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Abstract

Distributed optical fiber sensing (DOFS) techniques provide many unique advantages
comparing with other alternative sensing techniques and have found many applications in
different application areas. Majority of the research effort has been on the measurement of
quasi-static process like temperature variation or applied strain at the beginning. In recent
decades, the dynamic optical sensor techniques have developed rapidly for the purpose of
providing dynamic information of non-static scenarios involving pipeline security
monitoring, infrastructure health monitoring, etc. Motivated by demands for lower respond
time applications, several advanced distributed fiber-optic sensing schemes for such
dynamic measurements have been proposed and investigated. This thesis focuses on the
studies of systems based on various kind of optical scatterings including the Rayleigh
scattering based phase-sensitive optical time domain reflectometer (OTDR) system and
Brillouin scattering based Brillouin optical time domain analysis (BOTDA) system.

First, an integrated telecommunication system and phase sensitive-OTDR sensing
system with shared optical bandwidth is studied. The incorporation of the sensing system
into the communication system can potentially ensure the reliable operation of a
communication system by detecting events that may result in disruption to the operation of
a communication link. Optical Orthogonal Frequency Division Multiplexing (OFDM)
modulation technique is used in modern telecommunication networks. In the proposed
system, 16QAM-OFDM signal at 112Gbit/s data rate is transmitted over 20km single mode
fiber (SSMF). Meanwhile, distributed phase sensitive-OTDR system is deployed to

monitor the environmental vibration along the fiber. Experimental results show that about
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1 dB optical signal-to-noise ratio (OSNR) penalty of bit-error-rate (BER) performance is
observed in the communication link through the incorporation of the sensing signal. On the
other hand, the influence of communication signal on sensing system is almost negligible
as the power reflected by OFDM signal is extremely weak (more than 30 dBm lower than
reflected phase-OTDR signal). 20 m spatial resolution with SNR of location information
as high as 8.4 dB is obtained with 20 km fiber length. Detection of 1kHz vibration applied
by Piezo-ceramic transducers (PZT) is successfully demonstrated.

In addition, a digitally generated optical frequency comb is proposed to realize
ultra-fine and fast optical spectral analysis without frequency scanning and thus can be
potentially used to realize a fast BOTDA. A fast BOTDA based on the digital optical
frequency comb (DOFC) has been studied, which can locate the Brillouin frequency shift
(BFS) without frequency scanning. The scanning-free BOTDA system has been
demonstrated experimentally with 51m spatial resolution over 10km standard single mode
fiber. The resolution and range are 1.5°C and 30°C for temperature measurement
respectively. The resolution and range are 43.3pe and 900pe for strain measurement
respectively.

Finally, a single-measurement BOTDA based on coherent detection of the phase of
DOFC probe signal without any averaging and frequency scanning process is investigated.
The phase shift of each frequency component of DOFC probe, after transmitting through
the fiber under test (FUT) is directly mapped by coherent demodulation in a single data
acquisition without any averaging, leading to a sensing speed only limited by the sensing
range. Compared with the previous techniques proposed, the measurement time is reduced
by eliminating the need for averaging. Brillouin phase shift (BPS) detection instead of
Brillouin gain spectrum (BGS) has enabled better measurement accuracy. The performance

of our scheme is analyzed through simulation and experiment. Distributed temperature



sensing over 10km FUT has been demonstrated by using the proposed single-measurement
BOTDA with a BFS uncertainty of 1.5 MHz and spatial resolution of 51.2 m. With the
advantage of high speed offered by the proposed scheme, dynamic measurement up to 1

kHz vibration frequency has been demonstrated.
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CHAPTER 1

1 Introduction

In this chapter, the development of distributed dynamic optical fiber sensing techniques is
reviewed first. The techniques used in these systems including optical Rayleigh/Brillouin
scattering based dynamic optical fiber sensor are discussed subsequently. Afterwards,
research motivations and outlines of the thesis are given. Finally, the publications

during the Ph.D. period are listed.
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1.1 Overview

The principle of total internal reflection which makes optical fiber possible was first
demonstrated by Daniel Colladon and Jacques Babinet in Paris in the early 1840s [1].
However, the fibers fabricated with glass at the beginning were extremely lossy with an
attenuation of approximately 1000dB/km. This is mainly caused by the impurities of the
materials. According to Charles K. Kao and George A. Hockham of the British company
Standard Telephones and Cables (STC), the attenuation of fiber is possibly reduced to
20dB/km with high purity Silica glasses and cladded structure waveguide [2]. Following
the proposed method, the loss of silica fibers was reduced dramatically [3]. Due to the
significant effort by researchers around the world, attenuation of modern fibers in the
wavelength region of interest has been reduced to less than 0.16dB/km and has been
deployed extensively. It has formed the foundation of our modern information society [4],
[5].

The availability of low-loss silica fibers launches the era of optical fiber
communication and information age. Nowadays, 99% the world data traffic is transported
over a global network of optical fibers. Silica fibers is not only a medium for information
transmission but also a perfect instrument for sensing with its unique advantage of small
size, light weight, high sensitivity, tolerance to chemical environments, and immunity to
electromagnetic interference (EMI).

In recent decades, optical sensors play an increasingly important role in various
aspects of modern society. The diversity of sensing requirements in different application
areas has motivated the research to investigate techniques for realizing long range,
distributed, high spatial resolution and high-speed optical fiber sensing systems. Up to now,

the majority of optical fiber sensors (OFSs) developed can be categorized into two types:
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single-point sensor or distributed sensor according to the sensing region along the fiber. For
single-point sensor, typically a section of fiber is monitored with ultra-high accuracy and
stability. Unlike single point OFS, distributed optical fiber sensors (DOFSs) allow for
distribute measurement of external physical parameters along the sensing fiber with a given
spatial resolution. Therefore, the DOFS system only need a single set of measurement
devices to interrogate and provide spatially resolved information about the characteristics
of measurands along the sensing fiber.

For more than two decades, the focuses in the research area have been on the static
and absolute measurement including temperature and pressure monitoring. The
investigation of DOFS is focused on the measurement accuracy, spatial resolution and
measurement range while relatively little attention is paid to improve the measurement
speed of sensing system. Among them, Rayleigh, Brillouin and Raman scattering based
distributed sensing system stand out as prominent candidates for long-range quasi-static
measurement tools with high accuracy, long sensing range and high spatial resolution. In
recent years, researchers have gradually paid more attention to the realization of dynamic
distributed sensors which is capable of monitoring vibration with fast response time. The
driving force behind the trend is that in the sensing areas the measurement speed has
become a more and more important parameter for various applications including pipeline

security monitoring, infrastructure health monitoring, etc.

1.2 Parameters for evaluating the performance of DOFS

systems

The following listed parameters are typically used to evaluate the performance of a DOFS

system including measurement accuracy, sensitivity, spatial resolution, sensing range and
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measurement speed.

1. Measurement accuracy: represents the difference between measurement result and true
value of measurand.

2. Sensitivity: express the minimum change value of measurand that can be detected by
the sensing system.

3. Spatial resolution: define the minimum distance that the sensing system could indicate
the transition of measurand.

4. Sensing range: maximum achieved sensing fiber length that could be measured with
acceptable performance requirements (usually, spatial resolution or measurement
accuracy).

5.  Measurement speed: the total time needed to perform a complete sensing process.

1.3 Research objectives

The research objectives of this thesis are to investigate performance of optical scattering-
based dynamic distributed DOFS system with emphasize on dynamic characteristics of
different sensing schemes. Several novel optical scattering based sensing techniques are
proposed and studied to improve the sensing performance. Specifically, the study aims to:
A. Study the performance of Phase sensitive-OTDR and its application

The Phase Sensitive-Optical Time Domain Reflectometer (OTDR) has been
demonstrated as a suitable candidate for dynamic distributed sensing with meter-scale
spatial resolution and ultra-fast responding time of several milliseconds. The limiting factor
for its measurement time is limited by the fiber length and the number of traces used for
averaging to improve the obtained SNR. Since there is a strong incentive to use existing

fiber deployed for optical communication systems, we study the dynamic monitoring
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performance by constructing an integrated communication and sensing system and analyze
the mutual influence between the systems. This will not only enable the use of existing
optical communication link to provide additional functionality, but also enable the
monitoring of optical communication links to ensure reliable operation of the
communication systems. The ability of dynamic detection of vibration by Phase
sensitive-OTDR system is investigate in practical application scenario.
B. Advanced DSP based modulation & de-modulation algorithm for BOTDA
sensing systems and Scanning-free BOTDA system

The advanced modulation & de-modulation algorithms developed in the field of
optical communications are introduced to improve the sensing speed of Brillouin-scattering
based sensing systems. By using the proposed method, an optical frequency comb can be
formed in a single shot and can be used as a probe signal for the sensing system. This helps
to reduce the frequency scanning requirement of the probe signal and increases the sensing
speed as a result. The performance of the proposed method is investigated, and a
significant measurement speed improvement is observed. A digitally generated optical
frequency comb is proposed to realize ultra-fine and fast optical spectral analysis without
frequency scanning and thus can be potentially used to realize a fast Brillouin optical time
domain analysis (BOTDA). The concept is to replace the single-tone probe signal with a
digital optical frequency comb (DOFC) which can locate the BFS without frequency
scanning. In this way, the sensing speed can be improved by at least two orders.
C. Single-measurement BOTDA system

Single-measurement BOTDA based on coherent detection of the phase of DOFC
probe signal without any averaging and frequency scanning process has also been studied.
The phase shift of each frequency component of DOFC probe, after transmitting through

the FUT is directly mapped by coherent demodulation in a single data acquisition without
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any averaging, leading to a sensing speed only limited by the sensing range.

1.4 Organization of the thesis

This thesis contains 6 chapters.

Chapter 1 presents the backgrounds and development of dynamic DOFS techniques
in general.

In chapter 2, optical scattering in fiber is discussed including the elastic scattering
and inelastic scattering. The frequency spectrum as well as the scattering characteristics is
presented. The transmission characteristics of the phenomenon is described in
mathematical equations derived from Maxwell’s equation. Then, basic principle of optical
sensing system based on Rayleigh scattering phenomenon is discussed in depth together
with its performance in terms of SNR, measurement accuracy and spatial resolution. After
that, the operating principle of optical fiber sensing systems based on Brillouin scattering
is also presented. Two types of optical sensing system based on Brillouin scattering are
discussed including Brillouin optical time domain reflectometer (BOTDR) and Brillouin
optical time domain analyzer (BOTDA). In particular, the operation principle of BOTDA
is explained in detail with its dynamic sensing performance, obtained SNR and processing
method.

In chapter 3, an integrated telecommunication system and phase sensitive -OTDR
sensing system with shared optical bandwidth is investigated. Optical Orthogonal
Frequency Division Multiplexing (OFDM) modulation format is selected and applied in
the communication system as it is widely recognized as one of the prevailing techniques
for modern optical communication networks. In our system, 16QAM-OFDM signal at

112Gbit/s is transmitted over 20km stand single mode fiber (SSMF). Meanwhile distributed



CHAPTER 1

phase sensitive-OTDR system is deployed to monitor the environmental change along the
fiber. 20 m spatial resolution is obtained with a SNR 6.5 dB 20 km fiber length. Dynamic
measurement of vibration is demonstrated successfully by applying 1KHz vibration using
Piezo-ceramic transducers (PZT).

In chapter 4, the principle of scanning-free BOTDA sensor is elaborated in detail.
The progress of dynamic BOTDA system is reviewed first. Then the operation principle of
the proposed scanning-free BOTDA based on DOFS is discussed together with the
modulation and demodulation method. Characterization of the SBS induced gain and phase
shift profile based on the DOFC probe signal is presented along with the detection and DSP
procedures of DOFC signal. Sensing performance of proposed system is analyzed in the
last part.

In chapter 5, ultra-fast BOTDA system based on direct detection of DOFC is
proposed and demonstrated experimentally. The frequency spacing and coverage
bandwidth of the DOFC employed is 1.95-MHz and 2-GHz, respectively. The DOFC can
be used to reconstruct the Brillouin gain spectrum (BGS) and locate the Brillouin frequency
shift (BFS) without frequency scanning and thus can improve the measurement speed about
100 times compared with the conventional BOTDA. This scanning-free BOTDA system
has also been demonstrated experimentally with 51.2-m spatial resolution over 10-km
standard single mode fiber (SSMF) and with resolution of 1.4 °C for temperature and 43.3
ue for strain measurement.

In chapter 6, a single-measurement BOTDA based on coherent detection of the
phase of DOFC probe signal without any averaging and frequency scanning process is
reported. The phase shift of each frequency component of DOFC probe, after transmitting
through the FUT is directly mapped by coherent demodulation in a single data acquisition

without any averaging, leading to a sensing speed only limited by the sensing range.
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Compared with the technique discussed in Chapter 5, the measurement time is further
reduced by eliminating the need for averaging. The dynamic property of the proposed
system is demonstrated with a 1kHz vibration measurement.

Finally, chapter 7 summarizes the works of this thesis, and suggests possible future

works of the research area.
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2 Scattering of light and DOFS systems
based on Rayleigh and Brillouin
scattering

In chapter 2, the molecular origination of optical scattering is first explained along with the
qualitative description of the three typical scattering process e.g. Rayleigh scattering,
Brillouin scattering and Raman scattering. After that, the wave propagation equation for
each scattering process is derived from the Maxwell’s Wave Equations. Then, the difference
between spontaneous and simulated scattering is discussed. In the second section, the
progress of dynamic distributed optical sensing system based on Rayleigh scattering
highlighting the breakthroughs made in past decades is first reviewed. Then the operation
principles of phase sensitive-OTDR is described along with detection and signal processing
techniques for the system. Factors limiting the performance of the sensing system is
analyzed in depth. In the last section, the operation principle of different kinds of Brillouin
scattering based optical fiber sensors is introduced. Then the analytical model along with
the SNR performance, detection accuracy and sensitivity are discussed. Finally, the
parameters influencing sensing performance including spatial resolution, SNR and

measurement speed are analyzed.
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2.1 Spontaneous and stimulated scattering of light

2.1.1 Molecular scattering of light

The scattering of light generally arises as a result of the nonuniform physical properties of
the propagation medium [6]. When propagating in the scattering medium, the optical light
-as electromagnetic wave (EM) in essence, interacts with the molecular structure of the
materiel through the excitation of electron cloud oscillation. Induced periodical charge by
incident EM field which referred as dipole moment become a secondary radiation source.
As shown in Fig. 2.1, the scattering process could happen in all directions if the physical
properties of medium are inhomogeneous. Otherwise, only forward transmission direction

is allowed due to the phase relationship [7].

Scattering medium

Incident Light

A AN AN AV N
Scattered
light

Fig. 2.1: Illustration of the scattering of incident light [7].

Optical scattering fall into two categories according to the frequency component of
the backscattered light e.g. elastic scattering and non-elastic scattering. In elastic scattering,
scattered photons are emitted at identical frequency with the injected light as there is no
energy exchange during the process. While for non-elastic scattering, frequency shift is
observed for backscattered optical light due to the energy exchange between incident light

and transmitting medium. Well known examples of scattering are Rayleigh scattering,
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Brillouin scattering and Raman scattering.

The characteristic of frequency spectrum of scattering light is shown in Fig. 2.2.
The frequency components of Rayleigh, Raman and Brillouin scattering distribute
symmetrically around central line from 0 to ~13Thz. By definition, the lower frequency
band is named as Stokes components while the higher counterpart is named as anti-Stokes
components. Rayleigh scattering process is recognized as elastic scattering process as the
frequency of backscattered photon is the same as the incident light. While the other two
process are classified as non-elastic scattering phenomenon for the frequency shift induced

during the scattering process.

Rayleigh

Stokes components

Anti-stokes components

Brillouin

Raman

(

4 *»
Jfrequency

Fig. 2.2: The characteristic of frequency spectrum of spontaneous scattering light [8].

Rayleigh scattering
Rayleigh scattering is a linear process caused by local density fluctuations and
resulted reflective index change. Scattered photons are emitted at identical frequency with
the injected light as there is no energy exchange during the process of Rayleigh scattering,

so called elastic scattering. Intensity of scattered light is proportional to 1/ 22 Where A is

the optical wavelength of the incident light.
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Brillouin scattering
Spontaneous Brillouin scattering
Brillouin scattering which is predicted theoretically in the thesis by Léon Brillouin
originates from light interaction with thermally excited propagating acoustic waves (or
acoustical phonons) [9]. Thermally excited acoustic waves produce propagating density
fluctuation along the fiber and modulate the refractive index (RI) of fiber. The incident
pump light is then backscattered by moving grating and generate Stokes and anti-Stokes
frequency components. Similar to Rayleigh scattering, the amount of scattering is
proportional to the incident intensity.
Stimulated Brillouin scattering
A significant increase in the Brillouin scattering could be observed if the pump light
intensity is further increased. As high-power incident pump could generate more intense
acoustic waves due to the phenomenon of electrostriction which enhance the Brillouin
scattering. In this regime the light scattering is known as stimulated. As a result, this
reflective index grating induced by the introduced pump signal produces back-scattered
light by Bragg diffraction. As the energy and momentum conservation laws must be obeyed
in the scattering process, frequency of backscattered signal is downshifted (Stokes field) as
the reflective index grating is moving at the acoustic velocity.
Raman scattering
Spontaneous Raman scattering
Raman scattering is induced by the interaction between the molecular of medium
and intense optical light which excite a relatively large frequency shift dependent on the

resonance of molecular. The spatial vibration of molecular would scatter the incident light

by several hundred to several thousand wavenumbers (cm™).
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Stimulated Raman scattering
While far more intense process e.g. stimulated Raman scattering is evoked with
intense incident optical light beam. During the SRS process, typically as high as 10% or

more of the incident energy could be transferred to the shifted stokes and anti-stokes field.

Table 2.1 Typical values of the parameters for each scattering process [7].

Scattering Frequency shift Linewidth Gain Lifetime 7(s)
process vV=w/2t Av (Hz) Coefficient
(Hz) g (MW [cm)
Rayleigh 0 5x10™ 107 -
Brillouin 10" 108 10 107
Raman 101 10" 5%107 10712

Typical value of the physical parameters for each scattering process are listed in
table 2.1 which roughly represent the relative intensity of the interaction. In general, the
frequency shift of Raman scattering is much larger than the remaining scattering process
with a more efficient energy transfer mechanism. However, the gain of Rayleigh scattering
is quite weak compared with other process with merely 10~ which is about 3 orders lower

than the Brillouin scattering.

2.1.2 Stimulated scattering process

The origin of optical scattering is the inhomogeneous properties of the propagation material
as explained in section 2.1. Up to now, two different kinds of scattering mechanisms is
investigated and applied e.g. spontaneous scattering and stimulated scattering. The
scattering process is defined as spontaneous when the fluctuation of medium properties is

induced by internal thermal motion or quantum chemical zero-point effects. On the other
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hand, the stimulated scattering featured an extra intense optical light which could excite
inhomogeneities in fiber. as a result, the Stimulated light scattering is more efficient than
spontaneous light scattering.

» Physical Process

The process of stimulated Brillouin scattering (SBS) can be modeled as a three-wave
interaction among backscattered Stokes field, pump wave and acoustic photon. The pump
signal excites a propagating acoustic photon through electrostriction[10]. The generated
acoustic wave would propagate alone the fiber with a velocity of v,. Meanwhile, the
refractive index is changed periodically and scatter back the incident pump light. According
to the Doppler shift theorem, the frequency of backscattered light is downshifted with the
same frequency of v,. The SBS process can also be regarded as a quantum-mechanically
process: annihilation of a pump photon generates a Stokes photon and an acoustic phonon

simultaneously. During the process both the energy and the momentum must be conserved.

HZ
El’ w1’k1>
SQ7
1Y q)
Ez’ wz’kz
-
| |
z=0 z=1L

Fig. 2.3: Schematic representation of the stimulated Brillouin scattering [10].

Then the frequencies and the wave vectors of the three waves are deduced as:

Op = w, —ws, kg =k, — ks 2.1
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Where wg and w, are the angular frequency of pump and Stokes wave. kg
and k,, are the wave vectors.
» Wave equation and nonlinear polarization
The detailed behavior the stimulate Brillouin scattering process can be analyzed through
incorporating the propagation equation in fiber and the nonlinear response of materials. The
involved optical waves, the incident light and the backscattered light, are considered

separately and expressed as:

E(z,t) = E;(z,t) + E,(z,t) (2.2)
Where,
E (z,t) = A (z, t)etkz=01D) 4 ¢ ¢, (2.3)
And
E,(z,t) = Ay(z,t)e!kez=@20) 4 ¢ c. (2.4)

According to the Maxwell’s equation, the evolution of incident and backscattering

light can be expressed as:

92E; 1 0%E _ 1 8°P

72 R ar  me o

i=12 (2.5)
The total nonlinear polarization, which gives rise to the source term in this equation,

is given by:
P = gyAxE = gyAcE (2.6)
Introduce Eq. (2.3) and Eq. (2.4) into the wave Eq. (2.5) along with Eq. (2.6), and

obtain the equations:

dAq igowq?yé  |Ap|%44

az 2nepy  QE-Q2-iOlg 2.7)
= 28)

Defining the intensities as I; = 2neycA;A; , we find from Eq. (2.31) that
h=—ghl, 2.9)

45



CHAPTER 2

46

dr
d—ZZ =—gll, (2.10)
Where g is the local SBS gain coefficient, which an approximation expression is

given by:

d'8/,)2

S Sl 2 — 2.11
% ap-2)2+('B/,) .11

9g=49
Where, g, is the local gain coefficient dependent on the fiber materials and I is

the Brillouin linewidth. At the central frequency, where gz = (1 the Brillouin gain reach

its maximum.

2.2 Dynamic optical fiber sensor based on Rayleigh

scattering

2.2.1 Overview of phase-sensitive OTDR based on Rayleigh light

scatterings

As discussed, there are three different scattering mechanisms that originate from the
inhomogeneous physical properties of optical fiber, namely: Rayleigh, Raman and
Brillouin scattering. The measurement principle for Rayleigh scattering based sensor is
relatively straightforward. Various optical sensing systems based on Rayleigh scattering
mechanism including OTDR, phase-OTDR and optical frequency domain reflectometry
(OFDR) prevail in both research and industry area. The sensing principle can be generalized
as that external environment would have an influence on the physical property of optical
fiber which in turn changes optical characteristics of backscattered Rayleigh signal
including intensity, phase interference pattern and polarization state. This means that all
these parameters could be exploited for high-sensitive measurement with comparatively

convenient and cost-effective realization scheme.
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Primary implementation of OTDR

Waveform
Laser Source
Generator
C;)\__

Fiber Under Test
Rayleigh Trace *

Photodiode

Fig. 2.4: Schematic setup of a generic optical time domain reflectometer [12].

The idea of utilizing Rayleigh scattering signal as sensing components can be traced back
to 1960s’ [11] . In the beginning, OTDR is proposed for monitoring the fiber attenuation
and fault location for telecommunication optical cable [13]. Primary implementation
scheme of OTDR is based on optical intensity measurement. As illustrated in Fig. 2.4, the
basic implementation setup of OTDR is composed of a light source, optical pulse modulator,
Erbium doped fiber amplifier (EDFA), circulator, reel of fiber and a photo detector. It
should be mentioned that broadband light source is generally used in the conventional
OTDR systems to reduce power fluctuation due to interference. High extinction-ratio
optical pulses are generated by modulation and injected into the fiber to guarantee more
‘clear’ backscattered trace. Then the Rayleigh traces are recorded in chronological order.
As Rayleigh scattering is quite weak, large acquisition times are necessary to obtain a
distinct observation of the intensity trace distribution. Changes of the obtained trace
represent the discontinuities of the transmission medium which reveal the external
environment. While the location is acquired by calculating the round-trip time of optical

pulse.

47



CHAPTER 2

48

Phase-sensitive OTDR

Intrusion
[ Laser Source AOM EDFA v =

Difference
Photodiode j\

Time

Fig. 2.5: Schematic setup of phase-sensitive OTDR system [13].

For phase-sensitive OTDR ( ¢-OTDR ), the laser source with a narrow-linewidth is

essential to guarantee the coherent relations between adjacent reflecting scatters. Highly
coherent optical pulses are injected into the FUT periodically and the backscattered
Rayleigh traces of each pulse are recorded. Generally, the sensing fiber is modeled as
multiple random scattering elements each with a small reflectivity coefficient. When
reaching the adjacent scatters, optical pulse is reflected independently, and a virtual
interferometer is constructed within the optical pulse duration. This process is modeled as
summation of multiple coherent Rayleigh traces. As a result, the speckle pattern is formed
at the receiver due to the coherence of laser source. The temporal profile of each
measurement should remain unchanged if sensing fiber is free from external perturbation.
This is the so called ‘fiber fingerprint’ which is inherent to a specified fiber. On the contrary,
the stable coherent interference pattern is distorted as external perturbation is applied. The
difference of reflected Rayleigh trace represents the external perturbations.
Phase detection of phase-sensitive OTDR
Distributed dynamic sensing using the phase-sensitive OTDR system by measuring the

amplitude have been reported in several literatures [14]-[16]. In the reported systems the
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frequency of the intrusion events is analyzed according to the detected intensity variation.
Obtained result is partial and inaccurate under some conditions. When strong vibration is
applied, severe high-order harmonics in the detected amplitude trace along measurement
times is caused due to the fact that the monotonic interval of the phase-amplitude transfer
function is limited in the range of 2 [17]. That means the amplitude of interference pattern
would not direct represent the applied external changes.

To overcome the mentioned drawbacks several advanced schemes are proposed to
analyze the phase distribution (e.g. the continuous phase distribution of the interference
pattern) in addition to the amplitude [18]-[22]. The principle and basic configuration are
quite similar to the common intensity measurement base schemes except that detection end
has to be modified to enable detection of phase information. With the help of coherent
detection method or interferometer interrogation structure, phase information is recovered
which is linearly proportional to the applied strain. In this way, the applied vibration is

easily demodulated and accurately converted.

2.2.2 Basic operation principle of dynamic sensing in Phase sensitive -

OTDR

Dynamic Measurement principle
Various sensing systems using phase-sensitive OTDR have been proposed to monitor static
or dynamic events including temperature, strain or vibrations. The operation principle to
implement phase-sensitive OTDR is based on measurement of coherent Rayleigh
backscattering trace from FUT. The environment changes to be monitored is analyze
through local Rayleigh scattering change along time axis.

As shown in Fig. 2.6, when optical pulse encounter scattering element, part of incident

49



CHAPTER 2

50

signal is backscattered. The reflected trace from sensing fiber is the summation of N
independent traces Ty, T, ... Ty each with a different scattering coefficient 7; and different
phase shift ¢; [23]. The scattered light within the duration of pulse length is independent
while phase-related due to the coherence of laser source. Therefore, coherent interference
is formed at the receiver. Generated optical light of laser source can be expressed as:
E(t) = Ey(t)e/®ot (2.12)
where E,(t) = \/I_Sexp{]kp(t)} represent the complex amplitude of optical field
operating at central frequency w, with an intensity of I; and inherent phase noise of laser
source ¢(t).itis worth noted that the magnitude of the phase noise is directly proportional
to the linewidth of used laser diode. Reflected optical signal from a single scattering point
is:
E,, = Eo(t)e 2 ei®oty,eldi (2.13)
Where a is the optical attenuation coefficient, ; is the reflectivity for the i,
scattering event. The term ¢; account for the total phase change including the
accumulated optical field round-trip transmission and phase variation induced by the
reflector. z is the distance between the launch end and scattering position. While the
backscattered signal at the receiver end is the superposition of the reflected signals within
the optical pulse duration period which is expressed as:
E(t),— = Eo(t)e 232wt YN | riej‘l’irect(%) (2.14)
Where N is the number of scatters within the pulse duration, W is the width of

the optical pulse and 7; is the time delay for i;, scattering event.

Ty = — (2.15)

/n

—1; <t—1 <
rect (tWT‘) = {1'0 O=t-z < 1} (2.16)

otherwise

As the used light source is coherent, reflected optical components would interfere
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with each other at the receiver end. Optical power of the reflected signal is given by

p(t) = [E@®)|? (2.17)

As can be seen from Eq. (2.25) the resulted power can be divided into two parts

p1(t) = T, {| Eo(t)e 24/t [} (2.18)

p2(8) = 23N, X {Eo (e 2% 1 Ey (t)e 2% }e/ Pi=®Drect (t;i) rect (%) (2.19)

In which the subtotal p,(t) is the direct current (DC) component that is composed
of N independently scattered light energy only dependent on the incident optical light
energy and the reflectivity index. On the other hand, the subtotal term p,(t) represents the
coherent interference pattern of the reflected Rayleigh signal which is composed of the N
reflected traces and formed the “jagged appearance”. In p,(t), the cosine function ¢, ; is

the phase difference and proportional to laser source frequency v, scatter space s;; = z; —

zj, the refractive index n.
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Coherent Rayleigh backscattering
Fig. 2.6: Coherent Rayleigh backscattering in the FUT modeled as a set of randomly distributed
scattering elements [23].
Basic implementation setup for phase sensitive-OTDR

The basic schematic diagram for coherent detection phase-sensitive OTDR is illustrated in

Fig. 2.7. Typically, a narrow-linewidth laser source like fiber laser is used which is quite
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FUT FUT

EDFA CIR

Fig. 2.7: Simplified experimental setup for coherent phase-sensitive OTDR, AOM: acoustic optical
modulator; PC: polarization controller; EDFA: Erbium-doped Optical Fiber Amplifier; CIR: Circulator;
LPF: low pass filter; FUT: fiber under test; DAQ: data acquisition card. BPD: balance Photo-diode;

AWG: arbitrary waveform generator.

cost-effective for distributed fiber sensing system. The output wavelength of the laser
source is set at ~1550nm. The CW light is split by a 3-dB coupler into two identical power
outputs. The pulse repetition rate is dependent on the fiber length and the pulse width is
chosen according to the spatial resolution, and several hundred Mega Hertz frequency shift
(typically less than 300MHz) is introduced through an Acousto-optic Modulator (AOM).
Power of generated waveform is boosted using an EDFA. Amplified spontaneous emission
(ASE) noise is subsequently eliminated by optical filtering typically using fiber Bragg
grating (FBG). Afterwards, the optical pulse signal is launched into FUT by a circulator.
Another 50% of source light functions as the LO and combined with the reflected Rayleigh
signal from FUT before detection. By employing the balanced detection of the beating
signal between the Rayleigh signal and LO, a 3-dB improvement could be guaranteed in
terms of SNR. Finally, the collected signal at the coherent receiver goes through a RF

demodulator which is constructed by mixing with a sine waveform at the same frequency
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with the AOM modulator driving signal. In this way, the Rayleigh signal is recovered.
Collected Rayleigh signal is subsequently processed using an FPGA in practical application
or offline in experimental studies with the processing algorithm to be discussed in the
following section.

Signal processing methods
In theory, the interference pattern of Rayleigh scattering for a specific sensing fiber remains
unchanged if no external vibration is applied. However, in real applications, the obtained
Rayleigh trace is influenced by random noise including laser source phase noise,
polarization noise, optical noise during transmission in sensing fiber and shot noise upon
detection. Accumulated noise would severely distort or even totally change the ‘jagged
appearance’ at far end of sensing fiber. Various DSP methods are proposed to suppress the
influence of noise and improve the SNR.
1) Separating averaging method
The most straightforward way to improve the SNR is using average. Normally, we can get
an averaged trace by N trace average, so called separating averaging method. The larger
the number of traces N used for the average the better the obtained SNR. However, the
drawbacks are also obvious. First, it will dramatically reduce the measurement speed. For
example, it is easy to know from this averaging method, the larger the average number, the
lower the frequency response. Besides, the Rayleigh trace which contain the information
of dynamic events varies for each measurement. Taking average for N measured traces
inevitably deteriorate the measurement accuracy.
2) Moving averaging and moving differential method
The moving averaging and moving differential method are proposed to alleviate the sensing
measurement restriction and improve accuracy. The principle is that there are N raw traces

set r ={r,r,..ry}, where 1; is the i, raw trace. M moving averaging number is
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assumed, the averaged traces setis R = {R,R..Rx}, K=N—-M +1; and
R, = % [=i+M-1p. | €[1,N],i € [LN — M +1] (2.20)
As the adjacent traces is measured with very short time interval, the variation of
reflected intensity is tiny and nearly impossible to figure out applied vibration. Then the
differential traces could be obtained by following scheme:
AR = {AR},AR,, ... AR} (2.21)
Where ] =K—1=N—M and AR; = R; — R,, while the value of r which
determines the distance between R; and R, is set according to the frequency of
measurement events. Using this moving differential method, a moving differential window
is applied along the obtained traces which merely reduces the effective traces from N to
N — M while maintain the maximum detectable frequency and improve the measurement
frequency N times compared with the separating average method.
3) Phase demodulation method based quantitative measurement
The algorithms discussed above mainly focused on the amplitude analysis of Rayleigh
scattering traces. As previously explained, interference pattern of Rayleigh trace is formed
by coherent beating of multiple reflected optical signals. In other words, the intensity
distribution is not a direct reflection of measurand. External perturbations first change local
reflective index and then introduce phase shift to reflected signals and is then transformed
to amplitude fluctuations. However, the linear range of the transformation is limited within
n 4to 37T/ 4 1f cosine function is considered. In order to achieve quantitative measurement,
several processing methods have been developed to demodulate the phase distribution of
Rayleigh trace.
» Phase demodulation based on 3 X 3 coupler

A simple method to extract the phase information of the phase sensitive-OTDR



CHAPTER 2

system is based ona 3 X 3 coupler. The basic operation principle of phase sensitive-OTDR
is based on the coherent interference of coherent Rayleigh scattering from neighboring
points of the sensing fiber. The signal is therefore the summation of light emanating from
two regions of fiber and its magnitude is dependent on their relative phases difference. To
avoid signal beating fading, the differential and cross-multiply phase demodulation system
is used in which a three port MZI and three detectors are used.

Photodetector

e

}_’:S ) Symmetric
3x3 3dB Input

— coupler coupler ~ signal
E OO0

Polarization
$ controller
| —

Fig. 2.8 Schematic of the setup used to eliminate signal fading in interferometer by using a symmetric

3 x 3 coupler at the output of the interferometer [24].

In this setup, a three-port coupler and MZI is constructed (Fig. 2.8) with each port
introduce different phase shift. The output signal at each port of the 3 X 3 coupler can be

expressed as:

I, = I,[M + Ncos(¢)] (2.22)
L, =1, [M + Ncos(p + 2?”)] (2.23)
Iy = Iy [M + Neos(p — 5| (2.24)

where M and N are constant, ¢ is the phase difference of the Rayleigh signal.
I, is the intensity of the input signal. The demodulation method is proposed in [10] which

uses the differentiate and cross-multiply method. By introducing an extra 3 X 3 optical
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coupler and MZI structure, the phase difference can be measured directly. The output
voltage vy, is directly proportional to the phase:
Von =3¢ (2.25)
» Phase demodulation using I/Q demodulation
Fig. 2.9 shows the general block diagram of I/Q demodulation used in our scheme.
Assuming the light source for sensing system described as [21]:
Asexplingt + ip(t) + igs] (2.26)
Where A, ws, @gare the complex-valued amplitude, the angular frequency and
inherent phase noise of laser source, respectively. ¢(t) is the phase change induced during
the propagation in the sensing fiber.
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Fig. 2.9: A general block diagram of I/Q demodulation using 90° hybrid [21].

The signal and LO is recombined by the hybrid, and the accurate 90° phase shift is
induced in one beam of the signal yield the following optical light field:
Asexpliwgt +ip(t) +igs +i(" /5] (2.27)
The LO can be described as
Agexp(iwpt + i@g) (2.28)

WhereA,, wg, ¢, are the complex-valued amplitude, the angular frequency and
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initial phase of LO respectively. The AC components of the photocurrents are:
1
Ipc = 3 R-Ag-Ag - cos{(wg — wo)t + @(t) + o5 — @o} (2.29)

Qac =5 R As+ Ay sin{(ws — wo)t + @(8) + @5 — 9o} (2.30)

In the setup, the signal and the LO come from the same laser, and no frequency
different is present, so wg — wy =0, @, — @y = Q4. @4 is the difference between the
initial phases of the LO and the signal, and we assume that it is a constant. Then we have:

lic =5 R-Ag - A cos{p(t) + @4} (2.31)

Qac =5 R+ Ag Ay sinfp(t) + 9a} (2.32)

The amplitude and the phase of the RS light can then be obtained:

As <\ I, Qdc (2.33)

@(t) = arctan (%) — Q4 (2.34)

lac

Here, the value of the arctan function is from _”/2 to ”/2. The range of the

demodulated phase can extend from negative infinite to positive infinite by using the phase

unwrapping algorithm.

2.2.3 Performance analyses of Phase sensitive-OTDR

In phase sensitive-OTDR based sensing schemes, a highly coherent and high peak power
optical pulse is injected into the sensing fiber. The backscattered Rayleigh intensity trace is
produced by the coherent interference between the neighboring reflectors due to the
inhomogeneities of medium in the fiber. As a result, the jagged appearance is formed with
a stable pattern.

SNR of phase-OTDR sensing system
As discussed, the obtained SNR in the phase sensitive-OTDR measurement is limited by

the optical power and the noise power level in the optical detection. It is important to
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analyze the noise source during the transmission in optical fibers. Mainly, two types of
noise sources are considered in the phase-OTDR measurement: firstly, electrical noises
introduced by electrical circuits during the photodetection process (such as shot-noise),
secondly, the optical leakage noise due to the finite extinction ratio (ER) and the ASE noise
induced by the devices used in the system [25]. We first consider the ER of optical pulse.
the peak power of incident optical signal is defined as P; and the leakage power is P,.

P
Then ER is defined as the ratio P—l. It is obvious that higher ER means lower optical noise
2

with the same peak power. Considering an incoherent type of noise then: Intra-band SNR
ER(Lpyise/Lriper) Where Lpyse and Lp;p,erare respectively the length of the fiber and of
the pulse in the fiber. Considering usual parameters ( P;Lpyise > PyLpiper) the SNR will

therefore be [26]:

SNR % JER(Lpyrse/Lriper) (235)
In summary, the increase of the incident optical pulse power will increase the
measurement range and SNR of a phase sensitive -OTDR. According to the analysis, we
can get better SNR performance in two ways, either improve the peak power of optical
pulse P; or the resulted ER value. However, the increase of SNR is limited due to the
onset of nonlinear effects when P, is increased and the increase the optical width Lp,;s,
will reduce the spatial resolution of the system. The increase of ER is often limited by the
optical modulator used in the system.
Trade-off among measurement accuracy, spatial resolution, sensing range
and SNR
SNR is the most important factor to determine the performance of a phase sensitive-OTDR
sensing system. To be specific, both measurement accuracy and sensing range of the system

is dependent on the SNR of obtained trace. According to Equation (2.34), the obtained SNR
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is proportional to the ER of optical pulse and the duration length of the probe pulse. There
exist two ways to improve the overall SNR e.g. increase ER or extend the probe pulse
length Lp,;c.. However, the optical probe pulse width is directly related to the spatial
resolution. We can extend or narrow down the pulse duration according to the required
spatial resolution. In other words, SNR can be improved at the cost of spatial resolution.
Another approach is to increase ER of probe pulse including boost the peak power or reduce
leakage power level. Under ideal assumptions, the peak power could be boosted to as high
as possible to achieve sufficient SNR without compromise the spatial resolution. However,
this combination would inevitably lead to severe nonlinearities such as modulation
instabilities. These nonlinear impairments impose a maximum power limit to the
achievable optical pulses, which in turn reduce the optical power of reflected traces as well
as SNR.
Modulation instability-induced pulse fading
To achieve reliable vibration measurements, it is indispensable to have a good SNR in the
measured trace. As explained, the sensing range, spatial resolution and obtained SNR are
closely inter-related parameters. For a given optical pulse length, no other option is possible
if we need to increase the SNR and sensing range except for increasing the peak power of
optical light. However, the nonlinear effects in fibers impose the upper limit for the peak
power as described in [27]. Among these nonlinear limitations, the first effect to arise in
usual conditions for phase sensitive- OTDR is modulation instability (MI). MI in fibers
results from the interplay between the Kerr effect and anomalous dispersion [28]. The gain
spectrum of modulation instability is given by
9(®) = 18,0102 — 012 (2:36)
Fig.2.10 shows the gain spectra for three values of the nonlinear length with given

parameters. The gain becomes maximum at two frequencies given by:
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Qpax = 2= i(%)% (2.37)

When the peak power of the pulsed pump lightwave reaches the threshold of
modulation instability, the intensity of the pulsed pump shall be strongly depleted, and side
lobes in the frequency domain are stimulated. The peak power distribution of the pulsed

pump along the FUT no longer decreases approximately exponentially but drops sharply

after propagating over a certain distance. Hence, the received Brillouin signal is

Instability Gain (kmi™")

ol A . . A L
=150 =100 =50 0 50 100 150
Frequency Shift (GHz)

Fig. 2.10: Gain Spectra of modulation instability for three values of the nonlinear length, Ly, =

(yPy)~! when a CW beam with power P, is launched into a fiber with f, = —5ps?/km.

significantly distorted as shown in Fig. 2.11. Therefore, the peak power of the pulsed pump

lightwave employed in a phase-OTDR system shall be lower than both the thresholds of
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Fig. 2.11: Brillouin gain signals along a 25.5 km SMF fiber showing the pump depletion due to MI

after a critical distance depending on the pump peak power [29].
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MI and SRS.

Sensitivity
In distributed acoustic sensing (DAS) systems, the measurement of sensitivity is key to the
comparison of the performances of individual systems. The sensitivity is defined using the

following relationship [30],[31] :

Omin = |550m (238)

Where 0,,;, is the standard deviation of the dynamic phase signal which also determines
the minimum measurable amplitude, z, is a dimensionless parameter obtained from the
Rayleigh distribution, and SNRs is the static SNR obtained from a single measurement of

backscattering signal at the receiver.

2.3 Distributed Optical Fiber Sensing Systems based on

Brillouin Scattering

2.3.1 Overview of distributed optical sensing system based on

Brillouin scattering

Distributed optical fiber sensors based on the process of nonlinear Brillouin scattering have
been investigated for several decades due to their unique advantages over the pointed or
other distributed systems. As described above, the phenomenon of Brillouin scattering
originates from the acoustic modulation of the dielectric permittivity of transmission
medium. The emitted Stokes frequency signal downshifted according to the Doppler shift
effect of propagating reflective index grating generated by acoustic wave. Distinguished
advantages, such as high sensitivity, quantitative measurement and high accuracy have

attracted considerable research interests and a variety of sensor schemes based on Brillouin

61



CHAPTER 2

62

scattering have been proposed. In recent decades, Brillouin scattering based distributed
sensors have been applied extensively in a wide application field.

As reviewed in previous chapter, the optical frequency of Brillouin scattering is
directly related to the magnitude of change in surrounding environment. Distributed
monitoring of measurand is possible if we can measure the frequency shift of probe signal
along the fiber. Therefore, the key of Brillouin scattering based sensing is the measurement
of the frequency shift of scattered signal. Several schemes have been proposed towards this
end including BOTDR and BOTDA. In BOTDR system, the frequency shift is directly
obtained by mixing backscattered signal with a local oscillator to measure the frequency
components. In BOTDA system, frequency sweeping method is introduced to control the
frequency gap between probe and pump signal to determine the Brillouin amplification
profile. Different from the time-resolved schemes like BOTDA or BOTDR, in Brillouin
Optical Correlation Domain Analysis/Reflectometry (BOCDA/BOCDR) system, the
frequency of the continuous light wave used is varied through modulation method for
locating the position and measurement of BFS.

Brillouin optical time domain reflectometer
BOTDR s first proposed in 1980 for measuring strain [32]. Measurement principle and
implementation structure are quite similar to phase sensitive OTDR except that the
frequency component is analyzed instead of intensity interference pattern. In BOTDR
system, the Brillouin pulses are introduced in single end of FUT and the reflect Brillouin
scattering traces are collected [33]-[36]. Pulse pump signal with frequency v is injected
into the sensing fiber to generate spontaneous Brillouin scattering. Frequency of
backscattered light is shifted by Av due to the reflective index modulation effect of
acoustic wave. Generally, heterodyne detection technique is used for BOTDR system to

improve the sensitivity and SNR. Av is measured by mixing the Brillouin scattering traces
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with a reference LO before detected by a balanced photo detector (PD). Then, detected
electrical signal is analyzed with post-processing algorithms to obtain the frequency
composition. Since the frequency shift is linearly proportional to both the temperature and
strain with a fixed coefficient, the measurand is easily determined.
BOTDA

Though quite simple, BOTDR did not prevail both in the research and application area.
Main drawback of the scheme is the sensing range of the system is limited by the intrinsic
nature of spontaneous scattering which is an order lower than the stimulated one. In
BOTDA, the backscattered optical light is stimulated by high power pump signal with a
much higher power transfer efficiency [37]-[43]. This mechanism guarantees better sensing
range with higher SNR. In BOTDA sensor, Brillouin gain (or loss) profile is measured with
a pulsed-optical wave (or pump) and a counterpropagating CW light (or probe),
transmitting in the sensing fiber in opposite directions. When the frequency mismatch
Av =v — v between pump and probe signal is tuned to the Brillouin frequency shift vy
of the fiber, the probe signal will be amplified through SBS. Therefore, the increasement

of probe signal along the sensing fiber is recorded as a function of time.

2.3.2 Operation Principe of BOTDA

Analytical model of BOTDA
The simplified analytical model of BOTDA system is illustrated in Fig. 2.12 [44]. Pulsed
pump signal is introduced into the FUT from location z = 0 while the continuous wave
probe signal is injected from the other direction from z = L. Where L is the total length
of the FUT. The frequency difference v between pump and probe signal is tuned

continuously to find the resonance point which the optical scattering between pump and
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probe maximize, known as the BFS. The pump and probe signal can be described as:
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Fig.2.12: The diagram of the pump-probe configuration for conventional BOTDA. At each position z,
the local Brillouin gain is proportional to the product of probe power, pump power and the gain

coefficient. [44].

P,(z) = Pyiexp(—az) (2.39)

P.(2) = Pyexp{—a(L — 2)} (2.40)

Where P,; and Py; are the optical power of pump and probe signal. « is the fiber
attenuation coefficient. The energy transferred between pump and probe signal is described

as:

AP,(2) = {f;f) P,(2)Py(2)Az (2.41)

Where gg(z) isthe Brillouin gain coefficient which is dependent on the material,
Agfy 1s the nonlinear effective area of the guided mode and Az is interaction region of
pump and probe signal which is dependent on duration length of pump signal. gp take the

shape of Lorentzian spectrum described by the formula [10]:

(/>
950 = 0y e

(2.42)
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Where g, represents the peak power of the Brillouin gain when the frequency v
is tuned at the resonance frequency vy which is called BFS. Ty is related to the photo
lifetime 7 = I'z1. In principle, the pulse width must be longer than the acoustic lifetime

7 = 10ns.
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Fig.2.13: Typical local Brillouin gain spectral response after normalization[44].

AP,(z) is the increasement of probe signal power. BOTDA sensor commonly
operates in small gain regime, i.e. AP (Z)/ P.(2) <« 0.1 which means the pump depletion
N

is negligible. For simplicity, we ignore the extra power loss of pump signal in the SBS
process. Considering Equation (2.38) and (2.39) the expression of Equation (2.40) can be

rewritten as:

AP,(z) = ifff) P,:Psiexp(—aL)Az (2.43)

Equation (2.42) describes the local power increasement for probe signal. It is easy

to find that the energy transfer between pump and probe signal is only dependent on the
input energy of pump and probe signal while irrelevant to location z.

However, the local gain is measured at location z = 0. It implies that the probe

signal as well as the stimulated Brillouin gain will experience an exponential attenuation

as transmitting from z =L to z = 0in the fiber. Hence, the local sensor response

measured at the near end is:
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AP?(2) = AP, (2)exp(—a,z) = iB(Z) Pyiexp(—az)Psexp(—al)Az (2.44)
eff
This expression corresponds to the local sensor response measured at the near end

of fiber. Therefore, the measured gain for probe signal is obtained by dividing Equation

(2.43) with the input probe power:

Gain(z) = PSi:‘xf((_ZisL) = {fff) P,exp(—az)dz (2.45)

As depicted in Fig. 2.12, the local gain for probe signal is proportional to the product
of probe power, pump power and the gain coefficient. If the gain coefficient is assumed
uniform along sensing fiber for simplicity, the profile of the amplification trace would show

exponential decrease in accordance with the fiber attenuation.

Sensing principle

Vp
Probe . Pump
) <4=mm
7=0 Z=L

Fig. 2.14: the sensing principle of BOTDA.

Conventionally, the pump-probe configuration is used to map the BFS distribution along
the FUT. In BOTDA, the pulse pump wave is injected from one end of the fiber interact
with CW probe signal introduced from the opposite direction. As shown in Fig. 2.14, by
scanning the frequency v detuning between probe and pump around Stokes frequency (~
11GHz @ 1500nm) at a step of Av and record the probe power at the output of fiber under
test, the gain spectrum of probe signal at different frequency detuning is then analyzed to
find the location of its peak and thus deduce the BFS v;.

Spatially resolved BFS distribution is linearly proportional to the surrounding
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environments including the temperature and applied strain. The coefficient of temperature
and strain is about 1°'C/MHz and 20 ue/MHz, respectively. By calculating the variation of
BEFS at each location, the measurand is thereby determined. Therefore, the scanning step
AV define frequency resolution of BGS corresponding to the minimum distinguishable
magnitude of measurand. While the scanning range is the maximum detectable range of
change for applied measurand. The position of the hot spot is measured according to the
round-trip time of the optical pump pulse.
Measurand dependence of Brillouin frequency shift
The BFS in the optical fiber is given as vy = 2nv,/A. According the expressing, the value
is dependent on the RI n of fiber, the acoustic velocity v, and optical wavelength A .
When the wavelength of the lightwave is given, the dependence of BFS value on the
measurand can be expressed as:
dvg = vB{%n + %} (2.406)
The refractive index n is determined by the relative dielectric constant & and the
relative magnetic permeability 4, which can be expressed as:
n=eu =+e (2.47)

where u is the effectively unity for nonmagnetic substances [45]. The acoustic

K Ey(1-0)
= [Ko | EoD 24
va \ﬁ (1+0)(1-20)p (2:48)

where K is the bulk modulus, p is the density, Ev is the Young’s modulus, and { is

velocity v, is given in [46]:

the Poisson’s ratio of fused silica fiber.
Strain and temperature dependence of Brillouin spectrum

While the strain dependence on BFS can be expressed as:

av 10n 1 0V
=T = v e+ 5

Cc. =28 —
S as nas Vv, S

(2.49)
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The strain dependence of n and va can be analyzed by the model of the elastic-optic
effect [47] and the theory of elasticity [46]. As shown in Fig. 2.15, the BFS value
corresponding to different temperature/strain values clearly indicates the linear dependence.

Similarly, the variation of the temperature shall affect the refractive index and the
acoustic velocity in the fiber as well. The temperature dependence coefficient Cr can be
written as:

_ BvB

Cp=208 =y (100 1 0Vay (2.50)

or ndT V4 oT

The temperature dependence of Brillouin spectrum is much more complicated,
though the Brillouin frequency shift is generally regarded to be linearly increasing with the
ambient temperature with a slope of about 1 MHz/°C. However, both the refractive index
and the elastic constants do not always change linearly with the ambient temperature [48],
[49]. Researches have been found that there exist linear limits for temperature measurement

[50], [51]. To avoid ambiguity, the experiment discussed in the following is within the linear

part of temperature variation.
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Fig. 2.15: Dependence of (a) Brillouin gain spectrum and (b) Brillouin frequency shift with applied

tensile strain.
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2.3.3 Performance of BOTDA

SNR
The SNR for BOTDA sensor is defined as the ratio between maximum amplification power
and the average noise power. As discussed, the local gain for probe signal is proportional
to the product of probe power Pg;, pump power P,; and the gain coefficientgp(z). As the
probe wave is amplified by pump pulse during travelling in the sensing fiber from opposite
direction. The increasement of probe power is detected at the receiver end and the average
noise power is also calculated. The maximum power gain of probe signals after SBS

amplification can be expressed as:

AP,(vp) = g—PpriPsiexp(—ZaL)Az (2.51)

Acs
The detected current by photodetection is:

I; = RpAP,(vg) (2.52)
Where R is the responsivity of photodetector, the signal to noise ratio of a

conventional BOTDA setup is:

SNR = 2500 (2.53)

D

Where o is average accumulated optical noise power of the system.
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Power limitations of probe signal
The power of the probe signal is limited by non-local effect [52]. This phenomenon is
mainly caused by the continuous energy transfer between pump signal and probe signal.
During the propagation in the FUT, the power of pump is gradually depleted by the SBS
process which is cumulative for the pump signal. As shown in Fig. 2.16, the obtained BGS

is biased with depleted pump power resulting in systematic measurement error.

Pp, 4 dXP :‘6‘/: Depleted pump power
Po ‘

i
i Peak gain shifting (error)

Real Brillouin
gain spectrum

Measured

» Brillouin 4

gain spectrum/ I

/

/
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Fig. 2.16: Non-local effect due to the accumulative power depletion of pump signal [52].

Power limitations of pump signal
Increasing the peak power of the pulsed pump lightwave may also lead to the pump

depletion. As discussed, modulation instability results from the Kerr effect and anomalous
dispersion gives rise to the soliton self-building process. When the peak power of the pulsed
pump lightwave reaches the threshold of modulation instability, the intensity of the pulsed
pump shall be strongly depleted and transferred to side lobes in the frequency.

Measurement speed
Measurement time is an important factor that restricts the application of BOTDA system.
A complete implementation of BOTDA measurement process is comprised of the following
steps: scanning the frequency shift between pump and probe signal, recording the probe
amplification trace and repeating trace measurement to required average times. Therefore,

the factors limiting the measurement speed for commonly investigated DOFS systems can
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be summarized as [53]:
1) Time of flight T : depending on the sensing fiber length. The time interval between
two interrogation pulses need to be larger than the round-trip time of pump signal. The

repetition rate of the pump pulses should not exceed 1 /T 4 i
rouna_trip

= ZL/vg , where
v, 1s the group velocity speed and L is the sensing fiber length. This factor depends
on fiber length and thus can not be improved.

2) Averaging time N: the optical scattering process is usually quite weak. Therefore,
sensing systems based on optical scattering mechanism commonly requires hundreds
of averages for the detected signal to improve the obtained signal-to-noise ratio (SNR)
especially over long fibers.

3) Frequency scanning time N;: for Brillouin scattering based DOFS system, the
frequency sweep is inevitable in order to characterize the Brillouin amplification(loss)
profile which is directly related to the measurand. Typically, several hundreds of
sweeping is needed with scanning step of ~MHz and scanning range of several hundred
MHz.

4) Optical frequency switching speed T;: for the electrical devices like synthesizer or
polarization scrambler, the stabilization time should be considered depending on the
actual implementations which usually on the order of milliseconds.

In summary, the total time need for a BOTDA measurement can be expressed as:
(T+Ts)-N-Nf (2.54)

Equation Chapter (Next) Section 1
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3 Application of Phase sensitive -
OTDR system for dynamic
measurement of telecommunication
system

In this chapter, an integrated telecommunication system and phase sensitive-OTDR sensing
system with shared optical bandwidth is reported. The dynamic measurement of
telecommunication system using Phase sensitive-OTDR sensing technology is investigated.
OFDM modulation technique is selected and applied in our communication system as it is
widely recognized as one of the major transmission techniques of modern
telecommunication networks with many advantages. In our system, 16QAM-OFDM signal
at 112Gbit/s is transmitted over 20km SSMF. Meanwhile distributed phase sensitive-OTDR

system is deployed to monitor the environmental variation along the fiber.
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3.1 Introduction

Fiber-optics communications technologies have developed rapidly in recent
decades with advanced modulation formats, amplification mechanism and high sensitivity
optical receivers to meet the explosive capacity demands of internet service [54]. In
telecommunication systems, optical fiber is utilized as the transmission medium with the
outstanding characteristics of high capacity and low attenuation. Over 10Tbit/s
transmission have been demonstrated with normal single mode fiber. Optical fiber network
which forms the infrastructure of information technology have been deployed widely
connecting cities, towns, highways and links countries.

However, the optical fibers used in the telecommunication cables are vulnerable
and susceptible to external perturbations such as earthquake, building construction or
extreme weather conditions. Several cases have been reported and they have all caused
great loss with significant interruption to internet services [55],[56] . Therefore, monitoring
of the transmission system to enable early detection of these external perturbations is vital
to ensure stable operation of communication network.

Various distributed optical fiber sensor techniques have been proposed and
investigated in depth for different application scenarios [57]-[60]. Among them, the
Phase-OTDR has been demonstrated as a suitable candidate for distributed sensing with
meter-scale spatial resolution and ultra-fast responding time of several milliseconds [61]-
[63].

In phase sensitive-OTDR system, highly-coherent optical pulses are transmitted
into the FUT periodically and the Rayleigh backscattering optical signal of each pulse is
recorded. Generally, the sensing fiber is modeled as multiple random scattering elements

each with a small reflectivity coefficient. Virtual interferometer is constructed by
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neighboring reflectors within the optical pulse duration. As a result, the speckle pattern is
formed at the receiver due to the phase difference between massive reflected optical signals.
The temporal profile of each measurement should keep constant if sensing fiber is free from
intrusion. Otherwise, the feature of the intrusion is readily extracted by monitoring the
change of recorded trace for successive optical pulses. Phase sensitive-OTDR system is
extremely sensitive as the phase change of light induced by external intrusions could be
directly obtained.

In this chapter, the study on an integrated telecommunication system and phase
sensitive-OTDR sensing system with shared optical bandwidth is described. OFDM
modulation technique is selected and applied in our communication system as it is widely
recognized as one of the major transmission techniques of modern telecommunication
systems with numerous advantages. In our system, 16QAM-OFDM signal at 112Gbit/s is
transmitted over 20km SSMF. Meanwhile distributed phase sensitive-OTDR system is
deployed to monitor the external vibration along the fiber. It should be noted that these two
systems share the same optical source before being modulated and launched into the FUT.
Hence, the mutual influence is inevitable. Experimental results for the communication
system show that, compared with unaffected OFDM frames, about 1 dB OSNR penalty to
bit-error-rate (BER) performance is observed in the affected frames by the high-power
optical pulse used in sensing configuration. On the other hand, the influence of
communication signal on sensing system is almost negligible as the reflected power of the
OFDM signal is extremely weak (more than 30 dBm lower than reflected phase-OTDR
signal). 20 m spatial resolution and SNR of location information as high as 6.5 dB is
obtained with 20 km fiber length. Detection of 1kHz vibration applied by PZT is also

successfully demonstrated.
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3.2 Operation principle, experimental setup and signal

processing
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Fig. 3.1: Illustration of operation principle of integrated telecommunication system and phase-OTDR.

Fig. 3.1 illustrates the operation principle of the integrated optical communication system
and phase-OTDR sensing system. The optical communication signal is launched into the
telecommunication link accompanied by lower repetition rate optical pulses. These signals
are multiplexed in the frequency domain and transmitted in fiber simultaneously. In general,
optical systems occupy the frequency range up to several gigahertz. Especially for OFDM
techniques, the frequency band occupied is easily selected by controlling the frequency
tones used for loading of data.

In our systems, 16QAM-OFDM signal is used for data transmission. Sequence of
bit is first mapped onto complex-valued 16-QAM format. Generated 16QAM serial
symbols are assigned to 80 subcarriers out of 256 orthogonal frequency tones which
subsequently are transformed to the temporal OFDM frames with inverse fast Fourier

transform (IFFT) [64],[65]. The expression for OFDM frame can be described as:

E@) =37

keoN /242 Ck exp(j2mvit) 0<t<T 3.1
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Where N is the number of carriers, ¢, represents complex-value 16-QAM signals,
T is the frame length and v;, is the frequency for the k" carrier. A complete OFDM frame
used for data transmission is composed of 5 groups of OFDM blocks. Cyclic prefix (CP) is
inserted between each block to eliminate the inter-symbol interference (ISI). And in front
of the frame, the pre-defined synchronization head is inserted. In the end, 20 percent
clipping is applied to reduce the peak-to-average power ratio (PAPR) and improve
efficiency of modulation and amplification. A pilot tone is added to the temporal OFDM
frames to measure carrier frequency offset. While with the (arbitrary waveform generator)
AWG operating at a sampling rate of 90Ghz, the resulted bandwidth of obtained OFDM
signal is from ~300MHz to 28.125GHz.

At the receiver, reflected Rayleigh signals is detected with a coherent receiver. As
explained, the distortions from OFDM signal is negligible as it is easily filtered out with
offline processing method. Then obtained Rayleigh traces are analyzed with moving
differential method to locate the intensity fluctuation position e.g. the vibration point [59].
Then I/Q demodulation method is adopted to analyze the phase variation at specified
location[66].

While for the communication signals, the optical OFDM temporal frames is also
detected with coherent receiver and collected with a high bandwidth oscilloscope. As we
can tell from the figure, only a small portion of the OFDM frames -200ns duration length
to be exactly- are distorted by high power optical pulses while left the others unaffected.
This part is therefore referred as ‘affected’ frames. The incoming frames are first resampled
due to the sampling rate mismatch between AWG and oscilloscope. Afterwards, inserted
synchronization head is found using correlation algorithm to locate and process OFDM
frames separately. Carrier frequency drift is compensated by pilot tone. For each OFDM

frame, the first data block is used as training symbols to calculate the channel response
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including amplitude and phase change. Then remaining blocks are totally compensated
with the obtained channel response [67],[68].

However, for the ‘affected’ frames the demodulation process is quite different.
Apart from OFDM signals, an additional optical pulse is introduced and mixed with LO at
the receiver. It must be emphasized that the optical pulses functions as a 'second' LO in the
coherent detection process rather than merely an additive intensity pulse. The output current

is written as:

E(t) = Re - {ELO + Epyise + Es}

. : N . (3.2)
= Re-{A o exp(jwot + ¢10) + Ap exp(jwot + ¢p) + Zkiz_,v/zﬂ ¢ exp(j2mvyt)

Where A;, is the complex amplitude, w, and ¢@;,the angular frequency and
phase of LO respectively. A, and @p are the complex amplitude and phase of LO. The

electrical field of the detect signal can be expressed as:

N
1) |4 + Ap 25,2 L CeeXP(2TIE +6)  (33)

As indicated in Equation (3.3), an extra phase rotation term 6 and amplitude
distortion is induced by optical pulse. The DC component is easily eliminated with a high-

pass filter. 8 can be estimated by calculating the phase change of pilot tone within the pulse

duration length.
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3.3 Experimental setups
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Fig. 3.2: Experimental Setup of proposed system. PC: polarization controller; I: in-phase; Q: quadrature;
EDFA: erbium-doped fiber amplifier; ISO: isolator; AOM: Acoustic Optic Modulator; AWG: arbitrary
waveform generator; PZT: Piezo-ceramic Transducers; LO: local oscillator; DSP: digital signal

processing.

The structure of the integrated fiber communication and optical sensing system is shown in
Fig. 3.2. The laser source is a highly coherent narrowband laser with a linewidth of 100Hz.
Output wavelength is 1551 nm with the maximum power of 16dBm.

The CW light is split by a 50/50 coupler. 50 percent of the optical signal is
transmitted into the IQ modulator which is driven by two identical electrical amplifiers.
The modulator is biased at null point by an auto bias-controller. The delivered 256-point
fast Fourier transform (FFT) size 16QAM-OFDM signals are generated in MATLAB
before used to program the AWG with a sampling rate of 90GHz. As described in the

principle, 80 subcarriers occupy 28 GHz bandwidth is used for data transmission. A pilot of
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15GHz frequency is inserted into the OFDM signal. The time duration for a complete data
package which is composed of 640 frames in total is 1us. In-Phase and Quadrature part of
the OFDM signal generated by AWG are modulated onto the corresponding orthogonal
optical carriers through an IQ modulator. An EDFA is inserted before transmitting the
modulated signal into the fiber under test to ensure the suitable launch power. An optical
isolator is placed in front of the circulator to prevent high power optical reflection noise.
At the receiver, ASE noise generator is used to control the obtained OSNR.
Coherent receiver is employed to detect the full field of the transmitted complex signal.
OFDM signal is mixed with a LO through an optical hybrid and detected by balance
detectors. The two outputs representing the real and imaginary part of OFDM waveform
are subsequently collected by an oscilloscope operating at 80GHz sampling rate. The
collected samples are further processed in the software to analyze the BER performance.
While for phase sensitive-OTDR system, a high-extinction ration AOM modulator
is used to generate the high extinction ration optical pulses. Periodical electrical pulse
signal and duration length of 200ns is applied to the radio frequency (RF) port of modulator.
Repetition rate is 10kHz based on the fiber length. Extinction ratio of about 40dB is
achieved. The generated optical pulse is amplified by an EDFA to an average power of
0dBm. Afterwards, OFDM signal and optical pulsed are combined with an optical coupler
and launched into the 20km fiber through an optical circulator. 20 meters of fiber near the
end of the FUT is wound around a PZT which is controlled by a signal generator. In this
way, deformation is applied with arbitrary waveform. Backscattered Rayleigh signal is first
amplified by an EDFA to meet the detection limitation of coherent receiver. After that,
narrow band optical filter centered at 1551nm is used to eliminate amplified spontaneous
emission noise. The Backscattered Rayleigh signal is then converted to electrical signal and

sampled by an oscilloscope.
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3.4 Experimental results

To investigate the mutual influence between communication and sensing signal of the
integrated system, the performance of optical communication system in the absence of
sensing system is evaluated first.
Evaluation of the optical OFDM system

In our experiment, the launch power of optical OFDM signal is 5dBm. The OSNR
of obtained optical OFDM signal at the output of 20km fiber is analyzed with optical
spectrum analyzer (OSA). By controlling the injected ASW noise power, obtained OSNR
from 18 to 24dBm with a step of 0.5dBm is easily guaranteed. For each OSNR value, the
corresponding OFDM signal is recorded by high sample rate oscilloscope. The obtained
OFDM signals are presented in Fig. 3.3. A high-power optical pulse is inserted into the
temporal wave of detected OFDM signals. The detected OFDM signal with different OSNR

is processed following the described algorithm to obtain the BER.
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Fig. 3.3: OFDM signals distorted by optical pulses.

In the experiment, pilot tone of 15GHz frequency is inserted to evaluate the
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frequency offset Af between laser source and LO. As indicated in Fig. 3.4, the frequency
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Fig. 3.4: Frequency offset estimation with pilot tone.

band occupied by OFDM signal distributes between -20GHz to 20GHz which is not
influenced by pilot tone. Then, frequency mismatch Af 1is accurately estimated by
calculating the frequency of pilot tone.

After frequency offset compensation, synchronization algorithm is applied to locate

the position of OFDM frame by calculating the correlation between synchronization head
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Fig. 3.5: Received OFDM samples and correlation value of synchronization algorithm.
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and received OFDM signal. Peak of correlation value indicate the starting sample of
received OFDM frame.

Followed by serial to parallel conversion, the channel response of training symbols
is obtained first. 128 blocks are used for the measurement of complex channel response
value including amplitude and phase responses {H,, H, ... H;,g}. Taking the average of the
128 groups of measurement result, the accurate estimation H is acquired which is

subsequently used for frame recovery. The BER value for each OSNR value is obtained at

25
(b) (©

Fig. 3.6: The measured channel response using training symbols. (a) 128 channel response measurement
results. (b) Amplitude response of the average channel response measurement. (b) Phase response of the

average channel response measurement.

the last step.

To draw a comparison, the simulation is also conducted using the ‘BerAWGN’ tools
provided by MATLAB. In the simulation, Additive white Gaussian noise (AWGN) channel
is assumed for the optical OFDM transmission. Taking the modulation format (16QAM)
and bandwidth used in the transmission into account, the measured BER performance in
experiment is consistent with the theoretical curve with acceptable degradation. As shown
in Fig. 3.7, a maximum of 1dB degrade is observed between simulation and experiment

results.
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——Ber Measurement Results without optical puls
—e— Theoritical 16-QAM OFDM Measurement results

18 19 20 21 22 23 24

Fig. 3.7: OSNR versus BER for the 16-QAM OFDM transmission system over AWGN channel under

simulation and experimental environment.

After that, the measurement is repeated in the presence of optical pulses. As
explained above, additional phase rotation and intensity distortion would be introduced by
the high-power optical pulse in the ‘affected’ frames. As illustrated in Fig. 3.8, the phase
transition induced by high-power optical pulse is obtained by measuring phase distribution
of pilot tone. About 0.8 rad is introduced within the optical pulse. Therefore, a phase
compensation and low-pass filtering modules are required in addition to the conventional
algorithms. However, it is quite difficult to estimate the phase noise influence during the
transition edge. During the rising and falling time which is about 12ns each used in our
experiment, optical power and the resulted phase and intensity noise are unstable and

difficult to estimate which cause large amount of detection error.

83



CHAPTER 3

-

0

0.5 1 15 25

4 Pha;e Noise
| [ | Wl
U |Il||‘ “‘ |‘ Jlm ‘|J "|||a fv JI” |||Jl||
Lising edge

Falling edge ‘ ‘ r_
\'| |(|J‘
Ml I
53 28 05 1 15 2
10 ' . x10%

Fig. 3.8: Phase distribution of pilot tone and the influence of transition edge of optical pulse.

The OSNR verses BER of the measurement is shown as the blue curve in Fig.3.9.

A BER of 3e-3 is obtained with OSNR 0f22.5. The measurement is repeated in the presence

of optical pulses used in sensing system under the same OSNR condition and the results is

shown as the red curve in the figure. As explained above, additional phase rotation and

intensity distortion would be introduced by the high-power optical pulse in the ‘affected’

frames. About 1 dB OSNR penalty is observed which could be ascribed to the inaccurate

phase estimation in the top flat of affected frames as well as the influence of rising and

fallin

g edges of the sensing pulse.
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Fig. 3.9: OSNR versus BER for the 16-QAM OFDM transmission system over AWGN channel

Similarly, the influence of backscattered OFDM signal on the performance of the

phase sensitive-OTDR system is also investigated. In the experiment, the reflected OFDM
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signal is merely -50dBm which is over 30dBm lower than the backscattered Rayleigh signal.

therefore, the influence is negligible.
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Fig. 3.10: (a) Superposition of the backscattered Rayleigh trace without applied vibration signal. (b)

Differential signal of detected backscattered Rayleigh trace.

In phase-sensitive OTDR, the pulse width of used optical pulse is 200ns with a peak
power of 18dBm. 250 traces of backscattered Rayleigh signal are recorded for each
measurement. The collected measurement results are shown in Fig. 3.10. The differential
signal is obtained by subtracting the adjacent traces. The intensity fluctuation of Rayleigh
trace is about 2mv which could be largely eliminated using average.

At the end of FUT, 20 meters of fiber is wound around a PZT to apply vibration
signal. In the experiment, 100 Hz sinusoidal signal is applied to stretch the fiber. Vibration
measurement results are show in Fig. 3.11.

Moving differential method is used to analyze vibration signal i.e. comparing
neighboring trace to analyze the variation. SNR is enhanced by using 10 times moving
averaging on the successive differential traces. The location of vibration is clearly observed

and SNR at the end of the fiber is about 6.5dB.
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Fig. 3.11: (a) Superposition of the backscattered Rayleigh trace with 100hz sinusoidal vibration signal.

(b) Moving differential signal of detected backscattered Rayleigh trace.

In addition, the frequency response is analyzed to evaluate the detection range of
the vibration signal frequency. The waveform of applied vibration is analyzed with I/Q
demodulation method with the help of phase unwrapping. Detected traces at the located
vibration point is analyzed by FFT. As displayed in Fig. 3.12(b), a frequency peak at 100

Hz is successfully observed which agrees with the applied signal.
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Fig. 3.12: the detected time-domain signal of PZT vibration (d) frequency component of the detected

vibration signal.
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3.5 Conclusions

In this chapter, an integrated communication and phase-OTDR sensing system with shared
optical bandwidth is reported. OFDM modulation technique is selected and applied in our
communication system as it is widely recognized as one of the major transmission
techniques in optical communication systems with numerous advantages. In the system
studied, 16QAM-OFDM signal at 112Gbit/s is transmitted over 20km SSMF. Meanwhile
distributed phase sensitive-OTDR system is deployed to monitor the environmental
variation along the fiber.

Equation Chapter (Next) Section 1
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4 Scanning-free BOTDA based on
Digital Optical Frequency Comb

In this chapter, the principle of scanning-free BOTDA based on digital optical frequency
comb (DOFC) is described. The current progress of dynamic BOTDA sensor is reviewed
first. Then, the principle of the proposed scanning-free BOTDA sensor system is discussed
while the generation and demodulation algorithm of DOFC is given. Finally, the

performance is analyzed in detail especially the measurement time.
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4.1 State-of-the-art progress of dynamic BOTDA

measurement

As discussed in chapter 2, the measurement time of conventional BOTDA is composed of
four parts: time of flight of pump pulse, frequency scanning time, time of averages,
frequency switch speed. The measurement time of BOTDA is normally in the order of few
minutes, mainly owing to the requirement of scanning the probe frequency in Brillouin gain
spectrum in order to locate the Brillouin frequency shift induced by temperature or strain
along the fiber, which is time consuming and thus can not meet the requirement in the case
of fast distributed monitoring system [69],[70]. So, BOTDA systems can only be used in
slow analysis and static measurement till now. On the other hand, the possibility to extend
the distributed optical fiber sensors to dynamic measurements would be of special interest
in some application fields, such as measurement of vibrations in civil or aeronautic
structures which require a monitoring response in the range of seconds or even less.

To alleviate mentioned limitations, several novel techniques have been investigated
to improve the sensing speed of conventional BOTDA recently. Among them, the slope-
assisted BOTDA manage to transfer the BFS variation to intensity fluctuation with
simplified setup [71]-[73]. It provides convenience as well as efficiency without the need
for frequency-sweep by compromising sensing range. Besides, a sophisticated sweep-free
method is also proposed with a complicated configuration [74]-[76]. In this method,
multiple probe and pump signal is launched in opposite direction simultaneously to detect
each component of BGS. Fast-BOTDA (F-BOTDA) is also investigated with ultimately
fast devices to eliminate the frequency switch time [77]-[79].

Slope-assisted BOTDA
Some of the adaptations to conventional BOTDA setup are proposed to realize fast BOTDA
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Fig. 4.1: The transfer of BFS variation to intensity fluctuation by BGS Slope-assisted BOTDA sensor.
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by avoiding frequency sweep. One of these schemes is called slope-assisted BOTDA (SA-
BOTDA). Rather than scanning a wide range of frequency to find the peak of BGS, a fixed
probe-pump frequency difference is sitting at the skirt of BGS, was proposed in [71]. In
this way, the shift of local Stokes frequency will be translated to the intensity variation of
probe signal linearly. This intensity variation will reproduce faithfully the dynamic
characteristics of vibration/temperature. By pulsing the co-propagating probe and pump
waves, the interaction length is limited in the overlap area of both pulses. Distributed
sensing can be achieved by properly adjusting the time delay between both pulses.
Vibration frequency up to 98 Hz is successfully demonstrated by experiment with the
proposed method.

A fully distributed SA-BOTDA capable of extracting intensity variation along the
whole sensing distance with arbitrary Brillouin profile is proposed by replacing the pulsed
probe with a CW [72]. Instead of using a fixed pump-probe frequency difference, the CW
probe frequency is intentionally tailored according to the BFS distribution along the fiber

to ensure that the optical frequency sits at the middle of the slope of the BGS at any position.
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The first demonstration of this technique successfully measured a few hundreds of
vibrations sensing at separate locations of an 85m fiber simultaneously with 1.5m spatial

resolution.

Sweep-free BOTDA

Brillouin
{ amplification \
Probe tones Pulsed Pump tones
100 MHz (-1 b ([+1)P (+2)b

’ w
@2h -np i @D @2 100 MHz

103 MHz

Fig. 4.2: Brillouin amplification using sweep-free concept using multiple pump and probe tones.

Sensing speed is enhanced by sophisticated sweep-free method. Here, multiple
probe and pump signal is launched in opposite direction simultaneously [74]-[76]. The
frequency difference of each probe-pump pair is arranged in a manner that each pair
interrogate different part of BGS. In principle, the pump tones are pulsed as the classical
implementation without compromising the spatial resolution. Once the individual gain
experience by each probe tone amplified by corresponding pump is recorded
simultaneously, the BGS can be recorded with a single acquisition. The number of probe-
pump pairs and the frequency spacing between each pair jointly determine the frequency
resolution and sensing range of BGS. Thus, the measurement speed of sweep-free
distributed Brillouin time-domain analyzer (SF-BOTDA) is improved by a factor compared

with conventional BOTDA, which can be as high as the number of pairs used in the scheme.
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A SF-BOTDA of 63 MHz covering range and 3 MHz resolution using 21 probe-pump pairs
is demonstrated experimentally, corresponding to a 21 times speed improvement compared
with the frequency-sweep scheme.

The proposed method is improved by introducing the sequentially lunched pump
tones. To alleviate the inter-tone modulation effects [76]. Strain variations with frequency
up to 400 Hz are analyzed, achieving stain sensitivity of 1 micro strain.

Fast BOTDA
In addition to avoiding frequency sweep, various configurations are investigated to deal
with other limiting factors. Recently, a fast-BOTDA (F-BOTDA) technique is introduced
based on use an arbitrary waveform generator (AWG) which enable fast switch among 100
scanning frequencies. Compared with relatively slow electronic synthesizer, whose
stabilization time is in the order of 1 ms per frequency, AWG with pre-programmed
frequency signal can achieve a literally continuous frequency switch. By minimizing the
switching time of frequency, a dynamic measurement with sampling rate of ~10 KHz is

achieved limited only by fiber length and frequency granularity [77].

4.2 Scanning-free BOTDA based on DOFC

As analyzed in previous sections, majority of the measurement time consumed is the
process of frequency scanning which is typically several hundreds of scanning steps. In
order to improve the response time of conventional BOTDA sensor, we propose to use
digitally generated optical frequency comb to realize ultra-fast Brillouin gain spectral
analysis without frequency scanning and thus can be potentially used to realize a dynamic
BOTDA. In our scheme, the conventional CW signal used to probe the BGS/BPS is

replaced with a multi-carrier DOFC signal. In this way, we could fully map the complete



CHAPTER 4

Brillouin profile in a single measurement.

4.2.1 Generation and demodulation algorithm of DOFC

The generation of DOFC

Generation of DOFC

Probe signal

|
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Fig. 4.3: Generation process of digital optical frequency comb. S/P: serial to parallel transition; IFFT:

Inverse fast Fourier Transform; GI: Guard Interval; D/A: digital to analog conversion; E/O modulation:

electrical to optical modulation;

The generation process of DOFS is shown in Fig. 4.3. A complex-value symbol train is
generated in the software follow the criteria that the amplitude of each signal keeps constant
while the angle of each symbol is random. It is achieved by defining a number of units and
multiplied with randomly generated phase rotation term.
ay, az...ay =1-{exp(jo1),exp(oz)...exp(jon)} 4.1)
The purpose of this procedure is to avoid DC component as well as severe time
domain signal intensity fluctuation after Inverse Fast Fourier transform (IFFT) which is
referred as peak to average power ratio (PAPR). While higher PAPR value would

deteriorate the amplification characteristics of electrical driver. Apart from that, the E/O
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modulation efficiency would also be affected as the liner transition part of optical modulator

is limited.

DEFC SubCarriers

0.8

0.6

04

0.2

Fig. 4.4: Generated electrical frequency comb.

Then serial generated complex data train is converted to a parallel N block. N is
the size of a parallel data block and must be 2M . Then, the data block is mapped onto
selected orthogonal carriers. As represented in Fig. 4.4, f is the frequency of of the
fundamental carrier as well as the frequency resolution of frequency comb, while other
frequency tones is defined as multiple integer of f to guarantee the orthogonality within
the frequency comb. N represents the number of carriers used in DEFC or the number of
teeth of the generated frequency comb. We are able to flexibly adjust the coverage
frequency range by simply increase or decrease the carrier number. The defined subcarrier
can be represented as:

fmn = amexp(Jmwyt) 4.2)

Where, a is the complex value and w, is the angular frequency step. Then, the

mapped independent carrier is fed into IFFT module to convert to the time domain signal

block which can be expressed as:
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S0 =3, 2,

41 a;exp(jw;t), 0<t<T 4.3)
Where, T 1is the duration length of time domain frame and w; =1i- w,
Afterwards, the guard interval (usually use the last 1/32 of the time domain signal or zero
padding) is supplemented at the tail of the block. Now, a complete electrical frequency
comb frame is constructed. The D/A process is achieved using arbitrary waveform
generator (AWG). Analog signal at the output of AWG is amplified to drive the E/O

modulator. In this way, the DOFC is generated. The structure of generated DEFC frames is

shown in Fig. 4.5.

0.5

500 1000 1500 2000 2500
I component of DEFC frame

500 100 1500 2000 2500
Zero Padding Q component of DEFC frame

Fig. 4.5: Structure of generated DEFC frames. (a) real part of DEFC frames (b) Quadrature part of
DEFC frames.
According to property of IFFT, the operation sampling rate of AWG f; ,defines the

minimum time interval of the time domain samples t,. Therefore, the frequency coverage

range of DOFC is dependent on the sampling rate of AWG. While the frequency gap

between each tooth of DOFC calculated as f = fs/ N - In our scheme, f; and fS/ N

corresponding to the frequency scanning range and frequency scanning step, respectively.
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We can conclude that, increase the size of IFFT N would improve the frequency resolution
i.e. the frequency gap between tooth of DOFC and increase the duration length of the time
domain block T. In other words, duration length of DOFC frame T is inversely related to
the resolution of frequency comb —the finer frequency resolution, the longer duration
length. The limitation of T will be explained in the following part.

The demodulation of DOFC

' Recovery of DOFC

. SI.'nalIIIIIII| o

Fig. 4.6: Demodulation process of digital optical frequency comb. A/D analog to digital conversion;

P/S: parallel to serial transition; FFT: Fast Fourier Transform;

Generated DOFC probe signal is transmitted in the FUT and amplified by counter-
propagating pump signals. The complete Brillouin amplification profiles is recorded by the
DOFC probe.

At the receiver end, the transmitted DOFC probe signals can be detected using
coherent or direct detection method. In the following equations, coherent detection method
is assumed for simplicity. The intensity and angle of the multi-carrier probe are fully
mapped and digitalized with a high-speed oscilloscope. Then, collected signals is further
processed offline to extract the ‘modulated’ channel response during stimulated Brillouin

interaction.
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N
B =3y, aiexp(it) - HE) - Hips(v) (44)

Where H(v) is the overall channel response of the fiber and Hgpg(v;) is the
complex Brillouin gain spectrum. The demodulation process could be divided into several

independent parts including synchronization, parallel to serial transition, frequency down-

conversion, FFT and channel estimation.

Algorithms for accurate timing estimation

In the first step, synchronization algorithm is used to locate the duration position of
each DOFC frame. As we know, the DOFC frames, each with a duration length of several
hundred milliseconds, propagate in the FUT consecutively with Guard interval is inserted
between each frame. The synchronization algorithms are fundamental for optical
communication systems and have been investigated in depth for several decades. Most of
these methods involve adding a predefined synchronization head with specified patterns in
front of data frame which is used for correlation-based timing estimation. However, the
arrangement would inevitably introduce extra overhead.

Besides, the most straightforward method to realize the location process is to
calculate the correlation between transmitted frame with obtain ones. Peak of the
correlation values indicates the starting point. But the signal pattern is distorted during
transmission in the fiber due to non-uniform channel response which in turn distort the
correlation value and lead to large estimation errors. Therefore, we have developed specific
synchronization algorithm for accurate timing estimation. The basic operation principle is
explained in the following. As the initial phase matrix 6, for transmitted symbol
a;,a,...ay is known. We can calculate the phase relation between each subcarrier 6,.

After transmission in the FUT, the absolute phase of transmitted symbol is shifted by an
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undetermined factor while the inter-phase relation ;. is to a large extent constant (though
not completely stable). Then, we can calculate the correlation between 6, and 6. The
benefits of this method are that it largely immune to the distortion of frequency offset

between laser source and LO and thus relieve the requirement of accurate frequency offset
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Fig. 4.7: Correlation peak of synchronization process.

compensation. As shown in Fig. 4.7, a correlation peak up to 10 dB of contrast is observed
using the described method.

Carrier frequency offset compensation

In the coherent detection, though derived from the same laser source, slight optical
frequency difference still exists between DOFC probe and LO. Depending on the frequency
drift of laser source combined with the length of FUT, up to several tens MHz of frequency
offset is observed in our experiment. In general, a pilot tone is inserted to the DOFC signal
to evaluate the influence of frequency offset. As the BFS measurement is based on the
characterization of frequency response of each specific frequency tone of DOFC, a shift of
frequency component would lead to a fault measurement result.

A single frequency pilot tone signal is added to the time domain DEFC signal and

up-converted to optical domain multi-carrier probe signal. frequency of pilot tone is set at
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1.1GHz to avoid overlap with the coverage range of probe signal.
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Fig. 4.8: The pilot tone of 1.1Ghz to evaluated frequency offset.

Then the serial time domain DOFC frames are separated and transformed to parallel
blocks and GI is removed. The remaining N samples are fed into the FFT module to
convert back to the frequency domain. Obtained N subcarriers are compared with the
transmitted signals {aq, a,...ay} by simply dividingE; by s(t) - H(v):

Hgps = ES/S(t) CH) (4.5)

The overall channel response H (v) is first measured. Without introducing the pump
signals, the DOFC probe signal in FUT do not experience any amplifications. Therefore,
the measured result H(v) is the overall channel response of the complete transmission
system including the process of electrical signal amplification, E/O modulation and fiber
transmission. By taking a large number of averages, accurate estimation of the transmission
matrix H(v) is obtained which function as a reference for subsequent measurement.

Taking the existed channel response into account, the calculated result Hggg(Vv)
directly reflects the Brillouin amplification characteristics e.g. the BGS and BPS. Of course,

a number of averages is required to reduce the influence of noise. Specifically, the intensity
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represents the gain profile and the phase shift is the Brillouin phase shift profile.

4.2.2 Sensing principle of BOTDA based on DOFC

Probe Pump

Standard single mode fiber
AU B
BGS BPS

Fig. 4.9: Schematic representation of the principle of DOFC based BOTDA.

Direct/Coherent detection

The measurement principle of proposed DOFC base BOTDA is illustrated in Fig. 4.9. In
conventional BOTDA implementation method, the frequency of CW probe signal is swept
one by one and the intensity/phase trace for each probe signal is recorded. Combining the
whole transmission characteristics for each CW probe with different frequency, the
Brillouin gain/phase profile is recovered. While, instead of using a single tone probe signal
as in conventional BOTDA, wideband frequency comb probe frame is launched into the
fiber under test (FUT) at position z = 0, while a single tone pump is introduced from the
opposite direction at position z = L. The center frequency of the probe and pump signal is
separated by about 11GHz depending on the typical BFS value of used fiber to excite the
stimulate Brillouin interaction. It must be emphasized that, the parameter of frequency gap
Av and frequency range must be carefully designed. The inverse relation between Av and

DOFC frame duration length T exists:

aw =1/, (4.6)
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The finer the frequency resolution used in the system the longer of the frame width.
Here, the interaction process for the proposed DOFC based BOTDA sensor must be
explained in detail. As described in previous section, the generated DOFC probe frame is
injected into the fiber continuously and consecutively to interact with pump signal. The
coverage of each frame is T as blue area indicated in the figure, dependent on the duration
length. Then, each frame interacts with the counterpropagating pump pulse in sequence at
different position. Hence, the interaction area is ”T”%. Within the interaction area, the
spectrum of DOFC probe signal is reshaped by pump signal and the BGS and BPS are
recorded simultaneously without the need for frequency scanning.

At the receiver, the optical probe signal is detected with direct/coherent detection
method. Then, the offline signal processing method discussed before is used to extract the
carried information of probe signal. By analyzing the complex transfer matrix of DOFC
frames, the environmental properties along the fiber such as temperature and strain
distribution can be obtained accordingly. At the same time, the location of measurand is
also realized which is corresponding to the position of DOFC frame. In summary, the spatial
resolution is not only related to the pump pulse width as in conventional BOTDA but

dependent on both the width of probe and pump pulse.
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BGS/BPS curve fitting for DOFC based BOTDA system

Ir °  Measured BPS
Linear fitting reslut of BPS

¢ Measured BGS
LCF BGS

Fig. 4.10: LCF curve fitting result for BGS measurement and linear fitting result for BPS measurement

using DOFC based BOTDA sensor.

The blue circle in the figure indicates the measured SBS intensity and phase
response for different frequency shift, respectively. Longitudinal axis represents the
frequency tone index of (e.g. frequency difference between probe and pump) measured
Brillouin gain and phase spectrum. Large fluctuation is observed for the raw data due to
the noise. With the LCF method, the peak of the gain spectrum is located which is
corresponding to the induced BFS. For the phase shift profile, linear fitting method is used
to find the center of the spectrum. The center of BGS/BPS indicate the BFS value. And the
measurand is determined based on the BFS value using the linear dependence coefficient.

With the same procedure, we can determine the BGS/BPS distribution along whole

fiber under test. As shown in Fig. 4.11, the sequence of frame represent for the location in
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the fiber as DOFC frames is recorded in chronological order. Each frame covers a
measurement length of 51.2meter. It is easily locating the distance of event by calculating

the sequence number of DOFC frames.

Brillouin Phase spectrum distribution

Brillouin Gain Spectrum along fiber
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Fig. 4.11: Distribution of measured BGS and BPS along fiber.

4.3 Performance analysis of BOTDA sensor based on DOFC

4.3.1 Power distribution of generated DOFC

As explained in chapter 4, the efficiency of SBS is proportional to the local Brillion gain
coefficient gg(v), power of probe signal Pg;, power of pump signal Pp,; and the
interaction light Az. In other words, the power transferred from pump to probe signal is
higher if intense probe signal is used. The resulted Brillouin amplification profile would be
biased if power of probe signal Pg; is non-uniform. For the above-mentioned
considerations, the frequency comb signal with the power uniformly distributed among

each frequency tone is generated.
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However, the power fluctuation between each frequency tone is observed at the
back-to-back verification experiment. As explained previous, generated DEFC is
programmed in the AWG in advance. Then output of AWG is used to drive the EOM
through an electrical driver to generate DOFC which is subsequently directly detected by

coherent receiver without going through any device or fiber.
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Fig.4.12: Tllustration of the power difference between generated DOFC signal.

As shown in Fig. 4.12, a drop of the power distribution is clearly observed with
power degradation of 2.8dB. Horizontal axis is the carrier index of the DOFC signal, and
the detected intensity is normalized. In the middle of the carrier index which corresponding
to the higher frequency, the detected intensity drops to about 60% of the intensity at
baseband frequency. This could be ascribed to the amplification characteristics of driver
and modulation efficiency of EOM. To be specific, the electrical driver used in experiment
is commonly not uniform. The amplification gains drop with the frequency of input RF
signal. Besides, the modulation efficiency of electro-optic modulator is also not linear for
different frequency components

Power compensation using pre-equalization algorithm

» Frequency domain pre-equalization algorithm
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The drawbacks of non-uniform power distribution of DOFC is obvious. To alleviate
the power fluctuation, we propose to use pre-equalization algorithm to compensate the
power difference. Basic operation idea of this method is simple. Power transmission matrix
of the modulation process can be modeled as H, . Estimation of the matrix can be

represented as:

o &)

a, a

Hm={ e $ (4.7)
| N
\an a&}

Then the transmitted samples are compensated in advance with the pre-
equalization matrix. In this way, the power loss would be fully compensated. As shown in

Fig. 4.13, the detected power distribution after pre-equalization is nearly uniform with a

1.1
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Fig. 4.13: Illustration of the power difference between generated DOFC signal with pre-equalization.

power difference of less than 10%.
» Time domain pre-equalization algorithm
Except for the frequency domain pre-equalization algorithm, the power equalization
method using time domain signal processing algorithm is also investigated. In the ultra-

sensitive fading communication channels, the orthogonality between each carrier of DOFC
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could be seriously distorted by inter-symbol interference and the power inequality is also
affected. The time domain pre-equalization combined with time domain channel impulse
response estimation algorithm is an effective way for alleviate the discussed problem.

The proposed method first calculates the estimation of channel impulse response
h(t) on the separated sampling time. The corresponding effective coefficients for the
constructed pre-equalization filter is determined based on the obtained channel impulse
response h(t). Following the minimum mean square criteria, the number of taps is selected

to guarantee the best approximation of DOFC frames with even power distributions.

4.3.2 Measurement accuracy and spatial resolution

SNR and measurement error
The measurement error of BFS is dependent on SNR, frequency scanning step & and full-
width at half maximum (FWHM) Avg ofthe Brillouin spectrum. In the system under study,
SNR of acquired Brillouin gain trace is defined as the ratio between the maximum gain and

the stand deviation of the random distributed noise. The relation can be simplified as:
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Fig. 4.14: SNR and measurement error.
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Where o, is the estimated error of the measured BFS. It can be shown from the equation,
the measurement accuracy can be improved with narrower frequency tone gap 6.
Trade-off between spatial resolution and frequency resolution

The inverse relationship between the spatial resolution and the frequency resolution
is clarified in the section measurement principle. Trade-off between these two parameters
is inevitable during the design of the proposed system. For example, if the required
frequency resolution of the BOTDA sensing system is 2MHz, then the best spatial
resolution is 50 meters. Detailed values are listed in Table 4.1.

Table 4.1 Typical values of spatial resolution and frequency resolution

Spatial resolution (m) 100 50 25 10

Frequency resolution (Mhz) 1 2 4 10

4.3.3 Measurement time

Factors limiting the response speed of conventional BOTDA is summarized in previous
chapter including time of flight of pump pulse, frequency scanning time, time of averages
and frequency switching speed. The performance in terms of measurement time of the
proposed DOFC based BOTDA system is compared with the conventional BOTDA in
detail in the following. Under the same conditions i.e., the comparison is draw with the
same fiber length, frequency scanning step, frequency range and number of acquired traces.
As the round-trip time for pump pulse is the same and the number of acquisitions is equal,

the time needed is identical. Then, the number of frequency scanning is defined by Vv / Ay

For example, if the required frequency scanning step is IMHz over 1GHz range, the

resulted scanning number is 21° . However, DOFC based BOTDA system is capable of
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finishing this process in a single measurement. The frequency coverage range is only
limited by the sampling rate of D/A device used. In conclusion, the measurement speed of

DOFC based BOTDA sensor is improved by Y / Ay compared with conventional BOTDA.

Equation Chapter (Next) Section 1
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5 Ultra-fast BOTDA based on direct
detection of DOFC

In this chapter, an ultra-fast BOTDA sensing system based on direct detection of DOFC
probe signal is proposed and demonstrated experimentally. The frequency spacing and
coverage bandwidth for the DOFC used is 1.95-MHz and 2-GHz, respectively. The DOFC
can be used to reconstruct the Brillouin gain spectrum (BGS) and locate the Brillouin
frequency shift (BFS) without frequency scanning and thus can improve the measurement
speed about 100 times compared with the conventional BOTDA. This scanning-free
BOTDA system has also been demonstrated experimentally with 51.2-m spatial resolution
over 10-km standard single mode fiber (SSMF) and with resolution of 1.4°C for

temperature and 43.3pe for strain measurement respectively.
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5.1 The potential of dynamic BOTDA systems with DOFC

As we discussed in previous sections, the requirements for high-speed DOFS systems
capable of distributed monitoring of temperature and strain change along the fiber in a few
seconds or even lower has driven the research areas to investigate the properties of various
dynamic DOFS system [80]. Among them, BOTDA system has shown a promising
prospect in many application scenarios. However, in conventional BOTDA system,
acquisition time is normally in the order of few minutes, mainly due to the need for
scanning pump-probe frequency difference to reconstruct the Brillouin gain spectrum and
locate the Brillouin frequency shift induced by temperature or strain along the fiber. This
process is rather time consuming and thus cannot meet the requirement in the case of fast
distributed monitoring system [69],[70]. Hence, BOTDA systems have been limited to slow
analysis and static measurement till now. On the other hand, the possibility to extend the
distributed optical fiber sensors to dynamic measurements would be of special interest in
some application fields, such as measurement of vibrations in civil or aeronautic structures
which require a monitoring response in the range of seconds or even less. One of the main
methods to realize the real time BOTDA system is based on avoiding the scanning of the
probe signal.

Recently, several adaptations are proposed to realize the frequency scanning-free
BOTDA system. For example, slope-assisted BOTDA is realized based on tuning the
frequency of probe optical signal to the half of BGS. In this way, BFS can be mapped as
intensity variation of Stokes pulse [71]-[73]. However, the dynamic range of strain
measurement using this scheme is limited by the linear range of BGS. Another scheme is
proposed using the polarization dependence of the Brillouin gain. In recent year, another

kind of scanning-free BOTDA is proposed based on multiple probe and pump signal pairs,
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the frequency difference of each signal pairs lies in different position of BGS, so allowing
for the fast measurement of strain/temperature change along the fiber [74]-[76]. A
modification of this scheme can be realized based on only single pump signal but
comprising multiple frequency tones. The number of pump-probe pairs is finite due to the
bandwidth of BGS and frequency spacing of pump and probe signals, and thus the
measurement range and resolution cannot be optimized simultaneously for this scheme.
Optical frequency comb has already found important implementation in precise
metrology and many other applications [81][82]. In this section, we demonstrated an ultra-
fine and fast BOTDA system with DOFC without frequency scanning and thus can be
potentially used to realize a fast BOTDA. In our experimental, 51m spatial resolution is
successfully demonstrated over 10km standard single mode fiber. The resolution and range
are 1.5°C and 30°C for temperature measurement respectively. The resolution and range

are 43.3pe and 900pe for strain measurement respectively.

5.2 Principle and experimental setup

A

Fiber Under Test

Fig. 5.1: Schematic representation of the principle of DOFC based BOTDA.

In the proposed frequency sweep-free BOTDA sensing scheme, DOFC is used as probe to
detect BGS and locate BFS. The sensing principle is illustrated in Fig. 5.1. A wideband
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pulsed DOFC signal at 1550nm is launched into the FUT as probe, while a single tone
pump signal is introduced from the opposite direction. The frequency of DOFC probe signal
and pump is seperated by modulation method. By mixing with a RF signal, baseband DOFC
is converted to the corresponding high freugnecy band which is around the typical BFS
value (~11 GHz) in single mode fiber with a frequency range of 1GHz. As shown in Fig.
5.1, the multi-tone optical signal distribute symmetrically around setted RF freuqncy value,
and it has a flat top within the Brillouin linewidth. After interacting with pump signal in the
FUT, the spectrum of DOFC probe is reshaped by frequency selective Brillouin
amplification induced by SBS process. Therefore, the distributed BFS can be obtained by
detecting the corresponding digital electrical frequency comb (DEFC) after photo detection,
and the environmental properties around the fiber such as the temperature and strain can be
recorded accordingly.

The generation and demodulation of process of DEFC is slightly different from the
one explained principle in chapter 4. The process is shown in Fig. 5.2. A proper real-valued
train of data with unit amplitude is generated in the software. Then, the generated real-value
data is transformed to digital electrical frequency comb by 1024-point IFFT module. The
digital to analoge conversion is realizdd by fedding into an AWG operating at the sampling
rate of 2G Samples/s. In this way, a frequency comb of 1.95MHz span and 2GHz coverage
range is generated. Each base-band DEFC frame is separated by a Guard Interval (GI) to
avoid inter-frame distortions before up-converted by mixing with 11 GHz sinusoidal wave
to cover the BFS range in the distributed sensor system. We must make clear that the
duration length of DEFC frame T is inversely related to the resolution of frequency comb
Af —the finer frequency resolution, the longer duration length.

T=— (5.1

Through electro-optic modulation, a optical frequency comb signal is obtained with
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the same frequency span and resolution as DEFC. After SBS process in the FUT, the DOFC
signal is detected with a wide-band photodiode. The beating signal between optical carrier
and the upper sideband which is generated by the same laser through electro-optic
modulation is collected. While the lower sideband is filtered out in order to eliminated
distortions. Processing methods includ frame synchronization, frequency down-conversion
and FFT. The demodulation process is roughly the same as those disscussed in chapter 4.
The duration location is determined use the synchronization method. Then the mixing RF
signal is eliminated with a digital down-conversion process. FFT module is applied
subsequently to transform the time domain signal back to freuqncey domain. Finally, DEFC
frames are demodulated to analyze the amplification information carried on each frequency
comb line, i.e. the BGS.

Unlike the conventional BOTDA, the location principle of DOFC-BOTDA is based
on consecutive but separated DEFC frames. Each frame, collected by oscilloscope
chronologically, contains the information of peak gain frequency of a section of fiber it
covered. In this way, the spatial resolution of the system is limited by the duration length
of frame. For example, a DEFC frame with duration length of 50ns corresponds to a spatial

resolution of 5 meters.
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Fig. 5.2: Generation and demodulation of digital electrical frequency comb. IFFT: Inverse fast Fourier

Transform; FFT: Fast Fourier Transform; GI: Guard Interval.

Fig. 5.3 shows the power spectrum of the generated baseband DEFC, which are
orthogonal multi-carrier signal. It is worth noting that the frequency range of DEFC is
limited by sample rate of AWG. In configuration adopted, most of the power is distributed
within the range of 1 GHz. The power spectrum within 1GHz is flat, and the power densities
beyond this range drop dramatically, which is beneficial to the noise resistance capability.
In the study, 1024 subcarriers each carried with unit amplitude signal is inversely

transformed to time domain by IFFT, generating an orthogonal multi-carrier signal. The
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Fig. 5.3: Power spectrum of digital electrical frequency comb.
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inset picture in Fig. 5.3 shows the zoomed view of the generated DEFC with frequency
spacing of 1.95MHz (2GHz/1024), corresponding to a temperature/strain resolution of
1.5°C/43.3ue respectively. Here, the frequency spacing of DEFC can be further reduced by

increasing the length of IFFT.

5.3 Experimental setup and results

Experimental setup

The experimental setup of the scanning-free BODTA based on DOFC is shown in Fig. 5.4.
In this experiment, a tunable laser operating at 1550nm with 100 kHz linewidth is split into
two parts to serve as pump and probe signal respectively by using a 50/50 optical coupler.
For the probe signal, the baseband DEFC is first up-converted to 11GHz by mixing with an
11GHz RF signal using a RF mixer in order to cover the whole BGS, as shown in the inset
(b) of Fig. 5.4. It can be seen that the bandwidth of the DEFC become 2GHz from 1GHz
after the frequency up-conversion. The duration length of each DEFC frame is 512ns,
corresponding to spatial resolution of 51.2m. The up-converted DEFC is then modulated
onto a laser through a Mach-Zehnder modulator (MZM) biased at quadrature point to
generate double sideband DOFC, as shown in the inset (c¢) of Fig. 5.4. The DOFC is
amplified by an EDFA and then pass through the FUT for distributed Brillouin interaction
with the pump signal. In this process, the environmental properties around the fiber, such
as the temperature and strain are recorded on the amplitude, phase and polarization of each
frequency comb line of DOFC.

For the pump signal, ordered electrical pulse trains generated from the pulse
generator is modulated onto the pump laser through a high extinction ratio optical intensity

modulator biased at null-transmission point. In this way, the optical pulse of 100ns width
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Fig. 5.4: Scanning-free BOTDA experiment Setup. AWG: arbitrary waveform generator; MZM: Mach-
Zehnder modulator; EDFA: erbium-doped fiber amplifier; OSA: optical spectrum analyzer; ISO:
isolator; PG: pulse generator; IM: intensity modulator; PC: polarization controller; PS: polarization

scrambler; FBG: fiber Bragg grating; PD: photo detector.

and 8.2 kHz repetition rate is generated with extinction ratio about 35dB. The average pump
signal power is ~0dBm. Besides, a replica of the same electrical pulse is used to trigger the
real-time oscilloscope in order to facilitate data acquisition and signal averaging. The pump
pulse is sent to EDFA for amplification before launched into FUT. A polarization scrambler
is placed in front of the optical circulator to alleviate polarization dependent fluctuations
for Brillouin effect between the pump and probe signals.

At the receiver, after Brillouin scattering frequency selective amplification, the

probe signal from the FUT is first filtered by a narrow band fiber Bragg grating to block
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DOFC at the lower sideband before entering the photo detector with 12GHz bandwidth, as
shown in inset (d) of Fig. 5.4. A ~11GHz electrical signal is obtained by beating between
optical carrier and DOFC signal at upper sideband and collected by a real-time oscilloscope
working with 50 GHz sample rate. The collected DEFC signal is transferred to polarization
controller (PC) for digital frequency down-conversion and further digital signal processing
to locate the information of BFS.
Experimental Results

After processing using the method described in previous section, the amplification
characteristics in the center of the BGS is shown in Fig. 5.5. For clarity, only the Brillouin
gain around BFS is illustrated. The blue curve indicates the original measured BGS which
is obtained directly by the intensity gain of measured frequency comb. Fluctuations can be

easily observed due to the limited SNR. Then, received DEFC frames are first averaged

lorentz fitting curve
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Fig. 5.5: Original measured BGS and Lorentz fitting curve.

100 times to improve the measurement accuracy as well as to obtain the desirable SNR.
The BGS after Lorentz fitting is shown as a red curve in Fig. 5.5, with the estimated full
width at half maximum (FWHM) to be ~30MHz. In this way, the BGS distribution is
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successfully characterized without any frequency scanning. The measurement speed for
BOTDA is improved by at least 2 orders with frequency step is 1.95MHz and coverage
range is 2GHz. Through, it is unfair to compare the figure of measurement time directly
with the conventional frequency-scanning based implementation method as the required

frequency sweeping range for common sensing purpose is about several hundred MHz.
» Temperature measurement result of DOFC based scanning-free BOTDA system

The performance of proposed scanning-free BOTDA system is evaluated with
temperature and stain measurement. In the temperature measurement configuration, the
first S1m fiber of 10km fiber is heated using a thermal chamber. Temperature setup is
adjusted from the 30°C to 60°C with 5°C steps. The linear fitting result of measured BFS
changes with the temperature variation is depicted in Fig. 5.6. Temperature coefficient for

this fiber is calculated to be 0.79°C/MHz, which is similar to the result of conventional

Temperature measurement result
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Fig. 5.6: Linear fitting of temperature measurement results using conventional BOTDA and DOFC-

BOTDA.

BOTDA. Maximum temperature measurement deviation is about 0.5°C.

In order to evaluate the proposed method on distributed sensing, measurements at
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three different positions along the 10km fiber are carried out: they are the first S1m fiber,
middle 51m fiber and the last S5Im fiber along the 10km fiber under test. The same
temperature of 60°C is applied on aforementioned fiber section at different locations along
the fiber. Fig. 5.7 shows the obtained BFS as a function of position after averaging 100
times. The inset pictures in Fig. 5.7 provide the zoomed view of the measured temperature

changes after fitting the measured spectrum with Lorentz curve.

Temperature (*C)

100

1 23 4526 7 8 910 1 23 4526 7 8 910 1 23 4567 8 910
Length (km) Length (km) Length (km)

Fig. 5.7: Temperature measurement at different position: (a) first 5S1m fiber, (b) middleS1m fiber (c) last

51m fiber of 10km fiber under test.

» Stain measurement result of DOFC based scanning-free BOTDA system

A strain measurement is also carried out based on almost the same experimental
setup. One end of 51m fiber is first wound and fixed on a base plate of the optical
experiment bench, while the other end of this 51m fiber is stretched by displacement
platform to gradually increase the strain applied on fiber under test. The strain is adjusted
from Ope to 900pe changing with a step of about 110ue corresponding to frequency shift
step of SMHz. Fig. 5.8 shows the liner fitting result of BFS as a function of strain at the
first 51m fiber. Good linear relationship is achieved within the strain measurement range.

The measurement deviation is less than 19ue, and BFS coefficient is about 22.5ue/MHz.
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Strain measurement result
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Fig. 5.8: Linear fitting of strain measurement results using conventional BOTDA and DOFC-BOTDA.

In the setup, the time needed for each acquisition is about 100 ps, and 100
acquisitions are needed in a single measurement to improve the obtained SNR, resulting a
total measurement time of approximately 10ms. The obtained SNR at the end of FUT
degrades slightly (~0.6dB) compared with conventional BOTDA due to the multiple power
transfer occurred in the SBS process between single pump and DOFC. BOTDA sensors,
however, typically operates in a small gain regime (i.e. the relative power transfer is
actually very below). This degradation is estimated to be minor compared with the Brillouin
gain. As reported above, conventional BOTDA and DOFC-BOTDA are performed for
comparison. In the conventional BOTDA, the obtained SNR at the far end of fiber is 8.76dB.

While in DOFC-BOTDA, this figure degraded slightly to 8.1dB.

5.3.1 Conclusions

In summary, a scanning-free BOTDA is presented and demonstrated experimentally. Based
on DOFC, the BGS can be reconstructed without frequency-sweep thus greatly improves
the measurement speed. Distributed temperature and strain measurements over 10km fiber
range are conducted and compared with the conventional BOTDA. Favorable results are

obtained and show a good agreement with conventional BOTDA.
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6 Single-measurement digital optical
frequency comb-based phase-
detection Brillouin optical time
domain analyzer

In this chapter, a single-measurement sweep-free distributed BOTDA sensor based on
phase detection is proposed and experimentally demonstrated employing DOFC probe
signal. BPS of DOFC probe induced by Brillouin interaction is measured using coherent
detection in a single acquisition, without any frequency scanning and data averaging.
Single-measurement BOTDA sensor based on BPS in 10km long fiber is demonstrated with
a response time of 100 ps, which is limited only by the fiber length. The spatial resolution
is 51.2m, determined by the duration of DOFC. The BFS uncertainty is estimated to be~1.5
MHz at the end of FUT. Benefiting from the fast response time, dynamic measurement up

to 1 kHz vibration frequency has been demonstrated.
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6.1 Single-measurement BOTDA system

In this chapter, the limitation factors for BOTDA system is further investigated. As
reviewed, two major factors limiting the speed of a BOTDA[83]-[87]. One is the scanning
of probe or pump frequency and the other is large amount of averaging times due to poor
SNR. The first issue means that it is necessary to scan the whole BGS to identify the BFS.
Typically, in conventional BOTDA, the probe or pump signal need to be swept in frequency
domain more than 100 times around the BFS to interrogate Brillouin amplification
characteristics at different positions along the fiber [88]-[90], which severely limits the
demodulation speed of the BFS distribution along the optical fiber. As discussed in previous
chapters, a DOFC based scanning-free BOTDA system has been proposed and
experimentally demonstrated to facilitate the flexible reconstruction process of BGS
without any frequency scanning [82].

However, the proposed schemes are based on direct detection of the probe signal
intensity. Due to the poor SNR, over hundreds of averaging times is inevitable to enhance
the measurement precision. While, phase detection has been considered as a promising
candidate since Brillouin phase shift spectrum in the vicinity of BFS has been proved to be
quasi-linear, which is far more sensitive than the intensity variation near the Brillouin gain
peak. Several techniques have been proposed to characterize the BPS [91]-[93], and the
benefits of BPS when used to determine BFS has been demonstrated in [94]-[95]. The high
sensitivity of BPS has been applied in dynamic strain measurement with the advantage of
large tolerance to variations in fiber attenuation or changes in pump pulse power [96].

In this chapter, the proposed direct detection DOFC based BOTDA system has been
modified and a single-measurement BOTDA based on coherent detection of the phase of

DOFC probe signal is reported without any averaging and frequency scanning process. The
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phase shift of each frequency component of DOFC probe, after transmitting through the
FUT is directly mapped by coherent demodulation in a single data acquisition without any
averaging, leading to a sensing speed only limited by the sensing range. Compared with the
previous technique in[82], the measurement time is further reduced by eliminating the need
for averaging. BPS detection instead of BGS has been performed for better accuracy. The
performance of the proposed scheme is analyzed through simulation and experiment.
Distributed temperature sensing over 10km FUT has been demonstrated by using the
proposed single-measurement BOTDA with a BFS uncertainty of 1.5 MHz and spatial
resolution of 51.2 m. With the advantage of high speed, dynamic measurement up to 1 kHz

vibration frequency has been demonstrated.
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6.2 Sensing principle, generation and demodulation of

digital electrical frequency comb

BPS

/\/ Y@_‘; Pol

5:
A

Phase Shift [rad]
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Fig. 6.1: Proposed BPS based BOTDA sensor scheme. DOFC: digital optical frequency comb; BPS:
Brillouin phase spectrum; FUT: fiber under test; Sync: synchronization; FFT: Fast Fourier Transform;
FR: frequency offset recovery; PC: phase noise compensation; Det: detection; 6: pre-defined phase

vector of the DOFC; 0”': detected phase vector after Brillouin interaction in the FUT.

Fig. 6.1 presents the principle of the proposed scheme. In the proposed scheme, the
generation process of DOFC is quite similar to the one elaborated in [82], except that the
pulse train of data used to generate DEFC is replaced by a complex signal with predefined
random phase offset vector 8. The optical frequency comb is generated using Electro-Optic
Modulator (EOM) driven by DEFC. In this way, the same initial phase offset vector 0 as
defined in DEFC of each DOFC frame is guaranteed. Note that tradeoff exists between
spatial resolution and frequency spacing of DOFC. Higher spatial resolution results in

worse frequency resolution and vice versa. The optical field for the transmitted DOFC
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probe signal could be expressed as:

B(©) =307, ™00 v, = ko (52)

Where N is the number of frequency tones and & is the frequency spacing between

each tone. N frequency tones distributed symmetrically around the probe wave are
transmitted simultaneously with a spacing of § , resulting in a sensing coverage range of
N§ . Orthogonally polarized pump pulses are utilized to excite Brillouin effect in the FUT,
which can significantly eliminate the detrimental effects from polarization noise [97]-[100].
After Brillouin interaction with pump signal in FUT, the optical field of DOFC

probe (normalized fields are assumed for simplicity) detected at coherent receiver is given

by the following expression:

E(t) = 21111/\/2/2+1 e GVt Hops (vye) (5.3)
Hgps(v) is the complex Brillouin response spectrum for different frequency offset,

which has the following form:
Hgps(v) = (1 + g,)e/®v (5.4)
where g, and ¢, are the Brillouin gain and phase spectrum, respectively. Then the
phase shift ¢ recorded on each frequency component is retrieved by offline digital signal

processing (DSP).

The post-processing algorithm has been elaborated in chapter 4. As the transmitted
DOFC signal is known, the processing algorithm is simplified considerably, and it is
modified to best suit the sensing purpose. The proposed demodulation algorithm includes
five parts, i.e. synchronization, FFT, probe and LO frequency offset recovery, phase noise
compensation and detection. In the synchronization, the temporal relationship of each

detected DOFC frame is located by calculating the correlation between the received frames

and the transmitted ones. In this way, the correlation peak and hence the temporal duration
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for each DOFC frame are readily determined. FFT is used subsequently to get the complex
signal of each frequency tone and the angle of the complex signal is then calculated. By
comparing the angle of the received complex signal with that of the transmitted one, the
phase shift spectrum is easily obtained. As the phase shift is affected by the frequency offset
and phase fluctuation between the probe and LO exist during coherent detection, frequency
offset recovery and phase noise compensation is required to minimize the phase noise.
Beating frequency between the probe and LO will inevitably lead to a continuous phase
change of probe signal. Therefore, frequency offset is treated as the constant relative phase
rotation between each DOFC frame and extra phase drift of adjacent frame due to frequency
offset is calculated sequentially using the frequency offset recovery algorithm. To
compensate the extra phase shift due to phase noise between LO and probe, here one of
frequency tones (usually the first tone is used for convenience) is selected to serve as an
accurate reference of phase fluctuation distribution and used for further compensation of
the residual phase noise for the remaining frequency components. After the extra phase
shift due to frequency offset and phase noise is compensated, the frequency-dependent
Brillouin phase shift is simply obtained, and BPS can be reconstructed accordingly. The
BFS distribution as well as the temperature or strain along the fiber are obtained based on
the measured BPS.

The determination of spatial resolution and location is the same as that in [82].
Unlike conventional BOTDA, the spatial resolution in the proposed scheme is determined
by the duration of DOFC frame. Probe signal is continuous but composed of M
consecutive DOFC frames (indicated as frame 1 to M) with minor time spacing between
each other. In addition, M consecutive DOFC frames serve as probe to interact with pump
in sequence through SBS in the fiber. In this way, FUT can be divided as M independent

sections. The amplification and phase shift spectrum of individual interaction section is
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recorded by each DOFC frame. Hence, the minimum detectable length of fiber, namely the
spatial resolution, is limited by the duration of DOFC frame (512 ns), resulting in a spatial
resolution of 51.2 m in our case.

It should be noted that, recovered phase shift spectrum still suffers from the random
intensity noise which is demonstrated in the following. The variance of the Gaussian noise
affecting BGS and BPS is the same when using the interference method described in
[94][95], as the intensity variation is directly translated to the phase fluctuation. In the
proposed method, the BPS is fully retrieved by coherent detection, and hence it results in
an improved performance of phase noise variance. As described in the Appendix, the

variance of phase noise can be expressed as follows:

2
o*/,

1+g2

D(¢x) = (5.5

Where o is the stand deviation of measurement noise in Brillouin gain spectrum
and g is the Brillouin gain coefficient. Note that the variance of phase noise in Eq. (6.4) is
half of the intensity noise. It implies that with the same obtained SNR, the averaging time
can be reduced by two times. Simulations have been conducted to validate these
expressions. Perfect BGS and BPS profile is assumed in the simulation. As in conventional
BOTDA, SNR is defined as the inverse of maximum gain of time trace, which in this case

equals to % . In the simulation, 60 frequency tones with 2 MHz frequency spacing are

utilized as DOFC probe signal. It should be noted that the intensity of complex optical field
for each frequency tone is normalized. Fig. 6.2 (a) shows the variance of phase noise and

intensity noise as a function of SNR. It shows that the variance of phase noise is only half
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Fig. 6.2: (a) intensity noise variance and phase noise variance as a function of SNR. (b) BFS

uncertainty based on BGS and BPS as a function of SNR.

of the variance of intensity noise under the same SNR. Furthermore, the BFS error based
on BGS and BPS are calculated and illustrated in Fig. 6.2(b). 100 measurements are
simulated to calculate the uncertainty of BFS. Lorentzian curve fitting (LCF) method is
used for the determination of BFS based on BGS while linear fitting method is used for the
case of BPS. Though both uncertainties using BGS and BPS deteriorate with the
degradation of signal quality, the normalized uncertainty based on BPS still shows clear

improvement under the worst situation where SNR is merely 6dB.

6.3 Experimental setup

The experimental setup illustrated in Fig. 6.3 is used to achieve the proposed single-
measurement BOTDA. A tunable laser operating at 1550 nm with 100 kHz linewidth is

split into two parts by 3dB coupler to serve as pump and probe signal respectively.
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Unlike the conventional implementation for frequency-sweep BOTDA, optical
pump frequency is up-converted by modulation. A PC is inserted between coupler and
MZM to maintain high modulation efficiency. MZM biased at null point is driven by a

synthesizer running at the frequency around the BFS to create the required sidebands. The
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Fig. 6.3: Experiment setup of scanning-free BOTDA based on polarization-diversity pump. PC:
polarization controller; EDFA: erbium-doped fiber amplifier; ISO: isolator; MZM: Mach-Zehnder
modulator; IM: intensity modulator; PBS: polarizing beam splitter; PBC: polarizing beam combiner;

Cir: circulator; LO: local oscillator; DAQ: data acquisition card; OSC: oscilloscope.

maximum achieved extinction ratio of carrier suppression exceeds 30 dB. Then the higher
frequency sideband is selected by a narrow bandwidth Fiber Bragg grating (FBG) filter
before chopped by another IM. Optical pulse series is generated through the IM driven by
pulse generator which provides 100 ns long pulses with 8.3 kHz repetition rate. The IM
allows shaping high extinction ratio optical pulses (~40 dB). The generated optical pulse
series is then split by polarizing beam splitter (PBS) to two identical portions with
orthogonal polarization state. A PC is inserted in front of PBS to adjust the state of

polarization (SOP) of input pump signal and guarantee identical power in two polarization
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state. Another PC has been used in one of the branches in PBS/PBC structure in order to
control SOP of the branch for polarization multiplexing. Before recombined in the
subsequent polarizing beam combiner (PBC), one channel is delayed by a 20m single mode
fiber (SMF) corresponding to the pulse width of 100 ns. The polarization multiplexed pump
pair is directed into the FUT via a circulator after amplified by an EDFA. The average
power of pump is set at 0 dBm. A Raman pump with a total power of ~200mW is co-
propagating with Brillouin pump signal to compensate energy loss during transmission.

In the opposite direction, another 3dB coupler is used to divide the optical wave
into two branches for probe optical signal and LO, respectively. It should be noted that the
LO and probe signal are derived from the same laser source, which avoids significant laser
frequency drift. More complicated frequency offset estimation and phase noise
compensation algorithm are necessary if independent probe and LO laser is used. Probe
signal is modulated by an IQ modulator with in phase and quadrature port driven by two
independent channels of AWG. The modulator output comprises a baseband optical
frequency comb with a frequency range of 1 GHz and 1.95 MHz spacing. The optical power
of the probe is set at 3dBm by EDFA before delivering it into the FUT where it counter-
propagates with the pump signal to characterize the phase spectrum profile.

Integrated digital coherent receiver (ICR, Fujitsu FIM24704) is used at the receiver
side to obtain the phase shift directly. After Brillouin frequency selective amplification, the
probe signal from the FUT is delivered to the optical coherent receiver. Note that no extra
EDFA is needed to compensate the energy loss of probe signal and satisfy the threshold of
direct detection, which helps to eliminate the broadband noise induced by amplification.
Probe signal is beating with LO and detected by balanced detector. The resultant electrical
signals are collected by data acquisition card (DAQ) with 2 GHz sampling rate and further

processed to obtain the distribution of BFS along the fiber.
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6.4 Experimental results
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Fig. 6.4: Brillouin phase spectrum and Brillouin gain spectrum measured by the multi-tone probe signals

at the beginning of FUT.

The sensing performance of the proposed single-measurement BOTDA system is evaluated
using 10km SMF (composed of two Skm fiber reels) with uniform BFS distribution of
10.83GHz at room temperature (@1550nm). It should be noted that the calibration process
is necessary to eliminate the distortions from electronic amplifier, photo-detector and
environment variations. This can be done by recording the frequency response (including
gain and phase characterization) of the multi-tone probe signals with a frequency
granularity of 1.95MHz. Both gain and phase shift profiles are recovered in the
measurement. Measured BPS without any applied environmental variance is shown in Fig.
6.4(a). The linear part of the BPS is about 40 MHz, equal to the linewidth of BGS. The
slope for the linear part is estimated to be 0.11 rad/MHz using least mean square curving
fitting (LMSCF). The BFS is readily extracted by locating the linear center of BPS fitting
process, which locates the characteristics of linear drop in the curve. Since BGS is
simultaneously obtained in the configuration, the results for BGS measurement are also

shown. Original BGS is illustrated as the blue curve in Fig. 6.4(b), while the BGS after
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LCF is shown as a red curve, with the estimated FWHM of ~40MHz.

Then the BPS distribution along the FUT is analyzed and depicted in Fig. 6.5. As
the Brillouin phase profile can be reconstructed without frequency scanning process and
averaging, the resultant response speed of the proposed sensor is solely limited by the FUT
length which is 10km in the experiment, corresponding to 100 ps. The inset illustrates the

corresponding BFS distribution extracted from the BPS. Assisted by the Raman
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Fig. 6.5: Brillouin phase spectrum and the measured BFS distribution (inset) along the FUT.
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Fig. 6.6: (a) The SNR along FUT, defined by the maximum gain in the central of BGS normalized
against noise deviation. No averaging is used in the measurement of SNR. (b) BES uncertainty against

distance calculated using BGS and BPS, respectively.

amplification, the pump power depletion can be largely compensated and hence it maintains
a power level to secure sufficient gain for the proposed scheme.

The SNR and BFS uncertainty along FUT using are given in Fig. 6.6. Relatively
poor SNR is observed due to the fact that no averaging is used in the experiment. Linear
fitting method is used for the determination of BFS from BPS, while as a comparison LCF
method is used to obtain BFS from BGS. BFS uncertainty is calculated by taking the
standard deviation of 100 experimental measurement results. Though both uncertainties
based on BPS and BGS deteriorate with the degradation of signal quality, the one using
BPS is estimated to be ~1.5MHz at the end of FUT which is less than half of that for BGS.
The mismatch of the absolute uncertainty value between Fig. 6.6 (b) and Fig. 6.2 (b)
simulation result could be attributed to the polarization misalignment during the splitting

and recombination of pump pulses and the imperfect orthogonality of pump pairs during
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Fig. 6.7: Evaluation of spatial resolution with ~51m fiber section at the middle heated to 60 ‘C

(equivalent to SOMHz). (a) BPS distribution (b) BFS distribution.

propagation inside fiber.

In order to experimentally evaluate the spatial resolution of the proposed scheme,
51-meter fiber section at the middle of FUT is heated by a thermal chamber. Spatial
resolution is determined through the measured BFS transition between the heated and
unheated fiber sections. As shown in Fig. 6.7, the BPS and resultant BFS at the hot-spot
section with a temperature of 60°C is different from those of section at room temperature,
and the spatial resolution is found to be 51.2 m at the temperature transition section, which

matches well with the 512-ns duration of the DOFC.
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Temperature measurement result
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Fig. 6.8: Linear fitting results of temperature measurement.

To evaluate the temperature accuracy based on the proposed scheme for BPS
measurement, the last 51m fiber of FUT is heated from 30°C to 60°C with 5°C step. The
measured BFS change with the temperature variation is depicted in Fig. 6.8. Maximum

temperature measurement deviation from the linear fitting is about 0.5°C and temperature
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A

A
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4

Fig. 6.9: Vibration measurement result. (a): Piezo-ceramic Transducers (PZT) fiber stretcher. (b):

measured BFS variation as a function of time. Dynamic strain is applied by Piezo-ceramic Transducers

(PZT) fiber stretcher with S1meter fiber wound on the PZT disk. The stretcher is driven by 1 kHz

sinusoidal signal.
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coefficient for this fiber is calculated to be 1.25 MHz/°C.

Moreover, vibration measurement using DOFC based phase-detection BOTDA has
also been demonstrated using PZT driven by 1 kHz sinusoidal signal. The strain coefficient
of the fiber measured in the experiment is about 0.045 MHz /ue &5RIARIR A5 K. .
Thus, the theoretical dynamic range of strain is about 22500pe.  Since the spatial resolution
is 51.2m, 51m fiber is wound on the PZT for the demonstration of dynamic measurement.
The results are given in Fig. 6.9. The time interval between each data point in Fig. 6.9 (b)
is 0.1ms corresponding to a sampling rate of 10 kHz which is limited only by the fiber
length (10km in our case). As shown in Fig. 6.9 (b) the BFS is measured to have a variation
rate of 1 kHz, which confirms with the vibration frequency applied on the 51m fiber. This
indicates the successful measurement of dynamic strain using the proposed scheme. Note
that due to the limited elongation length of the PZT, the maximum BFS change is only
10MHz. Furthermore, non-uniform strain distribution on the 51m fiber induced by the
imperfect winding process on the PZT distorts the BFS waveform from an ideal sinusoidal
signal. All of these results in the discrepancy between the measurement result waveform

and the applied vibration signal.

6.5 Conclusions

In summary, a single-measurement BOTDA sensor is proposed and experimentally
demonstrated with 51 m spatial resolution over 10km fiber by employing coherent
detection of BPS without any frequency scanning and averaging processes. The phase shift
for all the frequency tones induced by Brillouin interaction are obtained in a single data
acquisition. The response time of 100 ps is limited only by the fiber length in our single-

measurement BOTDA. Temperature measurement of 5S1m heated fiber over 10km FUT
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indicates a BFS uncertainty of 1.5 MHz and maximum temperature measurement deviation
of 0.5°C. Dynamic measurement up to 1 kHz vibration frequency is successfully
demonstrated to verify the dynamic characteristic of proposed technique. The high
measurement speed and phase detection make the single-measurement BOTDA promising

candidate for wide range of fast sensing scenarios with acceptable accuracy.
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= Summaries and Future works

In this Chapter, summaries of the thesis are given and possible future works for optical

scattering based DOFS are discussed.
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7.1 Summaries

DOFS systems have developed rapidly and have been applied in various application
scenarios for their unique advantages comparing with other alternative sensing techniques.
Though concentrated mainly on the measurement of quasi-static process like temperature
variation or applied strain at the beginning period, the dynamic properties of optical sensing
techniques are increasingly valued recently. Motivated by demands for lower respond time
applications, dynamic DOFS system has developed rapidly for the purpose of providing
dynamic information of non-static scenarios involving pipeline security monitoring,
infrastructure health monitoring, etc. Several novel distributed fiber-optic sensing schemes
for such dynamic measurements have been proposed and investigated in depth. In this
thesis, dynamic DOFS systems based optical scatterings has been investigated.

Chapter 1 presents the backgrounds and development of dynamic DOFS techniques
in general.

In chapter 2, the origin of optical scattering in fiber is discussed including the elastic
scattering and inelastic scattering. The frequency spectrum as well as the scattering
characteristic are presented. The transmission characteristics of the phenomenon is
described in mathematical equations derived from Maxwell’s equation. Then, basic
principle of optical sensor system based on Rayleigh scattering phenomenon is discussed
in depth. Together with the performance in terms of the SNR, measurement accuracy and
spatial resolution. After that, the operating principle the optical fiber scattering of Brillouin
based scattering is also presented. Optical sensor systems based on each Brillouin scattering
phenomenon including BOTDR and BOTDA are discussed independently. Especially, the
operation principle of BOTDA is explained in detail with its dynamic sensing performance,

obtained SNR and processing method.
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In chapter 3, an integrated telecommunication system and phase-OTDR sensing
system with shared optical bandwidth is described. OFDM modulation technique is
selected and applied in the communication system as it is widely recognized as one of the
major transmission techniques used in modern optical communication systems for its
numerous advantages. In the proposed system, 16QAM-OFDM signal at 112 Gb/s is
transmitted over 20km SSMF. Meanwhile distributed phase sensitive-OTDR system is
deployed to monitor the environmental variation along the fiber. it should be noted that
these two systems share the same optical source before being modulated and launched into
the FUT. Hence, the mutual influence is inevitable. Experimental results for the
communication system show that compared with unaffected OFDM frames, about 1 dB
OSNR penalty to BER performance is observed in the affected frames by the high-power
optical pulse used in sensing configuration. On the other hand, the influence of
communication signal on the sensing system is almost negligible as the reflected OFDM
signal power is extremely weak (more than 30 dB lower than reflected phase-OTDR signal).
20 m spatial resolution and SNR of location information as high as 8.4 dB is obtained with
20 km fiber length. Detection of 1khz vibration applied by PZT is also successfully
demonstrated.

In chapter 4, the principle of scanning-free BOTDA sensor is elaborated in detail.
The progress of dynamic BOTDA system is reviewed first. Then the operation principle of
proposed scanning-free BOTDA based on DOFS is discussed with the modulation and
demodulation method. Characterization of the SBS induced gain and phase shift profile
based on the DOFC probe signal is presented along with the detection and DSP procedures
of DOFC signal. Sensing performance of the proposed system is analyzed in the last part.

In chapter 5, ultra-fast BOTDA system based on direct detection of DOFC is

proposed and demonstrated experimentally. The frequency spacing and coverage
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bandwidth for used DOFC is 1.95-MHz and 2-GHz, respectively. The DOFC can be used
to reconstruct the Brillouin gain spectrum (BGS) and locate the Brillouin frequency shift
(BFS) without frequency scanning and thus can improve the measurement speed about 100
times compared with the conventional BOTDA. This scanning-free BOTDA system has
also been demonstrated experimentally with 51.2-m spatial resolution over 10-km standard
single mode fiber (SSMF) and with resolution of 1.4°C for temperature and 43.3pe

In chapter 6, a single-measurement BOTDA based on coherent detection of the
phase of DOFC probe signal is reported without any averaging and frequency scanning
process. The phase shift of each frequency component of DOFC probe, after transmitting
through the FUT is directly mapped by coherent demodulation in a single data acquisition
without any averaging, leading to a sensing speed only limited by the sensing range.
Compared with the previous techniques, the measurement time is further reduced by
eliminating the need for averaging. The dynamic property of the proposed system is

demonstrated with a 1kHz vibration measurement.

7.2 Future works

A number of additional techniques can be further investigated in the future for the works
presented in this thesis. In this section, possible extensions of the research work on

distributed optical fiber sensing are illustrated.

7.2.1 Spatial resolution improvement of dynamic BOTDA sensing

system

For future work, one major research area is to improve the spatial resolution of the

proposed technique which is currently limited by the tradeoff between probe frame duration
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length and frequency resolution. Events with 51.2m spatial distribution can be successfully
discerned with current configuration. While modern advanced applications require a better
spatial resolution without compromising temperature/strain precision over a long range.
For this purpose, further improvement of the spatial resolution performance can be
achieved by either using a time-resolved plan of chirped pump signal or relaxing the
frequency step requirements of DOFC while introducing a few frequency interleaving
arrangements.

Spatial resolution improvement using sparse frequency comb signal
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Fig. 7.1 Spatial resolution improvement using sparse frequency comb signal.

As discussed in previous sections, spatial resolution is limited by the frequency spacing
between DOFC and pump signal. comprise in frequency resolution would, without a doubt,
improve the spatial resolution. For example, using a sparse frequency comb with gap of
10MHz, the spatial resolution is improved to 10 meters. Then, we can use interleaving
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method to compensate the missing information with the blank area between each frequency
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tone. As shown in Fig. 7.2, the frequency distance between probe is initially set at Af;, the
corresponding measured BGS/BPS is at Af; + Av(1: M). M is the number of frequency
tones. Then, increase the frequency distance from Af; to Afy. In this way, the N times
measurement results construct the interpolation between M BGS measure results.
Spatial resolution improvement using frequency multiplex pump signal
Another method to improve the spatial resolution is using frequency multiplex pump signal.
As shown in Fig. 7.3, instead of using the single tone pump, a frequency multiplex signal

is utilized as pump signal to interact with the corresponding frequency span of DOFC probe
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Fig. 7.3 Spatial resolution improvement using frequency multiplex pump signal.

signal. Therefore, the frequency resolution of probe signal is alleviated, and thus spatial
resolution is improved. For example, if we use N pump signals, each with a spacing of
Af . In particular, Af =M -Av + Af; . Then, the measured BGS/BPS for each

measurement is shown in Fig. 7.4.
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Fig. 7.4 Interpolation of BGS measurement results using frequency multiplex pump signal
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7.2.2 Embedded dynamic optical sensing system for various kind of

optical communication system

With the rapid development of optical communication technique driven by the
bandwidth requirements, optical fiber network is deployed all around the world connecting
cities, towns, highways and links countries. In 2018, the total deployed optical fiber cable
exceeds 500 million kilometers in total. Up to now, the operation status of optical fibers in
communication network is not sufficiently monitored. The current situation is that it is
impossible to take precaution actions unless damage of optical fiber cable is caused. This
means that the status of communication is binary: functional or damaged.

Among various solutions, we have demonstrated one possibility of using phase-
sensitive OTDR sensing system for sensitive monitoring of optical OFDM communication
system. Apart from enhancing the system performance of DOFS techniques based on
Rayleigh scattering and Brillouin scattering, it is also possible to combine the system with
other sensing schemes, such as intensity scattering, frequency, polarization and phase based
sensing schemes, which can be employed to realize hybrid systems to provide more sensing
information. For example, we may use the optical interferometer based on phase

interference to provide more accurate measurement while using distributed sensing scheme
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Fig. 7.5 Embedded dynamic optical sensing system for various kind of optical communication system.
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for providing location information.

On the other hand, as shown in Fig. 7.5, various kinds of transmission technologies
are used in different communication systems including advanced modulation formats,
wavelength-, polarization- and space- division multiplexing techniques. Therefore, the
sensing requirement is diverse. In the future, we will continue to investigate the application
of distributed dynamic optical sensing system in optical network. Especially, the sensing
performance in terms of measurement speed, accuracy, spatial resolution as well as sensing
distance. Besides, the influence induced by various sensing schemes on the optical

communication network will be emphasized.

7.2.3 Application of machine learning algorithms in dynamic sensing

system

Input Output
Vector X Vector Y

r, N\ "t Y S
X1 o) Rk
X2 |==» -y
XN oy "1 YN

" B B R R BB " B B B B R BEE R EEECBRE b ‘

“input” " Hidden
Layer Layer

Fig. 7.6: Application of machine learning algorithms in processing dynamic sensing measurement

results.

Another possible area of investigation is the use of advanced algorithms for sensing
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system performance enhance which may evolve to a system or a network providing massive
amount of raw data in real-time manner, the advanced algorithms shall also help for
extracting, analyzing, and archiving the sensing information. The algorithms include
artificial neural network, deep learning algorithms, which are commonly used in computer
science area, and they can be integrated into the sensing system for post-processing in order

to enhance the system performance or extend new features.

7.2.4 Real-time realization and field test of dynamic sensing system

Up to now, most dynamic sensing techniques focus on the experimental
demonstration of vibration detection performance using single tone signal generated using
for example a PZT. However, the performance of the system in field-test with signal with
complicated frequency components over a large dynamic range still need to be evaluated.
In addition, analyzing the signal obtained using the DOFS systems to identify some special
events shall enable it to be used in practical application systems. Real-time demonstration

of proposed distribute dynamic sensing system is illustrated in Fig. 7.7 with Analog-to-

Probe
Distributed dynamic sensing system Real-time Processing
. ) I o o
e ] Sk
FUT
8 o} — 8 t E v Measurement
< A = u>). e é o results

Fig. 7.7: Illustration of the real-time realization of proposed dynamic distributed optical sensing system.
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Digital Converter (ADC) and digital signal processing (DSP) configuration. The detected
signal is collected and digitalized by a high-speed ADC. Collected samples are processed
in Field Programmable Gate Array (FPGA) with separate digital signal processing
functional part. Measured trace is first quantified and normalized to allow for digital
processing. Then synchronization is taken to subtract the consecutive probe frames.
Through IFFT, the probe frames are transformed to the frequency domain to analyze the

BFS distribution, by which the measurand is determined.
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Maxwell’s Wave Equations
To better explain the propagation of optical signals inside optical fibers which is governed

by Maxwell’s equations, the propagation equation is derived in the following [101], [102]:

0B

VXE=-2 (5.6)
VxH=2+] (5.7)
V-D=p, (5.8)
V-B=0 (5.9)

Where E and H are electric and magnetic field vectors. D and B are
corresponding electric and magnetic flux densities. As optical fiber contains no free charges
as well as electrical currents, so:

J=0 (5.10)
pr=0 (5.11)

While the densities D and B is expressed as:

D=¢E+P (5.12)
B=uyH+M (5.13)

Where g, is the permittivity in vacuum and p, is the permeability in vacuum. P
and M represent the electric and magnetic polarizations. Taking the curl in both side of
Equation (2.1) and substituting the Equation (2.2), (2.5) and (2.6). The term D and B is

eliminated in favor of E and P:

1 0%E a%p
VXVXE:—C—ZF—M()F (514)

1 0%E a%p
C—ZE—V2E+V(V-E)+MOE=O (515)
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The relation pye, = 1/ 2 Was used and the operator Vi= aa_; + aa_; + %. It is
easy to notice that total polarization P contribute to the nonlinear phenomena during the
transmission in fiber. At the same time, polarization P originate from the electric dipoles
which is nonlinear response of the applied electrical field E. Generally, a more commonly
used equation is used to describe the relation:

P=¢c,(xV E+y®:EE+ y® : EEE + --+) (5.16)

where yU) is j™ order susceptibility. The linear susceptibility y represents

the dominant contribution to P. The second-order susceptibility ¥ vanishes for silica
glasses as the material SiO, used to fabricate optical fiber has molecular symmetry.
Therefore, we focus on the third-order nonlinear effects ¥ which is further analyzed in

two parts-the linear part P (r,t) and the nonlinear part Py, (1, t):

P(r,t) =P, (r,t) + Py, (10 (5.17)

Derivation of variance of phase noise
The variance of phase noise is derived. Considering additive white Gaussian noise, the

retrieved DOFC signal with described DSP method can be expressed as:

Y .
E.= > (@+g,)"+0
k=-N/-1

Where o is the stand deviation of measurement noise in Brillouin gain spectrum. The
phase profile recovered from the DOFC signal is also distorted by random noise, as shown
in the following equation:
o, = Arg [(1+ g,)e’® +0']
For convenience, let:
| =(1+g,)e'* +o

I Im(
R="1,= m )Re(l)
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(1+g,)sin(g,) + o,

 (1+9,)sin(p) +o0,

o=0,+]*0,

The unbiased estimation of R is:
R= tan(e,)

While the variance of R is given in [103]:

D(l,)+D(IQ)_20(I.,|Q)

12 T 2
] Iy

D(R) = R?

I,
Where |, 1, | represent for the In-phase and Quadrature component of |, D(l),
D(Q) , and c(1,Q) denote variance of estimators of var(l) , and var(Q) , and
Cov(l,1,) respectively.
The error of the estimation of phase profile is determined from the variance of ¢, .The
anti-trigonometric function is expanded in the neighborhood of @, according to the
Taylor’s theorem [104]:
Py =arctan(R) +arctan’(R)(R—R) + L,(R)

LZ(R) Represents for the Lagrange remainder term. ¢, Can be approximated by (8) if

we ignore the remainder term.
Py ~ arctan(R) +arctan(R)(R—R)
The variance of @, can be analyzed with:
D(g,) ~arctan'(R*)D(R)

Substitute formula (9) into equation (12), the following expression for the variance of phase

noise can be obtained:

52 2 2

__ R o ,%
D(o,) = 1+ I52)2 (|_|2 + |—Q2)
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