise
and increase the SNR significantly. The sensitivity of the detected signal can reach
a shot-noise limit. Secondly, the signal’s dynamic range is improved compared with
the single-shot technique without beating with OLO. Since the power of OLO remains
constant, making the mixed signal drop more slowly.

However, coherent detection also has some drawbacks: The first is the requirement
for a highly coherent laser source, substantially increasing the system cost. And the
coherent detection needs the mixing between OLO and Rayleigh signal from fiber, which
limits the sensing distance up to the coherent length.

The second one is the fading problems, including intensity fading and polarization
fading. Due to the usage of a highly coherent laser source, the backscattered light waves
within the half pulse width (spatial resolution cell) are easily destructive interference,
giving a super low intensity at the detection end even blow than the noise floor. The
polarization fading problem is mainly from the cohere detection scheme, in which the
SNR degradation and even complete loss of signal will occur when the SOP of the
OLO and Rayleigh backscattered signal are mismatched. To solve this problem, one
approach [93] [91] by using multiple interrogation pulses with different wavelengths is
proposed to obtain the independently Rayleigh profile and then combine these traces
to eliminate the intensity fading problem. The polarization fading problem could be
effectively mitigated by the polarization diversity scheme [95].

The third limitation of the p-OTDR sensing technique is the linearity of its re-
sponses. In the demodulation, the perturbations within each spatial resolution cell are
reconstructed by the relative phase difference between the two ends of that cell. Thus,
the intrinsic phases of the two ends are important for the linearity of the response. And

any perturbation in the distribution of inhomogeneities at the two ends results in a
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non-linear response between the strain and the measured phase [96].

The last one is the phase noise accumulation problem [37]. It is crucial to notice
that variations in the phase accumulate from the point of occurrence until the end of
the fiber. Hence, a differentiation process on the recovered phase trace is generally

required. This process further increases the detrimental effect of phase noise [31].

3.1.4 Frequency-swept phase sensitive-OTDR

In ¢-OTDR, The phase difference between any two scattering centers is proportional
to the product of optical path length and the carrier frequency of the interrogation
optical pulse. Thus, the external perturbations induced optical path length changes
could not only be measured by demodulating the exact phase, but also could be ob-
tained through frequency/wavelength shifts. In the other word, the changes in optical
path difference between the scattering centers induced by a uniform refractive index
(An) and distance (AL) change can be compensated by a shift of the pulse frequency
Awv, which allows the recovery of the original Rayleigh patterns. Based on the phase
matching conditions, the relationship between Overall, the optical frequency change of
incident optical pulse to compensate for the strain and temperature variations is given

approximately by: [97]:
Afr

F = —0.78 x Ae,
A; (3.4)
; = =—(6.92 x 107°%) x AT,

0

where the A fr and A f, are the strain/temperature changes induced frequency shifts; fo
is the carrier frequency of the interrogation pulses. Detailed derivation could be found
in Section 10.2.

This technique is firstly proposed in [97], and then has attracted much attention for
different applications such as temperature/strain sensing [70], pressure sensing [98] [99],
salinity sensor [100]. The sensing principle of the frequency-swept p-OTDR is shown

in Figure 3.7, a pulse train comprising a variety of interrogation pulses with a certain
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frequency tuning step is launched into the fiber, and the time interval between pulses
should be larger than the round trip time of the pulse to avoid the Rayleigh traces over-
lapping. Combining the jagged Rayleigh traces from different frequencies, the 2-D in-
tensity map could be reconstructed to show the local spectral response at each given po-
sition, as shown in Figure 3.7 (b). This 2-D intensity map is supposed to be unchanged
when the fiber is stable without disturbance, which is then unitized as a reference. Once
the fiber is subjected to any strain or temperature change, the perturbations-induced
frequency shifts could be extracted by performing a cross-correlation calculation be-

tween local spectral responses at a given position.

(a)

Fiber under test

T

Figure 3.7: Principle of the frequency-swept ¢-OTDR. (a) Different frequency pulses
are sent into the fiber; (b) Rayleigh scattering spectra along with the fiber and (c) the
cross-correlation between local spectrum at a given position before (reference) and after

(live measurement) perturbations variation applied.

This technique does not require a coherent detection scheme and a narrow linewidth
laser source. However, One drawback of this technique is that the frequency scanning

process takes a long time, lowering the acquisition rate of the system.
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3.1.5 Chirped pulse phase sensitive-OTDR

To avoid these coherent detection method-induced limitations, including the require-
ment of a stale interferometer and the intensity/polarization fading, a novel technique
using a single pulse with linear frequency chirp without requiring the time-consuming
frequency sweep is proposed in 2016 [101]. The change of the Rayleigh patterns due
to external perturbations can be calculated by correlation in shifted frequency which
is proportional to local optical path length changes, as shown in Figure 3.8. The local
time shifts within the selected time window among two different traces can be deter-
mined along the fiber by calculating a local correlation of the trace segments obtained
for the two consecutive measurements. Rayleigh OTDR gives relative measurement
for temperature or strain change compared with reference temperate or strain. Due
to its simple arrange and good repeatability, Chirped pulse ¢-OTDR has attached
increased attentions, and has been employed in many applications, such as tempera-
ture [30], dynamic strain sensing [102] [31], birefringence measurement in SMF [103]
and PMF [104],Seismic monitoring [105] and sound measurement [106].

Since this technique is highly relevant to the thesis, the detailed theoretical deriva-
tion and limitations of this technique are discussed in another chapter, which can be

found in Section 4.2.

Chll’ped pulse K — Without disturbance
= With disturbance

Figure 3.8: Principle of the Chirped pulse o-OTDR.
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3.2 Brillouin scattering-based distributed sensing tech-
niques

Brillouin scattering is an inelastic process by which incident light waves are scat-
tered by acoustic phonons. The interaction between the photos and phonon in the
process must satisfy the phase-matching condition and thus appear as a narrow spec-
tral resonance, which makes the scattering process very sensitive to temperature or
strain changes. Compared to the Rayleigh scattering or Raman scattering-based dis-
tributed temperature sensors, Brillouin scattering-based distributed sensors provide a
high spatial resolution over long sensing ranges due to the high SBS gain from narrow
linewidth (MHz) and low power requirement for the high gain amplification [107].

Distributed Brillouin scattering sensing was first proposed and demonstrated by
Horiguchi and Tateda as a method for measuring the attenuation of optical fibers in
1989 [9]. After that, due to the advantages of high scattering efficiency and high
sensitivity to temperate and strain changes, Brillouin scattering has been widely used
for distributed sensing applications. The Brillouin frequency shift in fiber is decided by
two main factors, including the velocity of sound in the medium as well as the index of
refraction. In the time domain-based Brillouin scattering sensing systems, the spatially
resolved temperature/strain measurement is achieved by sending a narrow optical pulse
as the probe signal to interrogate the acoustic wave in the optical fiber, and the location

is mapped through the flight time of the pulse from the source to the fiber location.

3.2.1 BOTDR

Brillouin optical time domain reflectometry (BOTDR) is similar to the Rayleigh
OTDR system, except the physical mechanism behind it is the spontaneous Brillouin
scattering. Figure 3.9 shows the typical setup for the BOTDR system, in which an

intense interrogation pulse with high peak power is sent into a fiber to acquire the
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distributed time-varied spontaneous Brillouin scattering lightwave. The backscattered
Brillouin signal is then optically mixed with an intense local oscillator from the laser
source. Finally, the temperature or strain changes-induced Brillouin frequency shifts
could be obtained by analyzing the electrical spectrum of the beating signal on the ESA.
Such a coherent detection process could also enhance the sensitivity of the system [0].
In addition, the single-end access is attractive for the field test, especially when the

sensing fiber is broken.
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Figure 3.9: The generic layout of a Brillouin optical time domain reflectometry
(BOTDR) setup. ESA: Electrical Spectrum Analyzer; SOA: semiconductor optical

amplifier; PD: photo-detector; CIR: circulator; PC: polarization controller.

However, the BOTDR detection requires a substantial number of averaging for time
domain traces to reach the acceptable SNR. Besides, the reconstruction of Brillouin
gain by using a microwave detector is a slow process. These two factors make BOTDR
hard to be used for high-frequency dynamic measurement. In [105], authors demon-
strate a distributed vibration sensor, in which the vibration of fiber can be continuously
monitored based on the principle of the POTDR, and the applied strain on the fiber is
measured based on the principle of the BOTDR. Experimental results show a detection
of 11 Hz vibration over 4 km fiber with 10m spatial resolution. Another approach to

improve the acquisition rate by converting the Brillouin frequency shifts into the in-
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tensity changes through an imbalanced MZI is demonstrated [76]. The results show an
acquisition rate of 2 Hz with a strain sensitivity of 50 pe over 2 km of sensing fiber with

a spatial resolution of 1.3 m, and a maximum detectable frequency of up to 1 Hz.

3.2.2 BOTDA
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Figure 3.10: The generic layout of a Brillouin optical time domain analysis (BOTDA)
setup. Red solid line is Brillouin gain detection, and the blue dashed line represents

the Brillouin loss configuration.

Brillouin optical time domain analyzer (BOTDA) is a two-ends access interrogation
system, relying on the stimulated version of Brillouin scattering. This technique is
based on the pump-probe configuration, in which two light waves are launched from
both ends of a single fiber: one of the optical signals is continuous, and the other
is pulsed. As shown in Figure 3.10, in the Brillouin gain scheme, the intense pump
pulse signal will generate a moving density grating (acoustic wave) in the fiber core
via the electrostriction effect. Once the frequency deviation between the pump and
probe light is around the BF'S of the optical fiber, the dynamic grating will be further
enhanced due to the nonlinear interaction. Therefore, more pump light will be scattered
by the dynamic grating, resulting in an increase in the probe power. So the counter-

propagating probe light and acoustic wave mutually reinforce the intensity of each
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other. Due to the usage of pulsed pump light, the local information could be spatially
resolved. One significant drawback of this configuration is that the energy of the short
pump pulse is continuously transferred to the CW probe light. Thus the power of
the pump signal will be depleted quickly due to the energy conversion, namely non-
local effect [109] [110] [111]. This problem could be released by Brillouin loss detection
configuration [112]. In this Brillouin loss configuration, as shown in the blue dashed
lines ofFigure 3.10, the roles of the pump wave and Stokes wave are reversed. The
Stokes wave is now pulsed, and the pump wave is CW and is the waveform detected at
the output. Thus, the energy in the pump wave is much larger, and loss to the Stokes
wave will not result in significant depletion [113]. The advantage of this technique is

that much longer sensing lengths become possible.
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Figure 3.11: The principle of extracting the local Brillouin frequency shifts [114].

The BOTDA measurement usually requires a frequency sweep over a certain range to
obtain the potential local BFS that alters with absolute valuer of external strain [115]
and temperature [116]. In the demodulation process, as shown in Figure 3.11, by

scanning the frequency deviation between pump and probe light wave step-by-step, the
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local Brillouin gain along the fiber is measured by the intensity of the probe wave at
a given pump-probe frequency difference. On the other hand, the local BGS could
be obtained by analyzing the gain distribution within the frequency scanning range.
The local BFS is calculated by fitting the BGS and picking the peak value. Such a
fitting process can help to remove the system noise-induced error in peaking frequency
determination [117].

Different from the Rayleigh scattering-based OTDR system, the local gain not only
depends on the pump-probe frequency deviation and local BFS but also on the relative
SOP of the pump and probe light. The SOP effect could be minimized by scrambling the
polarisation states of pump light to randomize their interaction. Another challenge to
reconstructing the BGS is that the frequency difference between the two independent
pumps and the probe laser source is supposed to be well controlled for the precise
frequency scanning process. One effective way is to lock the frequency deviation of two
DFB lasers at the Brillouin frequency by a hardware proportional-integral-derivative
(PID) controller, namely, offset locking technique [115]. Besides, the requirement of
high suitability of frequency difference scanning is also could be achieved by using a
single laser and EOM [119], in which the single laser source is frequency modulated
by an EOM that is driven by a microwave signal at a desired electrical frequency to
generate modulation sidebands at a different optical frequency around carrier light wave.
Thus, the modulation sideband with lower frequency/high frequency could be used as
a probe signal in the gain/loss detection-based BOTDA system. The frequency spacing
between the pump and probe is determined by the microwave frequency that has high

stability, and the frequency drifting of the laser source has no impact.
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3.3 Four key parameters in distributed Rayleigh /Brillouin

fiber-optic sensing.

3.3.1 Sensing distance and SNR

The sensing distance of the sensor is defined by the maximum length of sensing
fiber that can be measured [1]. In an OTDR-based sensing system, sensing distance is
limited by the maximum pulse repetition rate of the interrogation pulse since a too-
high repetition rate would make the backscattering signals from the fiber overlapped,
resulting in location ambiguity. Beyond that, the fiber attenuation that makes the
power of the signal decay exponentially is a major limitation for achieving long-haul
measurements. In an OTDR-based system, the maximum length of sensing fiber is

weighed by the dynamic range:

R= % {10log (POP; S)} , (3.5)

where P, is the power of Rayleigh scattering light at the far end of the fiber; Pp is the

minimum detectable power by Photo-detector (PD); S is the transmission loss. Thus, a
longer sensing distance could be achieved by either improving the signal power, which
is related to pulse energy, Rayleigh reflection and transmission loss or lowering the
system’s noise level. Erbium Doped Fiber Amplifier (EDFA) could increase the power
of the pulse signal to extend the sensing distance, but further enhancement is limited
by the nonlinear effect, such as Modulation Instability (MI) and Brillouin scattering,
especially for narrow pulse scenarios. In 2009, the first-order Raman amplification
was first reported to increase the pulse power and then improve the sensing distance
by suppressing the nonlinear effect [120]. Using the bidirectional scheme with even
amplification, sensing distance up to 62 km in p-OTDR is achieved. The gain coefficient

of SBS is larger than that of stimulated Raman scattering (SRS) by about three orders
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of magnitude, which allows the use of much lower pump powers. The major concern of
using the Raman application is that the Relative intensity noises (RIN) of the Raman
pump will be transferred in the signal, lowering the SNR [121]. One solution to remove
the RIN is achieved by creating an ultra-long Raman fiber laser cavity in the sensing
fiber, then the RIN noise is completely eliminated by implementing a suitable balanced
detection, which achieves a sensing distance of 125 km and an average SNR of 8 dB
in ¢-OTDR [122]. Brillouin scattering is firstly utilized to amplify the pulse signal,
and 124 km sensing distance is achieved based on heterodyne detection [123]. However,
one disadvantage of using the Brillouin amplification is that the temperature-sensitive
gain will cause instability of the system. In the same year, using the combination of
co-pumping second-order Raman amplification based on random fiber lasing, counter-
pumping first-order Raman amplification, and counter-pumping Brillouin amplification,
a sensing distance of 175 km with 20 m spatial resolution in ¢-OTDR is achieved [124].
The CW portion of the pump pulse signal related to extinction ratio will introduce
a noise floor from coherent Rayleigh scattering along the entire sensing fiber. Thus,
in [125], a vibration event at 26.5 km is successfully detected by using high extinction
ratio pulse up to 100 dB with a spatial resolution of 2 m. Other methods to compensate
for the power losses have been proposed recently, including bidirectional EDFA (B-
EDFA) [120], optical repeaters (two EDFAs and one Raman amplifier) [127], cascaded
AOMs [128].

SNR is a crucial factor in determining the sensing length, sensitivity, and accuracy.
To avoid the interference fading noise, a phase-shifted pulse pair is used to gain an
SNR of more than 20 dB [129]. Pulse coding [130] [131] and pulse compression [132] are
utilized to achieve better SNR but a more complex computation process. Furthermore,
by using ultra week Fiber Bragg grating (FBG) array [133] or enhanced backscattering
fiber [134], the intensity of the Rayleigh backscattering light could be raised to improve

the SNR, and the enhancement is up to 15.8 dB. To suppress the polarization-related
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noise, a system based on an all-polarization-maintaining configuration is proposed to
eliminate polarization-induced signal fading and noises in 2011 [135]. In 2006, a po-
larization diversity detection method was proposed and demonstrated to release the
impact of fading noise, and the SNR was improved by about 10.9 dB.

In Brillouin scattering-based sensing system, the increase of pump pules and CW
probe powers to enhance the sensing distance is also constrained by nonlinear effects,
such as Kerr effect [130], Modulation instability [137], and non-local effect [138]. The
Kerr effect will give rise to a pulse spectrum broadening anomalous and normal dis-
persion fibers, which could deteriorate the system performance and reduce the sensing
length. Modulation instability becomes a big issue when a square pulse is used in
anomalous fiber. And it will cause discrete spectral broadening by inducing additional
discrete spectral lines [139], which could be significantly suppressed in a normal dis-
persion fiber [136]. The non-local effect is mainly caused by the pump pulse depletion
or probe pulse excessive amplification, resulting in distorted Brillouin gain spectra and
systematic measurement errors. Several technologies have been proposed to achieve
longer sensing distance in Brillouin scattering-based sensors:(1) Time-division multi-
plexing [1410]: Both pump and probe signals are pulsed, and the interrogation length
is determined by the probe pulse width rather than the entire fiber length. Then, the
entire fiber length is measured by changing the relative time delays between the pump
and probe pulse. Increasing the power of the probe pulse, SNR could be improved with-
out non-local effect, giving a 100 km sensing length with 2 m spatial resolution. (2)
Frequency-division multiplexing [111]: Multiple sections of sensing fiber with different
BFSs are used so that the interaction fiber length is restricted to each BFS section,
reducing the non-local effect. (3) Distributed Raman [112] or Brillouin [143] ampli-
fier for compensating pump attenuation along the fiber for 100 km sensing range. (4)
Pulse coding technique [111] could effectively improve the SNR and thus extend the

sensing distance by scarifying the sensing speed and increasing the system computation
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complexity. And (5) Optimizing image denoising method [115].

3.3.2 Spatial Resolution

In an OTDR-based sensing system, the spatial resolution is determined by the pulse
width. For spatial resolution improvement in p-OTDR, In 2010 [1], Lu et al. proposed
a moving average and moving difference algorithm method based on the heterodyne
detection, achieving 5 m spatial resolution. In 2013 [116], Zhu et demonstrated a two-
dimensional edge detection method to reduce the spatial resolution from 5 m to 3 m by
using a 50 ns pulse over a 1 km sensing length. Optical frequency domain reflectometry
(OFDR) is a well-known technique based on Rayleigh scattering offering mm range

spatial resolution. The spatial resolution is given by:

Ug

62:2-Af’

(3.6)

where v, is the group velocity of the light; Af is the frequency scanning range. Thus the
spatial resolution is given by the range of frequency in the probe sweep. Although this
technique offers an ultra-high spatial resolution, a long sensing distance that requires a
good coherence of light and sweeps linearity is still a big challenge. Since it suffers from
laser phase noise when it comes to long distances, the extracted phase term becomes
inaccurate during the sweep process over a large range. To overcome this issue, a time-
gated digital OFDR (TGD-OFDR) technique is proposed [147], in which the probe
is chirped within a narrow time window with good linearity and low phase noises,
achieving long sensing distance up to 110 km with a good spatial resolution of 1.64
m. By using a Lt NbOs intensity modulator with e large modulation bandwidth in the
same system, a higher spatial resolution of 0.8 m is achieved [118]. In 2015, Zou et al.
proposed an optical pulse compression technique based on the concept of frequency-
modulated pulse compression in microwave radar, showing a spatial resolution of 47

cm for detecting Fresnel reflection at the end of the fiber over 5.4 km [119]. This
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technique uses linear frequency modulation (LFM) optical pulse with a relatively long
pulse duration to achieve long sensing distance. Then the pulse compression technique
is used by applying matched filter at the receiving end to achieve high spatial resolution.
The spatial resolution is determined by the frequency sweep range rather than the pulse
width. Later, this technique was used in p-OTDR system to demonstrate high spatial
resolution up to 30 cm over 19.8 km sensing length [132]. By the same author, a
new scheme with a high linearly frequency swept low-frequency RF source is used to
guarantee the frequency modulation linearity, achieving 0.95 m spatial resolution over
75 km sensing length [150].

The spatial resolution in Brillouin scattering-based sensing system is limited to
1 m. The reason is that the spectrum of the backscattered signal is attributed to
the convolution of the pulse spectrum and natural Brillouin gain spectrum, and the
measurement contrast and accuracy get worse when the pulse spectrum width increases,
especially when it is larger than the natural Brillouin gain spectrum. To solve this
problem, several techniques are proposed, including the dark-pulse technique, pulse pre-
pump (PPP) technique, differential pulse-width pair (DPP) technique, and Brillouin
echo technique.

The dark-pulse technique was proposed by Brown et al in 2005 [152]. This method
is employed in the Brillouin loss scheme. The pump signal, as shown in Figure 3.12
(a) and CW anti-Stokes probe signal, are injected into the two ends of the fiber. The
CW portion of the pump experiences amplification since the energy is transferred from
the probe signal to the pump, while the pump does not have Brillouin gain when
switched off during the dark-pulse duration. Since the pulse duration is much shorter
than the CW portion in the pump signal, the Brillouin gain spectrum will keep its
natural linewidth but gives a high spatial resolution of up to 5 ¢m over 100 m fiber.
In 1999, Bao et al. found a way to achieve a sub-meter spatial resolution method

by pre-excitation the acoustic wave to keep the Brillouin gain spectrum maintain its
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Figure 3.12: Four high spatial resolution techniques in BOTDA. (a) Dark pulse; (b)

PPP technique;(c) DPP technique; and (d) Brillouin echo technique [151].

natural value [153]. In 2005, the pulse pre-pump method was proposed [154] as shown
in Figure 3.12 (b), in which a pre-pump pulse is introduced to pre-excite the acoustic
wave before the bright pulse comes in. The bright pulse interacts with the probe
signal and gives high spatial resolution and a narrow Brillouin spectrum. By using this
technique with a 13 ns pre-pump pulse and a 1 ns pump pulse, 10 cm spatial resolution
is achieved [154]. In 2008, a novel technique called differential pulse-width pair (DPP)
BOTDA was proposed. Two long-duration pulses with slightly different pulse widths
are utilized for two measurements, and the differential Brillouin signal is obtained by
simply making a subtraction [155]. The Brillouin spectrum is determined by the longer
pulse, while the spatial resolution is decided by the pulse width difference between two
pulses as shown in Figure 3.12 (¢). The improved DPP-BOTDA was demonstrated in
2012 with better SNR, achieving 2 c¢m spatial resolution over a 2 km sensing length.
Later on, by combining a novel scanning process with a larger sensing range, a 1 ¢cm

spatial resolution with a 10 km sensing distance is achieve in 2017 [156]. In 2008, the
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Brillouin echo technique was proposed for high spatial resolution BOTDA sensor [157],
and the pump pulse is shown in Figure 3.12 (d). The acoustic wave is well pre-excited
by the non-phase shift portion of the pump pulse and then experiences a decrease when
the 7 phase shift portion is injected into the fiber. The spatial resolution is determined
by the 7 phase shift pulse, achieving a spatial resolution of 10 cm. And a higher
spatial resolution was demonstrated up to 5 cm in 2010 [158]. A summarized proposed
BOTDA scheme for obtaining higher spatial resolution, sensing accuracy and longer

sensing range is shown in Table 1.

Table 3.1: Comparison of the proposed high performance BOTDA schemes

Spatial resolution Sensing accuracy Sensing distance

Compound spectrum

analysis (1998) [159] 50 cm 40 pe 100 m
Dark pulse (2005) [152] 5 cm 40 pe 100 m
PPP technique (2005) [154] 10 cm 25 e km
DPP technique (2008) [155] 10 cm 16 pe 12 km
Brillouin echo technique (2008) [157] 5 cm 60 e 5 km
Tailored compensation (2017) [160] 20 cm 29 e 51.2 km
Image Denoising methods (2018) [115] 2 m 20 pe 100 km

3.3.3 Acquisition rate

In an OTDR-based sensing system, the acquisition rate (sampling rate) is defined
by the repetition rate of the probe pulses, which is restricted by the fiber length. The
acquisition rate directly determines the highest measurable dynamic frequency. Due to

the Nyquist sampling law, the highest measurable frequency is given by:

L% (3.7)

Jmax = M 4L
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where v, is the group velocity of the light, and L is the fiber length. 7T},;, is the minimum
period of the probe pulses. To increase the highest measurable vibration frequency, a
method by combining p-OTDR and MZI is proposed [72], in which the wide pulse could
be treated as continuous light and used in the MZI, while a narrow pulse is employed in
the p-OTDR system to obtain the high spatial resolution. A spatial resolution of 5 m
and a maximum frequency response of about 3 MHz are achieved in a 1064 m fiber link
when the narrow pulse width is 50 ns. In this method, the major limitation is the cross-
talk between the Rayleigh backscattering light induced by the low-intensity pulse light
and the location signal, which lowers the SNR and accuracy. To solve the cross-talk
problem, time division multiplexing (TDM) [161] and wavelength division multiplexing
(WDM) [162] [163] [164] based techniques are proposed to achieve measurable vibration
frequency up to 6.3 MHz. Instead of using single-frequency pulses, a novel method
by employing a multi-frequency pulse sequence with time sequence in -OTDR was
demonstrated in 2015 to extend the frequency response range. In the experiments,
30 kHz vibration is detected over 3024 m sensing distance [165]. Similarly, frequency
division multiplexed pPOTDR (FDM-¢pOTDR) that can detect the entire distribution of
a high-frequency vibration was demonstrated in 2017. The technique is to modify the
frequency encoding for high-speed phase monitoring with control software parameters,
achieving 80 kHz vibration frequency detection over a 5 km sensing distance [166]. In
2020, An orthogonal frequency division multiplexing (OFDM) method was proposed to
multiplex multiple probe pulses into one interrogating period, and the measurement of
25 kHz vibration frequency over 51 km sensing length is achieved [167].

In Brillouin scattering-based sensing system. There are three main factors that limit
the acquisition rate of the sensing system: (a) The time of flight, also called round-trip
time Tiounda = 2nL/c;(b)The number of averaging N, to achieve the required SNR;

(c) The number of scanning step, Np.eq, to recovery the BGS. Thus, The overall time
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required for a complete BGS spectrum is given by:

TBGS = (Nang'round + Tsw’itch)Nfreq 5 (38)

where Tiyitcn, Which is the frequency-switching time of the microwave generator.
Recently, many ultra-fast BOTDA systems have been studied to save sweeping time
for high-frequency dynamic strain measurement. In the optical frequency comb (OFC)
scheme [165], the OFC wave is utilized as the probe signal to obtain the Brillouin gain
spectrum (BGS) in the frequency domain, in which the Brillouin beating signal will be
amplified by the single-frequency pump pulse via the SBS effect when the frequency
deviation span covers the BGS. Then the distributed BGS could be reconstructed by
computing the fast Fourier transform of the Brillouin beating signal. However, the
frequency interval of OFC limits the spatial resolution to several tens of meters. In a
slope-assisted scheme [109], the BGS scanning process is skipped by taking advantage
of the linearity at the edge of the BF'S to convert the BFS to the amplitude variation so
that a single-frequency pump pulse can demodulate the distributed BF'S along the fiber.
However, the Lorentz shape of the BGS has a limited linear range at the slope edge,
resulting in a limited measurement range. In the fast-frequency sweeping scheme [170]
[171], Tswiten, has been significantly reduced. The high-speed reconstruction of the BGS
is achieved by fast switching an arbitrary waveform generator instead of synthesizer-
based electronic sweeping, in which only a single-shot measurement is required to obtain
the BGS in the temporal (spatial) domain. However, the asymmetrical BGS should
be reshaped through an algorithm to reduce demodulation errors, making the data
process more complicated. Recently, a frequency-sweep fast BOTDA was implemented
to achieve fast dynamic measurement in a 10 km fiber [I72]. However, the entire
distribution acquisition rate is limited by the number of measurement points along a
fiber because repeated pulse launching is needed until the whole completed distribution

is obtained.
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Chapter 4

Theory of Optical chirped pulse

generation and sensing

4.1 Introduction

Chirped pulses, known as frequency-swept pulses have been widely used in radar
technologies [25], spread-spectrum communication system [1 73], chirped pulse microwave
computed tomography [27] and also other applications covering military and civilian
systems such as communications, surveillance, countermeasures, navigation and imag-
ing equipment [174]. Most radar applications make use of long chirped pulses with wide
bandwidth, or pulses with a high time-bandwidth product (TBWP), allowing the detec-
tion of targets at long distances with improved range resolution. High TBWP chirped
pulses could be generated by many photonic approaches, including space-to-time map-
ping (STM) [175], frequency-to-time mapping (FTM) [176] and Self-Heterodyne Tech-
nique [174] [L77] [L78]. FTM methods attract more attention thanks to their simplicity
and low cost. Such technique is enabled by sending a short optical pulse with large
frequency bandwidth from mode-locked laser with a fixed repetition rate through a dis-
persive element (e.g. chirped fiber Bragg grating), so that the accumulated quadratic

spectral phase impresses a large linear chirp on the resulting time-domain waveform.
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For distributed optical fiber sensing, optical chirped pulses have increasingly gained
the attention of researchers, as they can be used as interrogation signals for quantita-
tively detecting the environmental disturbance along the sensing fiber, without requiring
the frequency sweep process. As a novel technique for distributed sensing, it has been
widely used for temperature [179], dynamic strain [180] and seismic [181] sensing, based
on chirped pulse »-OTDR (CP-¢-OTDR) or chirped pulse BOTDA (CP-BOTDA) [132].
Although long duration chirped microwave pulses are required for radar applications,
short duration chirped optical pulses are key for fiber-sensing applications. In most
chirped pulse based systems, the spatial resolution is limited by the pulse width. An
exception is the combination of chirped pulse with non-matched filter [183], but it re-
quires an ultra-high coherent laser source, such that conventional techniques with nar-
row optical pulses are still of great interest. Therefore, optical chirped pulses with large
frequency chirping range and small pulse width, i.e. with large FCR, are required to
achieve large static measurement range (Section 4.2) with high spatial resolution. Due
to limitations of electrical devices, the optical chirped pulses generated by arbitrary
waveform generator (AWG) combined with frequency shifter (F'S) usually have small
chirping range and wide pulse width, resulting in limited chirping rates up to several
tens of MHz per nanosecond. An alternative method to generate optical chirped pulses
is by direct modulation of the DFB laser current, since the emitted optical frequency of
a DFB laser varies with the injected current [179] [184]. However, the limited modula-
tion speed and linear variation range increase the complexity to arbitrarily enhance the
chirping rate [178]. FTM method, which is usually used for chirped microwave genera-
tion, is a good candidate for optical chirped generation by using one dispersive device
to stretch the ultra-short pulses. However, the ultra-short pulses usually have a fixed
repetition rate and because dispersive devices are passive elements, the FTM method is
not suitable for the generation of optical chirped pulses with tunable parameters, such

as repetition rate, chirping rate, and center frequency.
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In this Chapter, we first introduce the conventional method to generate chirped pulse
by directly modulating the drive current of the DFB laser, which is described in section
4.1.1. Based on that, section 4.1.2 gives a theoretical analysis for producing a high
chirping rate pulse based on the Kerr effect. Section 4.2 and 4.3 gives a theoretical model

to analyze chirped pulse ¢-OTDR and chirped pulse BOTDA system, respectively.

4.1.1 Direct modulation on DFB laser for chirped pulse gen-

eration

Two main effects correspond to the drive current-induced laser frequency change,
including carrier density modulation and temperature modulation. The relationship

between carrier density/temperature change and optical frequency is given by [185]:

AFo)fo = (Con + Cre) (Ty/7) / AN, (2)[e(z)|2dz, .
4.1

AFy/ fo=—(ap + ay) / AT, (z)|e(x) | dz,

where AFr/AF, is the carrier density effect /temperature effect related optical frequency
changes. Coefficients Crc and Cpg, relating the carrier density change to the refractive-
index change, represent the free carrier plasma dispersion effect and the anomalous
dispersion effect due to band-to-band transition. I', is the mode confinement factor.
n is the average value of the refractive index. «j and «, are the thermo-expansion
and thermo-optic coefficients. AN,(z) and AT,(x) are the distribution of carrier den-
sity /temperature modulation. €(z) is the normalized optical lasing field.

After applying a linearly varied current signal, the output optical frequency of the
DFB experiences a periodic modulation, including blue and red shifts, as shown in
Figure 4.1 (b). Note that, despite the application of a linearly varied input current
as shown in Figure 4.1 (a), the output frequency change of the DFB laser is not lin-
ear across the rising or falling edge. The change of the drive current will introduce

a different increasing or decreasing frequency chirping depending on the modulation
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Figure 4.1: (a) Drive current induced output intensity variations.(b) Output frequency

variations of the DFB laser.

frequency. The laser frequency is highly dependent on thermal effects for low-frequency
modulation currents, with higher currents corresponding to lower frequencies. On the
other hand, the carrier density effect governs laser frequency under high-frequency cur-
rent modulation (>MHz) with an opposite frequency chirp, a fast increase (decrease)
in current producing a fast increase (decrease) in frequency. Thus, it could be used to
explain the reason why the laser frequency is firstly decreased when a decreasing drive
current is applied.

After applying a linearly varied current signal, the overall output frequency change
during 50 ns is not linear. The blue shift of the laser source is shown in Figure 4.2
(a). However, a linear portion could still be found as shown in the Figure 4.2 (b) and
Figure 4.2 (c) below. The frequency chirping range is limited, reducing the measurable

static strain range.
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Figure 4.2: (a) Linear frequency chirping section with blue shift, and its close up views

(b) and (c).

4.1.2 Theoretical analysis of large chirping rate optical chirped

pulse generation based on Kerr effect

When optical waves propagate in dielectric media with molecular inversion sym-
metry, such as optical fiber, changes in the effective refractive index are induced and
governed by the third-order susceptibility, x®. The higher the optical wave intensity,
the greater the changes in the refractive index, a phenomenon known as the Kerr effect.
Media with high x®), or high nonlinear parameter, exhibit higher index changes even
for low powers and are hereafter referred to as Kerr media. As a result of the optical
Kerr effect, two laser lights with different frequencies undergo self-phase modulation
(SPM), and cross-phase modulation (XPM) along a Kerr medium [180]. Assuming
that the angular frequencies of two light waves entering a Kerr medium are w, and we,
with optical electric fields E, and E,, respectively, and w, < w,, then the total input

electric field is £, = E, + E., introducing a slowly varying envelope modulation in the
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intensity profile with modulation frequency wy = w, — w,. Therefore the amplitude of
the slowly varying electrical field and its optical power at the input end of the Kerr

medium are given by:

Ay = V2P cos(wqt/2), (4.2)
Py, = 1* P(1 + cos(wgt)), (4.3)

where P is half of the optical power of the total electric field, and 7 is the SOP efficiency
of the coherent mixing. In the following derivations, we assume 7 to be 1 for simplicity,
indicating that E, and E, enter the Kerr medium with polarizations aligned. Due to
the Kerr effect, the overall effective refractive index is a linear function of the optical

intensity, I = P/A, which is expressed by [11]:

n(I) =n+nal, (4.4)

where ny (in unit of cm?/W) is the optical Kerr coefficient of the medium, with ny =

3n0
n2eq

x®), where 7 is the vacuum impedance, € is vacuum permittivity, n is the refractive
index, and A is the cross-section of the Kerr medium. So the amplitude of the slowly

varying optical field at the output of the Kerr medium is given by [187]:

Agut = V2P cos(wqt /2)exp(idnL), (4.5)

where ¢y = (P + Pcoswgt)nskoL/A is the sinusoidal phase-modulation as a result
of the Kerr effect induced by the field components, and L is the length of the Kerr
medium. In the following, the exponential factor exp (ingkoLP/ A) is neglected as it
does not affect the output frequency if the input powers remain constant. Solving

this equation for the field at the output of the Kerr medium with the Jacobi-Anger

o0
m=—0oQ

expansion, exp [iz cos Bt] = > i" Jm(2) exp(imBt), thereby expressing the results

as an infinite sum of frequency sidebands spaced wy apart, the amplitude of the m'™
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order sideband electrical field at the output end of the Kerr medium is expressed by:
A = V2P cos(wat/2) (i) Jm(PnokoL/A)exp(imwgt), (4.6)

where J,,, indicates the m™ order Bessel function of the first kind. The above analysis
mainly focus on the Kerr effect-induced phase modulation.

Equation (4.6) shows that the m'™ order sideband generated by the Kerr effect is m
times wy apart from w,. Also, since sidebands are generated at both sides of w,, but J
only assume non-negative orders, we will hereafter refer to lower frequency sidebands
as negative orders. Still, the positive value should be used for the Bessel function calcu-
lation, i.e. J},,. By modulating one of the laser lights with chirped pulses, say w,, after
propagation through the Kerr medium, the chirping range of the m™ sideband would
also be enhanced m times after propagation through the Kerr medium as predicted
by Eq.(5). Figure 4.3 (a) shows a schematic spectral diagram of the fixed-frequency
and chirped pulse configuration, where chirped pulses with spectral content Av and
pulse width (77 — Tp) are injected into a highly nonlinear fiber (Kerr medium). Con-

sidering the output spectrum at the end of the fiber, the starting frequency component

Power (a) Fixed- Chirped
frequency pyjse
.1 Pump 1

3 Av 2 Av Av Av

Frequency chirping range for m™ order : Avp,= |m|Av

Power (b) Chirped Chirped
Pump  Pulse

5Av 3 Av Av Av 3Av 5Av
Frequency chirping range for negative m™ order : Avm= (2| m|+1)Av
Frequency chirping range for positive m™ order : Avm= (2| m|-1)Av

Figure 4.3: Schematic diagram of normalized spectrum for generated sidebands from

Kerr effect for (a) fixed-frequency pump and (b) chirped pump.
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of chirped pulses signal at time Tg (solid line) will interact with pump signal yielding
numerous sidebands that will be w,, = mw; = m(w, — w,) away from w,, while the
ending frequency component at time 77 (dashed line) of chirped pulses will generate
sidebands that will be wy, = m(wq + Av) = m(w, + Av — w,) away from w,. Note that
m = 0 corresponds to the output sideband located at the frequency of the input pump,
wp, while m = 1 corresponds to the output sideband located at the same frequency as
the input chirped pulses. In addition, the input pulse intensity profile is square-shaped,
and higher-order sidebands do not alter the intensity profile or duration of the out-
put pulse. Therefore, for the m'™ order sideband Kerr pluses, the frequency chirping
range is improved from Av to mAwv, but with the same pulse duration W that equals
to (17 — Tp). It is noted that the generated Kerr pulses on the left side experience a
decrease in optical frequency (redshift). In contrast, the right side Kerr chirped pulses
undergo an increase in optical frequency (blue shift).

To further improve the frequency chirping rate (Av/W') without changing the pulse
width W, an anti-chirped pump signal from the same laser source, i.e. with chirping
content —Auw, is utilized to extend the frequency chirping range. This new optimized
method is shown in Figure 4.3 (b). Since the chirped pump and original chirped pulses
are synchronized in the time domain, the interaction between starting frequency com-
ponents (at time Tj) of a chirped pulse (solid blue line) and chirped pump (red solid
pump) generates sidebands with frequency w,, = mw,; = m(w, —w,) apart from w,. On
the other hand, the two ending frequency components (at time 7}) from the chirped
pump and chirped pulse will interact with each other and yield negative sidebands that
will be wy, = m(wg + 2Av) = m(w. + 2Av — w,) apart from w, — Av. Note that the
ending frequency of negative order Kerr pulse at time 7} is generated from the chirped
pump signal at a frequency of w, — Av since the blue shifts occur within the pulse du-
ration from T to T, resulting an additional frequency chirping extension of Av. The

frequency chirping range for negative sidebands is extended from Av to (2m + 1)Av
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with the same pulse duration. Thus, the chirping rate enhancement factor is (2m+1)

th order sideband Kerr pulses. Similarly, the positive sidebands

for the negative —m
will experience a chirping rate enhancement factor of (2m-1) since the first positive

sideband is considered as the original chirped pulse, shown in Figure 4.3 (b).

4.2 Theoretic analysis of CP o-OTDR

Now, we analyze the principle of the p-OTDR system by using the chirped pulse
generated in the last section as the interrogation (probe) signal. Assume that the pulse
width and the optical frequency content of the probe pulse are W and Aw,, respectively.
t = 0 is the moment of the rising edge of the chirped pulse. The instantaneous frequency

profile of the chirped pulse is then expressed as:

u(t) = (

where vy is the starting frequency of the chirped pulse, Rect is the rectangular function,

AWUC . t) Rect(t/W), (47)

r(Z) is the reflection coefficient. At given time ¢, the arrival back-scattered electrical

field with the collision section (half pulse width length fiber) could be expressed as:

te/2n ‘
E(t) = / Epe 2%y (2)e*™?dZ, (4.8)
(

t—W)c/2n

where n is the refractive index’s average value, ¢ is the velocity of light in a vacuum,
and « is the average attenuation of the unit-length fiber. Since the optical frequency

of the laser is linear swept, so the phase of the light scattered by the scattering center

:/fdt:/uﬁAV;C (t—#)d(z& QZZ)WO (4.9)

To simplify the analysis, let’s consider the two scattering center Z; and Z; within

Z is given by:

the pulse width (t — T < 2nZ/c < t), the optical power P(t) is calculated by EZ(t)

and E%i(t), leading to:
g

te/2n tc/2n
/ / eI (7)) o (2,) - e OldZ, 42, (4.10)
—W)c/2n —W)c/2n
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where Fy is the input power of the light; Z; and Z; are the fiber length between the
input end of the fiber and i or j* spot; and r(Z;) and r(Z;) are the reflection coefficient
i'" and j' scattered spots, respectively. Then, based on the Equation (4.9) the phase

difference of any two scattered spots within the pulse width is expressed as:

Ao — y 2nZ; +A’Uc y 2nZ; 2
vig = % c 2W c

) (4.11)
. 2nZ; . Av, . 2nZ;
v c 2W c ’
it gives:
2n(Z; — Z; Av, Zi+ Z;

It shows that the phase difference between the two scattered lightwaves from Z; and
Z; is associated with optical path length (L;; = 2n(Z; — Z;)) and the frequency of the
scattered lightwave. Since an optical frequency chirped pulse is utilized as an interroga-
tion signal, the frequency of scattered lightwave at scattering center Z; and Z; is linearly
changed within the pulse profile at different given time t. This time-dependent phase
difference allows us to compensate for the external disturbance-induced optical path
length change by measuring the back-scattering with a time delay of At. Specifically, if
there is a temperature/strain variation, the optical path length will change accordingly
due to the thermo-optic, photo-elastic, therm-expansion and Poisson effect. The equal
intensity point in the two Rayleigh traces with and without disturbance will arise at a
different given time, leading to Ap(t,0) = Ap(t + At, AK + Ae):

Lij AUC ’TL(Z] + Zz)
- |:U0+ W (t p

- LB [y S (1 - MB )]

where left-hand term represents the phase difference of any two scattered light wave by

(4.13)

it" and ;" scattering centers without temperature and strain variations, while the right-
hand term represents the phase difference under certain temperature/strain changes

(AK and Aeg). L;; = 2n(Z; — Z;) is the optical path length, and AL is the temperature
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and strain changes induced optical path length changes. It is noted that the refractive
index and physical location changes give a time delay based on the last term in each
side ((n(Z; + Z;))/C), but it is very small compared the time delays At and could be
_ Av, n(Z;+2;) .. ..
neglected. Thus we assume f; = [UO + 5 (t — T)}, and it is unchanged, giving

the relation between time delays (At) and optical path length change (AL):

Liifi = (L + AL) (fl — ?/;;C At) , (4.14)

so, the temperature and strain variations gives the time delay (At), which could be

expressed by:
AL Av At/W
L B Vo

= Cr - AK +C. - Ae, (4.15)

where Cr is the temperature variations related frequency shifts coefficient, C. is the

strain variations related frequency shifts coefficient.

i U()W

Al = Av,

(Cr - AK + C. - Ac). (4.16)

Based on Equation (10.23), the typical value of Cr = Af/AK and C. = Af/Ae
can be calculate at wavelength of 1550 nm. Therefore, the strain/temperature related

time delays coefficients are expressed as:

At = DL - W soqny i — L326H2/ K
AK  Aw, R- (4.17)
At W _ 150.9MHz/pe '
At€ = A_g = A’UC . 1509MHZ/5 = T7

where R = Av,./W is the frequency chirping rate. We could know that the temperature/strain-
related time delays coefficient is inversely proportional to the frequency chirping rate
R.

The principle of this Frequency-to-time mapping (FTTM) method by using chirped
pulse for real-time measurement is illustrated in Figure 4.4. A chirped pulse serving
as a probe signal is sent to the sensor section, and then a jagged reflection interference
pattern is detected by a photo-detector (PD). By sending the probe pulse a second time

with a certain repetition rate, we obtain two-time domain traces (solid red line and blue
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dashed line) representing different temperature/strain variations. The Rayleigh traces
from that strain/temperature applied fiber section will show significant longitudinal
time shift, attributed to the phase difference change compensation via time-dependent
optical frequency variation within the pulse width, as shown in Equation (4.14). There-
fore, the phase difference of the scattered lightwave from any of two i** and j** scattering
centers at a given time ¢ without strain/temperature changes equals that at a given time
t+ At with disturbance. The longitudinal time delay between the two encoded time do-
main traces is linearly proportional to the external disturbance-induced frequency shifts
and the corresponding local time delays (based on Equation (4.17)) are then calculated

by using trace-to-trace correlation over a specific time window.

u(t) = (uo + AW& : tj Rect(t/W)

Fiber under test

—

T e T

Chirped Pulse oy >
 — D- !

—— Without disturbance E E ' ' E

— With disturbance H 9: &At E H

: it H :

----------------------------- boteAt =

' H 1 [ | ]

E A A A A E

» t

Two Rayleigh traces with/without disturbance

Figure 4.4: Working principle of Chirped pulse o-OTDR system. vy: Starting frequency
of the chirped pulse; Av.: Frequency chirping range; Rect: Rectangular function; W:
Pulse width; P: Optical power at receive end; AK/Ae: Temperature/Strain changes;

At: Time delays between two adjacent traces within in time window.

To obtain the local time delays of the jagged Rayleigh traces, a more precise method
is to use cross-correlation calculation rather than the conventional peak wavelength

inspection methods typically used in FBG sensors. The cross-correlation R, (n) is
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obtained by performing the cross-correlation calculation for the two reflected Rayleigh

traces using the following equation:

=

Ryy(n) = z(k) -y(n+ k), (4.18)

0

1
N

i

where N is the total data points of the collected Rayleigh signal, n = —(N —1)..0..N —
1, and z(n), y(n) are two collected Rayleigh traces before and after applying the

strain/temperature variation.

4.2.1 Static strain limitations in CP ¢o-OTDR

In chirped pulse p-OTDR, by using a frequency chirped pulse, the local external
disturbance(strain/temperature variation) could be directly measured by the local time
delays within the selected time window in Rayleigh traces. However, there is an impor-
tant assumption to make this method rigorous and feasible. As shown in Figure 4.5,
the chirped pulse locates at a different position at two different given time ¢ and ¢ + At.
We need to assume that the main contribution of the chirped pulse to form the optical
intensity detected at the input end is the common part (a grey area), which is section
AB at given time t; and CD at the bottom. Then, any two scattering center within the
grey section will reflect the lightwave with different optical frequencies relating to time
delays At, giving a phase difference change to compensate for the strain/temperature
variation induced optical path length changes. As shown in Figure 4.5 (b), the two
Rayleigh traces collected under different strain/temperature variations showing a sig-
nificantly longitudinal shifts with a high cross-correlation coefficient up to 0.934.

However, too large strain/temperature changes between consecutive traces may re-
sult in a cross-correlation originating from partially different scatterers. Instead of a
unique correlation peak, such cross-correlations may exhibit a few peaks of fairly close
magnitudes and the likelihood of producing an anomalous estimate of At, so-called out-

lier, becomes too high [101]. Figure 4.5 (c) shows the two Rayleigh traces before and
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after applying relatively larger strain/temperature variations resulting in time delays

exceeding 10% of the pulse width, which gives a lower cross-correlation coefficient of

about 0.505.
Cross-Correlation Coefficient: 0.934
......................... 50'75 (b) ‘ At<10%W
A B : r I
! (a) o | 20.50 n
JAK +Ag=0 Ly - £
| b | £0.25
. =
| L= 2o ) | 0.00| — —
. > ¢ 0 10 20
: At : Time(ns)
! tl + At’ C D | Cross-Correlation Coefficient: 0.505
| 0.75
! AK +Ae#0 | = ©) At>10%W
(==t Y | I £0.50
5 A A KAl 5. A
| _ .. _.. _.  Heater/Stretch | 2~
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Figure 4.5: Static temperature/strain measurement range limitation in the chirped
pulse ©-OTDR. Time delays At: strain/temperature variations induced longitudinal
time shifts between Rayleigh traces (Equation (4.17)). (a) Chirped pulse location on
the fiber at different given time ¢ and ¢ + At (b) Two Rayleigh traces with and without
strain/temperature variations applied (corresponding time delays (A) <10% of pulse
width (W) (b) Two Rayleigh traces with and without strain/temperature variations

applied (corresponding time delays (At) >10% of pulse width (W).

In order to investigate the impact of the ”partially different scatterers” effect on the
time delay determination, we measured the error possibility of the measurement when
different strain/temperature variations were applied. With the increase of strain/temperature
variations, the time delays between two Rayleigh traces will increase accordingly, lead-
ing to the ”partially different scatterers” effect being more serious. The error possibility

is the number of measurements that appear as outliers divided by the total number of
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measurements.

As shown in Figure 4.6, if we set the 10% error possibility as the threshold, it shows
that the corresponding maximum measurable time delays are around 10% of the pulse
width, regardless of the pulse width of the chirped pulses that were used. When the
measured time delay (frequency shifts) is less than 10% of the pulse width (total fre-
quency scan range), the high correlation coefficient ensured a very low probability of
appearing outliers due to external disturbance, which enabled high strain or tempera-
ture accuracy and repeatability. Hence, the ”partially different scatterers” problem is
the major factor in reducing the static strain measurement range in the chirped pulse
©-OTDR system. According to Equation (4.17), since the At/W should be smaller

than 10%, so the measurable range is finally limited by the frequency chirping range.

501 +W:W0
. —e— W=2W,
& 401 ——w=aw,
2
S 301
2
(@)
% 20- /\
o
O' ._/ \._'

0 2 4 6 8 10 12 14 16 18
Time delys / Pulse width (Dt / W) (%)

Figure 4.6: The relationship between measurement error possibility and time delays-
pulse width ratio. The pulse width W in three tests are Wy, 2W,, and 3W,, respectively.

The frequency chirping rate in three tests are the same.

69



4.2.2 Dynamic measurement with limited static range

So far, the quantitative relative strain/temperature variations measurement and its
static measurable range in chirped pulse ¢-OTDR is illustrated in the above section.
It is capable of distributed and single-shot measurement of strain and temperature
perturbations with good precision and robustness, without the requirement of phase
demodulation. When the strain/temperature variations are sufficiently large, and out of
the static measurement range, the strain variation could be measured by the differential
strain from two adjacent Rayleigh traces. Then the whole strain variation is calculated

by integration over time as following equations:

n n
t— -3 As,. 4.19
c ( Sample Rate ) ; c (4.19)

This method requires a high pulse repetition rate due to the limited static mea-

surable range (Ag;) for dynamic strain/temperature measurement. In principle, the
highest recoverable frequency of vibration is limited by the maximum detectable strain

change of two single-shot measurements when the repetition rate of the interrogation

pulse is fixed [188]. The maximum detectable vibration frequency (fyibration ) 18 defined
by:
Agshot—to—shot ' f repetition
vibration — 5 4.20
f brat AE:totaul -2 ( )

where Aeghot-toshot 1S the static measurement range, frepetition iS the pulse repetition
rate and Acyyia is the peak-to-peak strain variations, and 2 represents the Nyquist
frequency is half of the sampling rate. Thus, for the fixed repetition of pulse and peak-
to-peak strain change of perturbation signal, Higher detectable vibration frequency
could be achieved by improving the static measurement range between two single-shot

measurements.
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4.3 Theoretic analysis of CP-BOTDA

In the traditional BOTDA system, two single-frequency counter-propagating opti-
cal waves (pump and Stokes light) are injected from two ends of the fiber. Due to the
electrostriction effect, a moving density grating will be generated to scatter the pump
light when the high peak power pulse propagates along the fiber. The backward scat-
tered pump light will reach maximum once the frequency difference between the pump
and Stokes light equals the local BFS. Since the pump pulse reinforces the power of
Stokes light (probe signal) differently with different frequency deviations, the Brillouin
gain spectrum (BGS) could be obtained through laser frequency sweeping for strain or
temperature sensing. The frequency sweeping process usually takes several seconds to
several minutes, which lowers the acquisition rate of the system, leading to a limited

measurable frequency range of dynamic strain.

v, =V, +(Av /W)-T

Att : PITTTLTTTILLULL]
Chirped Pulse imet : V=V, =V, :
i t=22,/C !
Z,-WC/2 Z il L :
0 22 \/ \/ Acoustic wave )
i R s
' amplification <—CW Stokes V, ¢
0 »/
L

Figure 4.7: The working principle of chirped pulse BOTDA system. wvg is the local
Brillouin frequency shift, C' is the velocity of the pump and probe light, and vy is the

frequency of Stokes light.

Here, we thus propose a novel chirped pulse BOTDA system by using chirped pulse
as a pump signal without the requirement of frequency sweeping and Brillouin gain
spectrum recovery process. Let us consider a chirped pulse with a frequency profile of

v, = vo+ (Av./W)T utilized as the pump signal, as shown in Figure 4.7, where vy is the
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initial optical frequency of the laser source, Av, is the frequency chirping range, v, is
the frequency of Stokes light, and W is the effective pulse width. Suppose the chirped
pulse is launched at t=0 with the energy of E,(tC/2) and propagates to +Z direction,
where C'is the speed for both pump and Stokes lights. CW Stokes light is launched at
Z = L with the energy of E.,(tC'/2) and propagates to L — Z direction. At given time
t, Brillouin interaction in the region of [Z; — W /2, Z;] will arrive at Z = 0; here Z; is
the distance between the input end and the front end of the interaction range. Thus,

the energy of the CW stokes is given by [8]:
E.(t) = Poy(L)exp (—aewl) dt + (g/A) - Ey(2) - (dz) - Poy(L) exp (—aewl), (4.21)

where ¢ is the Brillouin gain coefficient, a,w is the attenuation coefficient, and A is
the effective cross-section of the fiber. Then, the power of the CW Stokes light that

experiences the attenuation and amplification at the input end is then given by:

Pcw(t) :Ecw(t)/dt = Pcw(L> exp (_ach) + (g/A)a
(4.22)

- E, <§) . WTC/dt - Poy(L) exp (—aew L)

Ignoring the contribution of spontaneous Brillouin emission, the pulse energy E,(tC'/2)

satisfies the following equation:

dE,(tC/2)

aac) [, + (9/A) Pe (1C/2)] E,(tC/2),

(4.23)
Pcw<t0/2) = Pcw<L) exp [_acw(L - tC/2>] )

where «, is the attenuation coefficient for a chirped pump pulse, the first equation
in Equation (4.23) represents the pump pulse lost power due to the attenuation and
the energy transfer between the pump pulse and CW Stokes light. While the second
equation shows the CW stokes light experiences attenuation at a given position. To
simplify the calculation, when the total fiber length (L) is smaller than 60 km, the

non-local effect could be neglected. So the pulse energy could be then expressed as:

B, (tC/2) = E,(0) - exp (—a, - tC/2) | (4.24)
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by substituting the Equation (4.24) to the Equation (4.22), the optical power of CW
Stokes light at fixed receiving time ¢ is given by:

Pault) = Pac+ (0/4)- "5 P, (0) - exp (- 10/2) - Pus,

where (4.25)
Pdc = Pcw(L> €xXp (—Oéch) 5
where Py. represents the CW Stokes light that arrives at Z= 0 without interacting with

the pump pulse signal, P,(0) is the optical power of the pump pulse signal at the input

end.

_ 9p (AWB/Q)2
9() = 472 (Q — vp)” + (Awp/2)*’

(4.26)
where g, is the peak value of the Brillouin gain coefficient, Q2 = v, — vs and Awp
is the Brillouin gain bandwidth. If we consider the pump signal is non-chirped and
the local vp within the collision section is unchanged, the Brillouin gain (g) is almost
uniform. However, in our chirped pump pulse-based scheme, the local Brillouin gain
within the pulse width keeps changing and should be calculated by the integral within
the interaction region [Z; — W(C'/2,Z;]. The Brillouin gain spectrum should be the

integration within the pulse width, leading to:

t—(22;/C—W) A 9)2
(g/A)-W—Coc% ~ (Aws/2) dt. (4.27)

2 2A Jioz,c 472 (vo + St —vs — UB)2 + (Aw3/2)2

Then, the power of Stokes light P.w(t) could be expressed as:

P.,(t) o< Py + P, (0,v,) - exp (—ay, - tC/2) - Py,
% /t—(ZZi/C’—W) (AUB/2)2 . (428)
t

24 Buey _py—vp)” + (Avg/2)?

—27,;/C (UO +
By using the P,eqx Bas to represent the peak value of the amplified Stokes light, the

power of the amplified Stokes light at the detection end is further simplified, leading

to:
=22/0-W) Preak.as(t) - (Avg/2)?
Pos(t) = / peak - dt. (429
t—22,/C (vo+ 5% -t — vy —vp)” + (Avg/2)
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Figure 4.8: Distributed Brillouin frequency shift extraction by local time delays mea-

surement. Avp is the temperature/strain induced local Brillouin frequency shifts.

Let us consider there is no strain applied on the fiber at a given time ¢, as shown in
the top figure of the Figure 4.8. According to the Equation (4.29), since the frequency
chirping range is larger than the BGS linewidth, the power of Stokes light at a given

time t equals:

t—(2Zeg/C—W-Avp /Av.) P ak BGS (AUB/2)2
Pou(t, 0) = / _peak, > _dt,  (4.30)
t—2Z055/C (vo+ G -t — vy —vp)” + (Avp/2)

where Z.g is the end of the effective collision width, while an applied strain/temperature
induced BFS changes of Avg is added to vg at given time t 4+ At, for the same collision

section, the power of Stokes light is then given by:

- (2283/C—W- ich)
Polt + AL Ac + AK) :/

t—2Z/C

Ppeak,BGS(t) : (A/UB/2)2

(vo + 5% - (t — At) — v, — (vp — Avpaciax))” + (Avp/2)”
(4.31)

dt.

Once the condition of Av - At/W = Avp, is satisfied. This means that the applied

strain-induced power variation could be compensated by the local time delays, given
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A’UB c
At = ——=
R )
where (4.32)
Av,
R = :
W

In the chirped pulse BOTDA system, the temperature/strain variations induced
time delays in the Brillouin traces (amplified Stokes light signal) are linearly propor-
tional to the local Brillouin frequency shifts and inversely proportional to the frequency

chirping rate of the chirped pulse, based on the Equation (4.32).

4.3.1 Frequency chirping rate dependent spatial resolution

In the traditional single-frequency pump pulse BOTDA systems in which the spatial
resolution is determined by the pulse width and finally limited by the phonon life time
(10ns) corresponding to 1 m spatial resolution. The reason is that the backscattered
Brillouin signal will show a broader spectral distribution if the spectrum of the pulse
signal is wider than the natural Brillouin linewidth, which smears the backscattered
signal over a wide spectral range and the measurement contrast vanishes. However, in
our chirped pulse BOTDA system, the spatial resolution is limited by the frequency
chirping rate (R) and the local non-uniformity.

As shown in Figure 4.8, when the frequency chirping range is larger than the local
natural Brillouin gain bandwidth that is determined by the double phonon lifetime
around 12 ns, the effective collision section for pump and Stokes signal to generate the
SBS effect is not the pulse width, but mainly determined by the frequency chirping
rate R (Brillouin gain spectrum bandwidth does not change too much). The effective

collision width (Weg) within gray section could be calculated by:
Wes = Av./R. (4.33)
Figure 4.9 (c) shows the relationship between the frequency chirping rate and the
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effective collision width. For a fixed Brillouin gain spectrum width, larger R would give

a smaller effective collision width, thus a higher spatial resolution.

1.04 (a) ................... _ Wstrain applied (Opth&' N
; " WIOstrain applied  Fequency) Chirping rate

V' R=Av /At

-c 0.2 . .I ......... ] IR : . . .
2 0 20 40 60 80 100
206{ (h) A - —— W strain applied
E s : - —— W/O strain applied
< 8

04

Time (ns) effective collision width

Figure 4.9: Brillouin traces with and without strain applied by using (a) smaller R
chirped pulse, (b) larger R chirped pulse; (¢) The relationship between frequency chirp-

ing rate and the effective collision width.

The Brillouin traces with and without strain applied by using different R are shown
in Figure 4.9 (a) and (b). It clearly shows that the period of the intensity fluctuations
that represent the non-uniformity of the fiber are getting smaller when a chirped pulse
(40ns pulse width) with larger R is used. On the other hand, when the stain is applied
to the fiber section with the same length (1m), the longitudinal time shifting section
is also getting smaller for the larger R chirped pulse. Both observations show that the
relationship between the frequency chirping range and the effective collision width is

consistent with our theoretical analysis.
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Chapter 5

Chirped pulse o-OTDR system
based on Random fiber grating

array
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5.1 Contributions of authors

The contributions of the five authors: Yuan Wang (present author), Prof. Xiaoyi
Bao, Prof. Liang Chen, Dr. Ping Lu, and Dr. Stephen Mihailov are as follows. The
present author built the experimental setup, conducted the data analysis, and produced
the graphs. Ping Lu and Dr. Stephen Mihailov from the National Research Council
fabricated the Random fiber grating array sample. Prof. Xiaoyi Bao and Prof. Liang
Chen provided advice on the presentation of the data as well as comments on the main
text of this Chapter. All authors contributed to the final version of all papers in this

Chapter.

5.2 High accuracy distributed time delay measure-

ment for temperature sensing

In this section [30], the temperature change-induced time delay in random optical
fiber gratings was precisely measured for the first time. This temperature sensor inher-
ently possesses spike-like reflective spectra with high contrast that can be attributed to
the enhanced inhomogeneity and reflectivity of random fiber gratings. This property
could achieve the interference pattern with a large number of steep peaks in the time
domain in a smaller wavelength range compared with single-mode fiber, thus improv-
ing the accuracy of the cross-correlation calculation as well as higher power density as
required by a smaller wavelength range from the random grating array and hence poten-
tially longer sensing length and higher sensitivity. Because of the larger index change
range (10-5) compared to scattering levels from the single-mode fiber, the random grat-
ing array (sensor) yields a stable reflected signal. It forms high stability time domain
interference patterns, which could significantly improve the sensing precision. The ran-

dom grating array’s time and the spectral domain interference pattern are investigated
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in this letter. In addition, high-precision distributed temperature measurement based
on chirped pulse phase optical time domain reflectometry is demonstrated. More im-
portantly, this truly distributed temperature measurement provides important guidance

to employ distributed random fiber grating in the optical sensing field.
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A high precision distributed time delay measurement in
a chirped pulse phase optical time domain reflectometry
(CP @-OTDR) system based on Random Fiber Grating
Array (RFGA) is proposed and demonstrated, in which
temperature induced refractive index and fiber
dimension changes associated time delay could be
measured for distributed temperature sensing. The
random fiber grating array includes many inscribed
refractive index change locations at periods of sub-
micron. When laser pulses are launched into the fiber
grating, the backscattered light possesses many unique
localized speckle patterns at different locations. Those
patterns change with temperature, and hence the
backscattering  spectral response will change
accordingly. By measuring the localized speckle pattern
change due to the change of the temperature over the
chirped pulse spectrum and performing cross correlation
calculation, we can realize distributed temperature
measurements in real time using a MHz bandwidth
distributed feedback (DFB) laser. Unlike conventional ¢-
OTDR sensing system which measures distributed phase
change along the fiber using an ultra-narrow linewidth
laser, the distributed time delay presented in this work is
directly measured in real time. It is shown that the time
resolved localized pattern trace is stable with very small
fluctuation thanks to the enhanced inhomogeneity and
reflectivity. The minimum detectable temperature
variation is about 0.028°Cat meter order of magnitude
spatial resolution. © 2020 Optical Society of America

http://dx.doi.org/10.1364/0L.99.099999

A distributed optical fiber sensor, being the disturbance
information provider, is expected to reveal temperature, strain and
vibration information from any point along an optical fiber
through light scattering, which plays a crucial role in the area of
civil engineering for structural health monitoring[1]-[3].

Random fiber gratings have attracted increasing attention
because of their unique scattering properties and potential novel
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applications [4-6]. Because of the ultra-wide reflection spectrum
(tens to hundreds of nm or wider), those device have the capacity
to perform multi-parameter sensing by introducing a wavelength-
division method since temperature, strain and refractive index
have different wavelength shift coefficients in different wavelength
windows [5]. Recently, a novel random grating has been fabricated
with a controllable bandwidth of reflectivity, higher backscattering
level and lower insertion loss [6]. These properties are beneficial in
order to attain a high accuracy of measurement, a low cost of
system and a long distributed sensing distance. Because of the
broad reflection spectrum of each random grating, a time-division
multiplexing (TDM) approach might be a better choice for grating
multiplexing. In order to realize real time measurement, a
conversion between wavelength shift and real time delay is
required.

One solution for frequency-to-time mapping (FTTM) is to use
an ultra-narrow pulse from a mode-locked laser that provides
spatial coverage of sub-mm which might lower the stability of time
domain traces. In order to get wavelength shift information in the
time domain, a dispersion element, such as a chirped FBG, is
introduced at the receiver end to convert the wavelength shift of
reflected signal into time delay [7-9]. The major limitation of this
method is that it is only suitable for quasi-distributed sensing since
the reflected pulses would overlap in time domain. This occurs
when the spacing of the two reflected pulses is smaller than the
minimum spatial interval defined by the spectrum range of pulse
and the chirping coefficient of the chirp FBG. In additional, a
spectral range that is too broad leads to small time delays, which
results in relative low temperature measurement precision. A
chirped pulse based phase OTDR has been introduced for normal
Rayleigh scattering in fibers to demodulate the refractive index
change [10]. Because of the weak Rayleigh scattering in regular
optical fibers, long pulse duration of 100 ns is used, which is
equivalent to 10 m spatial resolution in order to get stable trace
with high signal noise ratio. In addition, the corresponding time
delay is larger for the same temperature change for longer pulses
with the same frequency content This can reduce the stability
requirement for achieving the same minimum detectable
temperature variation. However, the backscattering time domain



traces from a random fiber grating array is highly structured with
discernable peaks that can be associated with the localized
random grating structure (spacing in the range of sub-um
comparing with nm in Rayleigh scattering in single mode fiber).
This structure is more stable because of larger index change range
associated with it (105) as compared to scattering levels from the
single mode fiber. The backscattering from random fiber gratings
can then be used for distributed temperature measurements with
high spatial resolution and high precision.

In this letter, we present and demonstrate a real time
distributed temperature sensing system based on chirped pulse
interrogation of a RFGA for the first time. The random fiber
gratings inherently possess spike-like reflective spectra with high
contrast that can be attributed to enhanced inhomogeneity. The
contrast could be further enhanced when a random fiber grating
array is introduced, where the spectral responses of several single
random gratings are covered by the interrogation pulse. The
resultant interference patterns with multiple peaks ensure the
delay time could be measured with high accuracy. Due to the wide
reflection spectrum range, the initial frequency of a DFB laser can
be tuned to achieve the interference pattern with a large number
of steep peaks in time domain thus improving the accuracy of the
cross-correlation calculation. More importantly, the enhanced
reflectivity of the random fiber grating array over a broadband
wavelength range could significantly increase the signal to noise
ratio of the OTDR traces and thus increase the precision of the
distributed sensing measurement.
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Fig. 1 (a) Schematic of RFGA; (b) Reflection of RFGA and single random
grating.

A crucial device in this sensing system is the RFGA, which is
fabricated along SMF by the refractive index modulation from the
exposure of a femtosecond (fs)-IR pulse laser through the plane-
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by-plane technique [6], the grating periods of all 12 random
gratings are randomly distributed between 0.5180 and 0.5464 um
so that the random gratings have high reflection (-30dB) at the
wavelength (around 1550 nm) of the DFB laser used in the
experiment as shown in Fig.1(a). And the induced insertion loss by
the fs-IR laser during grating fabrication process is minimized. The
length of each alternating grating are 10 mm and 5 mm,
respectively.

As shown in Fig.1(b),the reflection spectrum (blue) of a 5 mm
long single random grating is obtained by sending a ASE profile of
an EDFA into the grating. The resultant spectrum possesses an
irregular interference pattern with obvious fluctuations. The
contrast of the reflective spectrum from random grating (reflection
difference between highest point to lowest point as a function of
wavelength) is higher than that from single mode fiber because of
the larger local refractive index change. In order to further improve
the contrast of the reflective spectrum, a RFGA comprising several
single gratings as shown in Fig.1(a) was used as a sensor resulting
in a contrast more than 10.8 dB. In this case, the irregular
interference fringes introduced in the reflection spectra are the
result of numerous Fabry-Perot interference (FPI) coupling.

The principle of this FTTM method by using chirped pulse is
illustrated in Fig.2 in which a RFGA is used as the sensor. A chirped
pulse serving as a probe signal, is sent to the sensor section and
then a shaped reflection pattern is detected by a PD. By sending the
probe pulse a second time with a certain repetition rate, we obtain
two time domain traces (red solid line and blue dashed line) that
represent different temperature conditions of the sensor. The real
time delay between the two encoded time domain traces is linearly
proportional to the frequency shift and is calculated by using trace
to trace correlation over a specific time window.

Assume the pulse width and the optical frequency content of the
probe pulse are W and Av, respectively. t=0 is the moment of the
rising edge of chirped pulse. The instantaneous frequency profile
of the chirped pulse is then expressed as:

u(t) = [1)0 + ?’70 t]Rect (vw) (1

where the v is the starting frequency of chirped pulse. Given the

fixed receiving time t, the optical power at the input end of the
RFGA is given by:

tc/2 tc/2 :
t i J-C n J-C n -20(Z,+Z;) ( 1) ( j)'el[A%(t)]dZidzj
t W c/2n t W c/2n

%]

where n is the average value of refractive index and c is the velocity
of light in a vacuum. o is the average attenuation of the unit-length
RFGA; Ziand Z; are the fiber length between the the input end of
fiber and i or j spot; Ag(t) is the phase difference of waves from
ith and jth scattered spots; o is input power of the light and r(Z)
and r(Z;) are the reflection coefficient i and jt scattered spots,
respectively. To simplified the model, we only consider the optical
path length difference of any two scattered spots for phase
difference calculation. So, the phase difference of any two scattered
spots within the pulse width are expressed as
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As shown in Fig.2, if the delay time of two traces At is small
(less than 10% pulse width). the optical power at time t1 moment
in the red solid curve and at time t;+At moment in the blue dashed
curve could be calculated by using the same integration range of
the fiber. The same fiber section corresponds to pulse range AB at
t1and pulse range CD at ti+At. With this assumption, the two time
domain traces Ii(t) and L(t+At) are decided by the phase
difference of any two scattered spots within the pulse width.
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Fig. 2. Principle of proposed real time distributed sensing system based
on RFGA (red solid line represents no temperature change applied,
blue dashed line represents certain temperature change applied on
RFGA).

maximum efficiency of SOA. The DFB laser had a wavelength of
1550.103nm that was modulated by a 20ns electrical sawtooth
signal with 10ns rising edge and 10ns falling edge. The pulse
generator introduced a continuous linear variation of the optical
frequency of output light. Meanwhile, a synchronized trigger signal
with a repetition rate of 1 MHz was used to actuate the drive
circuit, yielding an optical pulse at the output end of SOA
device.The pulse width is about 6ns with frequency content of 3
GHz.
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Fig.3. Experimental setup of random grating based distributed
sensor for temperature measurement.
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In Equ.3, the second part on the right hand is very small
compared with first term and can be neglected. The two traces
(red solid curve and blue dashed curve) have a certain time delay
At since the the optical path length of two scattered spots has been
changed by the temperature change. Therefore Ii(t) equals to
[2(t+At). The relationship between real time delay At and
temperature change could be expressed as:

_Uo'W‘AT.
Av

At k 4)
where AT is the temperature change and k is the temperature
related time delay coefficient. From Equ.(4), the optical path
difference change between I(t) and I(t+At) will be compensated by
a real time delay At. In this case, this frequency-to-time mapping
method converts the frequency shift into the real time delay of two
one-shot measurement traces achieving a high sensing speed.

Fig.3 depicts the experimental setup used for the temperature
change measurement: a chirped pulse generator scheme was
composed of a DFB laser diode (CQF938/500, JDS Uniphase), a
pulse generator (PG) (81304, Hewlett Packard) and a
semiconductor optical amplifier (SOA) (OPB-10-10-N-C-FA,
Kamelian) that was driven by an electrical circuit designed in-
house. A polarization controller was utilized to vary the state of
polarization of the output light from the DFB laser so as to get
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It is worth noting that the modulation pulse and trigger pulse
were synchronized. The chirped optical pulse signal was split by a
50/50 optical coupler (0C1) and then recombined with a
reference narrow linewidth external cavity laser (ECL) that acted
as a monitor by another 50/50 optical coupler (0C2). After being
boosted by an Erbium doped fiber amplifier (EDFA), the output
light from another branch of OC1 was injected into the random
grating sensor through an optical circulator (CIR) to explore
external disturbance induced by temperature. A tunable optical
filter (OSP-9100, Newport) was then deployed to remove the ASE
noise from the EDFA that would be present in the distributed
backward scattered signal before detecting it by a 40G bandwidth
photo detector (PD) (DSCH10H-39-FC, Discovery Semiconductor
Inc). Ultimately, the electrical waveform was monitored in real
time by an oscilloscope (DS081204B, Agilent).

In this experiment, the total length of the RFGA s
approximately 1.2+0.01m as shown in Fig.1(a). The total length of
the random fiber grating is limited by the fabrication setup and
could be further improved. A single random grating with length of
2m is used as reference. A static measurement of temperature
were performed on the last half section of the RFGA. The
temperature varied from 25°Cto 382°Cwith a temperature
increment of 0.3 ‘C with standard deviation of 0.02 “C. For each
temperature status, it costed about 3-4 minutes to stabilize and
collect the traces. In order to avoid the effect of external
environment, the sensor was put into a sealed box.

Fig4 (a) depicts the time domain traces of second half part of
RFGA with time window of 6ns when different temperature is
applied. In order to verify the ability of distributed sensing, the
time domain traces of referenced random grating also be
presented when its temperature remains unchanged as shown in
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Fig4 (b). Itis obvious that the traces from RFGA have a significant
shift with temperature variation, while the traces from referenced
grating almost stay same.
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Fig. 4 (a) Real time domain traces of the last half portion of the RFGA at
different temperatures ; (b) time domain trace of referenced random
grating without temperature variation. (c)normalized cross correlation
between traces for the referenced single random grating; (d)
normalized cross correlation between traces from the RFGA at
different temperature; (€) cross correlation peak of the real time delay.
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Fig. 5. (a) real time delay fluctuation with 5 samples moving average of
RFGA when temperature remains unchanged ; (b) histogram of real
time delay fluctuation of RFGA.

In order to investigate the relationship between real time shift of
traces and the temperature variation, cross correlation calculation
between current trace and the subsequent one is performed. Fig.4
(d) shows cross correlation spectrum between different time
domain traces that obtain from different temperature condition.
The time difference between any two cross correlation peaks
represents the temperature variation induced real time delay. The
cross correlation spectrum of the referenced grating is shown in
Fig.4 (c), which has a larger line width than the RFGA resulting low
demodulation accuracy. The relationship between temperature
and real time delay is evaluated using linear fitting as shown in
Fig4 (e). It is evident that good linearity with a R-square value
0.99968 is obtained. The cross correlation peak real time delay-
related temperature coefficient is 0.885ns/‘Cwith a standard
deviation of 0.03ns. In our demodulation process, the cross
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correlation calculation is applied within the specific time window
of 6ns. Thus, the spatial resolution should be 1.2m. The distributed
sensing could be realized by employing demodulation process
with different ime window. The maximum temperature variation
that can be sensed is about 1.2 °C in static measurement, which is
limited by the frequency content of the chirped pulse.

Ultimately, 128 traces collected by the oscilloscope at the
repetition rate of 1 MHz were used to assess the precision of the
sensing system when a fixed temperature was applied. The cross
correlation peak real time delay results of those 128 traces as
shown in Fig.5 (a). In order to reveal the high precision of the
random grating sensor, the same evaluation for inherent Rayleigh
scattering from a fiber was also measured. The experimental setup
was strictly the same, and the only difference was the replacement
of the RFGA by a single mode fiber (SMF). Fig.5 (a) shows that the
time delay measurement results from a SMF has larger
fluctuations than the that of RFGA. The histogram of real time
delay fluctuation is shown in Fig.5 (b). The standard division of the
fluctuation is calculated by using Gaussian fitting and the precision
is 0.025 ns. The corresponding temperature precision is 0.028°C,
respectively. This minimum detectable temperature variation is
decided by the sampling rate of the oscilloscope and the stability of
Rayleigh scattering pattern, which could be improved by further
optimizing the system performance.

In conclusion, a novel distributed random grating sensor system
based on chirped pulse optical time domain reflectometry is
demonstrated for temperature measurement. Compared with
normal phase OTDR system, our proposed system could used for
static measurement, while it also have a capacity for dynamic
measurement up to several kHz which is much higher than OFDR
scheme. It is believed that the proposed sensing system based on
the random grating sensor array could be potentially applicable in
area of engineering because of its low cost and high stability .
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5.3 Distributed static and dynamic strain sensing

with enhanced static measurement range

In a conventional chirped pulse ¢o-OTDR system, the maximum measurable strain or
temperature variation is limited by the large time delay estimation (TDE) error due to
the distortions of reflected traces from the sensing location. In this section [31], A high-
performance distributed sensing system based on a random fiber grating array (RFGA)
and multi-frequency database demodulation (MFDD) method for strain-induced delay
time measurement is demonstrated for the first time. It enables a wide measurement
range for static and dynamic strain sensing since the TDE accuracy is maintained in
high value in large strain variation by introducing initial frequency difference compensa-
tion. Because of the requirement of high temporal stability and large optical frequency
scanning range for database establishment, a random fiber grating array is used as the
sensor part to provide stable reflection with a broad spectrum range. Both distributed
static and dynamic strain variation sensing is experimentally demonstrated, and the
maximum measurable strain variation range is significantly improved compared with
the traditional method. More importantly, this performance-enhanced setup provides
important guidance to employ chirped pulse phase OTDR in some particular applica-
tions, such as the crack detection of large construction and railway tracks, in which
large strain variation in long distances is required for the detection of arbitrarily large

and unknown perturbation.

84



Strain measurement range enhanced chirped pulse
@-OTDR for distributed static and dynamic strain
measurement based on random fiber grating array

YUAN WANG,* PING Lu,? STEPHEN MIHAILOV,? LIANG CHEN,2 AND X1A0YI BAOY%"

ISchool of Electrical Engineering and Computer Science, University of Ottawa, Ontario KIN 6N5, Canada
’Department of Physics, University of Ottawa, 25 Templeton Street, Ottawa, Ontario KIN 6N5, Canada

3National Research Council Canada, Ottawa, Ontario K14 OR6, Canada

Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX

A high performance distributed sensing system based on
arandom fiber grating array (RFGA) and multi-frequency
database demodulation (MFDD) method for strain
induced delay time measurement is demonstrated. It
enables a wide measurement range for both static and
dynamic strain sensing. The proposed MFDD method can
enlarge the strain measurement range since the large
strain variation induced time domain trace distortion
could be compensated by laser initial frequency changes.
Furthermore, a random fiber grating made with
embedded large random refractive index changes along
the single mode fiber could provide a stable reflection
with a wide reflection spectrum range. Such a structure
successfully improve the time delay measurement
precision and also achieves a large tuning range as
demonstrated by the database that a set of pre-recorded
undisturbed reflected Rayleigh traces form RFGA at
various laser frequencies. Ultimately, a dynamic strain
with peak-to-peak value of 12.5 pe¢ at vibration frequency
of 50 Hz is accurately reconstructed when the pulse
repetition rate is 1 kHz, which was not detected using a
conventional chirped pulse @-OTDR. The maximum
measurable strain variation of about 12.5 pe represents a
factor of 3 improvement. This number is limited by pre-
recorded frequency scanning range of RFGA response in
the database. © 2020 Optical Society of America

http://dx.doi.org/10.1364/0L.99.099999

Distributed optical fiber sensors (DOFSs) can detect strain or
temperature variations along the entire fiber length, which plays
an increasingly important role in fields of structural health
monitoring and intruder detection. Various DOFSs have been
researched and demonstrated for quantitative strain sensing, such
as Brillouin optical time domain analysis (BOTDA), phase sensitive
optical frequency domain reflectometers (¢-OTDRs) and optical
frequency domain reflectometers (OFDRs) [1-4]. The distributed
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strain measurement is achieved by measuring Brillouin frequency
shift (BOTDA), phase shift (¢-OTDR) or wavelength shift (OFDR)
atevery position in the fiber. Among them, ¢@-OTDRs have higher
strain sensitivity to reach ne levels based on phase demodulation
by using ultra narrow line-width lasers (3 kHz) [5]. However, the
strain range is limited by the unwrapping algorithm used in ¢-
OTDR, since the demodulated phase is distorted when the
absolute value of the phase jump between two consecutive points
is larger than m. To solve the problem, a two-wavelength OTDR is
proposed [6]. Such an approach makes the system complex and
expensive due to the requirement for two phase locked lasers.
Besides, Phase demodulation based on optical interferometry is
sensitive to strain and temperature which imposed an
environmental dependence. It is important to limit the usage of
phase demodulation based phase locked laser and interferometry
in order to reduce the overall system cost and environmental
sensitivity.

Recently, a novel ¢-OTDR sensing system using a distributed
feedback (DFB) laser without an optical interferometer-based
phase demodulation scheme is proposed [7]. Perturbations (strain
or temperature variations) induced optical path length changes
are translated into local time delays within the time window of
optical trace. The principal advantage of this scheme is that real
time high accuracy strain (ng) measurements are achieved by
using a low-cost DFB laser (1MHz), where no environmental
dependence in demodulation process is observed. However,
distortions in OTDR traces appear for large strain or temperature
variations. This is due to the position dependence in time delay
determination and introduces large error for strain or
temperature reconstruction. Therefore, the maximum measurable
strain is limited to < 1 pe. In some particular applications, such as
crack detection on civil structures or railway lines, large strain
measurements ranges are required for the detection of arbitrarily
large and unknown perturbations. In reference [8], dynamic strain
variation of 1190 pe at a vibrational frequency of 400 Hz has been
successfully reconstructed when high repetition rate of
interrogation system was used (200 kHz). However, the total
sensing distance which is related to the pulse repetition rate will be



significantly reduced. Another potential method to enhance the
measurement range is to increase the chirping slope of the chirped
pulse. However this approach reduces the sensitivity of the system
(minimum detectable strain variation). There is a trade-off
between the strain resolution and sensing range.

In this letter, a novel approach based on the multi-frequency
database demodulation (MFDD) method is proposed and
demonstrated to improve the strain measurement range for both
static and dynamic strain measurements. In order to improve the
time delay measurement precision, a random fiber grating array
(RFGA) with a larger index change range is utilized as a stable
reflected trace provider [9]. The RFGA, with a number of artificial
refractive index planes, enables a wide-wavelength reflection [10],
which always offers reflection when the initial frequency of the
DFB laser experiences a large tuning range in the established
database.

Chirped pulse phase OTDR (CP @-OTDR), which makes use of
the Rayleigh backward scattering effect, has been widely used for
the measurement of perturbations along an optical fiber. The
major difference when compared with traditional phase OTDR is
that the optical frequency of integration pulses used here has a
linear variation. The instantaneous optical frequency profile of the
chirped pulse is then expressed as [7]:

U(f)=(UO+AWU~thect(t/W) 1

where Rect is the rectangular function,uo is the initial optical
frequency of chirped pulse and W and Av are the pulse width and
the spectral content of the chirped pulse respectively. If this
chirped pulse is sent to a section of optical fiber, the optical power
atthe input end of the optical fiber at given time t is expressed as:
[([)AC = Ior/zn LtL/Zn eiza(z’dl)r(zf)'r(Z/)

(=W )e12n (e-w)e/2n

. ei[A(”” “)]dzl.dz ;

(2)

where n is the average value of refractive index and c is the velocity
of light in a vacuum. « is the average attenuation of the unit-length
random grating array; Z and Z; are the fiber length between the the
input end of fiber and scattering center i th or j th; I is input power
of the light and r(Z) and r(Z) are the reflection coefficient of
scattering center i th and j th, respectively. Agi(t) is the phase
difference between two scattering center i th and j th, which could
be expressed as [7]:

Ag,0y=27] " (v, + Aot/ Wit

i 2{(2'1(2; -2, ))(UO O Z_/)H

C

(3)

From Eq. (2) and Eq. (3), we find that the shape of reflected trace
from optical fiber is associated with the phase of the reflected
electrical field, which is determined by the optical frequency of the
laser source and the optical path length between any two
scattering centers. Therefore, if a strain or temperature induced
variation in the trace shape occurs at one position, the specific time
delay between two given times tp and t; from two time domain
traces (before and after strain applied) that could be used to
compensate for the strain induced traces distortion [7]. On the
other hand, a corresponding optical frequency shift of the laser

86

source also can be applied to reconstruct the changed trace to the
previous state [2]. Therefore, the applied strain variation A can be
extracted based on both the time delay At and the initial frequency
difference of chirped pulse vi-vo.such that:

Av
_Anl+l’lAl__WAt+(Ul_Uo) (4)

Ae-K
nl U,

where Kis strain related frequency shift coefficient (equals to -0.59
inRFGA) [7][11]. v1is the initial frequency of the reference trace in
the database which has highest similarity with the encoded trace.

Based on the discussion above, we find that the maximum
measurable strain variation At is significantly improved if we use a
database comprised of various traces which are collected from
chirped pulses with different initial optical frequencies. The MFDD
method is proposed and operated as follows: Firstly, a database
including several traces without perturbation is established. These
traces are collected when chirped pulses with different initial
optical frequency (vo in Eq. 1) are used to interrogate the whole
RFGA. Secondly, coded traces are recorded using chirped pulses
with known fixed initial optical frequencies when dynamic strain is
applied in a period of time. Thirdly, in the demodulation process,
the cross correlation calculation between each encoded trace and
each reference trace in the database is employed. Finally, the cross
correlation calculation result of each coded trace which possesses
the highest coefficient will be selected for relative strain change
determination.The overall strain variation is reconstructed based
on the initial frequency difference vi-vp and time delay At without
integral operation.

Chirp pulse generaor

................. PG he--e-m-22n, . Sensor

Fig. 1. Experimental setup of RFGA based distributed sensor for static
and dynamic strain sensing.

The setup of our proposed system is shown in Fig. 1. A DFB laser
diode (CQF938/500, JDS Uniphase) driven by an adjustable DC
current source is utilized to generate chirped pulses. The chirped
pulse is produced by a pulse generator (PG) (81304, Hewlett
Packard) combined with a semiconductor optical amplifier (SOA)
(OPB-10-10-N-C-FA, Kamelian) synchronized through the PG. The
pulse generator introduces a frequency sweep of output light by
adding an electrical modulation pulse signal with 10 ns rising edge
and 10ns falling edge to the DFB laser. The output light of DFB
laser is changed into a chirped pulse signal by the SOA that is
driven by a home-made electronic circuit board. The chirped pulse
signal with 6ns pulse width and 1.375 GHz frequency content is
amplified by an Erbium doped fiber amplifier (EDFA) before being
sent to the strong RFGA. The one end of the RFGA is fixed on a
translation stage, while the other end is glued to the top of



Piezoelectric Transducer (PZT) device (P-6113S, PI). The
displacement of the PZT device can be precisely controlled by an
electrical signal. The backward scattered signal from the strong
RFGA is detected by a 40G bandwidth photo detector (PD)
(DSCH10H-39-FC, Discovery Semiconductor Inc). An optical filter
(OSP-9100, Newport) is used to remove the ASE noise from the
EDFA. Ultimately, the time domain traces are collected by an
oscilloscope (DS081204B, Agilent). For optical frequency
sweeping purposes, the computer is employed to change the
output of the current source and synchronize the Oscilloscope
(OSC) for trace collection.

A crucial factor of the feasibility of the proposed method is the
issue of larger time delay measurement uncertainty [11]. In our
proposed system, the refractive index changes of the strong RFGA
was fabricated along the SMF by the fiber to a femtosecond (fs)-IR
pulsed laser through the plane-by-plane technique [12]. The RFGA
was 0.8 min length including 8 alternating sub-gratings that are 10
mm and 5 mm long, respectively. The grating periods of all 8 sub-
gratings are randomly distributed between 0.5180 and 0.5464 um
[7]. Because of its larger index change range (10°%) as compared to
scattering levels from the single mode fiber, the RFGA reflection
could reach -30 dB (SMF is about -70 dB) and thus the (signal to
noise ratio) SNR of the trace could be enhanced. More importantly,
the cross talk effect induced distortion is negligible when refection
of sensor isaround -30dB.

A time delay measurement precision evaluation was carried out
first. As shown in Fig. 2(a), 1000 traces were collected by OSC
using a chirped pulse with a fixed initial optical frequency when no
perturbation was applied. The pulse repetition rate was 1 kHz and
the total acquisition time was 1 s. In order to distinguish the tiny
temporal shift of 1000 traces, a cross correlation calculation
between the current and subsequent traces is performed (trace No.
1 with trace No. 2, trace No. 2 with trace No. 3 and ..... ). The result
as shown in the insert figure of Fig. 2(a), indicates the high SNR of
the reflected traces from RFGA over the acquisition time. Fig. 2(b)
depicts the histogram of the temporal shift fluctuations of the
reflected traces with a standard deviation of about 31.8 ps, which
indicates that the low SNR induced temporal shift noise is
effectively suppressed and the laser frequency drifting could be
ignored within 1 second.
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Fig. 2. The evaluation of time delay measurement in CP @-OTDR based

on RFGA. (a) 1000 traces (no average) and (b) the temporal shift
standard deviation. (The insert figure shows the temporal shift of
traces over acquisition time of1s)

Before applying the strain, the database should be established
for demodulation under the condition of no applied strain. The
current source is precisely controlled by software, and the tuning
stepis 1 mA (+0.01 mA). As shown in Fig. 3, the 11 collected traces
that represent the impulse response from the random fiber grating
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array are collected when the initial optical frequency of chirped
pulses are adjusted from 193536.213 (+0.005) GHz to 193534.838
(#0.005) GHz with tuning step of 0.1375 GHz. One encoded trace
collected under certain value of strain is used to calculate the cross
correlation with 11 referenced traces in database as shown in Fig.
3 (b). There are 11 pairs of time delays value and coefficient value
after the cross correlation calculation. It is obvious that the highest
coefficient should be selected for the strain variation calculation
since higher coefficients represent a higher similarity between the
two traces and thus a higher time delay estimation accuracy. In
Fig3. (b), the result of traces sequence of 7 has the highest
coefficient (blue solid circle), so its corresponding time delays
(green dashed circle) will be selected for strain variation
determination. At every measurement, the coefficient will be re-
selected and the highest one picked.
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Fig 3. (a) 11 Reflected traces of random fiber grating array in database
when different initial optical frequency of chirped pulses are used; (b)
11 cross correlation results between encoded traces and traces in
database.

In order to compare the system performance with and without
the MFDD method, static and dynamic strain measurements were
performed. In our experiment, the strain was applied on the sensor
section (as shown in Fig. 3) through the translation stage and high
precision PZT. For static measurements, different strain variation
were applied to the RFGA and its corresponding reflected traces
were collected. As shown in Eq.(4), the applied strain induced
optical path length change is translated into a local time delay
within the time window. So the cross-correlation calculation
between the two traces is a valid method to extractlocal time delay
information. In the demodulation process, the cross-correlation
calculation is performed between the two traces obtained before
and after applying the strain variation without using database.
Fig4 (c) illustrates the cross-correlation coefficient variation when
different stains are applied. It is obvious that the cross-correlation
coefficient decreases significantly with increasing levels of applied
stain as shown by the appearance of the distortions of the OTDR
traces in Fig4 (b). Therefore, the similarity of the two traces will
obviously decrease, which is embodied through the low cross-
correlation coefficient. However, the cross-correlation coefficient
maintains a high value under large strain variation when the
database is used, since the large strain variation induced optical
path length change is compensated by both the initial optical
frequency difference and the time delay (Eq.(4)). As depicted in
Fig4 (a), the larger strain variation also gives a high coefficient
value when the database is utilized since the initial optical
frequency difference compensates a part of the strain variation,
resulting in a small time delay. The applied strain variation and its
demodulation resulting from the different methods are shown in



Fig4 (d). The figure clearly shows that the maximum measurable
strain variation is significantly enhanced by using the MFDD
method. The demodulation result of the reference section (no
strain applied) is also obtained at the same time, which proves the
capacity for distributed sensing. In our experiment, the selected
time window for cross-correlation calculation is 6 ns as shown in
Fig. 4 (a), so the spatial resolution is about 1.2 m. The maximum
measurable strain variation is about 4.5 pe without the MFDD
method. While the maximum measurable strain variation for the
MFDD method is about 12.5 e with a standard deviation of 66 ne.
The minimum detectable strain variation dependent on the time
delay measurement precision is about 66 ne.
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Fig. 4. (a) Reflected trace after applying strain on the RFGA and most
similar trace in database; (b) Reflected traces before and after applying
strain on the RFGA; (c) the relationship between cross-correlation
coefficient and different applied strain; (d) the performance of
demodulation with and without database.

Fig. 5 illustrates the result of a dynamic strain measurement in
which a fixed peak-to-peak 12.5 pe (10 um length change) strain
change and different vibration frequency are applied on the RFGA.
The repetition rate of the chirped pulse for all the measurements is
fixed at 1 kHz. When the vibration frequency is low, for example 10
Hz, each vibration period has 50 sampling points. In this case, the
dynamic strain variation is perfectly revealed by using both
methods as shown in Fig.5 (a). In Fig. 5 (c), the frequency response
of the demodulated dynamic strain variation indicates a dominant
peak precisely locating at 10 Hz with a high SNR up to 43 dB.
However, there is a big difference between the two methods when
the frequency of applied strain variation is 50 Hz as shown in Fig.
5(b). Because of fewer sampling points (10 samples) within
vibration period, the strain variation between some of the two
sampling points is close to the maximum value. Thus, the cross-
correlation coefficient between the two traces is very low
according to Fig. 4 (c). The demodulation results will suffer from a
large uncertainty in the delay time estimation, which leads to
incorrect reconstructed wave. In comparison, the demodulation
process with the MFDD method maintained a good result. In Fig. 5
(d), the zero padding method is used for peak location
determination. A dominant peak representing 50 Hz is shown in
insert figure. For dynamic strain measurement, the MFDD method
significantly improves the maximum detectable vibration
frequency. If the size of the database is large enough, the maximum
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detectable vibration frequency can reach the theoretical limit
which is equal to half of the pulse repetition rate.
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Fig. 5. Demodulated dynamic strains of two different methods (with

and without database) (a)10 Hz sinusoidal variation (b) 50 Hz
sinusoidal variation and its frequency responses (c) and (d).
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To summarize, a high performance CP ¢-OTDR based on both
the MFDD method and an RFGA is proposed and demonstrated for
both static and dynamic strain detection. The RGFA possesses a
wide reflection spectrum range and variable widths peaks in time
domain , which achieves high time delay sensing accuracy.
Experimental results show that the proposed MFDD method could
effectively solve the measurement range limitation which is caused
by large time delay estimation error, indicating an attractive
potential for this approach in the field of structural health
monitoring.
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5.4 Ultra-low frequency dynamic strain detection

with laser frequency drifting compensation

In a conventional chirped pulse o-OTDR system, the significant laser frequency
drifting (LFD) has limited the detection in the ultra-low vibration frequency range
(below 1 Hz), where the LFD will introduce a time-dependent noise destroying the
dynamic strain reconstruction over long acquisition time. In this section [32], using
the referenced random fiber grating with no strain applied, the LFD-induced noise in
time delay measurement can be precisely obtained, and then the pure dynamic strain
variation will be extracted by performing a simple subtraction operation between ref-
erenced portion and the sensor portion. To the best of our knowledge, frequency and
amplitude information is obtained for the first time that a 0.01 Hz dynamic strain vari-
ation is measured by chirped pulse p-OTDR system. Since the chirped pulse p-OTDR
system is based on single-shot measurement, the LFD will equally affect all measured
sensing points along a random fiber grating array, and the referenced portion could
be selected from any part of the sensing fiber for LFD-induced noise compensation.
In addition, the SNR-enhanced Rayleigh traces from random fiber grating ensure high
accuracy of time delay measurement and laser frequency drifting measurement. More
importantly, this performance-enhanced setup provides important guidance to employ
chirped pulse phase OTDR in some particular applications, such as monitoring earth-
quakes and volcanoes, and charting rock and petroleum formations beneath the earth,
in which the detection ability for an ultra-low vibration frequency range from 0.01 to

20 Hz is required.

89



Ultra-low frequency dynamic strain detection with
laser frequency drifting compensation based on

random fiber grating array

YUAN WANG, PING Lu,3 STEPHEN MIHAILOV,? LIANG CHEN,2 AND XIAOYI BAOY%"

ISchool of Electrical Engineering and Computer Science, University of Ottawa, Ontario KIN 6N5, Canada
’Department of Physics, University of Ottawa, 25 Templeton Street, Ottawa, Ontario KIN 6N5, Canada

3National Research Council Canada, Ottawa, Ontario K14 OR6, Canada

Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX

Dynamic strain sensing over a frequency range from 0.01
to 20 Hz can be used for monitoring earthquakes and
volcanoes, charting rock and petroleum formations
beneath the earth. However, significant laser frequency
drifting (LFD) has limited the detection in this frequency
range, especially for distributed frequency detection with
phase OTDR, where the LFD will introduce a time
dependent noise destroying the dynamic strain
reconstruction. In this study, a simple and effective
method that utilizes the referenced random fiber grating
to monitor the variation of laser frequency has been both
theoretically analyzed and experimentally demonstrated.
During the maximum up to 200 seconds data acquisition
time, the frequency variation of a DFB laser with MHz
linewidth is obtained from the referenced portion of
sensing signal, then the 1 Hz and 0.01 Hz dynamic strain
variation with amplitude of 30 pe is reconstructed with
strain measurement standard deviation of 66 n¢. Due to
SNR enhanced Rayleigh traces from random fiber
gratings, a minimum detectable frequency drifting of
7.28 MHz could be achieved over the optical frequency of
2x10*Hz. © 2020 Optical Society of America

http://dx.doi.org/10.1364/0L.99.099999

The phase-sensitive optical time domain reflectometry (¢-
OTDR) based on the coherent effect of Rayleigh scattering has
been widely used in intrusion monitoring, structural health
monitoring and distributed birefringence measurements, because
of its cost-effectiveness and larger frequency responding range
(sub-kHz to MHz) [1-3]. However, infrasonics, which covers
sounds waves beneath 20 Hz down to 0.01 Hz, can be used for
monitoring earthquakes and volcanoes, charting rock and
petroleum formations inside the earth, and also in
ballistocardiography and seismocardiography to study the
mechanics of the heart. The low frequency dynamic strain
measurement based on ¢-OTDRs are difficult to perform [4],
because of the phase locked laser frequency and phase changes
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with time on the ms time scale. Due to the 1/fnoise, the received ¢-
OTDR trace will change accordingly among trace-to-trace
detection, and hence it is challenging to capture a low-frequency
event. Conventional -OTDR normally requires an ultra-narrow
linewidth phase locked laser for phase demodulation which is
based on coherent detection when the amplitude of the
perturbation needed to be quantified [5-6]. Recently, chirped pulse
phase-sensitive optical time domain reflectometry (CP-p-OTDR)
that was based on random fiber grating was proposed for strain
and temperature measurement [7]. In this technique, the
interrogation signal is a train of linearly chirped optical pulses
instead of transform-limited pulses. As a result, the linear
relationship between the time delay of reflected Rayleigh traces
and the perturbation induced wavelength/frequency shift is
generated, thus the quantified waveform could be easily obtained
by directly performing a cross-correlation calculation between
reflected Rayleigh traces without requiring phase unwrapping [7].
More importantly, the laser source used in those schemes is a
distributed feedback (DFB) laser with ~1 MHz linewidth. The
reason behind this is that a single shot measurement without
coherent detection does not require a laser with a long coherent
time, as long as the coherence is preserved within the pulse width.
Furthermore, because of the usage of random fiber grating array
(RFGA), the SNR of reflected Rayleigh traces is enhanced. Thus, the
measurement accuracy is significantly improved. Finally, as long
as the visibility of the trace is well conditioned, the technique
essentially provides a fading free measurement along all points of
the fibre[8].

However, the shape of a reflected Rayleigh trace from an optical
fiber is associated with the phase difference between any two
scattering centers. The phase difference is not only determined by
the optical path length between any two scattering centers but also
by the optical frequency of the laser source. If the laser frequency
drifts, a temporal shift between traces will occur between the
neighboring reflected traces, even if the sensing fiber is isolated
from the environment. For ultra-low vibration frequency detection,
the LFD induced time delay noise becomes more significant during
long data acquisition times making it difficult to recover ultra-low
frequency dynamic strain variation. To extend this kind of sensor



to further application scenarios, this issue should be addressed
urgently and some methods have been proposed [9-12]. In
reference [10], an active compensation method for the tracking of
LFD is proposed. In this method, LFD is monitored by comparing
the current backscattering trace with the “databank ' that includes
many pre-measured backscattering traces at different optical
frequencies. But, the databank may need to rebuild when the
environment is changed, which makes this method become
complicated and time-consuming. Recently, a simple and effective
method based on twice differential has been demonstrated [11].
However, in this coherent detection based ¢-OTDR system, the
laser frequency drifting will affect fiber locations differently when
laser source acts as local oscillator for phase reconstruction and
thus laser drifting noise will be added continuously, potentially
limiting the feasibility of this method in large frequency drifting or
applied stain change. As a result, the referenced section used for
compensation should be selected near the sensing section.
However, in our proposed method without coherent detection,
because the LFD will equally affect all measured sensing points
along the RFGA, the referenced section can be easily selected from
unperturbed fiber without location limitations.

In this study, a real time dynamic strain sensing system with
LFD compensation based on a RFGA is proposed and
demonstrated. The LFD induced time delay can be mitigated by a
referenced random fiber grating connected to the RFGA that is
used for distributed ultra-low frequency dynamic strain detection.
In our experiment, 1 Hz and 0.01 Hz dynamic strain signal is
successfully reconstructed apart from the LFD induced time delay
noise.

The underlying principle of LFD compensation is shown in Fig.1.
A referenced random fiber grating (RFG) utilized for monitoring
laser frequency drift is connected to a RFGA. If a chirped pulse is
used to interrogate the fiber under test, reflected Rayleigh traces
comprised of the sensing fiber and the referenced portion will be
obtained. The strain and LFD induced time delays between two
adjacent Rayleigh traces in the sensor portion could be expressed
as[7]:

Av At + AV

Ag~K:Anl+nAl:-W 1)

nl U,

where Ag is strain variation applied on the RFGA, K is the strain
related frequency shift coefficient for RFGA, n is the effective
refractive index, An and Al is the applied strain induced refractive
index and distance between two scattering centers change, Av is
spectral content, W is the width of chirped pulse, At is strain and
LFD induced time delays. vy and Av’ are the initial optical
frequency of laser and the laser frequency drifting, respectively.
The stain variation induced time delays Az measured from the
sensor portion then is given by:

Ats:_Ag'K‘UO.W_AU,'K:_AanAl. U‘W .W (2)
Av Av nl Av Av

Because of the single shot measurement in the chirped pulse ¢-
OTDR, the LFD will equally affect all measured points along the
RFGA[8]. The time delay Afx measured from the referenced
portion with no strain variation applied can be expressed as:
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At, =-Av" W
Av 3)
The the pure strain variation induced time delays Az can then be
calculated by:

At=At -At, =-Ag-K v, s
Av O

In this case, the laser drifting can be effectively compensated
without requiring external characterization of the laser. So, the
strain variation induced time delays can be extracted and then the
applied strain could be reconstructed. As shown in Fig.1(a), the
reconstructed dynamic strain waveform from the sensor portion
including the LFD induced noise shows an upward and downward
fluctuation. On the other hand, if we applied the same data
processing procedure for the referenced portion, the LFD induced
time delay profile can be obtained for compensation. Then the
pure dynamic strain variation will be extracted by performing a
simple subtraction operation.
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Fig. 1. Underlying principle of the laser frequency drift compensation

method that utilizes a referenced random fiber grating (RFG).( time
delays variation between two consecutive reflected Rayleigh traces at
(a) sensor portion when dynamic strain is applied on RFGA and (b)
referenced portion when no strain variation applied.)

The setup of our proposed system is shown in Fig. 1. A DFB laser
diode (CQF938/500, JDS Uniphase) driven by an adjustable DC
current source is utilized to generate chirped pulses. The chirped
pulse is produced by a pulse generator (PG) (81304, Hewlett
Packard) combined with a semiconductor optical amplifier (SOA)
(OPB-10-10-N-C-FA, Kamelian) synchronized through the PG. The
pulse generator introduces a frequency sweep of output light by
adding an electrical modulation pulse signal with 10 ns rising edge
and 10ns falling edge to the DFB laser. The continuous light of DFB
laser is changed into a chirped pulse signal by the SOA that is
driven by a home-made electronic circuit board. Before being sent
to the Erbium doped fiber amplifier (EDFA) for amplification, the
chirped pulse is separated into two branches. One branch is beat
with an external cavity laser (ECL) to monitor the frequency
chirping of the pulse signal. The chirped pulse signal has a 6ns
pulse width over the 1.375 GHz frequency range. Normally, a
larger frequency range could give a bigger strain variation
measurement range but with lower resolution, and vice verse.

In the sensor portion, the one end of the RFGA is fixed on a
translation stage, while the other end is glued to the top of
Piezoelectric Transducer(PZT) device (P-6113S,PI). The whole



Power (dBm)

setup is put into a home-made sealed box to minimize the impact
of temperature fluctuation. The displacement of the PZT device can
be precisely controlled by an electrical signal. A RFG is connected
with the RFGA, acting as the referenced part. An optical filter (OSP-
9100, Newport) is used to remove the ASE noise from the EDFA.
After that, the backward scattered signal from the RFGA and
referenced RFG is detected by a 40 GHz bandwidth photo-
detector(PD) (DSCH10H-39-FC). Ultimately, the time domain
traces are collected by an oscilloscope (DS081204B, Agilent).
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Fig. 2. Schematic of random fiber grating array-based dynamic strain
sensing system with laser frequency drifting compensation.

Unlike standard single mode fiber, the RFGA has a strong
wavelength-dependent wavelength shift when the same strain
variation is applied. It is based on the fact that the spectral
response has strong dependence on the dispersion due to grating
inscription process in the effective refractive indices of the core
mode when the broadband light source is employed[13].
Therefore, strain related wavelength shifts at the wavelength
range of chirped pulse should be calibrated before using this
grating array for dynamic strain measurement. In the calibration
experiments, a broadband light source is employed as the laser
source to obtain the reflection spectra of RFGA from the optical
spectrum analyzer.
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Fig. 3. (a) Reflection spectra of Random fiber grating array under

different applied strain; (b) Relationship between applied strain

variation and wavelength shift.

As shown in Fig.3 (a), the reflection spectra (1 nm range) from
the RFGA with 25000 sampling points and 5 MHz resolution are
collected when the applied strain is varied from Ope to 250 pe in 50
pe increments. It can be seen that the reflection spectra experience a
right-ward shift to compensate for the strain variation induced
optical path length increase, which satisfies the phase matching
condition. In order to obtain the relationship between the applied
strain variation and wavelength shift, the cross-correlation
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calculation between two spectra collected from RFGA under
different applied strain is employed. Fig3 (b) shows linear the
relationship between the strain variation and wavelength shift
with R-square of 0.99811, and the coefficient is about 0.908 pm/je.
According to Equ.(4), the K value equals to 0.586 at wavelength of
1550 nm. After the calibration of the strain induced wavelength
shift measurement, dynamic strain variation measurements with
different peak-to-peak amplitudes were performed in order to
verify the relationship between time delays and applied strain
variation. The RFGA is fabricated along the SMF by the refractive
index modulation from the exposure of a femtosecond(fs)-IR pulse
laser through the plane-by-plane technique[7]. The RFGA is about
0.8m in length including 8 alternating sub-gratings that are 10 mm
and 5 mm long, respectively. The grating periods of all 8 sub-
gratings are randomly distributed between 0.5180 and 0.5464 pm.
the length of the referenced RFG is about 10mm.
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Fig. 4. (a)Reflected Rayleigh traces of RFGA under different strain
variation. (b)its reconstructed dynamic strain variation waveform (no
average applied); (c)Relationship between peak-to-peak time delays
and peak-to-peak dynamic strain variations.

In the experiments, a sinusoidal wave of 2 Hz with amplitude of
1 voltage (equivalent 24 pum peak-to-peak length change) is
generated by the function generator to oscillate the PZT, applying a
30 pe peak-to-peak dynamic strain variation on the RFGA. The
reflected Rayleigh traces from the grating array were continuously
recorded with time interval of 4 ms that were determined by the
pulse repetition rate. As shown in Fig4(a), several reflected
Rayleigh traces from the RFGA under different strain variations
experience a temporal shift due to the photo-elasticity effect and
the strain induced grating period changes. Both effects change the
effective optical path length of any two scattering centers within
the RFGA. For the reconstruction of the dynamic strain, the time
delays between two collected traces should be calculated by the
cross-correlation calculation. By calculating the time delays
between the current trace and the adjacent one, the reconstructed
dynamic strain waveform can be reconstructed as shown in Fig4
(b). Based on the Equ.(4), we could get a linear relation between
time delays and applied strain. The strain induced time delays
coefficient could be theoretically calculated by using the pulse
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width and spectra content of the chirped pulse and wavelength
shift coefficient measured above, which are 6 ns, 11pm and 0.908
pm/ue. The theoretical strain induced time delays coefficient
equals to 0.495 ns/ue. To verify this value, 17 measurements of
dynamic strains at different amplitudes were performed using the
RFGA at a frequency of 1 Hz. It clearly shows that the linear
relationship between strain variation and time delay is 04968
ns/ue with a R-square value of 0.998 and strain variation
measurement standard deviation of 66 ne. This is consistent with
the theoretical calculation within tolerance error.
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Fig. 5. Dynamic strain measurement with ultra-low vibration frequency of
(2)1Hz and (c)0.01 Hz, and its FFT spectra (b) and (d).

Generally speaking, the dynamic strain applied to a RFGA can be
detected by monitoring the time delays between the adjacent
reflected Rayleigh traces. From the results, the vibration frequency
and amplitude of the dynamic strain are precisely obtained.
However, we also observed a remarkable fluctuation from the
reconstructed waveform as shown in Fig4 (b), which is mainly
caused by the laser source frequency drifting, In order to eliminate
the influence of LFD, the time delays of the referenced RFG
between adjacent traces are measured to reconstruct the laser
frequency fluctuation. These measurements are then used to
compensate for the frequency drifting induced noise during the
dynamic strain sensing. To demonstrate the capacity of frequency
drifting compensation, 1 Hz and 0.01 Hz dynamic strain variation
with the same amplitude of 30 pe are applied to the RFGA. In Fig.5
(@), the bottom black curve represents 3 periods of the 1 Hz
dynamic strain variation, showing a downward shifting. The
middle red curve records the frequency drifting during the data
acquisition. By applying a subtraction calculation between these
two curves, the reconstructed curve without the LFD induced
noise is obtained as shown in the upper blue curve. It can be seen
that the vibration amplitude of each period in the reconstructed
curve remains unchanged with an amplitude of about 30.29 pe
(14.6 ns time delays) that correlates well with the applied value.
The Fast Fourier Transform (FFT) of the reconstructed curve gives
a 1 Hz frequency which matched that in the RFGA shown in Fig.5
(b). For 0.01 vibration frequency, 2 periods with a total acquisition
time of 200 seconds are collected. As shown in Fig.5 (c), there are
several unanticipated peaks on the bottom black reconstructed
curve because of the LFD. After employing the subtraction
calculation with the compensation curve obtained from the
referenced RFG, the reconstructed curve reveals vibration
amplitude of 29.46 pe (14.2 ns time delays) could be figured out.
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The small error between the reconstructed amplitude and applied
amplitude is caused by the accumulation of time delay
measurement error in each cross correlation calculation. In
addition, the reconstructed vibration frequency of the dynamic
strain variation has signal noise ratio up to 56 dB as shown in Fig.5
(d). In our experiment, the standard deviation of time delay
measurement is about 31.8 ps and is determined by the sampling
rate of the oscilloscope as well as the signal to noise ratio of the
reflected Rayleigh traces. According to the Eq.(3), the minimum
detectable frequency drifting is about 7.28 MHz (equivalent
wavelength change 58.2 fm) over the optical frequency of 2x10*
Hz.

In our experiments, we focus more on the demonstration of
LFD compensation, so the sensor portion is treated as a single time
window in cross-correlation calculation, that is limited by the short
fiber length (0.8 m). It should be noted that the proposed method
of LFD compensation can be extended to distributed
measurements with the same minimum detectable frequency
change, if the RFGA is long enough. Large frequency drifting may
cause nonlinear effect of refractive index, but this nonlinear effect
induced time delays is far small than what we measured in
experiment. So it normally could be neglected.

In summary, a real time dynamic strain sensor based on chirped
pulse ¢-OTDR with RFGA is experimentally demonstrated.
Combined with the laser frequency drift compensation method, it
is believed that the random grating sensor array would be
applicable to structural health monitoring, especially for quasi-
static dynamic strain sensing,
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Chapter 6

Kerr effect enabled Optical

frequency chirping range extension
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6.1 Contributions of authors

The main results in Section 6.3 and Section 6.4 have been published in Optics
Express, titled “Frequency sweep extension using the Kerr effect for static temperature
measurement range enhancement in Chirped Pulse ¢-OTDR” [187], and ” Generation
of high performance optical chirped pulse for distributed strain sensing application with
high strain accuracy and larger measurement range” [29]. The contributions of the five
authors: Yuan Wang (present author), Ole Krarup, Pedro Tovar, Prof.Liang Chen and
Prof.Xiaoyi Bao are as follows.

For the [187], the present author (Yuan Wang) and Ole Krarup, whose theoretical
work on frequency sideband generation via the Kerr effect, developed the initial idea
of using the Kerr effect to enhance the frequency chirping range of the chirped pulse
together. The construction of the experimental setup and the data collection was done
collaboratively by the present author and Ole Krarup. The present author conducted
the data analysis and produced the graphs in a state of continuous discussion and
feedback with Ole Krarup. Prof. Liang Chen and Prof. Xiaoyi Bao provided advice on
the presentation of the data as well as comments on the main text of the paper.

For [29], the present author developed the initial idea of using both chirped pump
and pulse signal to further enhance the frequency chirping range with a high coefficient.
The construction of the experimental setup, the data collection, the data analysis, and
produce of graphs were done by the present author. Pedro Tovar, the main collaborator,
gives many detailed suggestions and comments on the structure and presentation of
the manuscript. Prof. Liang Chen and Prof. Xiaoyi Bao provided advice on the

presentation of the data as well as comments on the main text of the paper.

95



6.2 Introduction

In a conventional chirped pulse p-OTDR system, the maximum measurable strain
or temperature variation between two single-shot measurements is limited by the large
time delay estimation (TDE) error due to the distortions of reflected traces from the
sensing location. Thus, to avoid the trace-to-trace distortion and decorrelation, the
largest measurable time delays between two consecutive traces is usually limited to
10% of pulse width [189], as we discussed in Section 4.2.1. The relationship between
external disturbance-induced optical path length change, AL, and time delay, At, is
given by [181]:

AL _AUE 1 Av

where vy is the initial optical frequency of the chirped pulse, Av, is the strain varia-
tion induced frequency shift, and K is the strain coefficient. Given the fact that the
maximum measurable At equals 10% of W, then the maximum detectable strain vari-
ation between two consecutive measurements is only limited by the frequency chirping
range of the pulses. Hence, high-order Kerr pulses have the potential to increase the
maximum detectable strain variation, which is experimentally validated in the following
sections.

In this Chapter, we experimentally investigate a method of extending frequency
sweeps using the Kerr effect to broaden the frequency chirp range of a nanosecond
optical pulse through all-optical signal processing, and the enhancement of tempera-
ture/strain measurement range is also demonstrated. Our previous work [139] that
requires building a database is time-consuming and easily affected by the change in the
status of the fibers. However, the method proposed in this paper utilizes a direct way
to extend the measurement range by increasing the range of frequencies swept by each
chirped pulse, which is a real-time measurement. More importantly, this performance-

enhanced setup provides important guidance to employ chirped pulse phase OTDR in
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some particular applications, such as the crack detection of large construction and rail-
way tracks, in which large strain variation in long-distance is required for the detection
of arbitrarily large and unknown perturbation. 7?7 gives the experimental results about
Kerr pulses generation and its application in CP o-OTDR system to improve the static
temperature measurable range.

In addition, Section 6.4 shows a novel method to efficiently generate optical chirped
pulses with a high chirping rate and lower frequency drifting noise by using a pump
and signals with opposite chirping directions. Benefiting from the use of a single laser
source, the system exhibits a lower noise performance. More importantly, by combining
an up-chirped pulsed signal with a down-chirped pump, we showed that the frequency
chirping range of the m'" order Kerr chirped pulse is enhanced by a factor of 2m + 1,
which is more efficient than the fixed-frequency pump scheme, which only enhances by
a factor m. Compared to other cascaded configurations, our approach shows a high

efficiency without requiring multi-stages [190].

6.3 Fixed-frequency pump-based Kerr pulse gener-
ation for static temperature measurement range

enhancement

In this section, we demonstrate the extension of the frequency range of a chirped
laser pulse by all-optical means using evenly spaced frequency sidebands generated via
the Kerr effect to improve the Chirped Pulse ¢o-OTDR measurement range. We report
chirp extensions by factors up to 13 and apply the effect to achieve a six-fold increase in
the measurement range of a Chirped Pulse p-OTDR system measuring the temperature

of a random fiber grating array.
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Frequency sweep extension using the Kerr
effect for static temperature measurement range
enhancement in Chirped Pulse ¢-OTDR
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Abstract: In Chirped Pulse ¢-OTDR systems used for sensing temperature or strain along an
optical fiber, the largest disturbance between two single-shot measurements that can reliably be
detected depends on the range of frequencies swept by the chirped pulse. If electrical modulation
is used to generate the laser frequency sweep, the achievable sweeping range is limited by the
electrical components, leading to a narrow measurement range for static measurements. In
this work, we demonstrate the extension of the frequency range of a chirped laser pulse by
all-optical means using evenly spaced frequency sidebands generated via the Kerr effect to
improve the Chirped Pulse ¢-OTDR measurement range. We report chirp extensions by factors
up to 13 and apply the effect to achieve a sixfold increase in the measurement range of a Chirped
Pulse ¢-OTDR system measuring the temperature of a random fiber grating array. The method
described in this paper can be applied to other optical systems utilizing chirped laser pulses and
allow for variable extension of their chirping range.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Compared to devices based on electrical signals, environmental sensors utilizing optical fibers
have a number of advantages. Apart from durability and immunity to electromagnetic interference,
optical fibers allow for distributed sensing, where information is recorded along their entire
length. To measure a quantity of interest, such as local temperature, strain or vibration, a
technique referred to as phase sensitive Optical Time Domain Reflectometry (¢-OTDR) is often
employed. By launching a monochromatic pulse of light into a fiber and measuring the Rayleigh
back-scattered intensity as a function of time, one can determine the state of the fiber along its
length in a continuous manner [1]. However, since the relationship between the magnitude of
an applied disturbance and the change in the intensity of the back-scattered Rayleigh traces is
not linear, conventional amplitude demodulation cannot be used in ¢-OTDR to measure the
magnitude of the disturbance [2] [3] [4]. Measuring the magnitude of disturbances requires
the use of various phase demodulation techniques. These involve comparing the relative phase
change of two different segments of fiber [5], utilizing 90° optical hybrid based homodyne
detection [6], dual-pulse phase modulation [7], or the phase-generated carrier demodulation
algorithm [8]. One drawback of phase demodulation techniques is their reliance on optical
interferometers, which are limited by phase recovery range and fringe contrast.

To obtain accurate, single-shot measurements of the magnitudes of applied disturbances based
on back-scattered Rayleigh traces, one can instead utilize chirped pulses, where the instantaneous
frequency of the pulse is linearly increased or decreased within pulse duration. This technique
called Chirped Pulse ¢-OTDR (CP ¢-OTDR) relies on the interference of a range of frequencies
back-scattered by different parts of the fiber due to the Rayleigh effect. By calculating the cross
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correlation between subsequent Rayleigh traces, such sensing systems have achieved resolutions
of 1 mK for temperature and 4 ne for strain [9]. When using Rayleigh traces from chirped
pulses scattered by a random fiber grating array (RFGA), lower pulse powers are required and
a spatial resolution of 1.2 m can be achieved [10]. Since CP ¢-OTDR with an RFGA is a
single-shot system which does not require heterodyne detection, one section of the sensor without
disturbance could be utilized for compensating time delay errors induced by laser frequency
drifts. This technique enables the detection of ultra-low frequency vibrations [11]. While CP
¢-OTDR is highly sensitive because the Rayleigh traces undergo large changes from small
applied disturbances, the static measurement range is limited because subsequent traces become
decorrelated if the external perturbation is too large. In practice, two Rayleigh traces recorded
before and after a disturbance is applied will be approximately identical (with high correlation
coeflicient) apart from a time delay, At, if this delay is smaller than 10% of the pulse duration.
To conduct dynamic measurements, large perturbations could be detected by oversampling using
a high repetition rate for the pulses. However, in distributed sensing systems, there is a trade
off between pulse repetition rate and sensor length. To extend the limited measurement range,
one method based on multi-frequency database demodulation has been implemented [12]. By
establishing a database consisting of Rayleigh traces collected from chirped pulses with different
initial optical frequencies, the time delays At due to large strains can be partially compensated by
the initial frequency difference of the chirped pulses, thereby extending the static measurement
range by a factor of 3. Additional extension of the measurement range using this method requires
building a database for a larger number of frequencies, which is time consuming. Another direct
way to extend the measurement range is to increase the range of frequencies swept by each
chirped pulse.

When two frequencies of light are launched into a fiber with a large nonlinear parameter, vy,
the Kerr effect causes frequency sidebands to be generated. Since the output power of these
sidebands depends on the input power, the Kerr effect has been used to enhance the extinction
ratio of optical pulses for OTDR by all-optical means [13], and to enhance the resolution of
fiber optical sensors [14]. Furthermore, changing the frequency spacing between the input lasers
causes the central frequencies of the higher order sidebands to shift by integer multiples of
this change. When used in Optical Frequency Domain Reflectometry (OFDR), this method
can extend the range of a laser frequency sweep taking place on the scale of seconds, thereby
improving the resolution of an OFDR measurement [15]. This frequency chirp magnification
(FCM) induced by the Kerr effect has also been used for magnifying the wavelength drift of an
FBG sensor subject to strain and temperature changes, thereby enhancing its sensitivity [16].
Because the Kerr effect is fundamentally caused by the reaction of bound electrons in the glass
fiber to variations in the power of an external optical field, the smallest duration of a sweep
extendable using the Kerr effect is determined by the electron response time, which is on the
scale of femtoseconds. Therefore, it should be possible to extend frequency sweeps, which are
much shorter in duration than ones typically used in OFDR.

In this paper, we apply the method of extending frequency sweeps using the Kerr effect to
broaden the chirp range of a nanosecond optical pulse by factors up to 13 through all-optical
signal processing. First, the measurement principle behind CP ¢-OTDR, its advantages and
limitations are discussed. A theoretical model describing sideband generation using the Kerr
effect is then presented, showing how the frequency shift of a sideband depends on its order. An
experimental setup used for extending the chirping range of a pulse is described, and it is shown
how the static temperature measurement range of a system based on an RFGA can be increased
by factors up to 6. Finally, the limitations of our model and experiment are discussed along with
potential application to other optical techniques relying on chirped pulses.
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2. Theory

2.1. Chirped Pulse o-OTDR measurement principle

In traditional ¢-OTDR, a monochromatic pulse is employed as the interrogation signal to
investigate the status of the fiber. The lack of a linear relationship between the applied external
disturbance and the intensity of Rayleigh traces means that the magnitude of the disturbance cannot
be determined directly. In order to create a linear relationship between applied disturbances and
the intensity profile of the Rayleigh traces, a chirped pulse is utilized instead of a monochromatic
pulse. The instantaneous optical frequency profile of the chirped pulse is expressed as [12]

v(t) = (vo + % . t) Rect(t/W), (D)

where vy is the initial laser frequency, Av is chirping range of the chirped pulse, W is the pulse
duration, and Rect is the rectangular function with unit height. When the chirped pulse is sent
into the fiber under test, the interference of back-scattered electrical fields occurring in the fiber
section corresponding to the half pulse width will form the time domain Rayleigh traces. At
the time #, when the interference signal arrives at the detection end, the optical power can be
expressed as:

tc/2n tc/2n )
I(Oac = Io / 27 2) (7)) - 1 (2)) - €10%00)az,dz;, )
(t=W)e/2n J (=W)e/2n ’ ’

where n is the average value of refractive index, c is the speed of light in vacuum, « is the average
attenuation of the fiber, Z; and Z; are the positions of the i"" and j™ scattering centers along the
fiber, Iy is the input intensity of the light and r(Z;) and r(Z;) are the reflection coefficient of the
i"" and j™ scattering centers respectively. The exponent, Ag;;(t), represents the phase difference
between two scattering centers and is given by:

t—2nZ;i/c > ' ‘

A1) = 27r/ (vo + Av - t/W)dt = 2n [(M) (Vo LAy (t— n(Z +ZJ)))] .
1-2nZi/c c w c

3

Equation (2) shows that the measured optical power depends on the interference of light from
all combinations of two scattering centers, while Eq. (3) shows that the relative phase between
two scattering centers depends on their relative optical path lengths, their absolute position
along the fiber and the range of the frequency sweep. To understand how CP ¢—OTDR enables
environmental sensing, consider a simplified picture with only two scattering centers located at
Z, and Z;, being illuminated by a chirped pulse with a fixed chirping rate, Av/W, and a spatial
width, which is much greater than Z, — Z,. At a time, ¢, after the chirped pulse was launched, a
certain signal intensity, I(z, T}), is detected due to the interference of frequencies scattered by the
two centers, when the temperature is 7. If the temperature of the fiber is increased slightly to 75
so the optical path length between the centers is increases from L to L + AL, the intensity value,
I(z, Ty), from before the temperature change will now occur at a different time, I(z + At, 7). The
reason is that the frequencies that gave rise to I(¢, T1) arrive at the scattering centers slightly later.
If AT is large enough for the arrival time of the frequencies to be different, but small enough for
the way they interfere to be unaltered, one can assume that the intensities I(z, T1) = I(t + At, T3)
are actually generated by the same segment of fiber being exposed to two different frequency
ranges starting at v(r) and v(¢ + Ar) respectively. The relative change in optical path length must
then be related to the change in the frequency range by

AL 1) —v(t+ At 1A
_—M:___VAI

4
L Vo V()W ()

100



Research Article Vol. 29, No. 15/19 July 2021/ Optics Express 23205 |
Optics EXPRESS ‘, Ny \

Considering that a change in temperature causes the optical path length ratio to change by K - AT,
where K7 is the coefficient of linear thermal expansion for the fiber, one can determine that:

AvA

Kar - AT = - ¥ :}At:_m
Vo Av

AT 5)

This shows that a small applied temperature change causes a time delay, Az, which is linearly
dependent on the magnitude of the disturbance. The time delay between two traces can be found
by calculating the correlation between them. Note that if the chirp range, Av is small, a small
change in temperature will cause a large time shift. In this case, the sensitivity of the CP ¢-OTDR
will be high while its measurement range will be short. If the chirping range is increased, the
same change in temperature will cause a smaller time delay, meaning that the static measurement
range is increased at the cost of lower sensitivity. In the demodulation process, the maximum
detectable time delay is about 10% of pulse duration, W. If the time delay At is too large, the
integration range in Eq. (2) for I(t) and I (t+A7) are significantly different. This means that the
interference of back-scattered light occurs in different sections of the RFGA, which makes the
two traces decorrelate. Therefore, the maximum measurable temperature change only depends
on the frequency chirping range Av according to Eq. (5), since the duration, W, cancels out on
both sides if At is replaced with 0.1 - W. In short, a method that allows the chirping range to be
extended can increase the static measurement range.

2.2. Sideband generation using the Kerr effect

The following description of the generation of sidebands in a Kerr medium is based on the approach
used in [17]. Sending laser light with two different frequencies, w,<w, into a Kerr medium
consisting of an optical fiber of length, L, with a high nonlinear parameter, y, the normalized
electric field amplitude is initially given by A = [+/P, exp(=i0.5w,t) + VP exp(i0.5wqt)].
Here, P referes to the power of the pump field/chirped pulses, wg = w. — wp, and the power of
the field as a function of time is P;, = [Pp + P. + 24/P,P. cos a)dt]. Assuming that dispersion,
loss, and polarization effects are negligible, the input field evolves according to the Nonlinear
Schrodinger Equation, dA/dz = iy|A|*A [18]. Solving this differential equation for the field at
the output of the Kerr medium yields A,,; = A;, exp [iyL(Pp + Pc)] exp [iyLZ\/PpPC cos wdt].
In the following, the exponential factor, exp [iyL(Pp + Pc)], is ignored, as it does not affect the
output frequency if the input powers remain constant. Chirps induced by self-phase modulation
(SPM) are only present near the pulse edges constituting less than 5% of pulse duration and
do not contribute significantly to the scattered signal. The Jacobi-Anger expansion [19],
exp [iM cos Bt] = Y22 i"J,(M)exp(inBt), where J, indicates the n™ order Bessel function
of the first kind is then applied to the output field, thereby expressing it as an infinite sum of
frequency sidebands spaced w, apart:

[ee)

Agu =y, "™t | 1, (2yLyPyPe) Py + iyt (27LNP,PC) VP | ©6)

n=—oo

Note that n = 0 corresponds to the output sideband located at the frequency of the input pump,
wp, while n = 1 corresponds to the output sideband located at the same frequency as the input
chirped pulses. The central frequency of the n™ order sideband will be w, = nwy = n(w, — wp)
away from w,. Assuming that w, changes linearly with time at a rate of Q[rad/s*], the frequency
of the n”* order sideband becomes w,(¢) = n(w.(0) + Qr — wp) = nQt + n(w:(0) — wy). This
shows that if the input pulse is chirped at a rate, Q, filtering out the n” order sideband will
produce a pulse with a chirp rate nQ. Furthermore, if the condition 0<2yLVP.P.<+/1 + |n]| is
satisfied, the intensity profile of the output pulse will be an integer exponent of the input pulse
[20]. If the intensity profile of the input pulse is a square, the potentiation effect for higher order
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3. Experimental setup and results

The experimental setup for temperature measurement with chirped pulses is shown in Fig. 1.
A distributed feedback laser (DFB) (CQF938/500, JDS Uniphase) with a linewidth of IMHz
emitting at 193506.25 GHz is periodically modulated by a saw-tooth pattern with a rising edge of
20 ns from a signal generator (8130A, Hewlett Packard). The so-called "bias-T structure" converts
the applied electrical modulation to a change in the drive current supplied to the DFB. When
the saw-tooth signal periodically increases(decreases) the supplied current, the instantaneous
frequency emitted by the DFB is increased(decreased). Figure 1(a) depicts the laser signal at
the output of the DFB. In the time domain, the laser signal is a continuous wave (CW) and its
power is approximately constant because the change in the drive current is small compared to the
total current supplied. The spectrum shown in Fig. 2(b) is measured with an optical spectrum
analyzer (OSA) (AP201x, APEX) and has a 5dB width of 746 MHz, indicating that the changing
drive current causes the central frequency to vary in this range. The signal generator creating the
saw-tooth pattern also generates rectangular signals at a rate of 1 MHz activating a custom solid
state optical amplifier (SOA) driver circuit board. When activated by a pulse, this circuit board
switches on the SOA (SOA-S-OEC-1550, CIP) allowing it to serve as a gate for pulsing the signal
from the DFBs with a duration of 6ns. As illustrated in Fig. 1(b), once the modulation of the
DFB and the trigger for the SOA are synchronized, a linearly chirped optical pulse is produced.
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Fig. 1. The experimental setup for applying the Kerr effect to enhance the frequency range
of chirped pulses for temperature sensing using CP ¢-OTDR. Subfigures (a-e) illustrate the
spectrum and signal at successive stages of the setup.

Once generated, the chirped optical pulses are split into two different branches of the setup by
a 50:50 coupler. The branch, which sends pulses through a delay line and an erbium doped fiber
amplifier (EDFA) (AEDFA-PA-25-B-FA, Amonics) without applying nonlinear chirp extension
is marked with a red fiber in Fig. 1. We refer to pulses from this branch as "pure pulses". The
delay line ensures that the pure pulses and the pulses generated by the other branch arrive at the
RFGA with a 40 ns time delay, allowing for an accurate comparison of their response to changes
in temperature.

The pulses in the other branch are first amplified by an EDFA (APEDFA-C-10-B-FA, Amonics)
and then sent through an isolator into one input port of a 50:50 coupler. A CW light wave from a
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Fig. 2. (a) Measured spectrum after the Kerr medium showing sidebands in the range from
n = —4ton = 13. Note that n = 0 corresponds to the CW pump, while n = 1 corresponds
to the input chirped pulses. (b-d) Zoom on the first, second and third order sidebands
respectively, demonstrating integer scaling of the sweep range.

narrow linewidth laser (NLL) (PS-NLL-1550.12, Teraxion) with a linewidth of 5 kHz emitting
at 193480.00 GHz is amplified by an EDFA (AEDFA-33-B-FA, Amonics), passed through an
isolator and sent into the other input port of the 50:50 coupler. The chirped pulses and the
light from the NLL used as a pump are combined and launched into a highly nonlinear fiber
with a non-uniform core referred to as a "Kerr medium" (418SG 04611A, Draka Comteq). The
non-uniform core continuously changes the Brillouin frequency of the fiber, which prevents the
CW light of the narrow linewidth laser from losing power to Stimulated Brillouin Scattering. The
combined spectrum of the chirped pulses and the narrow linewidth laser signal before entering
the Kerr medium is visualized in Fig. 1(c). At this stage, the power of the signal in the time
domain consists of a constant offset due to CW light from the NLL and a pulse with a sinusoidally
varying optical power due to interference. Because of the nonlinear phase modulation caused
by the interference of the NLL and the chirped pulses described in Subsection 2.2, frequency
sidebands spaced 26.25 GHz apart are generated. Figure 1(d) illustrates three higher order
sidebands generated by this process. Figure 2(a) shows a recorded optical spectrum after the
Kerr medium with sidebands ranging from -4 to 13. Figures 2(b)-2(d) shows that the chirp range
for the n™ order sideband is n times the chirp range of the input pulse as predicted in Subsection
2.2. Individual sidebands are extracted using a tunable filter (XTM-50, EXFO). This produces a
chirped pulse, referred to as a "Kerr pulse”, with a wider chirping range than the pure pulses, but
with the same shape and duration.

The extracted Kerr pulses for the n™ order sideband are amplified by an EDFA (AEDFA-PA-25-
B-FA, Amonics) and recombined with the pure pulses in a 50:50 coupler. They are then launched
through a circulator to an RFGA placed inside an insulating, temperature controlled styrofoam
box. The RFGA has a reflection coefficient of -30 dB, and a length of 0.8m, which is used to
provide a locally enhanced Rayleigh scattering signal. It consists of 8 alternating sub-gratings of
lengths 10mm and Smm respectively. The periods of the sub-gratings are randombly distributed
between 0.5180um and 0.5464um. The reflected Rayleigh patterns are passed back through the
circulator, through a tunable filter (Lambda Commander OSP 9100, Newport) and finally to a
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photodiode (PDB435C, Thorlabs) connected to an oscilloscope (infiniium DSO81204B, Agilent)
sampling at 40 GSa/s.

To determine the temperature static measurement range for different Kerr pulses, the heating
element inside the styrofoam box is activated, raising the temperature of the RFGA to 40°C. The
intensities of the two Rayleigh traces from the pure and Kerr pulses are equalized by adjusting the
amplifiers. The heater is then switched off, allowing the RFGA to gradually cool down, causing
the Rayleigh traces to shift accordingly. For every 0.1°C step down to 34°C, a Rayleigh trace is
recorded. The duration of Rayleigh traces is about 20ns, and the total number of samples for
each traces is 800. The oscilloscope is set to average 16 traces to reduce the impact of intensity
fluctuation and electrical noise. A custom python script is used to determine the magnitude of
the time delays between the traces recorded at different temperatures by numerically calculating
the correlation between them. First, pulses for sideband orders from -2 to 6 were used to measure
temperature changes in steps of 0.1 °C, demonstrating the feasibility of using higher order
sideband pulses. Figure 3 shows the measured time delay as a function of the temperature change
for different Kerr pulses in steps of 0.1°C. The slope corresponding to pulses from the n* order
sideband is n times smaller than the slope for the pure pulses as predicted in Subsection 2.2. The
sign of the slope is negative for sidebands where n<0, corresponding to pulses for which the
direction of the chirp is reversed.

Original chirped pulse
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3" order
4™ order
5" order
6" order
-2" order
® -3"order
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Fig. 3. Time delays of Rayleigh traces corresponding to pure pulses and Kerr pulses for
various sideband orders as a function of temperature change. Note that the slope of the n'h
order sideband is n times smaller than the slope for the pure pulses in agreement with Eq. (5).

Next, the static measurement range of pulses from each sideband order are investigated.
Figure 4 depicts the reflected traces from the RFGA before and after the application of a
temperature change. For pure pulses with a short chirping range, a temperature change of 0.2°C
causes the traces from before and after the change to lose correlation. This is in accordance with
Subsection 2.1 where it was predicted, that a short chirping range would imply high sensitivity
and low static measurement range. For the 2" order Kerr pulses, the same temperature change of
0.2°C introduces a smaller time delay due to the extended frequency chirping range. As shown
in Fig. 4(f) in which the 6” order Kerr pulses are used, two traces collected before and after a
temperature change of 0.6°C remain highly correlated. Recovering the correct time delay between
two subsequent traces is not possible for temperature changes that cause the cross correlation
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coeflicient to drop below 0.8. For example, when 1% order chirped pulse is used to measure
temperature variations of 0.2°C as shown in Fig. 4(b), the coefficient decreases to 0.505. In this
case, the demodulation cannot recover the correct time delay, making temperature measurements
impossible. Therefore, the largest change in temperature that can be measured between two single
shots can be found by determining which temperature shift is required for the traces to decorrelate.
The relationship between the cross-correlation coefficient and the temperature variation range
for different order Kerr pulses is shown in Fig. 5. Choosing a correlation coefficient of 0.8 as a
threshold, it is seen that the static temperature measurement range for the 6 order sideband is
improved by a factor 6 compared to the pure pulses.
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Fig. 4. Measured Rayleigh traces corresponding to various sideband orders before (blue)
and after (orange) temperature changes along with their correlation coefficients. (a-b) Traces
for pure pulses, (c-d) traces for 2" order pulses and (e-f) traces for 6 order pulses. CC:
Cross-Correlation Coefficient.
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Fig. 5. Cross-Correlation Coeflicient of two Rayleigh traces when different temperature
changes are applied for sideband orders 1, 2 and 6. Pulses from higher order sidebands
remain correlated longer and thus provide enhanced static measurement range.

To investigate how the resolution of the temperature measurements changes when different

Kerr pulses are used, 500 Rayleigh traces generated by averaging 16 raw traces are collected at
constant room temperature over 0.8s for different orders. Fluctuations in the time delays between
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consecutive pulses are calculated and the equivalent temperature variations are determined using
the slopes in Fig. 5. The raw fluctuation data for pure pulses and 6" order Kerr pulses are shown
in Fig. 6(a). A histogram of this data is shown in Fig. 6(b). The calculated standard deviation is
2.82 mK for the pure pulses and 25.1 mK for pulses from the 6" order sideband. The temperature
measurement precision for different sideband orders is shown in Fig. 6(c). The dashed lines in
Fig. 6(c) indicate how the standard deviation of the arrival time and the smallest discernable
temperature change should behave in an ideal case. We attribute the discrepancy between the
measured resolution and the ideal one to the decreasing Signal to Noise Ratio (SNR) for higher
values of n. As mentioned in Subsection 2.2, the power profile of the n* order Kerr pulse will
be the power profile of the pure pulse raised to the n exponent. This potentiation magnifies
small power fluctuations and decreases the SNR [21]. Furthermore, the Kerr pulses are affected
by power fluctuations for both the input pulses and the amplified NLL used as a pump. The
magnified intensity noise causes subsequent traces for higher order sidebands to vary more in
shape leading to the larger measured variation in arrival time shown in Fig. 6(c).
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Fig. 6. (a) Temperature measurement uncertainty for pure chirped pulses and 6™ order
sidebands Kerr pulses within 0.8 seconds when no temperature change is applied.(b)
Histogram of the temperature measurement uncertainty for the pure chirped pulses (top)
and 6 order Kerr pulses (bottom) and its standard deviation. (c) The standard deviation
of measured arrival time and the corresponding uncertainty in measured temperature for
sideband orders in the range from 2 to 6. The nonlinear increase in temperature uncertainty
for higher orders is attributed to frequency fluctuations in the DFB and NLL being scaled up
along with the frequency chirp.

4. Discussion

Several simplifying assumptions are used in modelling the extension of the chirping range.
The pure pulses launched into the Kerr medium are assumed to be quasi-CW, which is a valid
assumption if the duration of the pulses is much longer than the period of the beat with the
CW light from the NLL (w; > 27/W). In this experiment, the frequency difference of 26.25
GHz implies a beat period of 38 ps, which is much shorter than the pulse duration of 6ns,
meaning that the quasi-CW assumption is acceptable. Loss was ignored, and dispersion in the
Kerr medium was assumed to be zero. The latter assumption is valid for operation close to the
zero-dispersion wavelength, and one can ensure that the sidebands experience similar dispersion
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by making the frequency difference between the input pulses and the CW light from the NLL
small. Effects related to the relative polarization of the input pulses and CW light were also
ignored. A comprehensive model accounting for all these effects is being researched, but is
beyond the scope of this paper.

By calculating the power of each of the sidebands in Eq. (6), and expressing the Bessel
functions in terms of their Taylor expansions, it can be shown that their power decreases as
1/(n!)?. Thus, utilization of sidebands beyond n = 6 is limited by their rapidly decreasing power.
Furthermore, because the Kerr effect magnifies power fluctuations, accurately calculating the
correlation between traces for sidebands higher than n = 6 proved unfeasible. This limitation
due to the lasers and amplifiers can be addressed by using more stable devices. To minimize
the effect of power fluctuations, one could use a single, highly stable laser to generate both the
chirped pulses and the pump. Another way to reduce the impact of intensity fluctuations is to
utilize pulse powers that cause the argument of the n” order Bessel function in Eq.(6) to equal its
first maximum [22]. In this regime, power fluctuations are attenuated by the Kerr effect. These
possibilities will be investigated in future work.

The method described in this paper implies a trade-off between sensitivity and static measure-
ment range for higher order Kerr pulses. However, as the experimental approach demonstrates, it
is possible to mitigate this trade-off by using both highly sensitive pure pulses and Kerr pulses
with a large static measurement range simultaneously. The extension of chirped pulses described
in this work was only applied to a single RFGA, but could be applied to distributed measurements
using CP ¢-OTDR. More generally, it can be applied to extend the chirping range of pulses in a
wide variety of optical systems. For example, the ability to broaden or reverse chirped pulses
by all-optical means without altering the pulse duration could be useful in systems relying on
Chirped Pulse Amplification [23] or Dispersive Fourier Transforms [24].

5. Conclusion

All-optical chirp extension based on the Kerr effect is demonstrated for sidebands ranging from
n = =3 ton = 6. When applied to a CP ¢-OTDR system, the effect allows the measurement
range to be scaled up by integer multiples of the sideband number as predicted by theoretical
calculations. The chirp extension effect can be applied to existing system relying on chirped
pulses to extend their chirping range.
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Generation of high performance optical chirped
pulse for distributed strain sensing application
with high strain accuracy and larger
measurement range
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Abstract: A photonic approach for generating low frequency drifting noise, arbitrary and large
frequency chirping rate (FCR) optical pulses based on the Kerr effect in the nonlinear optical
fiber is theoretically analyzed and experimentally demonstrated. Due to the Kerr effect-induced
sinusoidal phase modulation in the nonlinear fiber, high order Kerr pulse with a large chirping
rate is generated. In the concept-proof experiments, the FCR of the m™ Kerr pulse has been
significantly improved by a factor of 2m+1. In addition, dynamic strain measurement along with
a random fiber grating array (RFGA) sensor by using different order Kerr pulse is carried out
for demonstrating a large strain measurement range with lower uncertainty sensing capability.
Benefiting from the use of a single laser source and large FCR Kerr pulse, the system exhibits a
3.9 ue static strain measurable range, 0.24 ue measurement uncertainty by using —4" order Kerr
pulse that has an FCR up to 0.8 GHz/ns. Note that the FCR of the chirped pulse could be further
enhanced by using larger FCR chirped pulse seed or choosing higher order Kerr pulses.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Chirped pulses, known as frequency-swept pulses have been widely used in radar technologies
[1], spread-spectrum communication system [2], chirped pulse microwave computed tomography
[3] and also other applications covering military and civilian systems such as communications,
surveillance, countermeasures, navigation and imaging equipment [4]. Most radar applications
make use of long chirped pulses with wide bandwidth, or pulses with a high time-bandwidth
product (TBWP), allowing the detection of targets at long distances with improved range resolution.
High TBWP chirped pulses could be generated by many photonic approaches, including space-to-
time mapping (STM) [5], frequency-to-time mapping (FTM) [6] and Self-Heterodyne Technique
[4,7,8]. FTM methods attract more attention thanks to its simplicity and low cost. Such technique
is enabled by sending a short optical pulse with large frequency bandwidth from mode-locked
laser with fixed repetition rate through a dispersive element (e.g. chirped fiber Bragg grating),
so that the accumulated quadratic spectral phase impresses a large linear chirp on the resulting
time-domain waveform.

For distributed optical fiber sensing, optical chirped pulses have increasingly gained the
attention of researchers, as they can be used as interrogation signal for quantitatively detecting the
environmental disturbance along the sensing fiber, without requiring the frequency sweep process.
As a novel technique for distributed sensing, it has been widely used for temperature [9], dynamic
strain [10] and seismic [11] sensing, based on chirped pulse ¢-OTDR (CP-¢-OTDR) or chirped
pulse BOTDA (CP-BOTDA) [12]. Although long duration chirped microwave pulses are required
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for radar applications, short duration chirped optical pulses are key for fiber-sensing applications.
In most chirped pulse based systems, the spatial resolution is limited by the pulse width. An
exception is the combination of chirped pulse with non-matched filter [13], but it requires an
ultra-high coherent laser source, such that conventional techniques with narrow optical pulses are
still of great interest. Therefore, optical chirped pulses with large bandwidth and small pulse
width, i.e. with large FCR, are required to achieve large static measurement range with high
spatial resolution. Due to limitations of electrical devices, the optical chirped pulses generated
by arbitrary waveform generator (AWG) combined with frequency shifter (FS) usually have
small chirping range and wide pulse width, resulting in limited chirping rates up to several tens
of MHz per nanosecond. An alternative method to generate optical chirped pulses is by direct
modulation of the DFB laser current, since the emitted optical frequency of a DFB laser varies
with the injected current [9,14]. However, the limited modulation speed and linear variation
range increase the complexity to arbitrarily enhance the chirping rate [8]. FTM method, which is
usually used for chirped microwave generation, is a good candidate for optical chirped generation
by using one dispersive device to stretch the ultra-short pulses. However, the ultra-short pulses
usually have a fixed repetition rate and because dispersive devices are passive elements, the FTM
method is not suitable for the generation of optical chirped pulses with tunable parameters, such
as repetition rate, chirping rate, and center frequency.

In this paper, we propose a novel scheme to generate optical chirped pulses with tunable
frequency chirping rate (up to 0.8 GHz/ns), central frequency and repetition rate based on Kerr
effect in nonlinear optical fiber. In our approach, high order Kerr pulses were generated from
single laser chirp, showing a lower frequency drifting noise and higher frequency chirping range.
As a demonstration for the application of our proposed approach, dynamic strain measurement
with enhanced static measurement range is achieved in CP-¢-OTDR system. Experimental
results show low strain measurement uncertainty and larger static measurement range by using
the generated high order Kerr pulse with large chirping rate. Beyond that, the proposed method
is also a promising alternative for other applications, such as radar [1], ultra-wideband sensing
[15], bio-medical imaging [3], and non-contact healthcare monitoring [16].

2. Theory

When optical waves propagate in dielectric media with molecular inversion symmetry such as
optical fibers, changes in the effective refractive index are induced and governed by the third-order
susceptibility, y®). The higher is the intensity of the optical waves, the greater are the changes in
the refractive index, a phenomenon known as Kerr effect. Media with high x, or high nonlinear
parameter, exhibit higher index changes even for low powers, and will be henceforth referred
to as Kerr media. As a result of optical Kerr effect, two laser lights with different frequencies
undergo self-phase modulation (SPM) and cross-phase modulation (XPM) along a Kerr medium
[17]. Assuming that the angular frequencies of two light waves entering a Kerr medium are
w, and w,, with optical electric fields £, and E,, respectively, and w,<w,, then the total input
electric field is E;, = E, + E,, introducing a slowly varying envelope modulation in the intensity
profile with modulation frequency wy = w. — w,. Therefore the amplitude of the slowly varying
electrical field and its optical power at the input end of the Kerr medium are given by:

Ain = 1 V2P cos(wqt/2) (1)
P = 177 P(1 + cos(wgt) 2)

where P is half of the optical power of the total electric field, and 7 is the SOP efficiency of the
coherent mixing. In the following derivations, we assume 7 to be 1 for simplicity, indicating that
E, and E, enter the Kerr medium with polarizations aligned. Due to the Kerr effect, the overall
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effective refractive index is therefore a linear function of the optical intensity, / = P/A, which is
expressed by [18]:

n(l) =n+nyl 3)

where 75 (in unit of cm?/W) is the optical Kerr coeflicient of the medium, with n, = 32% X(3),

where 79 is the vacuum impedance, € is vacuum permittivity, n is the refractive index, and A is
the cross section of the Kerr medium. So the amplitude of the slowly varying optical field at the
output of the Kerr medium is given by [19]:

Apur = \/ﬁcos(wdt/Z)exp(ingL) 4)

where ¢nr = (P + P cos wgt)nykoL/A is the sinusoidal phase-modulation as a result of the Kerr
effect induced by the field components, and L is the length of the Kerr medium. In the following,
the exponential factor exp (inakoLP/ A) is neglected as it does not affect the output frequency if
the input powers remain constant. Solving this equation for the field at the output of the Kerr
medium with the Jacobi-Anger expansion, exp [izcos Bt] = > o__ . i"J,,(z) exp(imBt), thereby
expressing the results as an infinite sum of frequency sidebands spaced w, apart, the amplitude
of the m™ order sideband electrical field at the output end of the Kerr medium is expressed by:

A = V2P cos(wyt/2)(i)" Jn(PnakoL/A)exp(imwqt) (5)

where J,, indicates the m™ order Bessel function of the first kind. Above analysis mainly focus
on the Kerr effect-induced phase modulation.

Equation (5) shows that the m™ order sideband generated by the Kerr effect is m times w, apart
from w,. Also, since sidebands are generated at both sides of w), but J only assume non-negative
orders, we will hereafter refer to lower frequency sidebands as negative orders, but the positive
value should be used for the Bessel function calculation, i.e. J},,|. By modulating one of the laser
lights with chirped pulses, say w,, after propagation through the Kerr medium the chirping range
of the m™ sideband would also be enhanced m times after propagation through the Kerr medium
as predicted by Eq. (5). Fig. 1(a) shows a schematic spectral diagram of the fixed-frequency
and chirped pulse configuration, where chirped pulses with spectral content Ay and pulse width
(T, — Ty) are injected into a highly nonlinear fiber (Kerr medium). Considering the output
spectrum at the end of the fiber, the starting frequency component of chirped pulses signal at
time 7y (solid line) will interact with pump signal yielding numerous sidebands that will be
Wy = mwg = m(w.—w,) away from w),, while the ending frequency component at time 7 (dashed
line) of chirped pulses will generate sidebands that will be w,,, = m(wq + Av) = m(w. + Av — w))
away from w,. Note that m = 0 corresponds to the output sideband located at the frequency of the
input pump, w,,, while m = 1 corresponds to the output sideband located at the same frequency
as the input chirped pulses. In addition, the input pulse intensity profile is square-shaped, higher
order sidebands does not alter the intensity profile or duration of the output pulse. Therefore,
for the m™ order sideband Kerr pluses, the frequency chirping range is improved from Av to
mAv, but with same pulse duration W that equals to (7'} — Tp). It is noted that the generated Kerr
chirped pulses in the left side experience a decreased in optical frequency (red shift), while the
right side Kerr chirped pulses undergo an increased in optical frequency (blue shift).

In order to further improve the frequency chirping rate (Av/W) without changing the pulse
width W, an anti-chirped pump signal from the same laser source, i.e. with chirping content
—Av, is utilized to extend the frequency chirping range. This new optimized method is shown in
Fig. 1(b). Since the chirped pump and original chirped pulses are synchronized in time domain, the
interaction between starting frequency components (at time Tg) of chirped pulse (blue solid line)
and chirped pump (red solid pump) generates sidebands with frequency w,, = mwg = m(w. — wp)
apart from w,. On the other hand, the two ending frequency components (at time 77) from
chirped pump and chirped pulse will interact with each other and yield negative sidebands that
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Fig. 1. Schematic diagram of normalized spectrum for generated sidebands from Kerr effect
for (a) fixed-frequency pump and (b) chirped pump.

will be wy, = m(wg + 2Av) = m(w, + 2Av - w,) apart from w, — Av. Note that the ending
frequency of negative order Kerr pulse at time 77 is generated from the chirped pump signal
at frequency of w, — Av since the blue shifts occurs within the pulse duration from 7y to 77,
resulting an additional frequency chirping extension of Av. The frequency chirping range for
negative sidebands is extended from Av to (2m + 1)Av with same pulse duration. Thus, the
chirping rate enhancement factor is (2m+1) for the negative —m' order sideband Kerr pulses.
Similarly, the positive sidebands will experience a chirping rate enhancement factor of (2m-1),
since the first positive sideband is considered as the original chirped pulse, shown in Fig. 1(b).

In the chirped pulse ¢-OTDR, to avoid the trace-to-trace distortion and decorrelation, the
largest measurable time delays between two consecutive traces is usually limited to 10% of pulse
width [20]. The relationship between external disturbance-induced optical path length change,
AL, and time delay, At, is given by [14]:

Aa[(:¥=—%=—l&m (6)
L Vo vo W

where vy is the initial optical frequency of the chirped pulse, Av; is the strain variation induced
frequency shift and K is the strain coefficient. As explained in [9,14], too large strain changes
between consecutive traces may result in a cross-correlation that compares traces originating
from partially different scatterers. Instead of a unique correlation peak, such cross-correlations
may exhibit a few peaks of fairly close magnitudes and the likelihood of producing an anomalous
estimate of At, called an outlier, becomes too high. In order to reduce the probability of
appearance of outliers in our system, the maximum measurable Az equals to 10% of W, then the
maximum detectable strain variation between two consecutive measurements is only limited by
frequency chirping range of the pulses [21]. Hence, high order Kerr pulses have the potential
to increase the maximum detectable strain variation, which is experimentally validated in the
following sections.
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3. Experimental setup

To verify the principle mentioned in section 2 and investigate the noise performance of high
order Kerr pulses, a chirped pulse ¢-OTDR system with Kerr pulses is implemented for dynamic
strain sensing. The experimental setup is depicted in Fig.2. A DFB laser with 1 MHz linewidth
is periodically modulated by triangular-shaped current pulses with equal rising and falling edges
of 20 ns and at a 1 p s repetition period from a signal generator (§8130A, Hewlett Packard). Thus,
the output optical frequency of the DFB experiences a periodic modulation including blue and
red shift, as shown in Fig. 2(a). The output modulated signal is divided into two branches, and
the optical wave in the upper branch is then chopped by the SOA with 6 ns pulses, acting as a gate
device, only allowing the transmission of the blue-shifted portion of the modulated signal. Note
that, despite the application of a linearly varied input current, the output frequency change of the
DEFB laser is not linear across 20 ns. However, within a carefully selected interval of 6 ns, the
frequency chirp exhibits high linearity. In the bottom branch, a single-sideband suppressed-carrier
(SSB-SC) modulator shifts the optical frequency of the input signal by w,; = 25 GHz, which is
used as the pump signal w,. Another way to obtain such frequency difference from the upper
branch is to use a second laser as the pump, although this can only be used as a fixed pump as
shown in Fig. 1(a). These two methods have different noise performance and will be discussed
in next section. Before being combined by the 50/50 coupler and sent to the Kerr medium, the
chirped pulse and chirped pump signals are amplified by two EDFAs to enhance the efficiency of
Kerr effect. A delay line is employed to align the original chirped pulse signal and the chirped
pump signal to make sure they have the same frequency chirping range but with opposite chirp
[22]. As shown in Fig. 2(b) and (c), the two optical signals have the same frequency content
of 545 MHz and the same chirping period of 6 ns. After propagating along the Kerr medium,
numerous Kerr chirped pulses with extended frequency chirping range but same pulse width
are generated, as shown in Fig. 2(d). After that, a single high order Kerr pulse can be selected
through an optical tunable filter for high performance sensing application. Note that, by filtering
one high order Kerr pulse, the intensity beating between pairs of high order pulses is removed,
such that the output pulse has the same shape of the original chirped pulse, as shown in Fig. 2(e).
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CIR
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i DFB (b)

Isolator l(P'C'\
»— j—T—Coupler A S0A ~ 50%
50%

C ouplcr
(a)

Stage

Kerr Medium

T unable l ilter

(d (e)
0) oy e .
i PSD(w) _2_10 ) PSD() l:_%t_g:r
I Av=545MHz | 3 ” n 3 | : :
X | Ol ik
. ' - o to@ ©

‘W=6ns t t

Fig. 2. Experimental setup of chirped pulse ¢-OTDR based on Kerr pulses.DFB, distributed
feedback laser; SOA, semiconductor optical amplifier; EDFA, Erbium doped fiber amplifier;
PC, polarization controller; NLL, narrow linewidth laser; PG, pulse generator; PD photo-
detector; OSC, oscilloscope; EM, electrical modulation; CIR, circulator; RFGA, random
fiber grating array.
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After being amplified by the EDFA, the high order Kerr chirped pulse is sent through an optical
circulator to a random fiber grating array (RFGA) that acts as a strain sensor with enhanced
Rayleigh scattering. Before detecting the reflected Rayleigh signal by a photodiode (PDB435C,
Thorlabs), the amplified spontaneous emission (ASE) noise is removed by another tunable filter.
Finally, the Rayleigh signals are collected by an oscilloscope (infiniium DSO81204B, Agilent)
with sampling rate of 40 GSa/s, which corresponds to a sampling period of 25 ps.

4. Experimental results

The measured optical spectra of Kerr chirped pulses are shown in Fig. 3(a) for the two schemes
discussed in section 2 — using an opposite chirping pump and a fixed-frequency pump from a
second laser with 100 kHz-linewidth. The maximum order of the Kerr chirped pulses is limited
by the optical powers of the pump (0" and the original chirped pulse (1% order). This can be
confirmed by analysing Eq. (5), in which the amplitude of the J,, term decays with m, so that
higher input powers are required to generate high order sidebands. However, too high powers give
rise to other nonlinear effects in the fiber, such as stimulated Brillouin scattering, which could
significantly deplete the pump power and prevent the generation of high order Kerr pulses. To
optimize the generation of high order Kerr pulses while preventing undesired non-linear effects,
the peak power of the chirped pulse signal was tuned to about 13 dBm and that of the pump
signal to ~20-23 dBm. Another important aspect that has a significant impact on the number of
Kerr chirped pulses is the relative SOP between pump and original chirped pulses, described by
the parameter 7 in Egs. (1) and (2). The physical reason is that the peak power of the optical
beating signal from two optical waves in Eq. (2) is SOP dependent, directly affecting the phase
modulation depth. After optimizing the optical power and the SOP of two injection signals, more
than 8 order Kerr chirped pulses were well generated. In order to verify the frequency chirping
range of high order Kerr pulses, the frequency content of the —1% and —4" orders is measured at
5 dB linewidth, as shown in Figs. 3(b) and (c). In Fig. 3(b), the frequency chirping range of the
—1% order by using fixed-frequency pump remains of 545 MHz, which is the same as the original
chirped pulse signal, while that of the —1% order by using chirped pump signal is about 1.61 GHz,
a 3 times improvement. For the frequency chirping range of the —4" order Kerr pulses from
fixed-frequency and chirped pumps, as shown in Fig. 3(c), the former is enhanced by 4 times to
about 2.18 GHz, while the latter is increased to 4.84 GHz, which is almost a 9 times enhancement.
The frequency chirping range is linearly proportional to the order m, which is consistent with the
theoretical analysis in section 2. As predicted, the frequency chirping range of negative —m™
order is improved by 2m+1 times when using chirped pump, while the enhancement factor is m
times when using a fixed-frequency pump.

Compared with fixed-frequency scheme by employing two lasers source, the proposed method
with chirped pump not only have higher efficiency in term of frequency chirping range extension,
but also have a lower noise performance benefits from the usage of single laser source. Given
the fact that low frequency fluctuation of laser central optical frequency is one of the main
noise sources that limits the accuracy in distributed sensing systems, we analyzed the optical
frequency stability for both pumping schemes. In the experiments, different order of Kerr pulses
from the two schemes are used as interrogation pulses in the chirped pulse ¢-OTDR. Based on
Eq. (6), any central optical frequency drifting of the interrogation pulses will introduce overall
time delays in the reflected Rayleigh traces, and this time delay is calculated by the frequency
drifting divided by pulse chirping rate, i.e., fgelay = Afj‘/‘%v By measuring the trace-to-trace time
delays, the equivalent frequency jitters of high order Kerr pulses can be obtained. Figures 4(a)
and (c) present the equivalent frequency jitters of different orders Kerr pulses for chirped and
fixed-frequency pump configurations, respectively. It clearly shows that the unwanted frequency
jitters are increasing from lower order to higher order Kerr pulses in both pumping schemes.
The reason is that two consecutive Kerr pulses do not share the same central frequency due to
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laser frequency fluctuation, and this central frequency difference is greater for higher order Kerr
pulses. For instance, for the positive m™ order Kerr pulses, the instantaneous central frequency
is m(wy + Awgrige(2)), indicating an increase in the frequency drift by a factor m. However, if
we compare the frequency jitters from the same —4" order between the fixed-frequency case
and chirped pump case, the latter has lower frequency jitter noise, as shown in Fig. 4(b) and (d).
Since the central frequency fluctuation of chirped pulses and chirped pump signals come from the
same laser, nearly the same central frequency drift is expected in chirped pulses, w,, and chirped
pump, w,, thus resulting in a low central frequency drifting noise. The standard deviations of
the frequency jitter for all measured Kerr pulses are shown in Fig. 4(e), revealing that the noise
performance of Kerr pulses in the chirped pump scheme using a single 1 MHz-linewidth laser is
comparable to the fixed-frequency scheme with 5 kHz-linewidth laser, and much smaller than the
fixed-frequency scheme with 100 kHz-linewidth laser.

To verify the capability of frequency chirping range extension, dynamic and static strain
measurement experiments are conducted. In the principle-proof experiments, a Rayleigh back-
scattering enhanced sensor, RFGA, is used to acquire Rayleigh traces with a high signal-to-noise
ratio. The RFGA has an average reflection of about -30 dB and a length of 0.8 m. It consists
of 8 alternating sub-gratings of lengths 10 mm and 5 mm. The periods of the sub-gratings are
randomly distributed between 0.5180 yum and 0.5464 um. More details about the fabrication of
this sensor can be found in our previous publication [23]. The setup for applying strain variation
is shown in Fig. 2, in which one end of the RFGA is glued on the fixed translation stage and
another end is fixed on a Piezo Transducer (PZT). The displacement of the PZT could be precisely
controlled so that the desired strain variation could be applied on the RFGA accurately. Firstly,
a triangle-shaped strain variation with an amplitude of 50 e and a period of 2 s is applied on
the RFGA, and the reflected Rayleigh signal from the RFGA is continuously collected in the
oscilloscope over 4 s, resulting in 4000 traces with a duration of 10 ns each. The differential
strain was then calculated for each pair of consecutive traces through cross-correlation operation,
and by integrating the differential strain over the measurement time we obtained the overall
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kHz linewidth laser source) or chirped pump (1 MHz linewidth laser source).

strain variation as shown in Fig. 5(a). It clearly shows that higher-order Kerr pulses with the
same pulse width but larger frequency chirping range introduce smaller time delays. This is
consistent with Eq. (6), which shows an inverse proportional relationship between strain-time
delays coefficient and frequency chirping rate (Aw/W). Figure 5(b) depicts the relationship
between time delays and applied strain variations when different order of Kerr pulse are utilized.
According to the ratio between coeflicients of the different order of the Kerr pulses, the frequency
chirping range enhancement factor could be calculated as shown in Fig. 5 (c). The enhancement
factor of Kerr pulses in chirped pump scheme is close to the theoretical values. As a comparison,
the enhancement factor of different order Kerr pulses in the fixed-frequency pump scheme is also
calculated, and results are consistent with the predictions in section 2.

In chirped pulse ¢-OTDR, similarly to other Rayleigh scattering-based dynamic strain
measurements, the strain variation is measured by the differential strain measurement from two
adjacent Rayleigh traces, and then the whole strain variation is calculated by integration over time.
Hence, the maximum measurable strain variation over certain time period is limited by the system
acquisition rate (based on pulse repetition rate) and the measurable strain variation between
two single-shot measurements, as known as static strain measurement range, which is limited
by frequency chirping range of the interrogation pulse based on the analysis in section 2. The
maximum pulse repetition rate is limited by the length of the sensor, so the only way to increase
the dynamic strain measurement range is to increase the frequency chirping range. Note that,
when the applied strain variation between two Rayleigh traces exceeds the static measurement
range, then the two traces become decorrelated, which translates into large uncertainty in the
measured strain variation. For this reason, the generated Kerr pulses with extended chirping
range could give a larger static strain measurement range and a lower uncertainty. In order to
demonstrate the static measurement range of each order of Kerr pulses, different static strain
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variations are applied on the RFGA and the demodulated strain variation results are shown in
Fig. 6(a). Each measurement has been repeated 20 times, and the average value of 20 tests used
as the final measured strain variation result. For each order sideband, the measured results start
to experience a larger uncertainty after a certain value of applied strain variation, which in fact
could be potentially used to determine the static measurement range. So a measurement errot, f3,
is introduced, and it is expressed by:

B = |A&mea — A“3app|/A“5app (7

where Agj,, is the measured strain variation and Ag,,), is the strain variation applied on the RFGA.
So, if f=10% is set as the threshold (tolerance) for the static measurement range determination
of each Kerr pulse, we could find that the static measurement range of higher order Kerr pulses is
significantly enhanced. The static range for —4™ order is up to 4 ue, while that of the original (1%
order) chirped pulse is about 0.5 pe. This general analysis confirmed that the static measurement
range enhancement by using higher order Kerr pulse is significantly improved. Therefore,
instead of improving the repetition rate of the interrogation pulse, our propose method solves the
fundamental limitations of improving the strain measurable range without scarifying the sensing
distance.

Ultimately, the strain uncertainty was verified for Kerr pulses of different orders in the absence
of strain variations. 8000 Rayleigh traces were collected within 8 seconds, and the relative time
delays between consecutive pulses were calculated. In order to compare the strain uncertainty
of Kerr pulses with the same chirping range for fixed-frequency and chirped pump schemes,
we define an enhancement factor @, which represents the chirping range of Kerr pulses over
the chirping range of the original chirp pulse, @ = Av,,;/Av;,. Note that the fixed-frequency
case requires higher order Kerr pulses to obtain the same enhancement factor achieved from
the chirped pump configuration, as clearly shown in Fig. 5(c). Figures 7(a) and (b) show the
demodulated strain of high order Kerr pulses with enhancement factors 3 and 5, respectively
(all results were obtained from negative order sidebands). Based on Figs. 7(a) and (b), the
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strain measurement uncertainty from chirped pump scheme is always lower than that from the
fixed-frequency scheme, which agrees with results from Figs. 4 and 5, as lower order Kerr pulses
can always achieve higher enhancement factor in chirped pump scheme, and with a reduced laser
drifting noise. The summarized results are shown in Fig. 7(c), in which four negative order Kerr
pulses are evaluated. It shows that the measurement uncertainties for Kerr pulses with the same
chirping range are lower in the chirped pump scheme. Furthermore, since wider chirping ranges
are obtained in the chirped pump scheme for lower order Kerr pulses, the chirped pump case
exhibits a significant benefit in terms of SNR, which can be seen in Fig. 3(a). Experimentally,
utilization of sidebands beyond m = 6 is limited by their rapidly decreased power due to high
order Bessel function. The constant electrical noise from detector and amplifier and lower signal
power leads to higher power fluctuations, which will reduce accurately calculation of time delays
for the CP-¢-OTDR application. There is a trade off in increasing chirp range by higher order
Kerr pulses for large strain range at the cost of reducing strain measurement accuracy.
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Fig. 7. Comparison of strain measurement uncertainty from fixed-frequency and chirped
pump schemes when frequency chirping range enhancement factor is (a) 3 and (b) 5; (c) The
strain measurement uncertainty achieved from different enhancement factors « for chirped
and fixed-frequency schemes.

5. Discussion and conclusion

It is interesting to note that, although the SOA simply acts as a gating device by chopping a linear
frequency chirping region, the abrupt intensity change in the rising and falling edges of the SOA
pulse induce an additional SPM to the system. Hence, across the pulse width, the chirp is not
purely linear. However, since in the current experiment the pulse edges have a duration of 500
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ps, much smaller than pulse width of 6 ns, this edge effect can be neglected since it contributes
minimally to the resulting Rayleigh traces. Furthermore, based on the results in Fig. 5(b), the
relationship between relative strain variation and time delays has good linearity for all sideband
orders despite non-linear chirp near the pulse edges.

Another relevant point to mention is the trade-off between static strain measurement range and
measurement sensitivity. By enhancing the chirping range we showed that the static measurement
range can be highly enhanced. However, as shown in Fig. 5, higher chirping ranges result in lower
strain sensitivities, such that the minimum detectable strain is higher for high order Kerr pulses.
Although most applications for strain measurement are more interested in high static strain
measurement range than in high strain sensitivity, the proposed scheme offers a way to combine
both features: with the addition of a few extra components, high and low order Kerr pulses could
be sent alternately to the fiber sensor, thus generating two different measurement results, one
with high static strain measurement range, and another with high sensitivity. Thus, the proposed
method is general enough to cover multiple demands in strain measurement applications.

In our cross-correlation calculation based sensing system, a section of Rayleigh trace (time
window) is selected for local time delays demodulation. And the fiber section covered by each
time window is determined by the duration of time window and pulse width. Therefore, the
spatial resolution is the convolution between pulse width and time window duration. In our
experiments, the selected time window and pulse width are both 6ns, hence the spatial resolution
of our proposed system is 1.2m. In fact, time window can be adjusted to increase or decrease
the spatial resolution depending on positioning resolution of events and sampling rate of OSC
depending on signal to noise ratio.

In conclusion, we generated high order chirped Kerr pulses with enhanced optical frequency
chirping range from a single DFB laser to improve the performance of distributed strain sensing.
By combining an up-chirped pulsed signal with a down-chirped pump in a novel configuration,
we showed that the frequency chirping range of the m" order Kerr chirped pulse is enhanced
by a factor of 2m+1, which is more efficient than the fixed-frequency pump scheme, which
only enhances by a factor m. To experimentally validate the effect of high order chirped Kerr
pulses in a strain sensing application, we used the —4" order Kerr pulse from the proposed
scheme to interrogate a strain sensor (RFGA) under strain variation induced by a PZT. With the
chirped-pump configuration we achieved about 8 times larger static strain measurement range,
much higher than that obtained with a fixed-frequency pump. Moreover, the chirped-pump
configuration have also shown better performance in terms of measurement uncertainty. This
novel scheme with anti-chirped pump exhibits better chirping enhancement factor, lower strain
measurement uncertainty and higher SNR than the fixed-frequency configuration. Our proposed
all-optic method opens new avenues to generate chirped pulse with higher chirping rate over
nano-second pulse widths, without using complicate cascaded scheme and expensive electronic
devices.
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Chapter 7

Impact waves detection in I-steel

Beam based on CP o-OTDR

7.1 Contributions of authors

The contributions of the five authors: Yuan Wang (present author), Prof. Xiaoyi
Bao, Prof. Neil Hoult, Prof. Joshua Woods and Hannah Kassenaar are as follows.
Prof. Joshua Woods and Hannah Kassenaar from Queen’s University built the impact
wave generation setup and installed the Weak FBG array in the I-steel beam structure.
The present author built the CP ¢-OTDR system, conducted the data analysis, and
produced the graphs in a state of continuous discussion and feedback with all co-authors.
The OFDR data in Figure 7.4 (c¢) and Figure 7.5 are from Prof. Joshua Woods. Prof.
Neil Hoult and Prof. Xiaoyi Bao provided advice on the presentation of the data as
well as comments on the main text of this chapter. The main results in this chapter

have been submitted and accepted by OFS 2022 for a poster presentation [33].
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7.2 Introduction

Infrastructure, such as buildings, roads, and highways, is critical to the day-to-
day lives of people around the world. However, these structures have lifetimes and
could deteriorate due to the ageing of materials, overloading, and lack of sufficient
maintenance [191]. Therefore, a real-time distributed monitoring system is required to
avoid losses for users due to structural failure.

Distributed fiber optic sensor (DOFS) has been widely used in civil engineering as a
tool for the health and safety monitoring of structures, benefiting from their geometric
(small size, sensor length, flexibility, and lightweight) and metrological advantages (ac-
curacy, high recording frequency, millimetric spatial resolution, and sensitivity) [192].
In addition, the DOFS have been the subject of numerous studies, including their be-
haviour at the core of reinforced concrete beams [18], their ability to detect internal
cracks in concrete structures [193] [194], and the stress transfer mechanisms between
the components of optical fibre sensors [195]. However, challenges arise when strain
changes rapidly with time depending on the condition of deterioration, determined by
peak strains at kHz change rate and high accuracy of ue, both conditions are difficult
to achieve due to noisy data [196]. The structural strain change under different loading
is in the range of a few pe.

To achieve more complex structural forms such as those required for material op-
timization, more data about performance in lab and field is required. The current
research investigates different techniques to capture distributed dynamic (few Hz to
1kHz) and static (<1 pe) strain. They are important for detecting the early failure sign:
small cracks and deformation. With this specific dynamic strain requirement with high-
speed response and static strain accuracy requirement, the best candidate is the phase
OTDR which is capable of handling dynamic strain with wide frequency response and
high strain accuracy. At the same time, OFDR is good for static strain or low-frequency

strain measurement. Recently, a novel Chirped pulse p-OTDR (CP ¢-OTDR ) sensing

123



system using a distributed feedback (DFB) laser without an optical interferometer-
based phase demodulation scheme is proposed [30]. The external disturbance-induced
optical path length changes are translated into local time delays within the time win-
dow of reflected Raleigh traces. The direct single-shot time delays measurement with-
out coherent detection offers a capability of real-time high-accuracy strain (ne) and
high-frequency measurements (only limited by fiber length) [197], achieved by using
a low-cost DFB laser (1 MHz), where no environmental dependence in demodulation
process is observed.

In this chapter, the proposed CP ¢-OTDR is used for the first time in a civil en-
gineering application to measure the impact load response of a steel I-beam, including
acoustic wave, damped harmonic oscillations and static strain measurement. One chal-
lenge with this measurement is the high-frequency acoustic wave. For the OFDR tech-
nique, the frequency sweep process lowers the highest sampling rate below 100 Hz, and
the high-frequency components are difficult to capture. However, the proposed sensor in
this chapter uses chirped pulse for tensile/compressive strain measurement with single-
shot measurement, which enables a higher sampling rate that is only limited by the
sensor length. Another challenge is that the environmental noise and generated sound
waves make coherent detection invalid, resulting in no readout data for acoustic wave
detection. However, the proposed sensor directly measures the time delays between
selected windows for the same location in time domain traces, without using the phase
demodulation process. The specific objectives of this chapter are to: (1) measure the
dynamic response of the steel beam, including the acoustic wave and low-frequency dy-
namic strain variations (2) compare the static strain measurement from WFBGA-based
p-OTDR to other traditional strain measurement technologies, including a commer-
cially available OFDR-based DOF'S system as well as a traditional electrical resistance
strain gauge, and (3) investigate the damping parameters in the low-frequency dynamic

strain section and the impact of the drop height on the response of the steel I-beam.
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7.3 Experimental principle and setup

In this study, a lumped mass is released from a desired height, which generates an
impact force on the top flange of a simply supported beam at midspan. Figure 7.1
shows the differential strain variations of the steel beam structure after the impact
force is applied. At the very beginning, surface acoustic waves are initially generated
and propagate along the length of the beam. The frequency range of the generated
surface acoustic wave is determined by the kinetic energy of the lumped mass. In
the second stage, the beam structure experiences a damped free-vibration response, in
which the beam exhibits harmonic oscillations. Because the high-frequency acoustic
wave has large attenuation, it vanishes quickly. The frequency of the damped harmonic
oscillations is usually in the infrasonic range and depends on the parameters of the
beam (e.g., length and stiffness). Finally, as the beam comes to rest with the additional
applied mass, a static strain is expected when the beam stops oscillating. To quantify
the beam behavior, these three states of the beam response need to be monitored and

quantified, which can be challenging by only using one sensor.
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Figure 7.1: Expected responses of I-steel beam structure with impact load applied.

Consider that the damped harmonic oscillator differential equation to describe the
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"infrasonic” section of the response is given by:
i+ 2vi +wir = 6(t), (7.1)

where x is the vertical displacement of the beam structure, 7 is the intrinsic damping
parameter, and wy is the fundamental frequency for the system. This equation describes
the impulse §(¢) response, it can be solved for the initial condition z(¢) = 0, and the

solution is given by:

sin [\/wg—%t} .

where ©(t) is the step function or Heaviside function. By fitting the measured strain

2(t) = O(t)

(7.2)

data with different impact weights, these two parameters can be determined for struc-
tural health monitoring and used to understand the condition of the structure. It
should be noted that these two parameters do not depend heavily on the falling weight
(or drop height) in these experiments. After the low-frequency oscillations, the beam
structure will come to rest with the lumped mass on top. In this state of equilibrium,
the beam experiences bending stresses with compression above the neutral axis and

tension below.
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Figure 7.2: Scheme of chirped pulse p-OTDR sensing system. DFB, distributed feed-
back laser; SOA, semiconductor optical amplifier; EDFA, Erbium doped fiber amplifier;
PC, polarization controller; PG, pulse generator; PD photo-detector; OSC, oscilloscope;

EM, electrical modulation; CIR, circulator.
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Figure 7.2 depicts the chirped pulse p-OTDR system used for the distributed im-
pact wave measurements. The key components include: the chirped pulse generator
scheme which is composed of a DFB laser diode (CQF938/500, JDS Uniphase), a pulse
generator (PG) (8130A, Hewlett Packard) and a semiconductor optical amplifier (SOA)
(OPB-10-10-N-C-FA, Kamelian) that is driven by an electrical circuit. A polarization
controller is utilized to vary the state of polarization of the output light from the DFB
laser so as to get maximum efficiency of SOA. By applying an electrical triangle signal,
which is generated by a pulse generator, the output frequency of the DFB laser expe-
riences a continuous variation. Meanwhile, a synchronized trigger signal actuates the
SOA, yielding an optical chirped pulse with a pulse width of 8ns and a linear frequency
chirping range of 1.25 GHz. After amplifying with a Erbium-doped fiber amplifier
(EDFA), the chirped pulse signal is sent to the weak FBG array. The back-scattered
Rayleigh signal is transferred from optical signals to electrical signals via a 1G band-
width photodetector (PD) and then is collected in real-time by a digital oscilloscope

(DSO81204B, Agilent) with a sampling rate of 40 GSa/s.
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Figure 7.3: Layout of the weak FBG array in the I-Steel beam.

Figure 7.3 shows impact wave generation and installation of the FBG array on the
surface of the steel I-beam. The length of the I-beam is about 3 m, and the total length

of our WFBGA sensor is about 6 m. The WFBGA has enhanced reflectivity of -30 dB
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and a grating period of 10 cm. The WFBGA was manufactured by the fiber sensing lab
at Wuhan University of Technology. The array is glued to the beam from the top of the
bottom flange to the bottom of the top flange to measure the tension and compression
behavior. Two strain gauges and 2 linear potentiometers (LPs) are also used to monitor
the generated impact waves. The strain gauges were mounted approximately 160 mm
from the centre of the beam, while the 2 LPs were mounted at the midspan of the
beam to measure the displacement on either side of the flange. Because a single load
was applied in the centre of a simply supported beam in the drop test, it is anticipated
that the strain will decrease linearly towards the supports. Thus, linear interpolation is
appropriate to compare strain values measured at different locations along the length

of the beam.

7.4 Experimental results

To evaluate the capability of the proposed sensing system to measure the dynamic
response of the beam, a series of tests were conducted with two loading combinations.
A 20 kg mass was dropped onto the beam for each test using an impact mechanism.
The impact mechanism consisted of a steel wire and pulley system that was used to
raise the mass to 10 mm or 40 mm above the top of the beam. The acquisition rate of
WFBGA based CP ¢p-OTDR is set as 2 or 4 kHz, and the spatial resolution was 0.8
or 1 m. The sampling rate of strain gauges and OFDR systems are 2 kHz and 100 Hz,

respectively.

7.4.1 Static strain measurement

Before assessing the dynamic performance of the strain sensing technologies, the
ability of the two distributed fiber-optic sensing technologies to measure the static strain

response was assessed in the third stage of impact response as shown in Figure 7.1. The
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layout of the fiber optic cable installed on the beam is shown in Figure 7.4 (a). The
WFBGA is glued using epoxy glued to the inside of the top flange loops around to the
bottom left flange of the beam. The total length of the test fiber is about 10 m, of
which only a 6 m section was bonded to the test beam. By sending a chirped pulse
as the interrogation signal, the reflected Rayleigh traces from weak FBG array can be
continuously collected. Since the local differential strain variation is translated into
local time delays between two single-shot measured Rayleigh traces, the strain at any

given time is the integration of the differential strain variations up to that point in time.
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Figure 7.4: (a) layout for static strain measurement; (b) Distributed static strain mon-
itoring along the steel I-beam based on chirped pulse ¢-OTDR; (c) Static strain distri-

bution from OFDR and chirped pulse p-OTDR system (1m spatial resolution).

Note that the first stage in Figure 7.1 contains high-frequency components beyond
the maximum measurable frequency of the system, which results in larger measurement
uncertainty for strain variation demodulation in the ”static” part. Thus, to avoid the
impact of the high-frequency acoustic waves, the first reference trace to calculate the

strain variation profile of the ”infrasonic” and "static” parts is set as the trace from
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the beginning of the test, in which there is no strain applied. Figure 7.4 (b) shows
the static strain distribution for the steel I-beam, in which the first section would
experience tension and the fiber on the bottom of the top flange experiences compressive
strains. It is noted that the spatial resolution of OFDR need to be modified to enable
a direct comparison since the gauge length and longitudinal locations of the fiber on
the beam cross-section are different. With the assumption of linear strain variation
along the I-beam from the supports end to the midspan, the theoretical strain value
at a different location along the beam could be calculated based on the strain gauge
readings. Thus the strain variation profile with different spatial resolutions could be
obtained by integrating these values within the spatial resolution range. The static
strain measurement comparison between the OFDR system and CP ¢-OTDR is shown
in Figure 7.4 (c), which shows a good consistency within 2 pe variation between results.
The measurement uncertainty from different tests is shown in the error bar in Figure 7.4
(c) with the average value of about 1.2 ue.

It is noted that there is a strain mismatch near the load points (the supports and
where the mass is dropped). So, as a result, when the actual strain is integrated over
the middle 1m, the compressive strain is less than the tensile strain. The results show
that the tension strain at the top mid (1.5m) are slightly higher than the compressive

strain results at the bottom mid (4.5m).

7.4.2 Dynamic measurement

In the dynamic measurement, the lumped mass is released from a height of 40
mm or 10 mm, depending on the test, on the mid-span of the beam. A horizontal
cylindrical rod was placed on the bottom of the impact mechanism and perpendicular
to the longitudinal axis of the beam to simulate a point load. To prevent the beam
from sliding or bouncing during the impact tests, a ratchet strap was placed around

the beam at the outer end of each support to not interfere with the behavior of the
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beam. The impact load response of the beam structure with a drop height of 10
mm is monitored by the sensor array and strain gauges, and the results are shown in
Figure 7.5. As was discussed for the results in Figure 7.1, the beam undergoes three
distinct states, including high-frequency vibration, damped oscillation, and static strain,
which are captured differently by these two types of sensors. Apart from the difference
in distributed and point sensors, they also show a different capacity for high-frequency

vibration detection.
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Figure 7.5: Strain-time response comparison between at CP o-OTDR and strain gauge

at midspan with different spatial resolution of (a) 0.8m and (b) 1 m.

In Figure 7.5, the CP ¢-OTDR results are compared against the strain gauges re-
sults, which were adjusted to have a 1000 mm or 800 mm gauge length. For the damped
oscillation and static portions of the response, the CP ¢p-OTDR measurements and the
modified strain gauge results are in good visual agreement, while there is some noise in
the CP ¢-OTDR measurements in the first part of the response (from approximately
t=0.2s- 0.3s). The noise is due to high-frequency vibrations in the beam caused by the
impact (which corresponds to the sound of the mass impacting the beam). The sound
wave coupled with the WFBGA and generated high-frequency strain variation with a
comparable strain amplitude to the minimum detectable value (approximately ne) that
decays rapidly. But this sound wave is not detected by the electrical strain gauge due

to the limited sensitivity and lower coupling efficiency compared with the WFBGA.
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After that, the mass, together with the beam, enters the damped oscillation stage after

the first 0.1 s after impact, which can be captured by both CP o-OTDR and the strain

gauges.
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Figure 7.6: Strain-time response comparison between at CP ¢o-OTDR and Linear Po-

tentiometer (LP) at midspan with different drop height of (a) 10 mm and (b) 40 mm.

The impact force-induced negative strain (compression) and positive strain (tension)
can be calculated by the vertical midspan displacement of the beam, which is measured
by the Linear Potentiometer (LP) sensor and the displacement-tensile strain coefficient.
The displacement-tensile strain coefficient is decided by the beam properties and the
integration length, which is 0.8 m for the results in Figure 7.6. The dashed line in
Figure 7.6 (a) shows the equivalent strain value based on the displacement sensor by
using the displacement-tensile strain coefficient of 35 pe/mm, While the solid line shows
the results from CP ¢-OTDR. It is noted that local stress concentrations in the vicinity
of the point loads introduce a discrepancy between the peak tensile and compressive
strain, which means that the displacement-strain coefficient is different for tensile and
compressive strain. Here, we only compare the tensile strain results from the CP -
OTDR and LP sensor to verify the measurement accuracy of the proposed system. The
result from the two sensors is largely in good agreement with no variation of more than 2

pe after the sound vibration induced high-frequency vibration section (about 0.2s-0.3s).
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To verify the displacement-strain coefficient, the mass drop height is set as 40mm. The
dynamic strain response is obtained by applying the displacement-strain coefficient to
convert the displacement to the strain, which is shown in Figure 7.6 (b). The two tests
with different drop heights show a different initial impact behavior, with the impact of
acoustic wave (noisy profile at the beginning) lasting for a longer time for the 40 mm
drop, which is to be expected since more energy is imparted to the beam. For both
tests, the vertical dashed line shows that the bottom and top flange have symmetrical
responses. More importantly, the dynamic strain measurement from the CP ¢-OTDR
show good consistency with the result from the LP sensor, except the acoustic wave
detection at the beginning of the test. Another interesting point that should be noted
is the time duration of the high-frequency section is doubled from about 0.1 s to 0.2 s,
since the 40 mm height mass creates a larger impact force that leads to stronger sound
waves and more energy transfer from potential energy to kinetic energy, which leads to
a longer duration time of decay process for high-frequency acoustic wave. The decay

process is related to the v parameter and the maximum amplitude of the displacement.
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Figure 7.7: (a) The intrinsic damping parameter fitted in the damped oscillation section

and (b) the natural frequency with different drop heights.

By selecting the damped harmonics oscillation section of the response, the intrinsic
damping parameter is fitted to the peak value of each vibration period, as shown in

Figure 7.7 (a). Similar to what was predicted in the theoretical analysis based on Eq.7.1,
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the damping parameter does not depend significantly on the drop height (or impulse
force). Thus, the different drop heights yield a similar result of 2.85 and 2.72 for the
intrinsic damping parameter. The small difference may come from the system noise
and fitting errors. In addition to the damping parameter, the fundamental frequency
of the system is evaluated from the Fast Fourier Transfer (FFT) analysis, as shown in
Figure 7.7 (b). A dominant peak could be found at the same location of 17 Hz in both
measurements with different drop heights. With larger impulse force from 40mm drop
test as shown in Figure 7.7 (b), higher harmonic components are excited. The high
potential energy leads to higher kinetic energy with higher impact wave frequency, as

illustrated in Figure 7.7 (b).
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Figure 7.8: (a)Distributed dynamic strain measurement by CP p-OTDR at left-span
and right-span; and (b) FFT analysis of damped oscillation section and acoustic wave

section with same drop height of 40 mm.

In the previous discussion, the dynamic measurements taken/averaged about the
mid-span of the beam were investigated. It is also important to monitor the dynamic
strain distribution along the beam, as damage may occur at other locations. Figure 7.8
(a) presents the strain for the left and right spans. In the 0.1 — 0.9 m range, the CP -
OTDR provides a higher compression measurement than that in the 2.1 — 2.9 m range in

the first 0.1 s after impact, which is an unexpected result from a mechanical strain point
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of view. The reason is that the differential strain variation between two adjacent single-
shot measurements for the two side-spans is supposed to be a few nano-strain. But for
the real measurement, this differential strain could be up to the sub-microstrain range
and with the same sign due to the broadband frequency of the acoustic waves exceeding
the sampling rate of the proposed system (2 kHz). Thus, the overall strain variations
show an irregular strain profile at the beginning when integrating the differential strains
over time. To solve this problem, and give a more precise strain variation profile at the
beginning of the test, further improvements in sensing accuracy and sampling rate are
required.

Finally, the FFT analysis of the acoustic wave section is shown in Figure 7.8 (b).
It shows that the broadband acoustic frequency range in the acoustic wave section is
excited compared with the damped oscillation section, that only has a dominant peak
at the fundamental frequency location. The mass, together with I-beam, vibrates based
on the assumption of the rigid body in which the first modal frequency is dominant.
On the other hand, lumped mass with higher drop height has larger kinetic energy and
will excite more high-frequency components at the beginning of the test. When the
drop height is increased, the kinetic energy can not be fully absorbed by the I-beam.
The non-absorbed kinetic energy leads to different oscillations of I-beam in a very short
time at higher frequency. It is noted that this broadband high-frequency acoustic wave
detection is only enabled by the proposed system, which could reveal potential cracks
introduced by the external load. The diagnosis of structural damage or cracks based on
the FFT analysis of generated acoustic waves illustrates that the rigid body assumption

should be used carefully for a high-frequency impact condition.
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7.5 Discussion

The spatial resolution limitation is caused by the relatively nonuniform strain across
the shorter gauge length, which increases uncertainty. To reduce the spatial resolution
for dynamic strain measurement, the trade-off is further averaging the measurements,
reducing the frequency range. For impact wave detection, one needs a higher frequency
range, which can only be obtained at the cost of spatial resolution. In addition, the
shorter pulse with smaller frequency chirping offers a limited measurement range, which
introduces large distortions in the two Rayleigh traces with lower cross-correlation co-

efficient. Thus, a lower accuracy with larger uncertainty is expected.

7.6 Conclusion

This chapter demonstrates a distributed multi-parameter sensor for acoustic wave,
dynamic strain and static strain sensing using a weak FBG array fiber. A proof of
concept impact test was conducted by dropping a known mass from a fixed height onto
a simply supported beam. The time-dependent impact response, including broadband
frequency vibration of the I-beam, was successfully detected by the CP o-OTDR system
with a high sampling rate up to 2 kHz in a distributed manner. In the experiments,
the sampling rate is limited by the memory size of the oscilloscope. In addition, the
results from the CP p-OTDR system are compared with a commercially available OFDR
system (only static strain), strain gauges, and Linear Potentiometer, showing good
agreement with errors below 3 pe. The proposed sensor shows the capacity to detect
high-frequency acoustic waves, while OFDR has no readout for the beginning section
of the impact response. which is not caputred by the strain gauges and LPs are point

sensors due to the small coupling coefficient and limited sensitivity.
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Chapter 8

Single shot Chirped pulse BOTDA

for strain sensing
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8.1 Contributions of authors

The contributions of the five authors: Yuan Wang (present author), Prof.Xiaoyi
Bao, Prof.Liang Chen are as follows. The present author built the experimental setup
used in this Chapter, conducted the data analysis, and produced the graphs in a state
of continuous discussion and feedback with all co-authors. Prof. Xiaoyi Bao and Prof.
Liang Chen provided advice on the presentation of the data as well as comments on the
main text of this Chapter. All authors contributed to the final version of all papers in
this Chapter. The results of Section 8.3 has been published in Optics Letters, and the

results of Section 8.4 has been presented in OFC 2022.

8.2 Introduction

To the best of our knowledge, Section 8.3 [31] is the first demonstration of a single-
shot measurement BOTDA system by using a frequency-chirped pulse as a pump signal
for strain-induced BFS changes measurement. Benefiting from the time-varying features
of the Brillouin traces from Non-uniform fiber, the time delays between two adjacent
Brillouin traces could be precisely determined by cross-correlation calculation. Due
to the frequency sweeping free-based technique, the acquisition rate of the proposed
system is only limited by the fiber length without averaging. Therefore, this proposed
system is a promising tool for highly accurate distributed high-frequency dynamic strain
sensing. More importantly, The pump source is a 1 MHz linewidth laser without a
phase-locking loop. The laser frequency drifting noise could be compensated by the
reference signal from the non-disturbed fiber section. BFS measurement resolution of
0.42 MHz with 4.5m spatial resolution is demonstrated over 5 km non-uniform fiber.
The proposed system provides important guidance to employ chirped-pulse BOTDA
in some particular applications requiring high frequency and high precision dynamic

strain measurement.
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In Section 8.4 [198], A real-time simultaneous temperature and strain measurement
based on hybrid chirped pulse ¢-OTDR and chirped pulse BOTDA is demonstrated for
the first time. The high accuracy of 4.3 pe for strain and 0.32 °C for temperature is

achieved over 5 km non-uniform fiber.
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8.3

Chirped pulse BOTDA

Single-shot chirped pulse BOTDA for static and

dynamic strain sensing

YUAN WANG,! LIANG CHEN,2 AND X1A0YI BAOY"2

ISchool of Electrical Engineering and Computer Science, University of Ottawa, Ontario KIN 6N5, Canada
’Department of Physics, University of Ottawa, 25 Templeton Street, Ottawa, Ontario KIN 6N35, Canada

Driven by the strong need for distributed high frequency
dynamic strain sensing, ultra-fast Brillouin optical time-
domain analysis is rapidly becoming a vital technique.
Thus, in this letter, we propose and demonstrate a novel
method by using chirped pulse as pump signal to extract
the relative Brillouin frequency shift (BFS) changes
through the real time delays between adjacent Brillouin
traces, it enables static and dynamic strain measurement
without time-consuming frequency sweeping process.
Benefiting from single shot measurement based on
Brillouin traces, the system has high acquisition rate that
is only limited by sensor length without averaging and
also immune to the polarization fading problem thanks
to electrical delay time measurement. The pump source
is a 1 MHz linewidth laser without a phase-locking loop,
the laser frequency drifting noise could be compensated
by the signal from the non-disturbed fiber section. In
the experiments, BFS measurement resolution of 0.42
MHz with 4.5m spatial resolution are demonstrated over
5 km non-uniform fiber. © 2021 Optical Society of
America

http://dx.doi.org/10.1364/0L.441815

Backward stimulated Brillouin scattering (SBS) in fiber, in
which the Brillouin frequency shift (BFS) is a linear function of
temperature and strain, is widely used for civil structure health
monitoring, modern industrial controlling, and national defense
security[1,2,3]. Among these Brillouin scattering based distributed
sensors, Brillouin optical time-domain analysis (BOTDA) has
gained more and more attention in the past few decades, because
of its outstanding features, including a high signal-to-noise ratio
(SNR), a high sampling rate[4], a long sensing distance[5], a high
spatial resolution[6], leading to widespread field applications.

In the traditional BOTDA system, the frequency sweeping
process takes usually several seconds to several minutes, which
lowers the acquisition rate of the system, leading to a limited
measurable frequency range of dynamic strain. Recently, many
ultra-fast BOTDA systems have been studied to save the sweeping
time for high frequency dynamic strain measurement. In optical
frequency comb (OFC) scheme [7], the OFC wave is utilized as
the probe signal to obtain the BGS in the frequency domain, in
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which the Brillouin beating signal will be amplified by the single
frequency pump pulse via SBS effect when the frequency deviation
span covers the BGS. Then the distributed BGS could be
reconstructed by computing the Fast Fourier Transform (FFT) of
the Brillouin beating signal. However, the frequency interval of
OFC limits the spatial resolution to several tens of meters. In slope-
assisted scheme [8], it skips the BGS scanning process by taking
the advantage of the linearity at the edge of the BFS to convert the
BFS  to the amplitude variation, so that a single frequency pump
pulse can demodulate the distributed BFS along the fiber. However,
the Lorentz shape of BGS has a limited linear range at the slope
edge, resulting in limited measurement range. In the fast-
frequency sweeping scheme [4], Tswiten, Which is the frequency-
switching time of the microwave generator, has been significantly
reduced. The high-speed reconstruction of BGS is achieved by fast
switching an arbitrary waveform generator (AWG) instead of a
synthesizer based electronic sweeping, in which only single-shot
measurement is required to obtain the BGS in the temporal
(spatial) domain. However, The asymmetrical BGS should be
reshaped through an algorithm to reduce the demodulation errors,
making the data process more complicated. Recently, the pulse
frequency chirping technique has been widely used in distributed
Rayleigh sensing systems [9,10,11], and also a frequency-sweep
fast BOTDA was implemented to achieve fast dynamic
measurement in a 10 km fiber [12]. However, the entire
distribution acquisition rate is limited by the number of
measurement points along a fiber, due to it needs repeated pulse
launching until the whole completed distribution is obtained.

In this letter, a real time chirped pulse Brillouin optical time-
domain analysis (CP-BOTDA) sensing system with laser drifting
compensation based on a non-uniform fiber is theoretically
analyzed and experimentally demonstrated. Since we measure the
pulse envelope over the chirped spectrum range of hundreds of
MHz at every fiber location, the linewidth of the laser source does
not affect the time delays measurement. In our experiment,
stepping increased static and dynamic strain measurements are
carried out to verify the principle. 4.5m spatial resolution with 0.42
MHz BFS resolution are achieved, and the BFS resolution could be
further improved by increasing the pulse width or decreasing the
frequency chirping range. More importantly, in our proposed
system, the maximum acquisition rate is only limited by the sensor



length and times of averaging, which is a promising  technique for
ultra-fast dynamic strain sensing.

An emblematic BOTDA system is based on a “pump-probe”
configuration in which the CW Stokes light is amplified by the
pump pulse signal through the SBS when their frequency deviation
matches up with the local BFS of the fiber. However, the
reconstruction of BGS always requires a laser frequency sweeping
process to extract the external perturbations induced BFS changes.

u,,=u.,+(Au/W)*T
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Fig.1. Underlying principle for the chirped pulse-BOTDA.

Let's consider a chirped pulse with frequency profile of
vp=voH(Av/W) T utilized as pump signal as shown in Fig.1, where vy
is initial optical frequency of laser source, Av is frequency chirping
range, vs is the frequency of Stokes light, and W is pulse width.
Suppose the chirped pulse is lunched at t=0 with energy of E,(tC/2)
and propagates to Z direction, where C is the speed for both pump
and Stokes lights. CW Stokes is launched at Z=L with energy of
Ew(tC/2) and propagates to L-Z direction. At given time t,
Brillouin interaction in the region of [Z-WC/2, Z] will arrive at Z=0,
here Z s the distance between the input end and the front end of
interaction range. Thus, the power of the CW Stokes light at that
end s given by [13]:

P ()=E, (1)/dt =P, (L)exp(-a ,L)+(g/A)-Ep(%)-W7C/dt 1)

ow ow c cow

-P_(L)exp(-a, L)

o oW

where g is the Brillouin gain coefficient, ac is the attenuation
coefficient and A is the effective cross section of the fiber. Ignoring
the contribution of spontaneous Brillouin emission, that pulse
energy Ey(tC/2) satisfies the following equation :

dENCTD) o, +(g/ )P, (C 1D, (1C12) )
d(iC/2)

P,(tC/2) =P, (Lyexp[-a,,(L~C/2)]
where a, is the attenuation coefficient for a chirped pulse. Usually
when z<60km or Pe(L)<ImW, the pulse energy could be
expressed as Ep(tC/2) =Ey(0)-exp(-aptC/2). So, the optical power of
CW Stokes light at fixed receiving time tis given by [13]:

wC
B(=P,+(g/ A== F,(00,)-exp, CI2) (3)

where Pg=Pcw(L)exp(-acwl) representing CW Stokes light that
arrives at Z = 0 without interacting with the pulse and P,(0,,) is
the power of pump pulse with frequency of v, at time t=0. Note
that the Brillouin gain g depends on the frequency difference v,-v;,
so for chirped pulse pump signal, (g/A)-WC/2 in the Equ.3 should
be calculated by the integral within the interaction region [Z-WC/2,
Z{]. Then, the power of Stokes light Pe(t) could be expressed as:
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P, ()« P, +P(00,)exp(-a, tC/2)- P, -

(Av, 12) I Q)

Cg/J J-t—(ZZ,J(?—W)
24 e (UO+AW—Ut—US—UB)Z+(AUB/2)z

Where vz is the local Brillouin frequency shift of the fiber, g, is
the peak value of the Brillouin gain coefficient occurring at v,-v,=vs,
and Auvp is the Brillouin gain bandwidth. According to Equ.4, the
Stokes light power is relating to the frequency difference between
up-vs and local vs. Let's consider there is no strain applied on the
fiber at given time ¢, and the power of Stokes light is P (0, £), while
an applied strain (A€) induced BFS changes of 4ve added to v at
given time t+At, and the power of Stokes light is Pew(A€, +Af). It
means that the applied strain induced power variation could be
compensated by the time delays 4, giving by:

A0 nr= o, (5)
w

Equ.(5) means that the Brillouin traces (Stokes light power)
experience a transversely time shift when the strain variation is
applied, leading to Pew(0,)=Pew(A€, t+A7).
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Fig. 2. Experimental setup for the chirped pulse-BOTDA sensing
system. DFB, distributed feedback laser; SOA, semiconductor optical
amplifier; EDFA, Erbium doped fiber amplifier; PC, polarization
controller; NLL, narrow linewidth laser; PG, pulse generator; PD photo-
detector; OSC, oscilloscope; EM, electrical modulation; CIR, circulator
(The inset shows the Brillouin traces along the 5 km non-uniform
fiber.)

The setup of our proposed CP-BOTDA scheme is shown in Fig. 2.
A DFB laser diode (CQF938/500, JDS Uniphase) driven by an
adjustable DC current is utilized as a pump laser source for chirped
pulse generation, in which the output parameters are set at
193441.574 GHz and 20 mW. Before being intensity modulated
using a semiconductor optical amplifier (SOA) (OPB-10-10-N-C-FA,
Kamelian) into a 40ns chirped pulse, the electrical modulation
signal (EM signal) from the pulse generator (PG) (81304, Hewlett
Packard) is applied to the DFB laser to generate frequency
modulated light by linearly changing its drive current. Note that
the EM signal and the trigger signal for SOA are  synchronized, so
that the desired frequency chirping range will be selected. ~ The
frequency chirping range is tunable and is set at about 675 MHz in
our proposed system.

After being amplified by the Erbium doped fiber amplifier
(EDFA) (AEDFA-33-B-FA, Amonics), the chirped pulse is injected
into non-uniform fiber as pump signal by optical circulator. On the
other end of non-uniform fiber, a narrow linewidth laser (PS-NLL-
1550.12, TERAXION) with 5 kHz linewidth is utilized as Stokes
light source. Hence, both pump pulse and CW Stokes light are
launched into the non-uniform fiber with counter-propagate
direction. Ultimately, the amplified CW Stokes light, namely
Brillouin traces, will be detected by a photo-detector (PD)
(PDB435C, Thorlabs) and then be collected by the oscilloscope




(DS081204B, Agilent). Three polarization controllers (PC) are also
used to optimize the optical signals.

As a specially designed sensor, the non-uniform fiber possesses
a continuously changed mode field diameter from 5 pm to 7 pm
and also a varied dispersion coefficients from 7.7 ps/nm/km to -
0.3 ps/ns/km. Along the non-uniform fiber, the local Brillouin
frequency shift and peak gain coefficient are varied, and the overall
BFS distribution bandwidth is about 350 MHz [14].
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Fig. 3. Detected Brillouin traces for different types of fiber

(Polarization maintaining fiber (PMF), Single mode fiber (SMF) and
Non-uniform fiber).

Based on Equ.6, the applied strain variation is translated into
local time delays between two adjacent temporal traces. So
Brillouin traces with distinct peaks are very important for this
method. The Brillouin traces from three different types of fiber
aremeasured as shown in Fig.3. We could find that both Brillouin
traces from SMF and non-uniform fiber experience significant
fluctuations due to the state of polarization (SOP) dependence of
the Brillouin gain, while the trace from PM fiber is stable with little
fluctuations. The Brillouin signal from PM fiber is hard to used for
time delay measurement unless the contrast of the fluctuation
could be improved, while the low variation period of that from
SMF would give lower spatial resolution and lower accuracy. The
inset is a close-up view of Brillouin traces from non-uniform fiber
around 120m-130m experiencing faster intensity fluctuations
with more distinct peaks, which is more suitable for time delays
determination. The main underlying reason for this phenomenon
is that continuously increased core diameter is designed along the
fiber, leading to an enhanced SOP dependence of Brillouin gain
coefficient. Another reason which also contributes to the dense
peaks is that the changed BFS and Brillouin gain coefficient along
the fiber resulted from the changed local effective refractive index.

A simulation test is carried out before the strain measurement
to verify the above theoretical analysis. As shown in Fig4 (a), a
time window of 16ns from Brillouin traces is selected to study the
relationship between local time delays (At) of Brillouin traces
and BFS changes (Aue). In the simulation test, the initial laser
frequency (uv) is finely tuned by changing the drive current to
imitate the equivalent BFS changes. The frequency deviation v,-v;
is firstly set as 10 GHz to match up with local BFS to obtain
maximum gain coefficient. Cross-correlation based computation
between two adjacent traces shows a result of interest that the
local time delays is linearly proportional to the frequency deviation
changes with a R-square of 0.998 and a coefficient of 59.2 ps/MHz,
which is consistent with Equ.5 when the frequency chirping range
and pulse width are set at 675 MHz and 40 ns, respectively .
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Fig. 4. Simulation results. (a) Time domain Brillouin traces with
different frequency deviation between initial frequency of chirped
pump pulse (vy) and frequency of Stokes light (). (b) Relationship
between relative frequency deviation changes and time delay.

The experiments of the static strain measurement are
performed by stretching the end segment of non-uniform fiber
with the same strain variation step of 153.8 pe. The 2D strain-
spatial intensity responses of the non-uniform fiber are shown in
Fig.5 (a), where the first 4m segments among the total 10m traces
window clearly experiences a right-hand transversal shift. While
other regions without stretching shows smaller fluctuations
mainly caused by the slow laser frequency drifting [15], as shown
inthe inset of Fig.5 (b). To precisely determine the time delays that
are attributed to the applied stain induced BFS changes, cross-
correlation calculation is employed to extract the temporal shifts.
In the data processing, a smaller selected time window gives a
higher spatial resolution since the spatial resolution is the
convolution of pulse width and time window duration. And the
time delays results of each peak (A, B and C) have been estimated
as shown in Fig.5 (c). Demodulation results with high consistency
reveal that any peak in the disturbed section could be selected for
time delays measurement to obtain a higher spatial resolution. In
addition, the laser frequency drifting could introduce some
obvious errors as the error data points shown in Fig.5 (c). In single-
shot based measurements, one chirped pump pulse is sent to fiber
for distributed Brillouin gain investigation together with CW
Stokes light, which means any frequency drifting between two
measurements will affect the disturbed and non-disturbed region
equally. Fig5 (d) presents the linear fitting for strain variation
induced time delays with and without compensation. By using the
compensation data (green dots) from the reference section, the
uncertainty of time delays-related strain coefficient has been
significantly decreased. To verify the repeatability of coefficient
value, a larger stain variation step of 230.8 pe is applied. And the
demodulation results with and without compensation are
illustrated in Fig5 (e). It clearly shows that the uncertainty of
coefficient is smaller than that of without compensation. More
importantly, the corrected coefficient is consistent with the
previous measurement. The time window of 5 ns is selected in
cross-correlation calculation, resulting in an overall 4.5m spatial
resolution.

On top of that, the core mode field size dependence of time
delays-related strain coefficient is studied. Two same tests are
applied to two ends of the non-uniform fiber. From the results in
Fig5 (f), we could find that there is a small difference in coefficient
value between two different core diameters. This could be
explained by that same strain variation could introduce larger
effective refractive index change, leading to a larger BFS changes.
However, this little difference could be neglected, considering it is
very close to the uncertainly of the system.
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Fig. 5. Experimental results. (a) 2D strain-spatial map of Brillouin
traces intensity; (b) Time domain Brillouin traces with different strain
(64 time averaging). And its demodulation results. (c) Time delays
between two traces under different applied strain for three time
windows peak A, Peak B and Peak C; Applied strain induced time
delays measurement with and without compensation when applied
strain variation is (d) 230 pe and (e) 154 pe; (f) Relationship between
applied strain and time delays in different core diameters section.

To investigate the capacity of dynamic measurement, a trigonal
strain variation with frequency of 10 Hz and amplitude of 120 pe is
applied on the 1m segment of the fiber near the end of the fiber.
One end of the section under test is fixed, while another end is
fixed on the precise PZT stage (P-6113S, PI). During one variation
period, 1000 measurements are achieved and the strain variation
with standard deviation +8.52 pe could be monitored as shown in
Fig.6 (a). Here the acquisition rate of 10 kHz is set, limited by the
fiber length and memory size of OSC. Ultimately, the time delays
resolution evaluation is conducted without the applied strain
variation. The time delays measurement errors here are mainly
attributed to environmental disturbance induced polarization
noise and also electrical noises from electrical devices. In Fig.6 (b),
the standard deviation of time delays fluctuation is calculated to
represent the sensing resolution. Also, the equivalent minimum
measurable BFS is computed, as shown in the right y axis of Fig.6
(b). It clearly shows that the time delays resolution highly depends
on the times of averaging, and is finally limited by the minimum
time interval of OSC which is 25ps corresponding to the sampling
rate of 40 GSa/s with 100 times of averaging. The minimum
detectable BFS change is about 0.42 MHz (equivalent several
micro strain resolution). Therefore, the proposed system is a good

143

candidate for fine dynamic strain measurement. One thing needs
to highlight is that this BFS resolution is also decided by the
chirping rate of the chirped pulse. In addition, the highest
acquisition rate of the system is limited by the times of averaging
and the length of the fiber.
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Fig. 6. (a) Dynamic strain measurement with frequency of 10 Hz (50
times averaging). (b) Standard deviation of time delays and BFS
changes with different times of averaging.

In summary, a real time distributed strain sensor based on
chirped pulse BOTDA with non-uniform fiber is experimentally
demonstrated. In the demodulation process, the laser frequency
drift compensation method is introduced to improve the sensing
accuracy. It is believed that the proposed system in this letter is
applicable to structural health monitoring especially for
distributed high frequency dynamic strain sensing.
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8.4 Simultaneous distributed temperature/strain sens-
ing

1. Introduction

In the traditional BOTDA system, the frequency sweeping process takes usually several seconds to several minutes, which
lowers the acquisition rate of the system, leading to a limited measurable frequency range of dynamic strain. Recently, many
ultra-fast BOTDA systems have been studied to save the sweeping time for high frequency dynamic strain measurement, such
as optical frequency comb (OFC) scheme [1], slope-assisted scheme [2], and fast-frequency sweeping scheme [3]. However,
these proposed schemes have disadvantage on low spatial resolution, small measurement range and complicated post-data
process. In [4], the frequency-sweep pulse is used to achieve fast dynamic measurement in a 10 km fiber by converting the
temperature or strain-induced Brillouin frequency shift into local time delays . However, the entire distribution acquisition rate
is limited by the number of measurement points along a fiber, due to it needs repeated pulse launching until the whole
completed distribution is obtained.

However, most of there proposed methods could only used for one parameter measurement. In this paper, a real
time and simultaneous temperature and strain sensing system is proposed by combining the chirped pulse Brillouin
optical time-domain analysis (CP-BOTDA) technique and chirped pulse ¢-OTDR technique. The proposed system
is an good candidate for dynamic sensing and the acquisition rate is only limited by fiber length and averaging time.
In the proof-of-principle experiment, 4.5m spatial resolution with strain uncertainty of 4.3 pe and temperature
uncertainty of 0.32°C is achieved in a 5 km non-uniform fiber.

2. Experiment setup and principle

In Fig.1, a frequency chirped pulse (v,=vot(Av/W)*T) with pulse width of W=40ns and frequency chirping
range of Av=575MHz is utilized as pump signal, and another single frequency Stokes lights (vs) is counter-
propagating along the fiber. When the frequency deviation range between chirped pump pulses and probe signals
covers the local Brillouin gain spectrum (BGS), the amplified Stokes lights could be calculated the integral of the
amplified Stokes light within the effective width corresponding to the local Brillouin gain spectrum convoluted with
chirped pulse spectrum. And the power of Stokes light Pey(?) at given time ¢ could be expressed as:

G, J.z-(zzb,, e (Av, 12) (1)
1

P ()P, +P,(0,0,) exp(-a, tC/2) P, Y dt

o ~2Z,41C

(UO+AW—Ut—US ~v,)" +(Av, /2)

where vp is the local Brillouin frequency shift of the fiber, g, is the peak value of the Brillouin gain coefficient
occurring at v,-vs=vp, and Avg is the Brillouin gain bandwidth. Pa=Pe(L)exp(-0ewl) representing CW Stokes light
that arrives at Z = 0 without interacting with the pulse and Py(0,0,) is the power of pump pulse with frequency of v,
at time #=0. C is the speed of the lights in the fiber. a, is the attenuation coefficient for a chirped pulse and 4 is the
effective cross section of the fiber. Zgs represents the distance between the input end and the front end of the
interaction range.
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Fig.1 Principle of Chirped pulse BOTDA.
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For two measurements with and without strain/temperature applied, the same interested fiber section (within in
effect width) is corresponding to different parts of the chirped pulse, since a BGS shift is introduced by local strain
variation. The different parts of a chirped pulse (covers BGS range) have different arrival time, 7 and #+A¢, thus the
strain variation induced-BGS shifts is translated into local time delays when a frequency chirped pulse is used. The
value of the time delays is determined by the chirping rate of the pulse and the local BFS changes as shown in right
figure in Fig.1. Since the local BFS changes are measured from the local time delays within a selected time window
from Brillouin traces, the intensity of the Brillouin signal within selected time window includes convolution of the
chirped spectrum and Brillouin spectrum, and we measure the delay pulse envelope, which has little sensitivity to
the polarization matching required pump and probe signal for maximum Brillouin gain, and thus the time delays
measurement is immune to the polarization fading problems. On the other hand, the principle of chirped pulse ¢-
OTDR by using Rayleigh traces for temperature/strain measurement could be found in references [5].
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Fig.2 The proposed hybrid system for simultaneous temperature and dynamic strain measurement

The setup of our proposed system is shown in Fig.1. A DFB laser diode (CQF938/500, JDS Uniphase) is driven
by an linearly modulated current source to generated a frequency chirped output optical signal, which is further
reshaped by the semiconductor optical amplifier (SOA) into a rectangular chirped optical pulse signal. After being
boosted by Erbium doped fiber amplifier (EDFA), the chirped pulse signal (pump) is launched into a non-uniform
fiber, while probe lights operated at Stokes frequency is sent into the fiber from another end. The reflected optical
signal includes amplified Stokes lights from SBS effect and Rayleigh signals from Rayleigh scattering, which are
accompanied with frequency deviation about 10 GHz, determined by the local Brillouin frequency shifts. Due to the
intense amplified Stokes lights in the mixed signals, Rayleigh signal should be filtered out by a optical tunable band-
pass filter before sending it to EDFA to avoid the gain competition. After that, the amplified Stokes lights, namely
Brillouin traces, and Rayleigh traces could be detected by photodetector and then displayed on the Oscillatorscope
(OSC).

3. Demodulation method and experimental results
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Fig. 3. (a) Time domain traces from stimulated Brillouin scattering (SBS) effect and Rayleigh scattering effect; (b) Time shifts of Brillouin traces
and Rayleigh traces when the frequency deviation between pump and probe lights is changed with step of 16 MHz (blue traces is corresponding
to frequency deviation of 10 GHz); (c) Relationship between relative frequency deviation changes and time delays.

145



Th2A.15

The time domain Brillouin and Rayleigh traces are shown in Fig.3 (a). The high accuracy time delay
measurement requires that the Brillouin traces have steep peaks in the intensity variation profile, which allows small
change in BFS changes being measured due to small temperature or strain change. Based on Fig.3, a non-uniform
fiber with steep peaks could give various sharp fluctuations, which is a good candidate for small strain or
temperature measurement. The simulation results between time delays in Brillouin traces/Rayleigh traces and
frequency deviation changes are shown in Fig.3 (b). It clearly shows that the time domain traces experience
longitudinal temporal shifts when the frequency deviation between pump and probe is changing by tuning the initial
frequency vy of the chirped pulse. The relationship between time delays and frequency deviation changes in
Brillouin traces and Rayleigh traces are plotted in Fig.3 (c), and they have almost the same coefficient since it is
only determined by the chirping rate of the chirped pulse signal.
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Fig. 4 Time delays-strain coefficient (a) (c) and time delays-temperature coefficient (b) (d) in CP-pOTDR and CP-BOTDA respectively.

In order to obtained the time delays related temperature and strain coefficient for dynamic distributed
temperature and strain measurement , static strain and temperature measurement with acquisition rate of 10 kHz is
carried out at the end of the fiber. Four different coefficients are obtained as shown in Fig.4. The temperature and
strain could be then demodulated separately by linear equation with two unknowns as following:

MCP—WDR] _
Atep—gorpa

Ce-oror  Cr-oroR ] [ﬁ\f @)
Ce-gorpa  Cr-sorpal lAT

where Ce.orpr and Cr.orpr are respectively the strain-time delays coefficient (Fig.4 (a)) and temperature-time delays
coefficient (Fig.4 (b)) on the Rayleigh traces. Cs0orp4 and Cr.porpa are the strain-time delays coefficient (Fig.4 (c))

and temperature-time delays coefficient (Fig.4 (d)) on the Brillouin traces, respectively. Then the measurement
uncertainties of the temperature and strain are respectively

J (Ce-o7pR"0tcr-s0TDA)* +(CempOTDA 0t CO-00TDR) J (Cr—orprtce-aorpa)* +(Cr-sorpa Stcp—poror)*

0T = =0.32°C and b=

|Ce—orprCT-B0TDA—Ce—BOTDACT-0T DRI |Ce-orDRCT-B0TDA—Ce-BOTDACT—0T DRI

=43 pe.

Note that large difference between strain and temperature coefficient in Brillouin and Rayleigh signals would give a
much smaller measurement uncertainties.

3. Conclusion

The distributed temperature and strain measurement could be achieved simultaneously in our proposed system,
providing a method to solve cross sensitive problems with high accuracy. This proposed system with compact
configuration and simple data processing could become an good tool for distributed temperature/ strain sensing.
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Chapter 9

Fast and high spatial resolution
distributed temperature and strain
sensor based on birefringence
measurement in PM fiber via

Brillouin dynamic grating

147



9.1 Introduction

The permanent refractive index changes in the fiber core could be achieved by many
fabrication methods, and gives a strong backward reflection when the wavelength of the
incident beam satisfies the Bragg conditions. Recently, an all-optical way to generate
Brillouin dynamic grating (BDG) in PM fiber has attracted extensive attention in recent
years [10] [11]. The refractive index of the PM fiber core will be altered temporarily
due to the acoustic wave during the SBS effect when two optical waves are counter-
propagating along the same axis of the PM fiber with a frequency deviation of Brillouin
frequency shift. The strong interaction between two waves generates the acoustic wave
through electrostriction.

Since the first proof-of-concept experiment on all optical dynamic grating by SBS
[10] where the reflectance of 4% was obtained by the acoustic waves in a 30 m panda-

type PM fiber, the BDG has been intensively studied, including the theoretical model

analysis [199] [200] and the demonstration of BDG operation in a different medium:
single mode fiber [201] [202], elliptical-core two-mode fibers [203], few-mode fiber [201]
and dispersion-shifted fiber [205]. In addition, there has been considerable attention

to the applications of the BDG for distributed sensing since the temperature/strain-
induced BDG spectrum sensitivity is much larger than that in the Brillouin gain spec-
trum [200]. In theory, the BDG reflection could be described by the interaction among
the four waves, and the intensity of the idler (readout) signal is related to the frequency
offset of the pump and probe signal based on the FWM phase-matching condition. And
the frequency offset is determined by the effective refractive index difference between
two axes, which could measure the birefringence of the PM fiber [207] [208]. The first
strain/temperature-induced birefringence variations measurement based on the BDG
spectrum recovery is demonstrated in [209]. More importantly, Brillouin frequency
shift and the birefringence change have the same signs as the strain-dependence, but

opposite signs for temperature-dependence, which could be used for discriminating the
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temperature and strain variations with high accuracy [210] [211] [212]. Different from
the spatial resolution limited by 1 m owing to the finite phonon lifetime in conventional
Brillouin scattering-based sensors, the spatial resolution using BDG spectrum recovery
sensing mechanism was soon identified as physically limited only by the motion of the
acoustic wave that is much lesser than a millimetre. FWM-enhanced SBS can improve
the sensitivity of the Brillouin spectrum peak changes induced by the fiber birefringence
variation, which is different from pump-probe approach in BOTDA technique where the
Brillouin spectrum is measured by SBS amplification. Phase matching of FWM-SBS
measures upper and down-conversion of the SBS spectrum. The time constant is phase
matching of FWM-SBS, which has a much smaller dependence on phonon lifetime.
This special feature opened a new feasibility for the fast and dynamic measurement
of distributed BDG sensing. Thus it could be used to achieve high-spatial-resolution
distributed sensing up to centre-meters range or even less [L1] [213] [214].

However, there is not much work studying the fast demodulation method for BDG
spectrum shift measurement to extend BDG-based sensing to the dynamic regime. One
method [215] is demonstrated based on a slope-assisted technique to convert the BDG
spectrum shift to the optical power measurement, leading to a dynamic strain mea-
surement with vibration frequency up to kHz. But, in this work, only the vibration
frequency is obtained without the strain amplitude demodulation. In this chapter, we
have proposed a novel BDG-based sensing system, i.e., chirped pulse BDG-OTDR, for
the first time to the best of our knowledge. It enables the measurement of the dy-
namic strain value and vibration frequency to achieve simultaneously. In contrast to
the conventional method of precisely tuning the frequency difference between pump
and probe in the orthogonal axis, our method with direct measurement of birefringence
variation introduced by external perturbations based on local time delays saves the
spectrum scanning required interrogation time so that the acquisition rate is signifi-

cantly improved. As a result, 1 Hz dynamic strain with peak-to-peak amplitude of 2 ue
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is reconstructed in both frequency and amplitude accurately. It is noted that the high-
est measurable vibration frequency is only limited by the fiber length and average time.
On the other hand, a high spatial resolution of 10 cm is achieved by sending a 40ns
pulse with a frequency chirping rate of 93.5 MHz/ns. The improved spatial resolution
is enabled by the phase matching of FWM-related birefringence change between fiber
sections, so that small time window (new spatial resolution) can be used to calculate
the cross-correlation to extract the shifts of FWM-SBS spectrum in PMF since PMF

has beat length of mm-to-cm.

9.2 Theoretical analysis

The principle of BDG generation and detection involve four waves interacting through
material density variations among two axes in PM fiber is shown in Figure 9.1 (a). The
BDG is generated by injecting two optical waves (CW pump v, and CW Stokes vg)
into the slow axis of PM fiber from two ends. Once the frequency difference between
the pump and Stokes wave is carefully tuned to match the Brillouin frequency shift of
that axis, the BDG (acoustic field) will be well excited through the SBS effect. The
propagation direction of the BDG is the same as the pump wave. To detect the BDG,
a probe wave is sent to the PM fiber from the same end as the pump signal but on
a different axis (fast-axis). Due to the strict phase-matching condition requirements,
the frequency separation between the probe wave and pump wave needs to be care-
fully selected to generate the idler wave (v;). The diffracted idler wave has a lower
frequency compared with the probe wave with a difference of BFS due to the Doppler
effect. It propagates along the same direction as the Stoke wave but in the fast-axis,
which is ready for distributed birefringence measurement. It is crucial to mention that
although pump and probe pulses propagate in the same direction, their group velocity

is different due to the different refractive indexes in the fast and slow axis of PMF,
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which leads to a severe walk-off over long PMF. For example, the time delay between
two pulses launched into the orthogonal axis of a 10km-long PMF with birefringence
of 6 x 10* is about 20 ns [208]. To avoid this problem, the pump wave is CW in our
experiments. The frequency deviation of the four-wave and its propagation axis are

shown in Figure 9.1 (c).
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Figure 9.1: (a) Principle of distributed Brillouin dynamic grating detection in PM fiber;
(b) Illustration of birefringence property in PM fiber; (¢) frequency of different optical
waves in BDG detection. v,: pump wave; v,,,: probe wave; v;: idler wave; vg: Stokes
wave; vg: Brillouin frequency shift; vpy..: birefringence-induced frequency separation

and V,: velocity of acoustic wave.

The interaction between the four waves inside the PM fiber could be regarded as
the four-wave mixing (FWM) process. When the frequency difference between the
pump and Stokes wave is locked at the Brillouin frequency of the slow-axis, this FWM

process could be described by the four coupled equations under a steady state with
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slowly varying envelope approximation, which is given by [200]:

% =~ [A, | AsP + AsApo AL exp(iAkz)]
Ods o [As AP + A AL, exp(—iAkz)]
0z " (9.1)
0 Ao ) . .
o= [Apro |Ai]” + Ay A; A exp(—iAkz)]
aAz 2 * .
5, = [Ai | Aprol” + AsApo A, exp(iAkz)]

where the coupling constant is

8342
_ e 9.2
m pOC)\?)QBFBA:ﬁ ’ ( )
with the acousto-optic effective area of
(F2(a,)) :
e F 9.3
= [P Fawy | FA) 09

where F(z,y) is the dimensionless fundamental mode profile for the four interacting
waves, Fu(x,y) is the dimensionless mode profile of the acoustic wave, and angular
brackets denote averaging over the transverse cross-section of the fiber, Ap, A;, Ag and
Apro are the slowly varying fields; Ak is the phase mismatch related to the frequency
difference between pump and probe wave, as well as birefringence of the fiber, v, is the
electrostrictive constant, pg is the average density; c is the velocity of light in vacuum;

Ap is the operation wavelength of the pump wave; I'g is the Brillouin linewidth.

9.2.1 Birefringence-related frequency deviation between pump

and probe

Birefringence, as a crucial property of polarization maintaining fiber, is introduced
by the difference in thermal contraction between B,(Os-doped silica and pure silica,
as shown in Figure 9.1 (b). The two-dimensional stress is raised and stored in the
core during the drawing process in fiber fabrication. And the residual stress makes

the refractive index of two axes different: x-axis (n,) >y-axis (n,). The Birefringence
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value is defined by the refractive index difference between two axes (i.e., birefringence
B = An = n, — n,). This value in PM fiber is very small, about B = 7.4 x 1074,
but large enough to ensure less coupling between two orthogonal modes so that the
linearly-polarized lightwaves along either x- or y-axis could maintain their polarization
states.

The stimulated acoustic wave generated in the slow axis gives a spatially varied
refractive index, which is common to both polarization in two axes. However, the
birefringence converts this common spatial frequency to a different optical frequency
for two axes (v, and vy, ). The SBS effect in the slow axis between pump (v,) and Stokes
wave (vg) will reach the maximum efficiency when the conservation of the energy and

momentum are satisfied [200]:

vB = Up — Vg,

(9.4)

UB _ Ng (vp) - vp i ng (vs) - U

V., c c ’

where n,(v,) is the effective refractive index in the x-axis at v, frequency and the
phase-matching condition for the maximum reflectance from the BDG is obtained by
the simultaneous conservation of the momentum for both slow (x)- and fast(y)-axis
waves, which is described as follows:

VB _ Nz (vp) - Up i N (Up — vB) - (vp — VB)

V., c c
ny (Up + UBire ) : (Up + UBire ) + ny (Up + UBire — UB) : (Up + UBire — UB)
C C

(9.5)

Y

by applying the Taylor expansion to n, and n, around v, and simplification, we could

obtain:
2 (g (vp) — 1y (vp)) - Vp — (Mg — Ngy) - VB = 2Ny VB, (9.6)
where ng, and ng4, are the group refractive index in two axes. Since v, is much larger

than Brillouin frequency, the term with vg could be ignored, leading to:

An .
Upire = ——P. (9.7)
Mgy
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9.2.2 Birefringence sensitivities to Temperature/strain

In a high-birefringence fiber, such as Panda-type PMF as shown in Figure 9.1 (b),
the birefringence scale is determined by the residual tensile stress (o, ) with the ambient
temperature (7):

Boxoy=k-(az—as) (Tre—T5), (9.8)

where Ty;. denotes the fictive temperature (e.g., 850 °C of silica glass, ag(as) is the
thermal coefficient of stress-applying parts (pure-silica cladding), and k is a constant
determined by the geometrical location of stress-applying parts in the fiber. When tem-
perature increases (AT >0), the residual stress is released and thus, the birefringence
decreases. Thus, the temperature changes will introduce a birefringence change (ABr),

given by:
AT

ABp = —By- ——
T 0 wa_257

(9.9)

where By is the birefringence value of the PM fiber at 25 °C. So, the birefringence
sensitivity to temperature could be expressed by:

ABr — By

ot — -
BOAT T Ty —25

= —8.97 x 1077/°C, (9.10)

where By = 7.4 x 10%. According to the Equation (9.7), the frequency offset sensitivities
to temperature is about 118.6 MHz/°C when ng,=1.46 and vp is around 193 THz
(A=1550 nm).

In contrast, when an axial strain variation, Ae, is applied upon the fiber, additional
stress is generated because the stress applying parts and the cladding contract in the
lateral direction differently due to their different Poisson’s ratios (v3 >72). The strain

variation induced birefringence change could be expressed by:

(V3 —2) - Ae
AB. =+By - , 9.11
0 (&3 — 062) (szc — 25) ( )
thus the birefringence sensitivity to strain is given by:
ABE (73 - '72) -
Chp=———=4B" =8.99 x 107° 9.12
BT Ae P (an — an) (T — 25) he. (9-12)
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(y3—2)
(az—a2) (Tﬁcf25)

is about 1.13 MHz/ pue when the vg;;,.=92.8 GHz in our PM fiber.

where =12.2 x 107%/pue. And the frequency offset sensitivities to strain

9.2.3 Birefringence variation induced time delay measurement
analysis

The principle of time delay measurement in PM fiber for temperature/strain sensing
is illustrated in Figure 9.2. Assume the probe signal for BDG detection in the y-axis

has a linearly chirped frequency profile with an instantaneous frequency of

Vprobe = Vo +R- t,
(9.13)
R = (Av., /W),
where vy is the initial optical frequency and R is the frequency chirping rate. Let’s

consider the chirped probe pulse position at two different given time, ¢ty and to + At, in

two independent single-shot measurements, as shown in Figure 9.2.
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Figure 9.2: Principle of distributed birefringence variation-induced time delays mea-

surement in Brillouin dynamic grating.

At the given time t(, the frequency components within the blue band are satisfied

the local birefringence-induced frequency offset between the pump and probe waves
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and are located within the BDG gain spectrum. Thus they will be reflected by the
BDG and gives a specific power intensity which is the sum of the interaction between
each frequency component and the BDG. If there are temperature or strain variations
(AT + Acg) in the interaction section of the fiber in the subsequent measurement, the
frequency offset between pump and probe that is used to satisfy the phase-matching
condition will change accordingly and thus make the power intensity at the detection
end change. However, if we consider a different given time ¢y + At in the subsequent
measurement with temperature/strain changes, the frequency components covered by
the interest section of fiber experience a frequency shift since the optical frequency is
linearly varied within the chirped probe pulse. Therefore, The frequency change of
each component at a different given time will compensate for the temperature/strain
changes-induced frequency offset (vgj.) variation to give an equal power intensity. Here,
we assume the power intensity of each frequency component within the chirped pulse is
similar. Finally, the temperature/strain-induced birefringence change could be directly
measured by the local time delay within the selected time window in two adjacent
time domain reflected traces from the BDG. Based on Equation (9.7), Equation (9.13),
Equation (9.12) and Equation (9.10), the time delays related temperature and strain

coefficient (Cf and Cf) are given by:

C; = G _ 1.13/R(ns/pue),
Ngy R
i (9.14)
OF = 25 % _ _118.6/R(ns/°C).
K Ngy R

9.3 Experimental setup and results

The experimental setup based on Brillouin dynamic gratings-assisted distributed
birefringence variations measurement for temperature and strain sensing is shown in
Figure 9.3. The chirped pulse generation section is the same as that used in previous
experiments, in which the distributed feedback (DFB) laser source is directly modu-

lated by an electrical modulation (EM) signal that is generated by the pulse generator
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(PG). Before being amplified by the Erbium-doped optical fiber amplifier (EDFA), the
modulated signal from the DFB laser pulse-modulated served as the probe signal. It
is noted that only the blue or red frequency shift section will be selected by carefully
adjusting the time delays between the EM signals and the trigger signal so that the
optical frequency is linearly varied within the pulse duration. After that, a polarization
controller (PC), which is connected after an optical circulator, aligns the polarization
to the fast-axis before sending the probe pulses to the PMF under test through a po-
larization beam combiner (PBC).

Fast
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Figure 9.3: Experimental setup for distributed temperature and strain sensing based
on BDG detection in PM fiber. DFB laser: distributed feedback laser; SOA: semicon-
ductor optical amplifier; EDFA: Erbium-doped optical fiber amplifier; PC: polarization
controller; PBC: polarization beam combiner; NLL: narrow linewidth laser; PG: pulse

generator; OBPF: optical band-pass filter; PD: photo-detector; OSC: oscilloscope.

In another branch of the PBC, CW light from a narrow linewidth laser (NLL) source
is aligned to the slow-axis polarization and then is sent to the PMF under test, acting
as the pump signal to excite the BDG in the slow-axis. For the idler signal (probe
signal reflection from the BDG) detection, an optical band-pass filter is used to filter
out the other three waves in a fast-polarized backscattered signal, such that only the
idler wave is detected at a Photo-detector (PD). Finally, the time domain could be

collected by the oscilloscope (OSC), and the drive current of DFB laser is controlled by
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the computer to change the initial optical frequency for simulation purposes.
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Figure 9.4: The backscattering signal of probe wave from BDG in spectral (a) and time
domain (b). (b) also includes the comparison of time domain signal with and without

frequency chirping.

The output signal in the fast-axis is firstly measured in the Optical Spectrum An-
alyzer (OSA) to verify that only the idler signal will be detected at the PD end. As
shown in Figure 9.4 (a), the power of the probe signal is set at a low level to avoid
the SBS effect so that there is no Stoke light which is supposed to locate at the same
frequency with idler signal when the pump light is off. Due to the intense BDG gener-
ation, when a strong pump signal is sent to the slow-axis, a reflection signal shows up
with vg frequency apart from the probe signal in the fast axis. The time domain traces
from both single frequency pulse and chirped pulse are shown in Figure 9.4 (b). Both
traces experience a significant decrease in intensity due to pump depletion. It is noted
that the idler signal from single frequency pulses has some intensity fading section in
which the power intensity is reduced to zero, as shown in the position range of 240

m-250 m in the "zoom in” inset. The reason is that the continuously changed bire-
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fringence along the PM fiber due to the imhomogeneity requires different pump-probe
frequency differences to satisfy the local phase-matching conditions. A general solution
is to sweep the frequency of the interrogation pulse to get the frequency response at
each given position, and the birefringence profile could be spatially resolved by selecting
the peak of the local BDG reflection spectrum.

This solution usually takes a long time to reconstruct the birefringence profile, which
lowers the sensing speed (system sampling rate) in distributed sensing applications.
However, the BDG reflection could be fully spatial obtained by sending a chirped pulse,
and the time domain trace is shown in the black curve of the inset without an intensity
fading problem. Compared with single-frequency pulse of the same pulse width, the
different optical frequency components in chirped pulse are taking much smaller time
section among the entire pulse width, which allows precise spectrum scanning in a
smaller time window than the pulse width. The linearly chirped pulse frequency can
tune the birefringence change associated phase matching condition of FWM accurately
in the spatial domain. This is the key to achieving a higher spatial resolution than the
optical pulse. In addition, the intensity idler signal shows a time-varied feature, which is
attributed to the fast birefringence variation along the fiber due to the imhomogeneity.
At different given time t (different pulse locations), each frequency component within
the chirped pulse interacts with the corresponding fibre section. Still, only some of them
by the phase-matching condition could be reflected by BDG. The reflected frequency
components keep changing when the pulse propagation along the fiber because of the

local birefringence variations, resulting in a jagged time domain pattern.
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9.3.1 Distributed temperature sensing
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Figure 9.5: Simulation results of changing the pump-probe frequency offset (vgie) with-

out temperature/strain variations applied.

Before demonstrating the distributed temperature/strain measurement, a simulation
is carried out to verify the linear relationship between time delays and pump-probe
frequency offset vpje. As shown in Figure 9.5 (a), the idler traces within 1 m window
are collected when the vy, (frequency offset) is changed around 92.8 GHz with a range
of 0-192 MHz by adjusting the frequency of DFB laser. It clearly shows that the idler
traces experience a longitudinal time shift from right to left, and the shifting direction
depends on the sign of both vg;. and the frequency chirping rate. To obtain the linear
relationship between the time delays and the vp;. changes, a time window with 5ns is
selected around the intensity peaks from two adjacent idler traces for cross-correlation
calculation. The result is shown in Figure 9.5 (b), and the sensitivity of the frequency
offset changes-induced time delays is about 22.3 ps/MHz. In our experiments, the pulse
width and frequency chirping range are set to 40ns and 1.8 GHz leading to a sensitivity
of 22.22 ps/MHz, consistent with the simulation results.

In distributed temperature/strain measurement, the frequency of the DFB laser is
adjusted to set the pump-probe frequency vgie as a proper value around 92.8 GHz,
such that the frequency chirping range could cover the birefringence variations along

the fiber. As shown in Figure 9.6 (a), the idler signal shows a time-varied profile due
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to the fast local birefringence changes and no fading problem. The time domain trace
of the idler signal with temperature variations shows a longitudinal shift as shown in

Figure 9.6 (b), while the time domain traces maintain unchanged as shown in Figure 9.6
().
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Figure 9.6: 2D intensity map of the time domain idler traces with a temperature change

from 27.2-27.8 °C.

The distributed temperature distribution is reconstructed by selecting a time win-
dow with 5 ns duration and then calculating the cross-correlation, as shown in Fig-
ure 9.7. The fiber section from 2 m to 12 that is put into the water bath experiences a
temperature increase from 27 to 27.6 °C, and the temperature variation is resolved by
the local time delays (frequency offset changes). And the error band is also added to
show the measured temperature uncertainty at each location. The relationship between
temperature and time delays at the 2 m locations is also calculated, giving a coefficient
of -2.46 ns/°C (-110.3 MHz/°C), which is close to the theoretical value based on Equa-
tion (9.10). The error is attributed to the measurement uncertainty and the parameter

difference of the PM fiber samples. The uncertainty of the measurement is evaluated
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by comparing the measured temperature variations at one location of the fiber when
the same temperature variations between each measurement are applied. The standard

deviation of temperature uncertainty is about 0.038 °C.
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Figure 9.7: Temperature distribution along the fiber and the temperature-induce time

delays coefficient at 2 m location.

9.3.2 Distributed strain sensing

The distributed strain sensing is also demonstrated by stretching the 1 m section
of the PM fiber. One end of the stretched section is glued on the fixed translation
stage, while another end is fixed on the highly precise PZT that could stretch the fiber
section both in a static or dynamic manner. Firstly, the static strain measurement is
carried out, and the 2D intensity map of idler traces with different static strain applied
is shown in the Figure 9.8 (a). A close-up version is given as shown in Figure 9.8 (b),
which clearly shows the idler traces experience longitudinal time delays when different
static strain variations are applied. Similar to the temperature distribution recovery, a

5 ns time window that corresponds to the 0.5 m fiber length is selected for time delay
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determination by cross-correlation calculation. The time window is moved from the
beginning to the end, and thus the strain distribution is reconstructed. As shown in
Figure 9.8 (c¢), only the fiber sections centred at 4.5 and 5.0 m show strain variations. In
contrast, other location shows a very low strain value which is the time delay measure-
ment uncertainty. The spatial resolution here is about 0.5 m, limited by the width of the
selected time windows. Finally, the strain-induce time delays coefficient is also explored
as shown in the Figure 9.8 (d), giving a sensitivity of 28.2 ps/ue (0.852 MHz/pue). It is
noted that the frequency chirping rate is increased to 33.1 ps/MHz (1.2 GHz frequency
chirping range and 40 ns pulse width) to obtain a larger strain variations-induced time
delays coefficient. The difference between the experimental and theoretical coefficient
value comes from the in-determination of thermal contraction coefficient o« and Poisson’s

ratios 7.
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Figure 9.8: (a) 2D intensity map of the idler traces in the time domain with a strain
change from 0-20 pe; (b) The idler traces with different strain variation applied; (c)

Strain distribution along the PM fiber, and (d) Strain-induced time delays coefficient.

In the dynamic strain measurement, three sinusoidal strain variations with an am-
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plitude of 5/10/20 ue and a frequency of 1 Hz are applied on the 1m section of PM
fiber. The measured idler traces intensity change with time and position is collected

and shown in the Figure 9.9 (a).
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Figure 9.9: (a) 2D intensity map of idler traces with dynamic strain variations applied;
(b) Dynamic strain variations measurement with peak-to-peak amplitude of 2 pe and
its FFT analysis (d); (¢) Demodulated dynamic strain variations profile at the location

near 5 m.

The colour clearly shows the peak of idler traces within the 5-6 m section experienc-
ing sinusoidal time shifts, while the intensity of the traces in other region keeps almost
unchanged. The strain variations near 5 m location with different amplitude applied is
shown in Figure 9.9 (c), which is calculated from the local time delays between each up-
dated traces and the adjacent reference traces through the cross-correlation calculation
with time window of 5 ns (0.5m spatial resolution). The demodulated peak-to-peak
strain amplitude agrees with the applied value with relatively small uncertainty. To
verify the minimum detectable strain variations, a 1 Hz sinusoidal strain variation with

peak-to-peak amplitude of 2 ue is applied on the fiber, and the reconstructed signal
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with interpolation in idler traces is shown in Figure 9.9 (b). Due to the amplitude of
the applied strain is very close to the measurement uncertainty of the system, so the
amplitude of the demodulated signal shows a relative larger error compared to the ap-
plied signal. The interpolation algorithm achieves more data points for each idler trace.
Thus a better time delay measurement resolution is obtained, which gives a better stain
measurement accuracy. Based on the FFT analysis as shown in Figure 9.9 (d), we know
that the demodulated signal with interpolation algorithm has a better SNR, in which

the noise peak around 0.6 and 1.7 Hz is significantly suppressed.

9.4 Discussion

In conventional BOTDA or Brillouin scattering-based sensing techniques, the spatial
resolution is usually limited by the phonon lifetime (~10 ns), which usually gives a
spatial resolution of 1 m. However, for our proposed technique in this chapter, the
spatial resolution is improved up to 0.5 m by using a chirped pulse as a probe signal for
BDG detection. Due to the mapping of pump-probe frequency offset to time delays,
the temperature/strain-induced birefringence changes will be translated into local time
delays in reflected idler traces. Since there is no BDG spectrum recovery process,
the phonon lifetime limitation is released, as chirped pulse measured phase matching
condition of down-conversion of SBS instead of SBS gain spectrum itself, which is
limited by the phonon lifetime related decay process. While in FWM conversion, we are
measuring the rise time triggering the process of FWM conversion due to birefringence
change in PMF, which is in the cm range.

On the other hand, the spatial resolution in our technique is determined by the
birefringence variation and the frequency chirping rate. There is an effective pulse width
based on these two parameters, which gives the final spatial resolution. The physical

reason is that the reflection probe signal is pump-probe frequency offset dependent.
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Unlike Rayleigh scattering, which has responses for any incident frequency, there is
a phase matching condition (FWM) for the BDG reflection. Therefore, only some
of the frequency components within the chirped pulse meet that condition and could
be reflected by BDG. Depending on the birefringence variation, the effective pulse
width that covers these satisfied frequency components could be much smaller than
the pulse width of the chirped pulse. The range of the frequency band within the
chirped pulse that satisfies the FWM condition is determined by the local birefringence
variations. Overall, the spatial resolution is determined by both non-uniformity of fiber
birefringence and the frequency chirping rate of the interrogation pulses. A higher
frequency chirping rate would give a high spatial resolution.

To investigate the impact of the frequency chirping rate on the spatial resolution,
we have generated chirped pulse with different frequency chirping rates used as probe
signals for birefringence variation measurement. As shown in Figure 9.10 (a), all time
domain idler traces show a time-varied profile but with a different number of peaks and
contrast. With the increased chirping rate, the same BDG gain bandwidth occupies
a narrower time duration, giving a high spatial resolution. Thus, a faster time-varied
profile with more peaks will be obtained. The peak number is counted within the 3 dB
grey band for each trace, and the result is shown in Figure 9.10 (b). It is noted that the
BDG gain bandwidth is also length dependent, which means a shorter interaction time
duration will broaden the gain bandwidth. Therefore, when the chirping rate increases
from 93.5 to 188 MHz/ns, the occupation time duration is also extended and gives a
similar spatial resolution. In addition, the short interaction time duration will also lower
the contrast of the idler traces since the total input of the probe signal is decreased with
the increase of the chirping rate. The relationship between chirping rate and contrast
is shown in the black line of Figure 9.10 (b). Finally, the spatial resolution is verified
by using the 93.5 MHz/ns with good spatial resolution and contrast. A 10 cm (rising

and falling edge) spatial resolution is obtained, and the result is shown in Figure 9.10
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(c). This indicates the phase matching condition associated with FWM-SBS occurs
at a much faster speed than phonon lifetime imposed limitation on spatial resolution,
which is the reason why higher spatial resolution than pulse width is achieved in our

proposed system.
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Figure 9.10: (a) BDG reflection signal with different chirping rate; (b) The relation-
ship between number of peaks/signal contrast and chirping rate; (¢) The static strain

distribution along with the fiber.

9.5 Conclusion

This chapter demonstrates the temperature and static/dynamic strain-induced dis-
tributed birefringence variations measurement enabled by the Brillouin dynamic grating
along the PM fiber in chirped pulse BDG-OTDR. In the proposed sensing system, the
birefringence variation could directly translate into local time delays in the idler traces.
A simulation is firstly carried out, in which the frequency offset between the probe
and pump signal is varied and gives a linear relationship due to the usage of linear

frequency chirped pulse. After that, the distributed temperature and dynamic strain
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measurement are demonstrated on a section of PM fiber. The result shows a good lin-
earity of temperature/strain-related time delay coefficient, which is about -2.46 ns/°C
and 28.2 ps/pe. The dynamic strain measurement is also demonstrated by applying a
1 Hz sinusoidal variation profile, and the peak-to-peak amplitude of 2 ue is successfully
reconstructed. Finally, the spatial resolution is analyzed, and we conclude that the spa-
tial resolution is determined by both the local birefringence profile and the frequency
chirping rate of the probe pulse signal. A high spatial resolution with a rising and

falling edge of 10 cm is obtained by using a 93.5 MHz frequency chirping rate.
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Chapter 10

Summary and Future work

10.1 Summary

This thesis focuses on the high chirping rate pulse generation and its applications
on the distributed optical fiber sensors, including CP-po-OTDR, CP BOTDR, and CP
BDG-OTDR. We developed the theoretical model for analyzing the working principle
of the optimized scheme, in which chirped pulse is sent as the interrogation signal. The
limitation of the existing technology is also discussed in order to draw the performance
optimization guidelines of the system. Various sensing schemes utilizing chirped pulse
as probe signal based on p-OTDR and BOTDA have been proposed. The summarized
results are as follows.

A novel distributed random grating sensor system based on chirped pulse optical
time domain reflectometry is demonstrated for temperature measurement. Compared
with a normal phase OTDR system, our proposed system could be used for static
measurement and has a capacity for dynamic measurement up to several kilohertz,
which is much higher than the OFDR scheme. It is believed that the proposed sensing
system based on the random grating sensor array could be potentially applicable in
areas of engineering because of its low cost and high stability. In addition, a real-

time dynamic strain sensor based on the laser frequency drift compensation method is
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also demonstrated; it is believed that the random grating sensor array would apply to
structural health monitoring, especially for quasi-static dynamic strain sensing.

A high-performance CP ¢p-OTDR based on both the MEDD method and an random
fiber grating array (RFGA) is proposed and demonstrated for both static and dynamic
strain detection. The RFGA possesses a wide reflection spectrum range and variable
width peaks in time domain, which achieves high time delay sensing accuracy. The
experimental results show that the proposed MFDD method could effectively solve the
measurement range limitation which is caused by a large time delay estimation error,
indicating an attractive potential for this approach in the field of structural health
monitoring.

We generated high-order chirped Kerr pulses with enhanced optical frequency chirp-
ing range from a single DFB laser to improve the performance of distributed strain
sensing. By combining an up-chirped pulsed signal with a down-chirped pump in a
novel configuration, we showed that the frequency chirping range of the m!™ order
Kerr chirped pulse is enhanced by a factor of 2m+1, which is more efficient than the
fixed-frequency pump scheme, which only enhances by a factor m. To experimentally
validate the effect of high-order chirped Kerr pulses in a strain sensing application, we
used the —4" order Kerr pulse from the proposed scheme to interrogate a strain sensor
(RFGA) under strain variation induced by a PZT. We achieved about 8 times larger
static strain measurement range with the chirped-pump configuration with —4" order
Kerr pulses, much higher than that obtained with a fixed-frequency pump. Moreover,
the chirped-pump configuration has also shown better performance in terms of mea-
surement uncertainty. Our proposed all-optic method opens new avenues to generate a
chirped pulse with a higher chirping rate over nano-second pulse widths without using
a complicated cascaded scheme and expensive electronic devices.

A real-time distributed strain sensor based on a chirped pulse BOTDA with a non-

uniform fiber is experimentally demonstrated. Without the frequency sweep process,
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the Brillouin frequency shift variations could be directly obtained by the local time
delays in Brillouin traces. In the demodulation process, the laser frequency drift com-
pensation method is introduced to improve the sensing accuracy. The proposed system
is believed to be applicable to structural health monitoring, especially for distributed
high-frequency dynamic strain sensing.

Last, a distributed birefringence measurement via Brillouin dynamic grating for
strain and temperature sensing is experimentally demonstrated. The result shows a
good linearity of temperature/strain-related time delay coefficient, which is about -2.46
ns/°C and 28.2 ps/ue. A high spatial resolution with a rising and falling edge of 10 cm

is obtained using a 93.5 MHz frequency chirping rate.

10.2 Future work

In this thesis, several novel sensing schemes have been proposed and demonstrated
for distributed temperature/strain measurement. The capacity of large static measure-
ment range, low measurement uncertainty, and frequency drifting noise compensation
in chirped pulse p-OTDR and high acquisition rate for dynamic sensing in both chirped
pulse BOTDA and chirped pulse BDG-OTDR are achieved. However, there are still
many challenges to solve in these proposed systems. The more interesting thing is to
extend the proposed system’s application to other fields, which brings more added value
to our research. Possible directions for future works are as follows.

(1) In section Section 9.4, we have discussed that the spatial resolution of the chirped
pulse BDG-OTDR is not determined by the probe pulse width but by the frequency
chirping rate with a given PM fiber as a sensor. So it is interesting to investigate the
limitation of the spatial resolution by further increasing the frequency chirping rate. To
generate the larger frequency chirping rate pulse, the method mentioned in Chapter 6

could be used. As shown in Figure 9.10 (b), the contrast decreases with the increase
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of frequency chirping rate, lowering the SNR of the idler traces. Thus, the first thing
that needs to deal with before sending a higher chirping rate pulse is to increase the
strength of the DBG.

(2) The sign of temperature- and strain-dependent BDG frequency shifts are op-
posite, which provides a potential solution for high-accuracy temperature/strain dis-
crimination in the distributed sensor. To achieve that, we not only need to collect the
reflected idler signal from the BDG but also the Rayleigh signal from the same axis.
Those two signals with different optical carrier frequencies are easy to distinguish by
the optical band-pass filter. Compared to other proposed methods, such as the combi-
nation of BOTDA and BDG-OTDR, the proposed method has a better accuracy due
to the higher temperature and strain coefficient in Rayleigh scattering. In addition,
the chirped pulse as a probe signal could bring this simultaneous temperature/strain
sensing system to the dynamics measurement domain.

(3) Brillouin random fiber laser (BRFL), a new type of fiber laser, has shown ex-
cellent advantages in generating highly coherent photons and in sensing applications.
However, current RFLs based on Brillouin gain still suffer from the laser frequency drift-
ing noise due to the longitudinal mode hopping or jumping. Once the lasing frequency
within the Brillouin gain spectrum is changed, the high gain regime in the spatial do-
main will change accordingly due to the non-uniformity of the Brillouin frequency shift,
which will change the local birefringence of the PM fiber based on Kramers—Kronig
relations [216]. This Behavior could be monitored by measuring the local birefringence
variations in the gain medium. Thus, the high accuracy and spatial resolution birefrin-
gence variation measurement system proposed in Chapter 9 is a good tool to measure
the local birefringence change in the gain medium, to further reveal the character and

the internal working states of the BRFL.
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APPENDICES

Spontaneous Raman scattering

Spontaneous Raman scattering (SpRS) is another inelastic scattering process that is
contributed by the interaction between incident pump lightwaves and thermally excited
molecular vibrations, such as stretching, bending or rotation of inter-atomic bonds. This
phenomenon was first observed by Raman in 1928 [217]. As shown in 7?7, SpRS also
have two processes to create two spectral bands in the scattering spectrum with about
13.2 THz shift relative to that of incident photons. In the Stokes Raman scattering, the
incident photon excites a molecule from the ground energy level to a higher energy level
E4, and sheds energy to generate scattered photons (Stokes light) with reduced energy
and, thus, lower frequency. While in the Anti-Stokes Raman scattering, the energy is
transferred from material to scattered photons. The process starts with a molecule at
energy level F; absorbing incident photons. Optical phonons must be available in the
process so that their energy, combined with that absorbed from incident photons, is
transferred to higher-frequency photons, which are referred to as scattered an-ti Stoked
photons.

Different from Brillouin scattering that has narrow spectrum linewidth, due to the
strict phase-matching condition, Raman scattering shows up with wide bandwidths.
The frequency deviation between scattered Stokes/Anti-Stokes lightwaves and incident
lightwave in Raman scattering is defined by the multiple vibrational modes of molecules

that are associated with the various possible extensional, bending and rotational modes
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of the molecule. As a result, Raman spectrum in the optical fiber is more akin to a
combination of several bands rather than a distinct line.

It is noted that the frequency shift in Raman scattering process is the incident
wavelength ()\g) independent since there is only energy conservation with no moment
conservation. Thus the wavelength of Stokes (As) and Anti-Stoke (A,s) lightwaves are
expressed by:

1 1

Mg = ) A= 10.1
)\_lo‘f‘VR/C %O—VR/C (10.1)

where vg is the Raman frequency shift of about 13.2 THz in standard, and the wave-

length shift related to this vg=13.2 THz is about 100 nm when the incident wavelength

1s 1550 nm.

Temperature sensitivity

Raman strain-dependent frequency shift is only readily detected in crystalline [215],
or reasonably ordered solid materials such as polymer fibres with aligned molecular
chains [219]. As we discussed above, in glasses, the breadth of the Raman line precludes
its use in the measurement of the frequency shift, depriving us of the information
that it yields in crystals. However, in the thermally-excited Spontaneous process, the
strength of Raman scattering is temperature-dependent, which is used for distributed
spontaneous Raman temperature sensing.

In the spontaneous inelastic scattering process, only a very small portion of light
(approximately 1 in 10 million photons) is scattered and generates photons having
optical frequencies shifts from incident photons [22]. More precisely, the number of
optical phonons varies statistically according to frequency and ambient temperature.
The average number n of thermally-activated phonons in each possible independent

material wave (vibration mode) at frequency €2 and at temperature 7' is governed by
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the Bose-Einstein statistical distribution:

1

eksT — 1

where kp is the Boltzmann constant, i=h/27 with h being the Plank constant. At
the wavelength of 1550 nm, the average number of phonons for two inelastic scattering

processes at room temperature is given by the following table [12]. This table shows that

Table 10.1: Typical average phonon number for 2 inelastic scatterings

Frequency shifts Average phonon number (7)

Brillouin 11 GHz 570

Raman 13.2 THz 0.14

the intensity of the Brillouin scattering is much stronger than Raman scattering since
the number of thermally-activated acoustic phonons at the GHz range is much higher
than that of molecular vibrations of optical phonons at THz range. The intensity of
Stokes lightwave is proportional to (72 + 1) since one incident photon is annihilated, and
thus a Stokes photon and a phonon pair are generated. In contrast, the strength of Anti-
Stokes is proportional to n, given that an incident photon absorbs one phonon, and then
a new photon is created. Consider the average phonon number in the Table 10.1, the
intensity of Stokes and Anti-Stokes lightwave in Brillouin scattering are fairly equivalent.
In contrast, the Stokes lightwave in Raman scattering is about 8 times more intense
than the anti-Stokes lightwave, at ambient temperature (T=293 K). For a single line in

the Raman spectrum, the intensity of Anti-Stokes (I,s) is given by [22]:

¢ \* 1
Iis =1 < ) (10.3)
s/ exp (122) ~ 1
B

where ¢ is the interaction length, Qr/27 is the Raman frequency shift and I is the

intensity of the incident lightwave. The intensity of Stokes is expressed as:

" 1
Ig=1, [ — +1 (10.4)
As exp (m—R> -1

kT
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from these two equations, we could obtain the temperature dependant intensity ratio

between Anti-Stokes and Stokes lightwaves, leading to the following;:

Iys As QR
R(T) =45 = (25 _ R 10.5
1) =25 = (2] e (o (10.5)
At room temperature of 293 K, the sensitivity of Stokes and Anti-Stokes Raman signals
are 0.096 %K' and 0.83 %K. The sensitivity of their ratio is about 0.74 %K.

Since the intensity of Stokes and anti-Stokes signals converge to the same value, the

sensitivity decreases.

Stimulated Raman scattering

Similar to the SBS process, the Raman scattering also can also be a stimulated pro-
cess called Stimulated Raman scattering (SRS). So, when the beat frequency between
the forward-propagating Pump and backwards-propagating Stokes signal occurs at the
exact resonance frequency of the molecular vibration mode, the material permittivity
(€) will be resonantly modulated at that frequency, giving rise to a sustained coupling

between the two waves. The following set of two equations governs this process [30]:

dl
d = gRIpIs - aslsa
z
s y (10.6)
_d; = —W—ZgRIpIS — apl,,

where [, and I, are the intensity of pump and Stokes signals, respectively. a, and o,
represent the transmission loss of the Stokes and Pump lightwaves. gg is the Raman
gain coefficient associated with the cross-section of the SpBS. If losses are ignored, a

simplified equation can be used to couple incident and scattered photons:

d (£+£):0 (10.7)

dz \wy Wy
For the small intensity the Stokes signal, the depletion of the pump signal can be
ignored. After propagating along with the fiber, the Stokes lightwave experiences am-

plification, which is expressed as:

I(L) = I,(0)eon» ket —osl where  Leg = (1 — e ) /qy, (10.8)
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where Leg is the nonlinear effective length.

Raman scattering has been widely used in many amplification applications. Due to
the loose phase-matching condition with broad gain spectrum bandwidth, the pump
and Stokes signals can propagate in the same or opposite directions, being an amplifi-
cation solution compatible with broadband bi-direction transmission systems. Raman
amplification gives a lower gain per unit length with low noise, but it works well over
a long distance. Therefore, it is a good alternative for compensating fiber transmission

losses in the distributed fibre-optic sensor system.

Strain and Temperature sensitivities in Brillouin scattering

Brillouin scattering is widely used in DOF'S since the BFS is sensitive to the external
disturbances (strain or temperature) applied to the fiber. Thus, the ability to precisely
measure the frequency shift of the Brillouin scattering has allowed distributed sensing
technology to provide strain and temperature data. As described in (2.8), the Brillouin
frequency shift is related to the velocity of acoustic wave (V4) and the effective refractive

index (neg). In solid materials, the acoustic velocity is given by [115]:

Va= \/ By (1 =) (10.9)

(1+vp) (1 —20p) p

where Ey is the Young’s modulus, v, is Poisson’s ratio and p is the material density.
Both V4 in Equation (10.9) and n.g in Equation (2.8) are sensitive to strain or temper-
ature changes, while the former is due to the acousto-elastic effect and photo-elasticity
effect induced mechanical deformations and the latter is introduced by the thermo-optic
effect and thermo-expansion effect, respectively. Therefore, the strain/temperature-

related BFS coefficient, C, . r, is expressed by:

Coper = Cem = — 10.10
o= na 0 T) T VaOGT) 1010
The strain sensitivity is expressed by:

Crpe=Coe+Cpe (10.11)

215



where C,_. is the acousto-elastic effect coefficient, and C),_. is the photo-elastic effect
coefficient. The C,_. is related to Young’s modulus, Poisson’s ratio, and material

density, leading to:

1 9V, 1 OF 2 — 0 10
Coce = -t = Yo %(2-v) Oy 10p (10.12)
V4 Oe 2Fy Oe (1 - vg) (1—-2v,) 0z 2p0e
Based on the experimental results reported in [220], the Eiyaa% is about 5.75 and % is

about 3.07. The generally accepted value of E'y and v, are 73.3 GPa and 0.17. Besides,
the sensitivity of refractive index to applied strain is determined by two photo-elastic
constants py; and po:

2
1 Ones Mg

Cpe = [p12 — vp (P11 + Pr2)] (10.13)

NefF Oe 2
By substituting (10.12) and (10.13) in (10.10), combining v ~ 11GHz. We can
estimate the BFS-related strain sensitivities in silica fibers around 1550 nm wavelength

by:
A’UB

On the other hand, due to the thermo-expansion and thermo-optic effects, both
effective refractive index and acoustic wave velocity are temperature dependant. Hence,
the temperature change induced BFS coefficient, C), 1, is expressed by:

L ONefr 1 0Vy

Coor=Cr_o+Cpr_,= — 10.15
o = Um0 0T = LA T VLo (10.15)
in the equation above, the first term is defined by the thermo-optic effect:

Cr, = dn on 871% on on (10.16)

ar ot Fapar ~or 2oy
where « is the thermo-expansion coefficient and a = 5.6 x 1077 /°C for the silica. So,
the total thermo-optic coefficient is positive and about C;_, = 10.72 x 1075/°C. While
the second term corresponds to the thermo-expansion (thermo-acoustic) effect, and it
is expressed by [221]:

_OVa _ OV4 (LaEY +a> (10.17)

9T 2 \Ey aT
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where the thermo-expansion coefficient o = —%g—.

It is noted that the acoustic wave velocity changes mainly come from the temper-

ature dependence of Young’s modulus. Concerning the widely used SMF28 fiber, its

experimentally-measured temperature-related BFS sensitivity is about:

AUB
AT

~ 1.06MHz/°C (10.18)

Strain and Temperature sensitivities in Rayleigh scattering

When the lightwave from a narrow linewidth laser propagates along with the fiber
within the coherent length, the lightwave is continuously scattered. The scattering
waves from different fiber locations will counter-propagate towards a backward direction
and meet together at the input end. Let us consider the phase difference between two
lightwaves that are scattered from two scattering centres at the position of Z; and Z;
along the fiber. The phase difference is related to the optical path length between two
scattering centers, including the effective refractive index (n.g) and the distance (1),

leading to:
27T’rleﬂrlij . 27Tneﬁrlijf

= 10.1
3 - (10.19)

Apij =

When a strain variation is applied, neg and [;; are hereby changed due to the
Poisson and photo-elastic effects. On the other hand, the phase difference (Ay;;)
also relates to the optical frequency (wavelength) of the incident light according to
the Equation (10.19). Therefore, within the uniform range of 0-1 pe [96], any strain
variations-induced phase different change could be compensated by a certain frequency

(wavelength) shits, which is given by:

Apij(fo,0) = Api(fo + Af:, Ae)
(10.20)
(fo + Af)[(nee + An)(lij + Al)] = foneals;

where Ae is the strain variation applied on the fiber and fy is the frequency of the
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incident lightwave. We could find that:

Af. _ AL An
ng&f n lijAé‘ neﬁAé

)=—(14C,) (10.21)

where C),_. ~ —0.22 ¢! is the photo-elastic coefficient as described in Equation (10.13).
Thus, the applied strain could be obtained by modulating the frequency of incident light
to find the strain variations-induced frequency shifts, A f., by comparing the frequency
response with and without applied strain.

On the other hand, temperature variations will also introduce the change of local
effective refractive index (nes) and the distance between two scattering centers (I;;) due
to the thermo-optic and thermo-expansion effects as shown in Equation (10.16) and

Equation (10.17), leading to :

Afr Al An
_ _ . 10.22
AT~ AT T agar) T @t G (1022)

where o = 5.6 x 1077 /°C and the overall thermo-optic effect coefficient is about C;_, =
10.72 x 1076 /°C for neg = 1.46.
Overall, the optical frequency change of incident light used to compensate for the

strain and temperature variations is given approximately by [222] [97]:

A

ffT — —0.78 X Ae
AO (10.23)
ff‘f = —(6.92 x 107%) x AT

0

The strain or temperature change value is estimated by converting the measured laser

frequency/wavelength change to the corresponding values based on Equation (10.23)

[223].

Strain and Temperature sensitivities in FBG sensors

As shown in Equation (10.26), the Bragg wavelength is relevant to the effective
refractive index and the grating period, which is thus sensitive to external temperature

or strain variations. The sensitivity of the strain/temperature-induced wavelength shift
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is similar with what we have discussed in the Rayleigh scattering section, leading to:

d\p ONes oA ( 1 Oneg 10A
Neff = AB

ﬁ =2 T A+ 2a_T n—eﬁ—gT + K@_T> = >\B(Oé+Ct_O)

(10.24)

according to Equation (10.22), the a = 5.6 x 1077/°C and C;_, = 10.72 x 107%/°C
when neg = 1.46. So the temperature-induced wavelength shifts are about 10.8pm /°C.

The dominant peak in the FBG’s reflection spectrum is also sensitive to the axial

strain (¢):
d\ 1 One n?
B\ ( LS 1) = A\ {1 — < (P12 — v (P11 +p12)]} =g (1 +Cpe)
3 Neff € 2

(10.25)
where pj; = 0.113 and py2 = 0.252, and the photo-elastic coefficient C),_, = —0.22¢7%.

So, the strain-induced Bragg wavelength shifts is about 1.21pm/pue.

Fiber Bragg Gratngs (FBGs)

At first glance, Rayleigh scattering in optical fibers can be considered as a detrimen-
tal phenomenon since it significantly contributes to fiber losses. However, it can be used
to develop fiber characterization techniques and, in particular, to perform distributed
measurements. However, the ultra-weak Rayleigh scattering (-100dB/mm) that was
originally designed for long-haul communications with minimized scattering loss limits
the performance of the distributed sensors in terms of sensing distance, spatial resolu-
tion and measurement accuracy. To enhance the reflection of the fiber, one can inscribe
the grating in the fiber, in which the refractive index change induced by fs laser or UV
light is modulated periodically along the core axis of the fibre over a few millimeters or

centimeters long [224] [225].
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Figure 10.1: Fiber Bragg grating working principle. In an optical fiber, usually only
(mostly) consider the forward and backward propagation direction. So for backward

reflected waves, the sin 0=1,i.e., 0=m/2.

In FBGs, the lightwave is refracted by a periodic modulation of the effective refrac-
tive index (in range of 107° to 1072 ) in an optical fiber, and then a Bragg peak will be
produced if their reflections off the various planes interfered constructively. The work-
ing principle of FBGs is first explained by William Henry Bragg through the theory
of Bragg refraction, which is originally used for X-ray diffraction by crystalline solids.
As shown in Figure 10.1, The reflected waves will interfere constructively if their opti-
cal path length difference equals the integer number of the incident light wavelength,
which has the effect of reflecting a narrow wavelength range that matches the pitch of

the grating, leading to the Bragg condition given by:
MmAB = 2Neg\ (10.26)

where \p is the Bragg wavelength, A is the grating period and m is the positive integer

number. The linewidth of the reflection peak in the reflection spectrum is related to
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the incident wavelength, and the length (L) of the grating, which is expressed as [225]:

/\2
AN =~ 10.27
2neﬁ‘L ( )
The FBG is first reported by Hill in 1978 [220], in which the formation of refractive-

index gratings in germanosilicate fiber by sustained exposure of the core to the inter-
ference pattern of oppositely propagating modes of 488- or 514.5- nm argon-ion laser
radiation is reported. The reflectivity of the FBG is about 90% with a reflection spec-
trum linewidth of 200 MHz, indicating 1m grating length [227]. The behind mechanism
responsible for the “Hill” gratings was two-photon absorption into the 240 nm band,
with the energy transferred from photos to the glass [2258]. The fundamental principle
of FBG fabrication relies on the photo-sensitivity of the glass with which the optical
fiber is fabricated. This photo-induced refractive index change effect was explained by
Hand and Russell in 1990 [229] that attributes the induced refractive index change to
photo-ionization of a Geo defect associated with an absorption band at 240 nm in the
ultraviolet, and the subsequent trapping of the electron so released, forming Ge(1) and
Ge(2) color centers with absorption bands at 281 and 213 nm and the resultant color
centres are responsible for changes in the UV absorption spectrum of the glass, and
the refractive index change follows from the Kramers-Kronig relationship. The magni-
tude of the refractive index change (An) obtained depends on several different factors,
such as the irradiation conditions (wavelength, intensity, and total dosage of irradiating
light), the composition of glassy material forming the fiber core and any processing of
the fiber before irradiation [227]. Some techniques such as “hydrogen loading” [230] and
“flame brushing” [231] are available used to process the fiber before irradiation in order
to enhance photo-sensitization, giving larger refractive index changes up to An = 1072,
Drive by the development of the Ultraviolet (UV) side-writing technique and the great
potential applications, the fabrication of FBG device attached more attention. There
are three main methods for FBG fabrication, including two beams interferometric ex-

posure [232], phase mask UV exposure [233] and point-to-point fs laser writing [231].
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As shown in Figure 10.2, by exposing the photosensitive fiber core under the peri-
odical interference pattern of two beams over a sufficient length and with a high optical
power intensity when the exposure time, a corresponding periodic index grating in the
core of the optical fiber will be inscribed permanently. This transverse holographic tech-
nique allows more control over the Bragg wavelength since the period of the inscribed
gratings (A) is determined by the wavelength of incident UV beams: A = Ayy/2sinf,

leading to the Bragg wavelength of the grating:

AUVt
Ap = ——— 10.28
B sind ( )

Therefore even the light beam at UV is used for FBGs fabrication, Bragg gratings
with other longer wavelengths in a spectra region of interest for optical devices with
applications in optical communication and optical sensors [227]. However, this tech-
nique usually requires the laser to be highly coherent and sufficiently stable during
fabrication. In 1993, Hill propose an FBG inscription method by using phase mask,
which becomes the method of choice with many for reproducible grating fabrication.
This benefits from the more mechanically stable configuration because of the proximity
of the fiber to the phase mask, which also lowers the requirement of coherence of the

laser source.
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Figure 10.2: Fibre grating inscription through two UV beams interferometric exposure.

As shown in Figure 10.3, the UV beam is almost entirely diffracted without trans-
mission light in the zero-order beam between 41 and -1 order when the depth of the
corrugations satisfies: d = Ayv/2(nyy — 1). The interference between +1 and -1 or-
der beams produces a periodic pattern to change the local refractive index due to the
photo-sensitivity. Thus, the Bragg wavelength of the formed gratings corresponds to

the period of the phase mask (A,,):

Ap = NeMpm (10.29)

However, various phase masks with different periods are needed for fabricating FBGs
with different Bragg wavelengths. This problem could be solved if external strain is
applied on the fiber core before being irradiated by the UV beam [235] [236]. Inspired
by this idea, A chirped FBG device is fabricated using a non-uniform tapered fiber.
Along the non-uniform fiber, a strain gradient is formed when the pre-stretch is applied
during the fabrication process, which produces a varying shift in the Bragg spacing at

a different position along the taper leading to a tunable chirped grating [237].
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Figure 10.3: Fibre grating inscription by UV exposure through a phase mask [12].

It is noted that the grating length is limited by the size of the interference pattern
in this interferometric exposure-based method. Translating a UV beam along the fibre
through a phase mask, resulting the insensitivity of the phase of the fringe pattern
since the phase mask and fiber are held together. And fiber gratings up to 1.5cm [238]
and Sem long [239] are fabricated. Another FBG fabrication method that has more
flexibility in the choice of Bragg wavelength and grating length is the point-to-point
method, which was first proposed by Albert in 1993. In this method, each grating is
written by using a single laser pulse from an excimer laser to irradiate the photosensitive
fiber core at normal incidence and a 360 um long FBG with a period of 1 and 1.5
pum is obtained [231]. The Bragg wavelength of the FBG is calculated by the pulse
repetition rate (frep) and the speed of the translation stage (Vgage) that is used to fix
fiber, giving by:

Ap = 2o 2tase (10.30)
frep

during the fabrication process, the photo-induced refractive index changes only occur in
the region where the focused light beam is applied. And the refractive index modified
region could be smaller than the size of the focused light beam. One difficulty of this
method is that the fiber core needs to be precisely aligned through the image plane of

the slit.
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Figure 10.4: Fibre grating inscription by point-to-point method.

FBG has been widely used in optical fiber sensor applications with the advantages of
high sensitivity, compact structure, immunity to electromagnetic interference, narrow
linewidth ranging from sub-nm to nm in wavelength, resistance to corrosion, and large-
scale multiplexing capacity, which can be multiplexed in wavelength domain to make
quasi-distributed fiber sensor in wavelength domain using a broadband source [210)]

[241] [242]. The FBG has wide applications in temperature measurement [213] [211],

strain detection [245], geotechnical health monitoring [216], and environmental and
biomedical applications [247] [248]. They also can be viewed as nonlinear devices that
can be used for pulse switching [219], pulse-shaping [250], and slow light [251]

Weak Fiber Bragg grating array (weak-FBGs)

In the practical application, some tested objects contain more than one measurement
point and sometimes possess a continuous distribution such as temperature field, stress
field, etc., in order to obtain complete information on tested objects; using distributed
sensing technology to build up the sensor networks is indispensably required [252].

FBGs can be multiplexed to make quasi-distributed fiber sensors through different mul-

tiplexing methods, including wavelength division multiplexing [210] [2410], time division
multiplexing [253], spatial division multiplexing [254], and code division multiplexing
techniques [255] [256]. Driving by the high demand for distributed sensing application
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through FBG multiplexing, several solutions to fabricate FBGs array for long-distance
and long-range measurement has been proposed. In 1993, Dong etal first reported an
inscription method of weak FBGs array by writing the grating after the fiber fabrica-
tion process but before applying the coating, so-called on-line writing technique [257],
in which two beam interferometry method was used, and the reflectivity of the FBG is
about 2%. In 1995, Askins improved this method to inscribe the grating array through
Online writing based on the holographic interferometer method, and the reflectivity of

the FBG is about 3% [255].
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Figure 10.5: Setup of on-line writing weak FBGs array system [259].

By increasing the light intensity of writing setup below than damage threshold of
the fiber, the reflectivity of FBG could be significantly improved [260]. It then could be
used for high-temperature sensing applications. However, the reflectivity of each FBG
affects the multiplexing capacity of a DOFS system. High reflectivity results in strong
spectral-shadowing cross-talk and multiple reflection cross-talks [261], which will affect

the strain or temperature resolution, as well as set a limit for multiplexing capacity.
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Thus, there is a trade-off between grating reflection and the total number of gratings
that can be deployed which is limited by the power and bandwidth of the light source.
It has been proved that the reflectivity of -40 dB allows suppression of the cross-talk
and yet maintains the signal-to-noise ratio to deploy temperature and strain resolution
comparable to the distributed sensor with signal mode fiber for nearly 1000 weak FBGs
with neighboring grating distance as 1-2 m [253].

To increase the multiplexing capacity and suppress the cross-talk effect, lots of
solutions for ultra-weak FBG fabrication have been proposed. In 2012, Wang etal.
[262] proposed an automated FBG fabrication system based on ultraviolet (UV) photo-
sensitivity of the fiber, including coating removal part and FBG writing part. The phase
mask is used in the FBG writing to produce a periodic interference pattern, further
introducing a refractive index change. Then the FBGs array including 1000 ultra-
weak FBGs are fabricated with typical reflectivity of -37 to -50 dB. In this system,
the coating removal process introduces a central wavelength fluctuation duo to the
mechanical stability, limiting the multiplexing capacity of the FBGs array. To overcome
this problem and improve the multiplexing capacity, a weak FBGs array with good
wavelength uniformity has been deployed which enables 1000s of identical weak FBGs
fabricated in an optical fiber with reflectivity of -35 to -40 dB for each weak grating
fabricated during fiber drawing at one peak wavelength in 2013 [263]. The online
writing-based FBG writing platform was mounted on the draw tower near the first
coating to weaken fiber vibrating, as shown in Figure 10.5. By using this method,
the overlapping spectrum of the FBG array was almost similar to that of its single
FBG [259].

In addition to an automated writing system and on-line writing system, Femtosec-
ond (fs) laser with point-to-point method is also unitized for ultra-weak FBGs array
fabrication. Most recently, Redding etal. [26] inscribed a series of localized weak point

reflectors with reflectivity of -53dB along the Standard SMF based on a fully automated
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Table 10.2: Different weak FBGs array

Name method reflectivity /number of gratings

Dong etal. (1993) On-line writing 2%
(two beams interference)
Askins etal. (1995)  On-line writing 3%

(holographic interferometer)

Guo etal. (2012) On-line writing (draw tower) -35 to -40 dB/ 1000 gratings
Wang etal. (2013) Automated system -37 to -50 dB/ 1000 gratings
Gui etal. (2018) On-line writing -45 dB / 10000 gratings

Redding etal. (2020) Femtosecond laser (point-to-point) -53 dB/300 reflectors

Wu etal. (2020) Femtosecond laser (point-to-point) -42 dB/ 980 reflectors

fiber inscription setup. The added weak reflector will introduce very little attenuation,
about 0.01 dB/100m. Wu etal. also proposed a large-scale multiplexed weak reflector
array fabrication method by using a femtosecond laser in 2020. The weak reflector array
with relatively high reflectivity (-42 dB) and low transmission loss (0.34/km) shows a
15.8 dB SNR enhancement compared with SMF as the sensing fiber [133]. To further
suppress the spectral-shadowing and multiple reflection cross-talk effects, a novel FBGs
array with randomly varied characteristic parameters (RVCPs) based on on-line writing
technique is proposed in 2018 [265]. This proposed RVCP-FBGs arrays with the center
wavelengths and grating spacing randomized within a controlled range, showing a good
multiple reflection cross-talk suppression thus improving the accuracy, sensing range,
and spatial resolution. Large scale multiplexing of 10000 FBGs with typical reflectivity
of -45 dB along a 10m long fiber is demonstrated.

Weak FBGs array gives an increased reflectivity at a series of discrete locations along

with the fiber. Thus, a longer sensing distance is still possible as long as the reflectance
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is sufficiently low. However, these are not continuously distributed sensing techniques,
and can only perform sensing where the gratings are inscribed in the fiber [266]. In
order to solve quasi-distributed FBG due to the spatial spacing between weak FBGs,
one approach is to use micro-cavity array [207], each pair of adjacent FBGs can form
a micro-cavity to make a truly distributed sensor. Besides, Weak FBGs array can also
be used for distributed vibration and acoustic sensing, which requires a high acquisi-
tion rate and high sensing resolution because of the fact that the acoustic signal often
has sub-micro-strain amplitude. One demonstration for fast dynamic strain measure-
ment [268] is to use a narrow optical band-pass filter to translate the strain variation
induced wavelength shift to the intensity variation. In the experimental results, strain
measurement resolution up to 222 ne and dynamic frequency of 2 kHz is achieved.
Moreover, combined static and dynamic sensing can be realized by two sets of laser
pulses with wavelengths matching the two edges of the FBG reflection spectrum. By
using the spectral edges of the gratings, the wavelength shift is converted to the change
of intensities at the two wavelengths. A short distance of hundreds of micrometers
between two FBGs results in a broad spectral width up to tens of nm, which enables a
larger temperature range up to 50°C. And dynamic sensing of ne scale vibration and

12.5 kHz acoustic wave are demonstrated at a sampling rate of 50 kHz [269].

Femtosecond laser micromachining method

The first demonstration of using fs laser for micromachining was in 1994 when
laser pulses with 150 fs -7 ns pulse width and 780 nm wavelength were used to ablate
micrometre sized features on silica and silver surfaces based on laser-induced optical
breakdown [270] [271]. This technique has become useful technique either to modify
and remove materials or to change the properties of a material and can be applied to
transparent and absorptive substances. The advantages of this technique compared

with other photonic-device fabrication devices include: (1) the nonlinear absorption-
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induced material properties change is spatially confined to focal volume, which makes
it possible to micromachine material with more complex structures in three dimen-
sions; (2) the nonlinear absorption independent of materials; (3) all interconnects in

the "motherboard” could be fabricated independently.

J_L Conduction band

Figure 10.6: The diagram of the fs laser incident on transparent material and diagram

of the excitation of electrons to the conduction band.

F's laser has been utilized to fabricate embedded waveguides in bulk glass in which
the refractive index of the material is changed [272]. The fundamental reason for local-
ized permanent refractive index change in transparent material introduced by fs laser
is the laser-induced optical breakdown. The absorption of light in a transparent mate-
rial should be nonlinear since the lower energy of the incident photo is insufficient for
electron transitions and be linearly absorbed by the dielectric material. This nonlinear
absorption process will easily occur for transparent materials when the intensities of
the fs laser pulse are approximately equal to the electric field that binds the valence
electrons in the atoms (intensity about 5 x 102°W/m™2) [273], which is illustrated by
Figure 10.6. When the high-power fs laser pulse is focused on the surface of a trans-
parent material, this absorption results in a highly localized deposition of energy into

an electron plasma through nonlinear photoionization that is formed within the focal
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volume. A large number of laser-excited electrons then transfer the energy to the lattice
of the bulk material after several picoseconds, which then leads to a material modifica-
tion that is permanent. In the absence of impurities, carriers are generated initially by

multiphoton absorption, promoting electrons from the valence to the conduction band.
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Figure 10.7: Schematic of free electron plasma formation with high intensity pulses

where (a) multiphoton and tunneling ionization generates free electrons that (b) absorb

radiation and impact-ionize surrounding material resulting in avalanche ionization [274].

Specifically, the fs laser pulse’s different frequencies and intensity make the photoion-
ization operate in a different regime, including multiphoton ionization and tunneling
ionization with an intermediate regime in between. When a larger frequency incident
light below the requirement of the single photo absorption is used, several photons
must be incident on an electron at the same time for the process of nonlinear ioniza-
tion to occur with a high probability since the electron need to absorb enough energy
that equals to the band-gap of the material from the incident photos, as shown in the
left-hand of the Figure 10.7. In the tunneling ionization, as described in the right-
hand of Figure 10.7, the potential barrier (Coulomb well) that binds a valence electron
to its parent atom and the band-gap will be significantly suppressed or distorted due
to the high intensity of fs lase pulse induced strong electrical field [275] [276]. Then
the electron tunnels through the Coulomb well and becomes free, which dominates the

strong electric field and lower fs laser pulse frequency. By absorbing several laser photos
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sequentially through free-carrier absorption, the free electron at the conduction band
moves to higher energy states, then impact-ionize the bound electrons to create more
free electrons. the accelerated free electrons create even more free electrons that un-
dergo free-carrier absorption and impact-ionize even more bound electrons, resulting in
the generation of an electron avalanche [274]. In the intermediate regime, the photoion-
ization is a mix between tunneling and multiphoton ionization as depicted in the middle
panel of Figure 10.7. Depending on the intensity of the fs laser pulse, different degrees
of modification should be expected in the form of material compaction, the creation
of defects, localized melting, nanograting or microvoid formation. In addition, differ-
ent pulse energy, pulse width and the focusing numerical aperture would give different
micromachined feature sizes.

Fiber Bragg gratings inscribed by the femtosecond laser technology are exploited.
They are of great interest in applications, including high-powered fibre lasers [277],
sensing in harsh environments [278] [274], High temperature [279], multi-parameters
optic-fiber sensing [280], and ultrasound sensing [281] [282]. Traditional FBG fabri-
cation method is based on UV-photosensitive fibers, and the refractive index change
is the result of a process where a single UV photon is absorbed by the glass and ex-
cites oxygen deficiency defect centers, giving the absorption bands of defect centers
at 244 nm [232]. Unlike UV-light induced FBG in the photo-sensitive optical fiber
core, femtosecond laser interacts with a dielectric material via nonlinear photoioniza-
tion mechanisms such as multiphoton and tunneling ionization [273], give the fs-FBG
writing process certain advantages over conventional UV-laser FBG inscription, namely
the removal of the necessity to use silica-based UV-photosensitive fibers at the wave-
length of the writing laser. Compared with ultraviolet laser sources, the advantages
of the inscription method by femtosecond pulses are wider machining materials [283],
flexible inscription methods [284], and high-temperature resistance [285].

Fs-laser induced FBGs could be divided into two main categories: Type I-IR and
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Type I-IR. To achieve these two different type of modification, which depends on pulse
duration [286], pulse energy, pulse polarization, pulse repetition rate, the number of
pulses deposited in one spot, laser beam focusing conditions and laser wavelength [287]
[288].FBG inscription in Ge-doped telecommunication optical fibers with a phase mask
and multiple pulses of 800 nm fs-IR laser radiation can generate smooth or Type I-IR
refractive index change in the fibers. The magnitude of the index change varies with
the fifth power of the laser intensity that was used to write the gratings, indicating a
5-photon absorption process [289]. The refractive index variations in Type I-IR FBG
originate from modifications below the damage threshold of the fiber material. This type
of smooth refractive index change is completely erasable by annealing at temperatures
exceeding 900 °C [290], showing poor thermal stability, which is similar with the UV
gratings in photosensitive fiber. However, the type II-IR gratings are usually made
with high laser intensity, and self-assembled nanostructures with subwavelength periods
can be introduced at the laser focal spot, known as nanograting. It has a refractive
index variation up to 1073, which is characterized by its anisotropy, higher loss, and
showing impressive temperature durability at temperature excess of 1000 °C. The
further increase of the laser intensity would bring an irreversible optical breakdown.
Two main techniques to fabricate the FBGs by using the fs laser are phase mask
scanning method [291] and point-to-point (PbP) writing technique. The fabrication
setup for fs-laser inscription of FBGs is similar to the UV light irradiation method
based regular FBGs as shown in Figure 10.3 and Figure 10.4, but with the high intensity
fs laser pulse as incident light. The first successful demonstration for FBG fabrication
using a phase mask approach with fs radiation was in 2003 [291]. A specialty phase mask
was precision etched to maximize coupling of the incident fs laser radiation with 800nm
wavelength and 120 fs pulse width into the +1 orders. The phase mask automatically
matched path lengths of the generated orders when aligned at normal incidence to

the inscription beam within the dimensions of the spatial envelope of the fs pulses.
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To avoid the narrow pulse being broadly dispersed when it passes through the phase
mask, the pitches that are much larger than the wavelength of incident radiation are
employed. The reflectivity of the FBG is about -44.5 dB with a refractive index change
of 1.9 x 1073. The FBG fabricated by this phase method shows good thermal stability
and did not erase after two weeks at 300 °C. By moving the phase mask and the fiber
concerning the fs laser beam, the refract index modification range could be extended up
to as long as phase mask [292]. However, the limitation of this method is that only one
uniform period FBGs could be fabricated with one mask. Thus the complex grating
structure is hard to achieve. In 2004, a direct point-by-point FBGs fabrication method
by using fs laser is proposed [293] without the requirement of phase mask and offers
good flexibility. Each high-intensity fs laser pulse creates a highly localized refractive
index change, and the grating is inscribed sequentially in a step-and-repeat fashion by

translating the beam or optical fiber using a high-resolution mechanical stage [291].

RFGs fabrication

Most recently, our group worked with National Research Council of Canada pro-
posed a Random fiber grating array (RFGA) by employing direct writing method [295]
[280], as shown in Figure 10.8. An fs-IR beam from a Ti: sapphire regenerative am-
plifier (Spitfire, Spectra-Physics) was focused onto the core of optical fiber through an
objective lens. In order to increase the overlap of the laser-induced index change and
the modal field in the fiber core, a cylindrical lens with a focal length of 0.5 m was
introduced into the exposure setup before the final microscope objective. The cylin-
drical shape of the focal volume normally produced by the microscope objective alone
is instead transformed into a planar strip or plane. The fiber was clamped onto a
precision air-bearing stage (Aerotech) with 10 nm position accuracy. The fs-IR laser
operates at a wavelength of 800 nm with a repetition rate of up to 1 kHz and with a

pulse duration of 120 fs. The microscope objective was mounted on a translation stage
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(driven by a piezo actuator) that can move the objective back and forth along the fiber
up to 20 micrometers. The fiber jacket was removed so that the laser beam could be
easily focused on the fiber core. The fiber was free-standing; no index-matching fluid

was used between the fiber and the objective.
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Figure 10.8: Experimental setup of the plane-to-plane fs laser micromachining for Ran-

dom fiber grating array (RFGA) fabrication.

For RFGA fabrication, there are two main methods to inscribe the refractive index
modification plane independently along the fiber core: (1) The repetition rate of the
fs laser pulse is fixed at 1000 Hz and the moving speeding of the air-bearing stage is
also unchanged at 0.5 mm/s, but the piezo-driven stage dithers along the fiber’s axis
with a random displacement from 0 to 2.5 pum. (2) The piezo-driven stage is fixed and
the moving speeding of the air-bearing stage is also unchanged near 0.5 mm/s, but
the repetition rate of the laser pulse rate is varied from 990 Hz to 1100 Hz (2%). As
shown in the left-hand of Figure 10.8, the repetition rate of the fs laser pulse is changed
every 50 ms. So, the period within the sub-grating is constant depending on the given

repetition rate during the 50 ms.
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Figure 10.9: Schematic of Random fiber grating array structure based on two different
fabrication method: Fs laser pulse repetition rate random variation (left) and piezo-
stage dithering (Right). Left: Constant piezo-driven stage, but fs laser pulse repetition
rate changes from 900 Hz to 1000 Hz. Right: Fixed pulse repetition rate, but the

piezo-driven stage dithers from 0 to 2.5 pum between sub-gratings.

But the periodicity of different sub-grating is not the same, resulting a wider re-
flection spectrum. The central wavelength (Ag) could be calculated based on Equa-

tion (10.30) and the width (A)\) are expressed as:

A
A)\B - 2nefsttageTf (1031)

rep
where Af is the repetition variation range. While in the right-hand of Figure 10.8,
the Piezo-driven stage dithers from 0 to 2.5 pum every 50ms. It makes the periodicity
within different sub-gratings the same, but the periods (distance) between different
sub-gratings are randomly changed. The spacing randomness of the RFG from these
two methods are predetermined by the random number generated by a computer and

stored for repeatable uses afterward.
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Figure 10.10: Simulated reflection spectrum of the random fiber grating and its mea-
sured reflectivity versus distance: (a)(c) pulse repetition rate variation method (Strong
RFG) and (b)(d) piezo-stage dithering method (Weak RFG).PP: peak-to-peak, Std:

standard deviation [296].

The simulated reflection spectrum of the RFG from two proposed methods by using
the coupled mode theory is shown in Figure 10.10 (a) and (b). The RFG fabricated
by both those two methods are showing a significantly unique refractive index vari-
ation profile in a spatial domain without constant periodicity, resulting in a totally
different reflection spectrum without a dominant peak. The randomly varied grating
periods highly suppress the phase correlation between the adjacent reflectors, giving
noisy multiple interference reflection spectra with wider bandwidth than regular FBG.
It is noted that the spectrum bandwidth and peak reflectivity of two types of RFG is

different, even the same fs laser pulse induced refractive index variation of 107% and
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grating length of 100 mm are set. The RFG that is inscribed by varying the repetition
rate of fs-IR pulse laser has larger reflectivity with narrow reflection spectrum width,
which ensures the nanometer-grating spacing change (<10.8 nm). While the RFG with
smaller reflectivity that is fabricated by the piezo-stage dithering method has a large
grating spacing of 0-2.5 micrometers for a much broader reflection spectrum. The reason
behind this is that with a lower degree of randomness and smaller sub-gratings period
variation in the lower reflection RFG, the random phase change of the backscattered
light in a local region is less stochastic than that in the high disordered RFG (weak
FBG) with larger grating period fluctuation (<2.5 micrometers which are larger than
optical wavelength around 1.5 micrometers). This leads to partially correlated phase
superposition in the low disordered RFG (strong FBG) and uncorrelated phase super-
position in high disordered RFG [296]. Besides, the average backscattering strength
per unit of two types of RFG are shown in Figure 10.10 (c) and (d). in which weak
RFG is -34 dbV/mm and strong RFG is -54 dBV/mm. From the reflection intensity
distribution along the RFG, we could know that the index modification depth varies
from plane to plane since each plane is inscribed by an fs laser pulse independently
with different laser power. Hence such a fiber random grating with random periods and
random index modulations loses the general spectral characteristic of FBG and dis-
plays a noisy multiple-interference reflection spectrum resulting from the superposition

of many low-finesse FPIs and MZIs [297].

RFGA-based Distributed optical fiber sensing

When telecom fiber is used for distributed fiber optical sensors, the low Rayleigh
backscattering signal level limits the sensitivity and spatial resolution of distributed
temperature or stain measurements by OTDR or OFDR techniques. In recent years,
ultraviolet (UV) lasers have been used to increase the backscattering in optical fibers for

distributed temperature and strain measurements resulting in higher spatial resolution
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and high signal-to-noise ratio (SNR) [2958] [299] [300] [301]. Using 10.6pm absorption
line in SMF 28, the Rayleigh scattering was enhanced by randomly spaced index mod-
ulation using C'O, laser for inscription [295]. With 100 points of CO2-laser-irradiation
with randomly changed distance along the SMF-28 over a 10 cm fiber, the random feed-
back fiber is formed as Rayleigh scattering enhancement. The 10cm scattering strength
is equivalent to a few km SMF lengths. Loranger et al. showed the enhancement of
Rayleigh scattering by simple UV exposure to optical fiber. They used H2 loading
on SMF-28 fiber and specialty fiber with high Ge-dopant to increase UV photosensi-
tivity [299]. Enhancement of Rayleigh scattering with ultralow loss in SMF-28 fiber
was demonstrated using specific phase mask [300], the wavelength range where the
backscattering was enhanced was restricted by the specific chirped phase mask used
in the experiment. When optical fibers are exposed to high-power laser radiation, it
would generate broadband loss due to the formation of color centers and/or microm-
eters voids that are produced by laser radiation. Using Rayleigh scattering enhanced
fiber, the distributed temperature sensor is achieved at accuracy of over 10mm spatial
resolution using optical frequency domain reflectometry (OFDR) [295]. For a random
grating array-based OTDR system, in order to cover the broad wavelength response of
the random grating, a chirped pulse is introduced with a MHz bandwidth DFB laser.
The random fiber gratings spectrum has spike-like reflective spectra with high contrast
that can be attributed to enhanced in-homogeneity. The contrast could be further en-
hanced when a random fiber grating array is introduced due to the superposition of
a few random grating of sub-cm in length. The resultant interference patterns with
multiple peaks ensure high accuracy in delay time measurement. Unlike a conventional
phase OTDR sensing system which measures a distributed phase change along the fiber
using an ultra-narrow linewidth laser, the distributed time delay is directly measured

in real-time. This allowed 0.028°C accuracy for temperature measurement [30)].
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