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Abstract

Abstract

Recently, increasing efforts have been made to diagnose earthquake-induced damage
and time deterioration of large structures, such as buildings, dams, bridges, tunnels,
pipelines, airplanes, ships, efc. by embedding optical fibers in them. The
fiber-embedded structures that can “feel pain” just as human beings do are called
“fiber-optic nerve systems.” Among various kinds of optical fiber sensors proposed to
develop the fiber-optic nerve systems, Brillouin scattering-based sensors have attracted
a great deal of attention due to their capability to measure strain and temperature. Above
all, the following three techniques have been vigorously studied: Brillouin optical
time-domain analysis (BOTDA), Brillouin optical time-domain reflectometry (BOTDR),
and Brillouin optical correlation-domain analysis (BOCDA). However, though BOTDA
and BOTDR have a measurement range as long as several tens of kilometers, their
inherent limitation of the spatial resolution is about 1 m, and their measurement time is
as long as several minutes. Meanwhile, though BOCDA has an extremely high spatial
resolution (cm- or mm-order) and a high sampling rate (~ 1 kHz), we must inject two
lightwaves into both ends of the fiber under test (FUT), and thus, if part of the FUT
cracks, the measurement can no longer be performed.

To resolve these problems of conventional techniques, in this thesis, we propose a
novel sensing technology named Brillouin optical correlation-domain reflectometry
(BOCDR), which can measure the distribution of strain and/or temperature along an
FUT by light injection only from one end of the fiber. BOCDR operates based on the

combination of spontaneous Brillouin scattering and the correlation control of
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continuous lightwaves. A spatial resolution of 13 mm is experimentally demonstrated
with a sampling rate of 50 Hz. We also improve its performance from a variety of
aspects, such as enlargement of the measurement range, enhancement of the sampling
rate, application to polarization beat length distribution measurement, improvement of
the stability and the signal-to-noise (S/N) ratio, and achievement of 6-mm spatial
resolution using a specialty fiber.

In Chapter 1: “Introduction,” the concept of fiber-optic nerve systems for smart
materials and structures is reviewed as the background of this work. Then, the principle
of Brillouin scattering and conventional time-domain techniques such as BOTDR and
BOTDA are explained. Furthermore, the principle of the correlation-domain technique
called BOCDA based on the synthesis of the optical coherence function (SOCF) is also
described with some recent progress.

In Chapter 2: “Proposal of BOCDR,” first, we explain that BOCDR operates based
on the combination of spontaneous Brillouin scattering and the SOCF technique. The
comparison of the operating principle between BOCDR and BOCDA is discussed as well.
Then, in the preliminary experiment, 40-cm spatial resolution and 50-Hz sampling rate
are simultaneously obtained. A spatial resolution of 13 mm is also achieved, which is the
best value ever reported in other Brillouin scattering-based reflectometers as well as
two-end-access BOTDA systems. The real-time detection of vibrated strains is also
presented. Finally, it is experimentally shown that BOCDR is based not on stimulated
Brillouin scattering (SBS) but on spontaneous Brillouin scattering.

In Chapter 3: “Theoretical analysis of BOCDR analysis,” first, we theoretically show
that the effective Brillouin gain spectrum (BGS) of BOCDR is determined by the
2-dimensional convolution of the intrinsic Brillouin gain and the beat power spectrum,
which is the same expression as that of BOCDA. Then, a simulation on the typical
shapes of the detected BGS is performed. By estimating the shape of the beat power

spectrum, the expression of the spatial resolution is also derived. Finally, the Rayleigh
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scattering- induced noise is analyzed, and the limitation of the spatial resolution is
discussed.

In Chapter 4: “Enlargement of measurement range based on temporal gating
scheme,” we develop a temporal gating scheme to enlarge the measurement range of
BOCDR while maintaining the spatial resolution. In the experiment, 66-cm spatial
resolution and 1-km measurement range are simultaneously obtained with 50-Hz
sampling rate. This means that the ratio between the measurement range and the spatial
resolution is enhanced from the conventional value 570 to 1515.

In Chapter 5: “Enlargement of measurement range based on double-modulation
scheme,” we propose a double-modulation scheme as another method to mitigate the
trade-off between the measurement range and the spatial resolution. First, we
theoretically analyze the operating principle, and perform a simulation to verify the
effectiveness of this scheme. Then, in the experiment, 53-cm resolution and 1.5-km
measurement range are simultaneously obtained. Furthermore, 27-cm resolution and
1.5-km measurement range are also simultaneously achieved when a noise-floor
compensation technique is employed. This means that the ratio between the measurement
range and the spatial resolution is enhanced to 2845 or 5690.

In Chapter 6: “Enhancement of sampling rate utilizing optical heterodyne detection,”
we implement BOCDR using a single-sideband modulator (SSBM) with fast Fourier
transform (FFT), and examine the possibilities of improvement on the S/N ratio and the
sampling rate as well as cost reduction. In the experiment, the S/N ratio is not good
compared to the conventional BOCDR, but the sampling rate is enhanced to 400 Hz. In
addition, noise inherent to this scheme is observed and discussed.

In Chapter 7: “Application to polarization beat length distribution measurement,” we
present that BOCDR can be used to perform a distributed measurement of polarization
beat length in single-mode optical fibers (SMFs). The beat lengths of SMFs wound on

mandrels with radii 10.0 cm, 7.4 cm and 3.1 cm are measured to be 25.4 m, 12. 1 m and

Dissertation 2009, The University of Tokyo 111



Abstract

2.56 m, respectively, which agree well with the theoretical calculations. A distributed
measurement is also successfully performed using an SMF comprising two sections with
different mandrel radii.

In Chapter 8: “Stable entire-length measurement based on polarization scrambling
and noise-floor compensation,” we demonstrate a stable entire-length measurement of
strain distribution by suppressing the BGS fluctuations with polarization scrambling. In
the experiment, we perform a distributed strain measurement along the entire length of a
100-m FUT with 40-cm spatial resolution and 19-Hz sampling rate. Furthermore, we
develop a new method of compensating the noise-floor of the electrical spectrum
analyzer (ESA) to improve the S/N ratio of the system.

In Chapter 9: “Distributed strain measurement using tellurite glass fiber,” we employ
a tellurite glass fiber as the FUT in BOCDR to perform a short-range but
high-spatial-resolution distributed strain measurement. The investigation on the
dependences of the Brillouin frequency shift (BFS) on temperature and strain shows that
the BFS in the tellurite fiber shifts toward lower frequency with increasing temperature
and strain, and their coefficients are —1.14 MHz/K and —0.023 MHz/ug, respectively. The
BFS dependence on temperature in a bismuth-oxide fiber is also investigated, and —0.88
MHZz/K is obtained as its coefficient. These negative dependences seem to be caused by
the negative dependences of the Young’s modulus of these fibers on temperature and
strain. Then, a distributed strain measurement with BOCDR is demonstrated using the
tellurite fiber. With the high Brillouin gain of the tellurite fiber and thus the enhanced
S/N ratio in the BGS measurement, a 1-cm strain-applied section is successfully detected
with 6-mm nominal spatial resolution, which is the inherent limitation of the fiber.

In Chapter 10: “Conclusions,” we summarize the achievements of this work and give

some open problems and future prospects.
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1. Introduction

1 Introduction

This Chapter describes the overall background and the purpose of this thesis. We start
by reviewing the history of optical fibers and their sensing applications called
“fiber-optic nerve systems.” A basic principle of fiber-optic sensors based on Brillouin
scattering is also described. Then, conventional sensing technologies such as Brillouin
optical time-domain analysis/reflectometry (BOTDA/R) and Brillouin optical
frequency-domain analysis (BOFDA) are surveyed. Finally, the principle and the recent

progress of Brillouin optical correlation-domain analysis (BOCDA) are overviewed.

1.1 Background

1. 1.1 Birth of optical fibers

This year, in 2009, the Nobel Prize in Physics was awarded for two scientific
achievements that have helped to shape the foundations of today’s networked societies.
They have created many practical innovations for everyday life and provided new tools
for scientific exploration. In 1966, Charles K. Kao [1] made a discovery that led to a
breakthrough in fiber optics. He carefully calculated how to transmit light over long
distances via optical glass fibers. With a fiber of purest glass it would be possible to
transmit light signals over 100 km, compared to only 20 m for the fibers available in the
1960’s [2-4]. Kao's enthusiasm inspired other researchers to share his vision of the

future potential of fiber optics. The first ultrapure fiber with a loss below 20 dB/km was
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1. Introduction

successfully fabricated just four years later, in 1970 [5]. Further progress in fabrication
technology [6] resulted in a loss of only 0.2 dB/km in the 1.55-um wavelength region
[7], a loss level limited mainly by the fundamental process of Rayleigh scattering. The
availability of low-loss silica fibers led not only to a revolution in the field of optical
fiber communications [8-11] but also to the advent of the new field of optical fiber

sensors [12-17].

1. 1.2 Optical fiber sensors

Monitoring of structures, such as buildings, bridges, highways, tunnels, dams,
pipelines, containers, airplanes, ships etc., is useful from the economic and security
points of view; and so is monitoring of materials, such as planar lightwave circuits
(PLCs). With a proper sensing system, it is possible to achieve information about the
health of the materials and structures which can be used for designing repair schedules
and for giving early warnings of degradation that might lead to a catastrophic failure in
the long term. When this purpose is achieved by embedding optical fiber sensors in
them, we call these systems “fiber-optic nerve systems for smart materials and
structures” because these materials and structures can “feel pain” just as human beings
do [18-22].

Health monitoring is traditionally based on visual inspection [23]. This method is,
however, limited in time and scope, since it is only possible to see degradations that are
visible and apparent at the time of the inspection. Moreover, one can only see
degradations relative to the original state or the state at the previous inspection, but
structural deficiencies that might have been hidden in the structure from the start cannot
be detected. Fitting the structure with a comprehensive sensor network capable of
continuously gathering information on all relevant structural parameters offers a better

way of assessing its real behavior. Various types of sensors have been developed during
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1. Introduction

the last 50 years or so for measuring structural parameters, such as strain, temperature,
pressure, rotation, oscillation, humidity, and acceleration.

Conventional strain sensors such as electrical strain gauges are widely used due to
their high accuracy, fast measurement speed, high reliability and low cost [24]. The
problem with strain gauges and other conventional sensors is that there is no means of
reading several successive sensors with a common interrogation unit, ie. it is not
possible to multiplex the sensors. Since each strain gauge needs two wires for power,
two wires for the signal path and an amplifier unit, the sensor system becomes quite
complex, especially in the case of large buildings. For example, when the sensors are
embedded inside the wall material, the wire harness of a strain gauge network may
disturb its operation or even be harmful to the integrity of the structure by causing
delaminations. Other problems with strain gauges apart from their poor multiplexing
capability are susceptibility to electromagnetic interference (EMI), long-term
degradation and sometimes a restricted temperature range.

The demonstration of the first fiber-optic strain sensor in 1978 [25] was an essential
milestone in this field, as was the invention of a fiber Bragg grating (FBG) sensor [26]
and Fabry-Perot interferometer (FPI) sensor [27] about ten years later. The first
commercial products were acoustic hydrophone arrays and gyroscopes [28-31] for
military and other special applications, but as general-purpose strain and temperature
sensors emerged onto the market in the mid-1990’s, engineers started to use fiber-optic
technology in ordinary measurement applications as well. This was due to the many
advantages that fiber-optic sensors can offer over their conventional counterparts,
among which their extreme multiplexing capability is obviously the most prominent.
With a proper multiplexing technique, such as time-division multiplexing (TDM) or
wavelength-division multiplexing (WDM), it is possible to read responses from tens or
even hundreds of sensors along a single fiber path [32]. A completely-distributed

measurement is also feasible, which enables the building of comprehensive sensor
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networks in a relatively simple manner. The growing interest in fiber-optic sensors is
also due to properties such as their light weight, small size, immunity to EMI,
high-temperature performance, broad bandwidth, environmental robustness with respect
to vibration and shock, high sensitivity [28, 33]. And now, the implementation of the
fiber-optic nerve systems is one of the most challenging targets for researchers in
optical engineering.

For the realization of fiber-optic nerve systems, optical fiber sensors based on
Brillouin scattering have been widely studied so far. In Section 1.2, the principle of
Brillouin scattering is explained. Then, in Sections 1.3 and 1.4, conventional
time-domain and frequency-domain distributed sensing techniques based on Brillouin
scattering are reviewed. In Section 1.5, the principle and some recent progress of
correlation-domain distributed sensing techniques are explained. In Section 1.6, the

purpose and the constitution of this thesis are described.

1.2 Brillouin scattering

Light scattering in optical fibers is omnipresent irrespective of the amount of optical
power present in the fibers. It can be categorized into two regimes: spontaneous and
stimulated scatterings [34]. Spontaneous light scattering refers to the process under
conditions such that the optical material properties are unaffected by the presence of the
incident electric field. For input optical fields of sufficient intensities, spontaneous light
scattering becomes quite intense; thus in the stimulated regime the nature of the
scattering process grossly modifies the optical properties of the material system and
vice versa. Spontaneous and stimulated scattering in optical fibers can result from
Raman, and Brillouin scattering phenomena. Each scattering process is always present
in optical fibers, because no fiber is free from microscopic defects or thermal

fluctuations which originate the three processes. For a monochromatic incident
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lightwave at frequency fy, the three processes are well described in Figure 1.1.

These scattering phenomena physically correspond to two main cases: elastic
scattering and inelastic scattering. In elastic scattering, that is, Rayleigh scattering, the
scattered photons maintain their energy and thus have the same frequency of the
incident light. On the other hand, in inelastic scattering, that is, Brillouin scattering
(interaction with acoustic phonons) and Raman scattering (interaction with optical
phonons), the scattered photons lose or gain energy and thus undergo a frequency shift.
In “Stokes-type” scattering, the photons lose energy and their frequency is
down-shifted; in “anti-Stokes-type” scattering, the photons gain energy with their
frequency up-shifted. Here we should note that there is large difference in frequency
shift between these scatterings for either Stokes-type or anti-Stokes-type scattering,
though we made a combined depiction of them in Figure 1.1.

Among the three scatterings, Brillouin scattering is especially suitable for making

Stokes Anti-Stokes
components components
p A ~ Rayleigh ~ A ~
~11 GHz
~13 THz
<€
Brillouin Brillouin
Raman Raman
( J (( >
Frequency

Figure 1.1 Schematics of the spectra of the reflected light due to Rayleigh,

Brillouin, and Raman scattering in silica fibers.

Dissertation 2009, The University of Tokyo




1. Introduction

Pump fy o o o o s s
(@) =
fO - fB
Pumpfy o o o o o o Er?bfz
) €= <
f,- fg

Figure 1.2 Schematics of (a) spontaneous Brillouin scattering,

and (b) stimulated Brillouin scattering.

distributed sensors, because its frequency shift is linearly dependent on both strain [35]
and temperature [36], as described later. So, in this thesis, we will focus on Brillouin
scattering. Brillouin scattering is a photon-phonon interaction, in other words, it is
based on the annihilation of a pump photon that creates a Stokes photon and a phonon
simultaneously. The phonon is the vibrated modes of atoms, which is also called a
propagation density wave or an acoustic phonon. The Brillouin frequency shift (BFS) is
about 11 GHz in silica fibers, and the Brillouin-scattered light is dominantly
down-shifted in frequency due to the Doppler effect associated with the
forward-moving acoustic waves.

The spectrum of the Brillouin-scattered Stokes light is called Brillouin gain
spectrum (BGS), which includes three important parameters: the Brillouin gain peak
coefficient gpo, the BFS, and the Brillouin bandwidth Avs. The gain peak coefficient ggo

lies in the range of 1.5-3x10™"" m/W [37, 38]. The BFS f; is given by [34]

fy=ny, (1.1)

where 7 is the effective refractive index of the fiber, and v, is the effective longitudinal
acoustic velocity. Both » and v, are determined by the waveguide structures of the

optical modes and the longitudinal modes, which are related to the silica dopant
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materials and their distributions along the cross section of the fiber [39]. The Brillouin

bandwidth Avg is originally decided by the damping lifetime 7, (=1/T) of acoustic

phonons as

AVB:— s (1.2)

where 7/ denoted the decay rate of the acoustic phonons in the fiber. The typical value of
Avg 1s about 30 MHz.

As is already mentioned, Brillouin scattering is classified into two configurations:
spontaneous Brillouin scattering and stimulated Brillouin scattering (SBS). The
configuration for spontaneous Brillouin scattering is shown in Figure 1.2(a), where only
one pump light beam is injected into one end of the fiber. Its reflectivity is —90 dB/m,
which is even lower than Rayleigh scattering. In contrast, the reflectivity of stimulated
Brillouin scattering is about —50 dB/m. However, in order to induce stimulation, a probe
light beam has to be injected to the other end of the fiber in addition to the pump light,
as shown in Figure 1.2(b).

Around 1990, it was clarified that the BFS has a good linear dependences on strain
[35] and/or temperature [36], which can be expressed by

ABFS = f, — f5,=C, -Ac+C, -AT , (1.3)
where C; and Cy are the strain and temperature coefficients of the BFS in the fiber; £
is the BFS at room temperature and in loose state as a reference point. Although the
strain and temperature coefficients even in single-mode fibers (SMFs) are slightly
different among each fiber, their typical values are C; ~ 0.04-0.05 MHz/pe and Crt ~
1.0-1.2 MHz/K at 1.55-um wavelength. These linear dependences of the BFS on strain
and temperature are the basic principles to measure the magnitude of strain and

temperature change in Brillouin scattering-based optical fiber sensors.
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1.3 Time-domain techniques

Fiber-optic distributed strain/temperature sensors must involve two basic functions. One
is to measure the magnitude of the strain or temperature change, and the other is to
resolve the position where strain or temperature change is applied. The former function
was already explained in Section 1.2. There are some methods to resolve the position,
such as time-domain techniques and correlation-domain techniques. In this Section,

conventional time-domain techniques are reviewed.

1.3.1 Brillouin optical time-domain analysis (BOTDA)

While the efficiency of spontaneous Brillouin scattering is extremely low, SBS allows
much stronger signals to be produced. The first concept of Brillouin scattering-based
distributed sensing was demonstrated by Horiguchi et al. and was named Brillouin
optical time-domain analysis (BOTDA) [40-42]. In their configuration, as shown
schematically in Figure 1.3, a short pump pulse is sent into one end of the FUT, while a
continuous wave probe beam with a frequency offset corresponding to the nominal BFS
is launched into the other end of the FUT. The continuous wave (CW) probe light
experiences Brillouin gain at the locations in the FUT where the frequency offset is
matched to the peak Brillouin gain. Thus, the time dependence of the detected CW light
provides the gain profile experienced by the probe light as the pump pulse passes along
the FUT. Measurements carried out with a wide range of frequency offsets allow a full
picture of the Brillouin frequency for each location in the FUT to be achieved. As a
consequence, the distribution of strain and temperature can be derived within the spatial

resolution determined by the width of the pump pulse z,, as

Az =0 (1.4)

2n

where c is the light velocity in a vacuum.
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Figure 1.3  Schematic of basic BOTDA system.

Horiguchi et al. [43, 44] demonstrated 1-m spatial resolution with an 11-km SMF
using 10-ns optical pulses generated by modulating 1.55-um distributed-feedback laser
diode (DFB-LD) with a combination of a fast electro-optic modulator (EOM) and an
acousto-optic modulator (AOM). In their experiment, the linewidth of the measured
BGS was about 80 MHz, which is about twice of that of spontaneous Brillouin
scattering in the SMF. This is because the 10-ns optical pulse is comparable in
bandwidth to the intrinsic BGS, and the frequency-convolved spectrum between the
wide pulse and the BGS suffers broadening. As a consequence, it becomes difficult to
accurately diagnose the BFS, and the reported accuracy was ~ 5 MHz corresponding to
~ 100 pe. Hence, the ultimate spatial resolution of BOTDA is in principle limited to ~ 1
m [45, 46].

Up to now, many researchers have been reporting some improvement of BOTDA
[47-56]. Nikles et al. [50] proposed a method to stabilize the distribution of BGS and
BFS by using an EOM to modulate a DFB-LD at 1.55 um and thus generate the pump
and the probe light beams from the same DFB-LD source. They achieved 80-cm spatial
resolution and 1-km measurement range simultaneously, with a frequency resolution of
1 MHz corresponding to 20 pe. Bao ef al. [51] developed a Brillouin-loss-based
BOTDA by reversing the functions of the coherent pulse laser and CW light. In this
configuration, the strong CW light acts as a Brillouin pump wave, and the optical pulse

with a scanned down-shifted frequency from that of the CW light works as a probe
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wave. By monitoring the Brillouin loss profile due to Brillouin interaction between the
two light beams as a function of time or position along the FUT, they reported 25-cm
spatial resolution [52] with a strain resolution of ~ 40 ue. Recently, a “pulse pre-pump
BOTDA (PPP-BOTDA)” system was proposed [53, 54], where ~ 10-ns pulse followed
by 1-ns pulse was used to pre-excite the phonon field and obtain a resolution of ~10 cm.
A “dark-pulse BOTDA” system was also developed [55, 56], and 2-cm spatial

resolution was achieved, which is the highest value ever reported in BOTDA systems.

1.3.2 Brillouin optical time-domain reflectometry (BOTDR)

Spontaneous Brillouin scattering-based fiber-optic distributed sensors called Brillouin
optical time-domain reflectometry (BOTDR) was also explored [57, 58]. One of the
biggest advantages of BOTDR is that it works by light injection only from one end of
the fiber. The techniques for BOTDR can be classified into two: the direct detection
[57] and the coherent (heterodyne) detection [58]. In direct detection [57], the Brillouin
signal must be optically separated from the large Rayleigh component before its
detection, using FPIs, Mach-Zehnder interferometers (MZIs), FBG-based optical filters,
etc. Since the BFS is small, these optical filters must be highly stabilized.

In coherent detection [58], a strong narrow-linewidth reference oscillator such as
part of the pump lightwave is employed, which allows excellent electrical selection of
the Brillouin component as well as a greater dynamic range. The coherent detection had
been achieved by the methods that employ frequency shift between the reference
oscillator and the sensing pulses that is approximately equal to the BFS, bringing the
signal-reference beat frequency within the bandwidth of a conventional photo-detector
(PD). This frequency shift of the reference oscillator was attained by an AOM [58] or an
EOM [59]. However, thanks to the development of electronics, recently PDs with

extremely wide bandwidths (20 GHz or higher) have become commercially available.
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Figure 1.4 Schematic of basic BOTDR system.

So, nowadays we do not necessarily employ the frequency shifter in the reference path.
As was explained in the case of BOTDA [45, 46], the spatial resolution of basic
BOTDR is also limited to 1 m, because the BGS broadens rapidly as the optical pulse
width decreases below 10 ns. However, a “double-pulse BOTDR (DP-BOTDR)” system
was recently proposed by Koyamada et al. [60-62] to enhance the spatial resolution
further, where double optical pulses are transmitted into the FUT instead of a
conventional single optical pulse. So far, they have experimentally obtained 20-cm
resolution. To enlarge the measurement range, Raman amplification was employed to
BOTDR with the coherent detection, resulting in 150-km range [63]. A new BOTDR

system based on optical-pulse coding has also been proposed and studied [64, 65].

1.4 Brillouin optical frequency-domain analysis (BOFDA)

An alternative technique to build Brillouin scattering-based distributed sensors was
demonstrated based on frequency-domain method, and was named Brillouin optical
frequency-domain analysis (BOFDA) [66-69]. It employs a CW probe beam and a
pump beam with sinusoidally-modulated intensity. When SBS occurs, the probe signal
acquires an intensity modulation at the same frequency of the pump, and the induced
modulation is measured by a vector network analyzer for a range of modulation

frequencies. The baseband transfer function provides information similar to the pulse
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response measured in BOTDA or BOTDR. This frequency-domain approach seems to
permit improvement of the signal-to-noise (S/N) ratio due to a synchronous detection,
but the data analysis is still performed in the time domain after an inverse Fourier

transform of the measured huge-size data.

1.5 Brillouin optical correlation-domain analysis (BOCDA)

In order to mitigate the limitation of the spatial resolution and the measurement time in
other techniques, a novel correlation-domain technology named Brillouin optical
correlation-domain analysis (BOCDA) was proposed by Hotate et al. [70-92]. BOCDA
is based on the technique called the synthesis of the optical coherence function (SOCF)
[93-106], where the correlation between frequency-modulated lightwaves is controlled.

The SOCF technique has so far been employed to develop FBG-multiplexed sensing

f, (Center frsq.) EOM fo-Tg
DFB-LD - L
A 1

Bias-Tee AC :
| |_ A B p Scan
DC ... ................... COI’I’ElatIOH peak
L f
GPIB ° &pp_

Chopping

PC & Lock-in amp PD

Figure 1.5 Schematic of basic BOCDA system. AC, alternating current; DAQ, data
acquisition; DC, direct current; DFB-LD, distributed-feedback laser diode; EDFA,
erbium-doped fiber amplifier; EOM, electro-optic modulator; FUT, fiber under test;
GPIB, general-purpose interface bus; PC, personal computer; PD, photo-detector.
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[95-97], optical coherence tomography (OCT) [98, 99], dynamic grating in
erbium-doped fiber (EDF) [100-102], lateral-force sensing based on polarization-mode
coupling [103, 104], and Rayleigh scattering-based reflectometry [105, 106] as well.
The basic experimental setup of BOCDA is depicted in Figure 1.5. In BOCDA, the
frequencies of counter-propagating pump and probe lightwaves are sinusoidally
modulated. They are synchronous in phase because the two lightwaves are obtained by
dividing the same light source except for a frequency difference, which can be

expressed as
Loy = fo + A sin2f, 1) (1.4)
Sorore = Jo= S5+ A sin(f, 1) (1.5)

where f; is the optical frequency of the laser source without frequency modulation, f;,
the sinusoidal-modulation frequency, Af the sinusoidal-modulation amplitude, and fg the
frequency difference between pump and probe lightwaves, which is around the BFS of

the FUT.

Probe light

f= fu - fB
+ Afsin (2n f,, t)

Correlation peak
(measuring position)

/ f=f,+ Afsin(2nf, 1)
Pump light

Figure 1.6  Schematic of the correlation peak in BOCDA.
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The synchronously-modulated pump and probe lightwaves generate beat power
spectra and then intensify the acoustic phonons due to electrostriction effect that interact
with the probe amplification from the pump light. The beat spectra have a
delta-function-shaped distribution along the fiber due to the SOCF effect [93, 94] as
shown in Figure 1.6. According to Hasegawa et al.’s detailed calculations [70, 71], the
observed BGS is expressed, by a 2-dimensional convolution of the beat spectra and the

local BGS concerning frequency fand position z, as

G(z.f)=B(z./)®g(= 1) (1.6)
where B(z, f) is the synthesized beat spectra given by
" 2
B(Z’ f) = F|: Epump (27 t)Eprobe (Z’ tj j| . (1.7)

Here F[ - ] denotes the operation of Fourier transform, and g(z, f) is a local intrinsic

BGS given by

_ &0
e (TvE rem 9

The spatial resolution Az is determined by the relation between the broadened beat
spectra and the intrinsic BGS. Meanwhile, the measurement range d,, is determined by
the interval between two correlation peaks, because only one correlation peak should
exist within the range of the FUT to correctly resolve the strain-applied positions.
According to detailed calculations [70, 71], the spatial resolution Az and the

measurement range dp, are given by

_ Ve AVi (1.9)
27 [0
A%
d =—2 1.10
Y (1.10)

where v, (= ¢/n) is the light velocity in the FUT. By sweeping fm, the position of the
non-0th correlation peaks can be scanned along the FUT, and thus a distributed
measurement becomes feasible.

Up to now, the performance of BOCDA has been improved from a great variety of
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aspects [75-88]. First, the polarization diversity scheme was employed to suppress the
polarization-dependent BGS fluctuations and thus to enhance the stability of the
measurement [75]. Next, apodization based on intensity modulation was implemented
to enhance the dynamic range [76, 77]. Then, a low-coherence BOCDA (LC-BOCDA)
system was proposed to resolve the trade-off between the spatial resolution and the
measurement range [78, 79]. The temporal gating scheme was also developed to
mitigate this trade-off [80, 81]. Furthermore, extremely high nominal resolutions up to
1.6 mm were achieved using a single-sideband modulator (SSBM) instead of an EOM
based on the double-lock-in scheme [82] and the beat-lock-in scheme [83]. To reduce
the cost, a simplified BOCDA (S-BOCDA) system, in which an SSBM is not used, was
implemented [84]. As for the sampling rate, it was enhanced to 1 kHz by employing an
unbalanced Mach-Zehnder (UMZ) delay line to the S-BOCDA [85]. A discriminative
measurement of strain and temperature has also been performed by Zou et al. with
BOCDA using a novel acoustic grating [86, 87]. Finally, a quasi-one-end-access
BOCDA system called “in-line BOCDA” was developed, with a mirror located at one
end of the FUT [88]. Recently, many experiments from practical application standpoints
have also been performed with fruitful results, such as health monitoring of aircraft and

tunnels [89-92].

1.6 Purpose and constitution of this thesis

The purpose of this thesis is the proposal and the performance improvement of a new
sensing technology named Brillouin optical correlation-domain reflectometry (BOCDR)
to resolve the problems of the conventional techniques including BOTDA, BOTDR,
BOFDA, and BOCDA.

This thesis consists of 10 chapters. Following the Introduction, in Chapter 2, we

propose BOCDR and show the preliminary experimental results. In Chapter 3, the
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operation of BOCDR is theoretically analyzed and the relation between the spatial
resolution and the inherent noise is discussed. In Chapter 4 and Chapter 5, we propose
and demonstrate two independent methods to enlarge the measurement range while
maintaining the spatial resolution. In Chapter 6, the sampling rate is enhanced by
optical heterodyne detection. In Chapter 7 and Chapter 8, polarization-related
phenomena in BOCDR are discussed. After showing that BOCDR can be used to
measure the distribution of polarization beat length, polarization scrambling and
noise-floor compensation technique are newly implemented to enhance the stability and
the S/N ratio. In Chapter 9, a tellurite fiber is employed to achieve the inherent
limitation of the spatial resolution. Finally, in Chapter 10, we present our concluding

remarks of this thesis and describe remaining problems and outlook for the future.
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2 Proposal of Brillouin optical correlation-
domain reflectometry (BOCDR)

In this Chapter, we propose Brillouin optical correlation-domain reflectometry
(BOCDR), which can measure the distribution of strain and/or temperature along a fiber
under test (FUT) from a single end of the fiber, by detecting spontaneous Brillouin
scattering based on the interference control of continuous lightwaves. Compared to
conventional Brillouin optical time-domain reflectometry (BOTDR) based on optical
pulses, the continuous- wave-based BOCDR does not suffer from the inherent limitation
of 1-m resolution, and has real-time measurability and random accessibility to
measuring positions. In the preliminary experiment, a spatial resolution of 40 cm is
achieved with sampling rate of 50 Hz. Then, real-time measurement is demonstrated.
Furthermore, a spatial resolution as high as 13 mm is obtained, which is the best result
ever reported in any Brillouin scattering-based reflectometry and even superior to that
obtained in Brillouin optical time-domain analysis (BOTDA). Finally, we
experimentally show that BOCDR is based not on stimulated Brillouin scattering but on

spontaneous Brillouin scattering.

2.1 Introduction

As was mentioned in Chapter 1, optical fiber sensors based on Brillouin scattering have
been intensively studied as a promising technology for monitoring conditions in various
materials and structures, due to the possibility of distributed measurement of strain

and/or temperature along an optical fiber. To obtain the location information of
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strain/temperature along the fiber, conventionally, pulse-based time-domain systems
[40-65] have been used, which have the advantage of long measurement range over
several tens of kilometers. Their long measurement time (~ several minutes) and
inherent limitation in spatial resolution (~ 1 m) [45, 46], however, are not satisfactory
for practical applications.

In this Chapter, we propose BOCDR to measure the strain/temperature distribution
along an FUT by light injection only from one end of the fiber, based on spontaneous
Brillouin scattering and the interference control of continuous lightwaves. The
advantages of BOCDR, such as high spatial resolution and high sampling rate, are

experimentally demonstrated.

2.2 Principle

The conceptual schematic of the proposed BOCDR system is shown in Figure 2.1. A

Scan
f, (Center freq.) Correlation peak ’ ‘ 3
Laser 3 @—!:I
A b

> FUT
Ref. Pump
|Bias-TE|— AC Stokes
fO fO - fB

DC
delay

Computer Self-
. [PD] [PD] | | heterodyne
TDAQ +1 X [= scheme
ESA [e—m Balanced PD

Figure 2.1 Conceptual schematic of BOCDR. AC, alternating current; DAQ, data
acquisition; DC, direct current; ESA, electrical spectrum analyzer; FUT, fiber under
test; PD, photo diode.
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light beam from a laser is divided into pump and reference light beams. The pump light
is injected into the FUT, and the Stokes light is directed into a heterodyne receiver
composed of two balanced photodiodes (PDs). The reference light is used as an optical
local oscillator (LO). The electrical beat signal of the two light beams is monitored by
an electrical spectrum analyzer (ESA). Since there is a frequency difference of about 11
GHz between the Stokes light and the reference light, this configuration is called a
self-heterodyne scheme.

In order to resolve the position in the FUT, the optical frequency of the laser output
is modulated in a sinusoidal waveform by directly modulating the injection current to
the laser. From the viewpoint of time averaging, the correlation (or coherence) function
is synthesized into a series of periodical peaks [93, 94], whose period is inversely
proportional to the frequency of the sinusoidal modulation f,. We control f;, to leave
only one correlation peak within the range of the FUT, so that only the Brillouin
scattering generated at the position correspondent to the peak has high correlation with

the reference light, and then gives high heterodyne output. The peak frequency observed

Correlation peak Scan
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Figure 2.2 Operating principle of basic BOCDR.
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with the ESA gives the Brillouin frequency shift (BFS) caused at the position. By
sweeping fm, the position of the correlation peak is scanned along the FUT, and thus the
distribution of the Brillouin gain spectrum (BGS) or the BFS is obtained.

Here we give another explanation of the operating principle of BOCDR using
Figure 2.2. When the laser frequency is sinusoidally modulated, the frequencies of the
reference light and the Stokes light at the heterodyne receiver are expressed by the
equations shown in Figure 2.2, where ¢ and y are phase factors. While ¢ is a constant,
w changes according to where in the FUT the pump light is reflected. For example,
when the pump light is reflected at Position A and ¢ = w + 21 n (n: integer), the
frequency difference of the reference light and the Stokes light is always the same
regardless of time, and so the beat signal can be detected. In contrast, when the pump
light is reflected at Position B and ¢ # y + 2n n, the frequency difference of the two
light beams changes according to time, and so the beat signal cannot be observed. From
the viewpoint of time averaging, we interpret that a correlation peak is standing at
Position A. Now the modulation of the laser frequency is a periodical sinusoidal

waveform, these correlation peaks appear periodically along the FUT, so only one

Pump Probe
BOCDA % I 1 1 1 g 3 I %
Spontaneous Spontaneous
Stimulated

Pump
BOCDR — [C——F7
Spontaneous Spontaneous
Spontaneous (selected by heterodyne)

Figure 2.3 Comparison of the operating principle between BOCDA and BOCDR.
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correlation peak should be left within the range of the FUT to resolve the position
properly, resulting in the limited measurement range. The position of the correlation
peak can be scanned along the fiber by adjusting the modulation frequency fi.

The spatial resolution 4z and the measurement range d,, (distance between the
neighboring correlation peaks) of BOCDR are given by the same equations as those for

BOCDA [70, 71]:

_ vgdvg
Az = ﬁm (2.1)
= 2—3%; , 2.2)

where v, 1s the group velocity of light, 4vg the Brillouin gain bandwidth (~ 30 MHz) in
optical fibers, and Af the modulation amplitude of the light source. Equation (2.1) was
originally derived for BOCDA (See Equation (1.9)), so it is not evident that the spatial
resolution of BOCDR is also given by this expression. The derivation of Equation (2.1)
in BOCDR is described in Chapter 3.

Next, we compare the operating principle between BOCDA and BOCDR using
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Figure 2.4 Experimental setup of basic BOCDR. DFB-LD, distributed-feedback
laser diode; EDFA, erbium-doped fiber amplifier; GPIB, general-purpose interface

bus: PC. polarization controller
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Figure 2.3. In both systems, the pump light is reflected everywhere in the FUT due to
spontaneous Brillouin scattering. In order to resolve the position, in BOCDA,
stimulated Brillouin scattering is strongly induced at one specific position in the FUT
by injecting the frequency-modulated pump and probe light beams into each end of the
FUT. In contrast, in BOCDR, the Stokes light due to spontaneous Brillouin scattering
from one specific position in the FUT is selectively observed by the heterodyne
detection with the frequency-modulated reference light. As a consequence, the Stokes
light from the FUT in one-end-access BOCDR becomes much smaller than that in
two-end-access BOCDA. Hence, another point of BOCDR is to utilize the heterodyne
detection not only to resolve the position but also to enhance the beat signal.

Finally, we discuss the measurement accuracy, that is, the strain resolution. The
most dominant factor in determining the measurement accuracy is the bandwidth of the
observed BGS in principle. As was discussed in Section 1.3, in time-domain techniques,
the BGS bandwidth is inversely proportional to the spatial resolution. When the
resolution is high (~ several tens of centimeters), the bandwidth broadens for about 1
GHz [45, 46], which drastically deteriorates the measurement accuracy. On the other
hand, in BOCDR, the BGS bandwidth is not in inverse proportion to the spatial
resolution. It was much narrower than 1 GHz, even when the resolution was several
centimeters, as will be shown in Section 2.5. This means that BOCDR potentially has a

higher measurement accuracy than time-domain techniques.

2.3 Experimental setup

The actual experimental setup of BOCDR is depicted in Figure 2.4. Before heterodyne
detection, the reference light at frequency f; passed through a several-km delay fiber,
which is used to select the order of periodical correlation peaks, an erbium-doped fiber

amplifier (EDFA) to enhance the beat signal, and an optical filter to suppress the
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Figure 2.5 Structure of the FUT.

amplified spontaneous emission (ASE) noise. The pump light at frequency f, was
injected into the FUT after being amplified with a high-power EDFA (~28 dBm). The
weak Stokes light at frequency f) — fz backscattered from the FUT was amplified again
with an EDFA. An optical filter was inserted after the EDFA in order to suppress the
Rayleigh scattering and the Fresnel reflection from the FUT at frequency fy. Before
processing with an ESA, the heterodyned signal was amplified with an electrical

pre-amplifier.

2.4 Preliminary experiments

The modulation frequency fi, was set to 457.4 — 458.4 kHz, which corresponds to the
measurement range of 228 m according to Equation (2.2). The amplitude of the
frequency modulation Af was 5.4 GHz, and the spatial resolution 4z was calculated to
be about 40 cm from Equation (2.1). Figure 2.5 shows the structure of the FUT
comprising a 100-m standard single-mode fiber (SMF), in which a 0.2-% strain is
applied to a 50-cm section fixed on a translation stage using epoxy glue. One end of the
FUT was spliced to a circulator, and the other end was kept open. The overall sampling
rate of the BGS measurement for a single position was 50 Hz, which is much higher
than that of the time-domain techniques with a typical measurement time of several
minutes.

Figure 2.6 shows the measurement result of the distribution of the BGS along the
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FUT. The BGS at the strain-applied section was clearly recognized. Figure 2.7 shows
the distribution of the BFS. A spatial resolution higher than 50 cm was achieved. The
change of the BFS was about 100 MHz, which is in good agreement with the applied

strain of 0.2 %.
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Figure 2.6 Measured distribution of BGS.
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Figure 2.7 Measured distribution of BFS.

Dissertation 2009, The University of Tokyo 24




2. Proposal of BOCDR

2.5 Spatial resolution of 13 mm

The modulation frequency fi, was 13.4624 — 13.4672 MHz, which corresponds to a
measurement range d, of 7.6 m according to Equation (2.1). The amplitude of the
frequency modulation 4f was 5.4 GHz, and the nominal spatial resolution 4z was
calculated to be about 13 mm from Equation (2.2). Figures 2.8 and 2.9 show the
structure of the FUT comprising a 5-m SMF, in which a 0.1-% strain was applied to a
3-cm section fixed on a translation stage with epoxy glue. One end of the FUT was
spliced to a circulator, and the other end was bent to suppress the Fresnel reflection. The

overall sampling rate of the measurement for a single position was 50 Hz, which is quite

0.1% Strain microbending
splice 2 @

420 cm 3cm 77 cm

- -
~

5m Single-mode fiber (SMF)

Figure 2.8 Structure of the FUT.

Figure 2.9 Photo of the FUT around the strain-applied section.
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high compared with the time-domain techniques.

Figure 2.10 shows the measured distribution of the BGS along the FUT. The BGS at
the strain-applied section was recognized. Figure 2.11 shows the distribution of the BFS.
A spatial resolution higher than 3 cm was achieved, and a resolution of one-half (15
mm) of the marked width is obviously available. It is in good agreement with the
calculated value of 13 mm. The change of the BFS was about 50 MHz, which agrees
well with the applied strain of 0.1 %. The accuracy of the measurement at a single
position was about +/— 5 MHz, which corresponds to the strain of +/— 0.01 % (+/— 100
pe) in this experiment. However, the signal-to-noise (S/N) ratio for this case was
deteriorated, so that the peak of the BGS was mostly buried by the electrical noise floor
of the ESA if the resolution was set even higher.

The spatial resolution of 13 mm is the best result ever reported in spontaneous
Brillouin scattering-based one-end-access reflectometers, and is even superior to that

obtained in stimulated Brillouin scattering-based two-end-access BOTDA systems (The
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Figure 2.10 Measured distribution of BGS.
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Figure 2.11 Measured distribution of BFS.

best nominal resolution of BOTDA was 20 mm, achieved using dark optical pulses [55,
56]). The inherent limitation of the spatial resolution in BOCDR is discussed in Chapter

9.

2.6 Real-time measurement

We confirmed the real-time measurement capability of BOCDR by a dynamic strain
sensing experiment. When data processing to find the peak in the BGS was employed,
the maximum sampling rate was 19 Hz. In order to obtain higher S/N ratio, the
modulation frequency f, and the modulation amplitude Af were set to 828.26 kHz and
5.4 GHz, respectively, which correspond to 22-cm spatial resolution and 124.9-m
measurement range. A 5-m SMF was used as the FUT, in which dynamic strains were
applied to a 28-cm section (420 — 448 cm) by a piezoelectric transducer (PZT) with the
most achievable strain of about +/— 450 pe (+/~ 22.5 MHz in BFS).

Sinusoidally-modulated voltages were applied to the PZT at the frequencies of 1 Hz, 2
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Hz, and 4 Hz. The measurement results are shown in Figure 2.12, where the strain
oscillations were clearly observed. The amplitude discrepancy seems to originate from
the mitigation effect of the fiber jacket. The accuracy of the measurement is limited by

the electrical noise of the ESA as well as the instability of polarization state.

10.91

(a) 10.88 |

BFS [GHz]

10.85 ' ' '

Time [s]

10.91

(b) 10.88

BFS [GHz]

10.85 ' ' ' '

Time [s]

10.91

10.88

©
BFS [GHz]

10.85 . : : :
0 1 2 3 < 5

Time [s]

Figure 2.12 Results of dynamic strain measurement with sinusoidal
driving voltages applied to the PZT at (a) 1 Hz, (b) 2 Hz, and (c) 4 Hz,
respectively. Note that the sampling rate is 19 Hz.
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2.7 Spontaneous or stimulated

In this Chapter, BOCDR has been assumed to be based on spontaneous Brillouin
scattering. However, if the power of the incident light is extremely high, stimulated
Brillouin scattering (SBS) is observed even when the light is injected into only one end
of the fiber. This is because the reflected light due to spontaneous Brillouin scattering
works as a probe lightwave in SBS. So, we experimentally clarified that SBS is not
dominant in BOCDR.

The experimental setup is depicted in Figure 2.13. The frequency-modulated light
beam was amplified up to 28 dBm with an EDFA, and was injected into a 1-km FUT.
Then, the backscattered Stokes light was observed with an optical spectrum analyzer
(OSA). Since there is no reference path in the setup, correlation peaks are not produced.
The modulation frequency f, was fixed at 68.62 kHz (this is the same fi, as those of
some experiments described in Chapter 4). Since it is difficult to accurately measure the
modulation amplitude 4f because of the limited resolution of the OSA, the peak-to-peak
output voltage of the function generator (FG) providing alternating current (AC) was

substituted for 4f, and it was set to 0, 20, 100, and 1000 mV,,,.

EDFA FUT (1 km)
DFB-LD =X Q00 (7)) .
_ Pump 2
&C \fStokes
* GPIB
bc PC OSA

Figure 2.13  Experimental setup. OSA, optical spectrum analyzer.
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Figure 2.14 Measured optical spectra of the reflected light.

Figure 2.14 shows the measured optical spectra of the Stokes light when Af was
increased. With no modulation applied (4f = 0 mV,;), the power of the Stokes light is
higher than that of the Rayleigh-scattered light by more than 20 dB, which indicates the
presence of SBS. Meanwhile, as Af was increased, the power of the Stokes light
drastically decreased; when the AC was 1000 mV,, corresponding to Af of about 3 GHz,
it was lower than the power of the Rayleigh-scattered light by about 20 dB. This change
in the power of the Stokes light seems to be caused by the transition from SBS to
spontaneous Brillouin scattering. Since 4f in BOCDR is generally set to several GHz
(e.g., 5.4 GHz for silica fibers), it was clarified that BOCDR is based not on SBS but on

spontaneous Brillouin scattering.

2.8 Conclusions
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We proposed a BOCDR system, a new sensing technology based on spontaneous
Brillouin scattering and the correlation control of continuous lightwaves, and
demonstrated a one-end-access distributed strain measurement with 40-cm spatial
resolution and 50-Hz sampling rate in the preliminary experiment. We also measured
the BFS along a 3-cm strain-applied section with 13-mm nominal spatial resolution,
though the S/N ratio was deteriorated. Such a high resolution and a high sampling rate
have not yet been achieved by other Brillouin scattering-based reflectometers as well as
two-end-access BOTDA systems. The real-time detection of vibrated strains at
frequencies of up to 4 Hz was also presented. Furthermore, it was experimentally shown

that BOCDR is based not on SBS but on spontaneous Brillouin scattering.
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3 Theoretical analysis of BOCDR operation

In this Chapter, the operation of Brillouin optical correlation-domain reflectometry
(BOCDR) is theoretically analyzed. First, we show that the effective Brillouin gain
spectrum (BGS) is determined by the 2-dimensional convolution of the intrinsic
Brillouin gain and the beat power spectrum, and that the spatial resolution of BOCDR is
given by the same expression as that of Brillouin optical correlation-domain analysis
(BOCDA). We also simulate the typical shapes of the detected BGS. Then, we
demonstrate that the modulation amplitude of the laser frequency, which is in inverse
proportion to the spatial resolution, is limited to a half of the Brillouin frequency shift
(BFS) under normal measurement conditions. We also show that this limitation of the
modulation amplitude can be mitigated by employing a fiber under test (FUT) shorter

than a half of the measurement range.

3.1 Introduction

In Chapter 2, the expression of the spatial resolution in BOCDR was assumed to be the
same as that in BOCDA, which was not evident. Besides, in order to achieve high
spatial resolution, the modulation amplitude and the modulation frequency of the laser
frequency must be increased, but their theoretical limitations were not clarified yet.

In this Chapter, we theoretically show that the spatial resolution of BOCDR is given
by the same expression as that of BOCDA, and clarify the limitation of the modulation

frequency. We also discuss the Rayleigh scattering-induced noise, and clarify the
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limitation of the modulation amplitude.

3.2 System formulation

First, we derive the expression of the effective BGS, which is the final signal observed
with the electrical spectrum analyzer (ESA). We define the position of the correlation
peak in the FUT as z = z,,, which corresponds to the measuring position. Suppose the
electric fields of the reference light, the pump light, and the Stokes light are Er(/) =
FIED]), Ep(z—zmf) (= FIEy(z—zm)]), and Es(z—zmf) (= F[Es(z—zm1)]), respectively.
Here F[ - ] denotes the operation of Fourier transform. Then, as shown in Figure 3.1,

Es(Z—an, J) 1is approximately expressed as (See Appendix A at the end of this Chapter)

~

Ey(z=2,.f)=E (z=2,.f + 1,(z))®, D(z.f)
=Ei(z-2,./)®, D(z.f) (3.1)
where fs(z) is the BFS, ® f represents a convolution concerning frequency, and

lN)(z,j) (= FID(z,9)]) is a complex Lorentzian function given by

power
I

|

frequency

Figure 3.1 Definitions of each symbol in Equation (3.1).
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172

~ & 5o
D\z,f)=—"T"7""— 3.2
( f) 1-j2f/Av, (3-2)
where gpy is the Brillouin gain coefficient. The interference signal /(z—zy, ) between the

reference light and the Stokes light is given by

z(z_zm,z):< r(t)+ES(z—zm,t)‘2> , (3.3)

where < - > stands for time-averaging operation, and its alternating-current (AC)
component is
IAC(Z—Zm,t)OC <Er*(t)-ES(Z—Zm,I)>
=(E, (1) Ey(z~z,,1)- D(z.t)) . (3.4)
Here, the complex conjugate term was omitted. Then 7Ac(z—zm, f) (= Fllac(z—zm,0)]) 1s
expressed as

Tiolz=z,. 1) FID(z,0)}®, FIE, () Ej(z - z,.1)}

=D(z,/)®, B(z-z,.f) . (3.5)
where the beat E(z—zm, Jf) 1is defined as
B(z-z,, )=F{Er*(t)-E;(Z—Zm,t)} : (3.6)

Here, the beat B(Z—Zm, ) can be expressed as B (zm -z, f ) because it is a function

only of the distance between z;, and z. Since the interaction length between the
Brillouin-scattered lightwaves generated at different positions is short (~ 100 pm)
compared to the spatial resolution (>> 1 mm), the effective BGS is given, by integrating
the square of the amplitude of 7Ac(z—zm,f) along the whole length of the FUT (See

Appendix B), as

BGS(z,,. /) [dz-|D(z.)®, Blz, ~z.f)
= [d=|Be.s) ®, Bz, = 1) - (3.7)

FUT

Here, if we define the intrinsic Brillouin gain gg(z,f) and the beat power spectrum Sy(z.f)

as
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~ 2 850
g,(=./)=|Dz 1) = A AT (3.8)

S,(2.1)=|B.s) | (3.9)

the effective BGS can be expressed as

BGS(Zm:f)OC jdz-gB(Z,f)@)f Sb(Zm _Z’f)

FUT

jdzfdf'-gB(z,f')-Sb(zm —zf-f")

= IdZTdf"gB(Zaf—f')-Sb(zm—z,f’) , (3.10)

where gp(z,f) is the intrinsic Brillouin gain, and Sy(z,f) is the beat power spectrum.
Equation (3.10) shows that, when the measuring position is z,, the effective BGS is
determined by the 2-dimensional convolution of gg(z,f) and Sy(z,f). Although the
derivation and the physical picture are different, this expression is the same as that of

BOCDA [70, 71].

3.3 Simulation on detected BGS

Based on Equation (3.10), we simulate the shape of the detected BGS when the
correlation peak is present at the middle of the strain-applied section. The spatial
resolution was set to 25 cm, and the magnitude of strain was set to about 0.4%, which
corresponds to a frequency shift of 200 MHz. The simulation was performed on two
cases where strain was applied to sections with different lengths.

First, we show the simulation results when the strain-applied section was set to 25
cm, which is the same as the spatial resolution. The beat power spectrum, the intrinsic
BGS, and the convoluted BGS are shown in Figures 3.2, 3.3, and 3.4, respectively.
Figure 3.5 shows the comparison between the detected BGS and the intrinsic BGS, from

which we know that only the real signal is shifted from the original position in response
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Figure 3.2 Simulated beat power spectrum with strain applied to a 25-cm section.
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Figure 3.3 Simulated intrinsic BGS with strain applied to a 25-cm section.

to the applied strain, while the background noise is unchanged. Since the noise
spectrum is pyramid-shaped structure centered on the initial BFS of the fiber, the
peak-to-peak ratio between the signal and the noise is decreased with larger strain.
Beyond certain strain limit, the signal is decreased below the noise level, resulting in
the failure of the strain measurement.

Then, we also performed a similar simulation when the strain-applied section was
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Figure 3.4 Convoluted BGS with strain applied to a 25-cm section.
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Figure 3.5 Detected BGS and intrinsic BGS with strain applied to a 25-cm section.

set to 50 cm. The beat power spectrum, the intrinsic BGS, and the convoluted BGS are
shown in Figures 3.6, 3.7, and 3.8, respectively. The comparison between the detected
BGS and the intrinsic BGS is shown in Figure 3.9, where the background noise is lower
than that in Figure 3.5. Thus, the noise decreases when the strain-applied section is long
compared to the spatial resolution. In Section 3.7: “Discussion on noise (3)”, we show it

is not this background noise that is critical to the actual BOCDR measurement.

Dissertation 2009, The University of Tokyo 37



3. Theoretical analysis of BOCDR operation

Amplitude [arb. unit]

0

0
-200 -05

Relative frequency [MHz] w0 s Relative position [m]

Figure 3.6 Simulated beat power spectrum with strain applied to a 50-cm section.
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Figure 3.7 Simulated intrinsic BGS with strain applied to a 50-cm section.

3.4 Spatial resolution

In order to derive the expression of the spatial resolution in BOCDR, we evaluate the
shape of the beat power spectrum Sy(z,f) near the correlation peak (z ~ zy). For

simplicity, we redefine z as the relative position from zy. So, E’s(z—zm,) and

B (z,—2.f) become E’s(z,t) and E(z,f), respectively.
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Figure 3.8 Convoluted BGS with strain applied to a 50-cm section.
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Figure 3.9 Detected BGS and intrinsic BGS with strain applied to a 50-cm section.

When the laser frequency is sinusoidally modulated, E.(¢) and E’s(z,f) can be
expressed as

E,(t)=a, exp(jD(t)) (3.11)

Ei(z,t)=ag exp(jCD(t—Zz/vg)) , (3.12)

where a; and as are the amplitudes, and @ (¢) is given as
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®(t)=?p—fsin(2fzfmt) . (3.13)

m

Then, the E; (7)* E’s(z.?) is calculated as
E(t) Ei(z,t)=a,asexp(- jCD(t))exp(jCD(t ~2zfv, ))

=a,a exp(— j2(z/vg) dift))

=a,ag exp(j2(z/vg )272Af sin(27f ¢ 7r/2))

=a.a iJk (2(z/vg)27rAf)exp(jk(27y’mt — 7r/2)) . (3.14)

So the beat E(z,f) is
B(z.f)=FIE (1) EL(z.0)}
—a,ay 37,20/ 2w 52A(f - #1,)] | (3.15)

p—
Thus, the beat power spectrum Sy(z.f) (=|l~3(z,j)|2) is composed of discrete spectra with
intervals of fy,.

To evaluate Equation (3.10) and formulate the spatial resolution, we must separate
in the cases of fast f;, and slow f;,. When f;, is higher than the Brillouin bandwidth Avg,
only the 0-th component of Sy(z,f) is within the linewidth of the Brillouin gain gg(z.f).
Here, we estimate the spatial resolution by the distance between the correlation peak
and the position where the beat )}N?(z,j) falls to a half of its peak value, which is the same

definition as in BOCDA [70, 71]. Then we obtain
Jo2(az)2v 2mAf )=1/2 (3.16)

Since Jy(1.52) = 0.501, the resolution is given as

B 1.52vg
2N

(3.17)

which means that, when f;, > Avs, the resolution is in inverse proportion to Af.
Then, when f;, is lower than Avg, several components of Sy(z,f) is within the
linewidth of gg(z,f). Here we estimate the spatial resolution by the distance between the

correlation peak and the position where the full width of the beat §(Z,f) broadens twice
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as wide as A, which is also the same as in BOCDA [70, 71]. If we assume that the

Jn(4nAf z/vy) of the n-th spectral component takes a significant value when n < 4nAfz/v,,

the full width of the beat lNg(z, f) is calculated to be 2fy,* 4nAf z/ve. So, we obtain
4(Az[2v ) 27N - f,, = 2AVv, (3.18)

leading to the expression for the resolution:
v, Av,
= 27 f A (3.19)
from which we know that, when f;, < Avg, the resolution is in inverse proportion not
only to Af but also to fn,. Thus, it was theoretically shown that the expression of the

spatial resolution of BOCDR is the same as that of BOCDA.

3.5 Discussion on noise (1)

As shown in Equations (2.1) (or 3.19) and (2.2), there is a trade-off between the
measurement range and the spatial resolution in BOCDR, and the ratio of the two
values is purely dependent on the amplitude of the frequency modulation Af. Therefore,
Af needs to be increased in order to obtain substantial improvement in the performance
of BOCDR. However, Af cannot be increased beyond the limit discussed below.

Figure 3.10(a) shows the schematic optical spectra of the reference light and the
reflected light just before the heterodyne detection when the laser frequency is
sinusoidally modulated with the modulation amplitude 4f. The Rayleigh scattered light
is too strong to be suppressed completely with an optical filter, so it remains in the
reflected light. The schematic electrical spectra after the heterodyne detection with
sufficiently small Af are shown in Figure 3.10(b). The spectrum of the Brillouin
scattered light broadens in both directions for 24f with a center frequency f5. On the
other hand, the spectrum of the Rayleigh scattered light broadens from 0 Hz to 24f,

considering that negative frequency is folded back to positive one. Figure 3.10(c) shows
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Figure 3.10 Schematics of (a) optical spectra of the reference light and

the reflected light when the frequency of the light source is modulated with
the amplitude Af, (b) electrical spectra with sufficiently small 4f, and (c)

electrical spectra with large Af.

the schematic electrical spectra when 24fis increased to the value slightly lower than fg.
Though the Rayleigh spectrum is approaching the detection area, so long as it is outside
the area, the measurement is free from its influence. However, if 24f'is further increased
beyond fg, the Rayleigh spectrum starts to overlap with the detection area, resulting in a

considerable amount of noise. Thus, it is undesirable for 4fto be higher than a half of fs.
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Figure 3.11 Measured BGS when Afis 5.4 GHz, 5.5 GHz, and 5.6 GHz.

In the experiment, Af was set to 5.4 GHz, which is slightly lower than a half of the
11-GHz BFS in a silica single-mode fiber (SMF). If Af larger than 5.4 GHz was applied
to the system, the signal-to-noise (S/N) ratio decreased drastically, as shown in Figure
3.11.

We investigated the behavior of this noise using a tellurite glass fiber with high
Brillouin gain, the details of which are discussed in Chapter 9. Figure 3.12 shows the
whole spectra of the electrical output of the BOCDR system when Af was increased
from 0.1 to 4.0 GHz. Due to the high Brillouin gain coefficient of the tellurite fiber, the
evolution of the spectra was observed much more clearly than that in our previous
experiment with a silica SMF. As Af became larger, the spectrum of the
Brillouin-scattered light broadened in both directions for 24f around the BGS peak at

about 8 GHz. In Figure 3.12, a large amount of noise spreading from 0 Hz to 24f'is also
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Figure 3.12 Measured electrical spectra when the modulation amplitude
Af was increased from 0.1 to 4.0 GHz. A tellurite glass fiber was used as the
FUT. Each spectrum is shifted by 35 dB. The values on the ordinate are
valid only for 4= 0.1 GHz.

clearly shown, which is induced by the Rayleigh scattering. When Af was 4.0 GHz, the
noise began to overlap the BGS peak. This result confirms experimentally that the

limitation of Af'is a half of the BFS of the fiber.
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3.6 Discussion on noise (2)

As has been discussed, the modulation amplitude 4f must be lower than a half of the
BEFS of the FUT under normal measurement conditions. In this Section, however, we
show that the beating noise spreads up to 2Af due to the Rayleigh scattering from the
middle point between two correlation peaks. So, by using an FUT shorter than a half of
the measurement range, it becomes possible to enhance Af beyond a half of the BFS.
The electric field of the reference light E.(¢) at the heterodyne receiver was given by

Equation (3.11). If we employ the phase noise of the laser ¢(?) it is expressed as

E.(t)=a,exp j{?—fsin(27_zfmt)+ ¢(z)} . (3.20)
Then, the electric field of the Rayleigh-scattered light Er(¢) can be expressed as
A .
E.(t)=a,exp f—51n(27y’mt+(p)+¢(t+r) , (3.21)

where ag is the amplitude, and 7 is the time delay; ¢ is the phase difference of the
sinusoidal modulations between the two lightwaves at the heterodyne receiver. While ¢
becomes 0 at the correlation peaks, @ becomes © at the middle of the intervals of two
neighboring correlation peaks (0 < ¢ < 7). Then, the beating noise between the two

lightwaves Iyea(?) can be calculated as

1 )= 5,0+ £,F)
CuPral+2aa <cos{{¢(i)—¢(i+r)} -ipifcos(zﬁ fmz+§j sin(%j}> G.22)

So, if ) — #(t+7) is negligible, the Rayleigh scattering-induced noise spreads from 0

Hz to the following frequency:

max {i -%{—%cos(brfmz +%) sin (%)H =2Af -max {sin (%j} , (3.23)

which must be lower than the BFS. This means that, if there is no point in the FUT

where ¢ = nt (if the length of the FUT is shorter than a half of the measurement range),
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Af can exceed a half of the BFS. The limitation of Af'is given, by a function not only of
BFS but also of FUT length L, measurement range dy,, and the distance / between the

measuring position and the circulator, as

BFS L—1
Afimax = ~5  cosec I maxc(i 1) ) (3.24)

The experimental setup to verify Equation (3.24) is the same as that in Chapter 2.
Using a 100-m FUT (L = 100 m), the modulation frequency fm, was set to 286.90 kHz,
which corresponds to dy, = 349.2 m and / = 1 m. Figure 3.13 shows the measured whole
spectra of the electrical output when Af was increased from 0.1 GHz. As Af became
larger, the Rayleigh scattering-induced noise spread from 0 Hz. When the noise began
to overlap the BGS peak at about 10.85 GHz, Af was about 6.9 GHz as shown in Figure
3.14, which is the optical spectrum of the reference light after passing the optical filter.
According to Equation (3.24), the theoretical limitation of Af is calculated to be 6.98
GHz, which is in good agreement with the experimental result. The same experiment
was also performed when f;,, = 296.17 kHz, d;,, = 338.3 m, L = 100 m, and / = 80 m. The
experimental results shown in Figures 3.15 and 3.16 indicate that the limitation of Af
was about 7.95 GHz. This is in good agreement with the theoretical value of 8.01 GHz.
The slight discrepancy seems to originate from the assumption that the phase noise, that
is, the linewidth of the light source, is negligible in deriving Equation (3.24).

According to Equation (3.19), either f;, or Af must be increased to enhance the
resolution. In Chapter 9, by setting f;, to its limitation Avs and Af to a half of the BFS,
6-mm resolution is obtained using a tellurite glass fiber. So the fact that Af can be higher
than a half of the BFS indicates that the spatial resolution even higher than 6 mm is

feasible in BOCDR.
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Figure 3.13 Measured electrical spectra when Af was increased from 0.1
to 6.9 GHz. Each spectrum is shifted by 20 dB. The values on the ordinate
are valid only for 4= 0.1 GHz.
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Figure 3.14 Measured optical spectrum of the reference light after passing

the optical filter.
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Figure 3.15 Measured electrical spectra when Af was increased from 0.1
to 7.95 GHz. Each spectrum is shifted by 20 dB. The values on the ordinate
are valid only for 4= 0.1 GHz.
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Figure 3.16 Measured optical spectrum of the reference light after passing
the optical filter.
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3.7 Discussion on noise (3)

In this Section, we discuss the noise unrelated to the Rayleigh scattering. When the
Rayleigh scattering-induced noise described in preceding Sections is outside the
detection area, the BGS suffers from other noise, which can be classified into two
components: (i) random noise due to shot noise or thermal noise, and (ii) fixed noise
floor inherent to the ESA.

The effect of the random noise is observed, for example, in Figures 2.6 or 2.10,
where the signal power randomly fluctuates. These power fluctuations can be
suppressed by averaging or optimizing the integrating time, as shown, for example, in
Figures 8.7, 9.10 or 9.14. The random noise has an influence on the measurement

accuracy or the strain resolution.

A BGS
Spatial
resolution
enhanced

Power

Strain increased

Fixed noise floor

>
Frequency

Figure 3.17 Schematic noise floor inherent to the ESA, which limits the

spatial resolution and the largest detectable strain magnitude.
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On the other hand, the background noise floor has a fixed shape, as shown in
Figures 2.6 or 8.7. This is not due to the noise discussed in Section 3.3 (See Figures 3.5
and 3.9) but due to the noise floor inherent to the ESA, as the shape was quite different
when another ESA was used. It was also experimentally clarified that the noise floor is
not dependent on the optical input to the ESA. This noise floor has more influence on
the BOCDR-based measurement than the random noise, limiting the spatial resolution
and the largest detectable strain magnitude, as schematically shown in Figure 3.17. A
method to mitigate the effect of the noise floor is developed and experimentally verified

in Chapter 8.

3.8 Conclusions

We theoretically analyzed the operation of BOCDR. First, we showed that the effective
BGS is given by the 2-dimensional convolution of the intrinsic Brillouin gain and the
beat power spectrum. Then, we performed a simulation on the typical shapes of the
detected BGS. We also derived the expression of the spatial resolution in BOCDR,
which was the same as that of BOCDA. Furthermore, we demonstrated that the
modulation amplitude of the laser frequency, which determines the spatial resolution, is
limited to a half of the BFS under normal measurement conditions, using a silica fiber
and a tellurite glass fiber. Finally, we also showed that this limitation of the modulation
amplitude can be mitigated by employing an FUT shorter than a half of the

measurement range.

Appendix A

We verify Equations (3.1) and (3.2) when the linewidth of the pump light is 0. E’p(z,j)
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is expressed as
E (r)=¢lr-r], (3.25)
where f, is the frequency of the pump light. Then, Es(z—zm,f) can be calculated, using
Equations (3.1) and (3.2), as
E(z-z,.0")=0lf + 1,(z)-1,]® D(z. 1)
=["ar-olr+1,()- 1, Dle.s'- 1)
=D(e.f = 1, + £,(2))

12

_ & 5o
1= 2" = 1, + f,2))Av,
_ gzseol/2
=20, - £, @) Av, (3.26)

which is the correct expression for Es(z—zm, I).

Appendix B

We derive the following equation used in Equation (3.7):
A®B[ =4 ®|B[ , (3.27)
where 4 and B are arbitrary complex functions.

In general, the convolution satisfies the following algebraic properties:

A®B=B®4 , (3.28)
A®(B®C)=(4®B)®C , (3.29)
a(A®B)=(ad)®B=A®(aB) , (3.30)

where C is an arbitrary complex function, and « is an arbitrary complex constant.

Here, the left side in Equation (3.27) can be expanded as
|A®B|2 =(A®B)(A®B) =(A®B) (A ®B") , (3.31)

which can be further transformed, by using Equations (3.28)-(3.30), as
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(A® B4 ®B")={B® N A |®B
—{B®(4-4' @B |4’ ®(B®B") . (3.32)
Equation (3.31) can also be transformed as
(A®B)(A'®B)={4"®(U®B)B }=(4® 4")®|B . (3.33)

By comparing Equations (3.32) and (3.33), we can derive Equation (3.27).
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4 Enlargement of measurement range
based on temporal gating scheme

In this Chapter, we newly develop a temporal gating scheme to enlarge the
measurement range of Brillouin optical correlation-domain reflectometry (BOCDR)
while maintaining the spatial resolution. In this scheme, the trade-off problem between
the measurement range and the spatial resolution can be dissolved. A spatial resolution
of 66 cm and a measurement range of 1 km were simultaneously obtained with 50-Hz

sampling rate.

4.1 Introduction

BOCDR suffers from a trade-off between the measurement range and the spatial
resolution. As discussed in Chapter 3, their ratio Nr was fixed at approximately 570 due
to the limitation of Rayleigh scattering. This means that, for example, when the spatial
resolution was 40 cm or 13 mm, the measurement range was 224 m or 7.6 m,
respectively. Thus, in order to achieve kilometer-order measurement range, the spatial
resolution must be about 2 m or larger, which is even worse than that of Brillouin
optical time-domain reflectometry (BOTDR) [45, 46].

In this Chapter, we newly implement a temporal gating scheme to obtain higher Ng,
namely, to enlarge the measurement range of BOCDR while maintaining the spatial
resolution. In this scheme, any correlation peak within the fiber under test (FUT) can be
arbitrarily selected, so that multiple correlation peaks can be utilized. A spatial

resolution of 66 cm and a measurement range of 1 km (Ng = 1515) were simultaneously
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achieved with 50-Hz sampling rate.

4.2 Temporal gating scheme

The number of effective sensing points Ng, which can be regarded as the evaluation

parameter, is given, by the ratio between d,, and 4z, as

_ dw _ TS
Ne= 2 = 4o - (4.1)

So, 4f needs to be increased to substantially enhance the measurement range. However,
it is difficult to increase Af higher than a half of the Brillouin frequency shift (BFS) of
the fiber, which is about 5.4 GHz for standard silica single-mode fibers (SMFs).
Another way to enhance the measurement range is to utilize multiple intervals of the
correlation peaks. In this case, we select only one correlation peak for a distributed
measurement, but suppress other peaks to avoid cross-talk. Therefore, the measurement
range is multiplied. The temporal gating scheme is an effective method for this purpose,

and has been applied to Brillouin optical correlation-domain analysis (BOCDA) [80,
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Figure 4.1 Experimental setup of BOCDR with the temporal gating scheme.
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Figure 4.2 Pulse shapes of the pump light and the reference light.

81].

The concept of the temporal gating scheme in BOCDR is explained, referring to an
experimental setup depicted in Figure 4.1. Compared to the basic configuration shown
in Figure 2.2, two LiNbOs intensity modulators (IMs) are newly employed in the pump
path and the reference path. First, the pump light is converted into optical pulses as
shown in Figure 4.2. By setting the pulse width #w to be the same as the interval of

correlation peaks as

tw= 2_;m 5 (42)

the Stokes light from each correlation peak can be temporally resolved. The interval of
optical pulses is set to double the length of the FUT to avoid the overlap of reflected
signals. Then, by adjusting the relative phase, at the right time when the Stokes light
from a particular correlation peak returns, it is heterodyned with the reference light,
which is also converted into optical pulses with the same width #w. Thus, it becomes

possible to arbitrarily select any particular correlation peak within the FUT.
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4.3 Verification experiments

The structure of the FUT used for the verification experiments is shown in Figure 4.3. It
was composed of a 1-km standard SMF, in which about 0.1-% strain was applied to a
3-m section (990 - 993 m) fixed on a translation stage using epoxy glue (It is difficult to
apply accurately 0.1-% strain to a section as long as 3 m due to the FUT’s own weight).

One end of the FUT was spliced to a circulator, and the other end was kept open. The

~0.1% Strain

splice if— open
990 m 3m 7m
—— !
Y

1000 m Single-mode fiber (SMF)

Figure 4.3  Structure of the FUT.
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Figure 4.4 Measured distribution of BGS.
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overall sampling rate of the measurement for a single position was 50 Hz.

In order to experimentally confirm that, without the temporal gating scheme, the
measurement cannot be performed correctly if there are multiple correlation peaks
within the FUT, first, we consider the case where there is no undesired correlation peak
(N = 0). The modulation frequency f;, was 68.40 — 68.84 kHz, which corresponds to a
measurement range d, of 1.5 km according to Equation (2.2). The amplitude of the
frequency modulation Af was 5.4 GHz, and the nominal spatial resolution 4z was
calculated to be about 2.6 m from Equation (2.1). Figure 4.4 shows the measured
distribution of the Brillouin gain spectrum (BGS) along the FUT. The BGS at the
strain-applied section was recognized. Figure 4.5 shows the distribution of the BFS. The
applied strain of 3 m was successfully detected. The change of the BFS was about 60
MHz, which agrees with the applied strain of about 0.1 %. The accuracy of the
measurement at a single position was about +/— 5 MHz, which corresponds to the strain

of +/— 0.01 % (+/— 100 pe) in this experiment.
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Figure 4.5 Measured distribution of BFS.
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Next, we consider the effect of multiple correlation peaks within the FUT. By
adjusting fy, and Af, the spatial resolution was constantly kept to 2.6 m, with one of the
correlation peaks within the strain-applied section. The interval between the correlation
peaks was set to 1.5 km, 753 m, 377 m, 188 m, and 94 m, which correspond to the cases
where there are 0, 1, 2, 4, and 9 undesired correlation peaks in the 1-km FUT,
respectively.

As shown in Figure 4.6, when there is no undesired correlation peak (N = 0), the
BGS has its peak at about 10.9 GHz corresponding to the applied strain. However, when
there is one undesired correlation peak (N = 1), the peak at 10.9 GHz is overlapped with
that at 10.85 GHz corresponding to zero strain, which makes distributed strain
measurement impossible. The further the number of the undesired peaks is increased,

the larger the peak at 10.85 GHz becomes, and so the peak at 10.9 GHz becomes

A
N

A
o)

N = 9 (d,.=94m)

N = 2 (d, =377m)

~ N=1(d,=753m)

| N =0(d,=1.5km

-58 1 1 L
10.8 10.85 10.9 10.95

Brillouin frequency shift [GHZz]

Power [dBm]
i
(=)

o
A

Figure 4.6 Measured BGS without the temporal gating scheme applied, when there
are multiple correlation peaks within the FUT. The length of the FUT is 1 km. dy,
represents the interval between the correlation peaks, and N the number of undesired
peaks within the FUT.

Dissertation 2009, The University of Tokyo 58



4. Enlargement of measurement range based on temporal gating scheme

unobservable. Thus, it was confirmed that the basic BOCDR measurement without the
temporal gating scheme cannot be performed correctly if there are multiple correlation
peaks within the FUT.

Then, we verified the operation of the temporal gating scheme, using the two
LiNbO; IMs inserted before the EDFAs in the pump path and the reference path in
Figure 4.1. The same 1-km SMF was used as the FUT, in which strain was applied to
the same 3-m section (990 - 993 m). The modulation frequency f;, was 276.1 kHz,
which corresponds to a 377-m interval of correlation peaks according to Equation (2.2).

This means that there are three correlation peaks (two undesired peaks) within the FUT.
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Figure 4.7 Measured BGS when (a) the first, (b) the second, and (c) the third
correlation peaks were selected, with (blue) and without (orange) strain applied to
the section corresponding to the third correlation peak.
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The modulation amplitude 4f was set to 1.4 GHz, and the spatial resolution 4z was
calculated to be 2.6 m from Equation (2.1). These conditions are almost the same as
those for the experiment already described above (See Figure 4.6, N = 2). According to
Equation (4.2), the width and the period of the optical pulses were set to 1.81 ps and
11.50 ps, respectively (duty cycle = 15.7 %). The overall sampling rate of the BGS
measurement for a single position was 50 Hz.

The changes of the BGS with and without strain applied when each peak was
selected are shown in Figure 4.7. The relative phase differences of optical pulses were
226, 113, and 0 degrees for Figures 4.7(a), (b), and (c), respectively, where a positive
phase difference means that the phase of the reference pulses is faster than that of the
pump pulses. In Figures 4.7(a) and (b), the BGS shows hardly any change because the
selected correlation peaks are outside the strain-applied section. In contrast, in Figure
4.7(c), the peak of the BGS shifts because the selected correlation peak is within the
strain-applied section. Thus, the effectiveness of the temporal gating scheme was

experimentally verified.

4.4 Distributed strain measurement

Finally, a distributed strain measurement based on the temporal gating scheme was

performed. Figure 4.8 shows the structure of the FUT. Strain of 0.3% was applied to a

0.3% Strain

splice l—- open
990 m 90 cm 91 m
N _
V‘

1000 m Single-mode fiber (SMF)

Figure 4.8 Structure of the FUT.

Dissertation 2009, The University of Tokyo 60



4. Enlargement of measurement range based on temporal gating scheme

Power [dBm]

10.8 109 1.0 11.1
Brillouin frequency shift [GHZz]

Figure 4.9 Measured distribution of BGS.

90-cm section (990 — 990.9 m). The modulation frequency f,, was 275.65 — 276.25 kHz,
and the modulation amplitude Af was set to 5.4 GHz, and so the spatial resolution 4z
was calculated to be 66 cm. Figures 4.9 and 4.10 show the measurement results of the
distribution of the BGS and the BFS, respectively. The strain-applied 90-cm section was
clearly detected. The change of the BFS was about 150 MHz, which is in good
agreement with the applied strain of 0.3 %. The accuracy of the measurement at a single
position was about +/— 20 MHz, which corresponds to a strain resolution of +/— 0.04 %
(+/— 400 pe) in this experiment.

Thus, we succeeded in achieving 1-km measurement range and 66-cm spatial
resolution simultaneously. Their ratio Ny is calculated to be 1515, which is about three
times as large as that of the basic BOCDR system (about 570). In order to enhance Ng
further by this method, the S/N ratio of the system must be improved (See Chapter 8§ for

the improvement on the S/N ratio).
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Figure 4.10 Measured distribution of BFS.

4.5 Conclusions

In this Chapter, a temporal gating scheme was newly developed to enlarge the
measurement range of the BOCDR system while maintaining the high spatial resolution.
In the experiment, 66-cm spatial resolution and 1-km measurement range were
simultaneously achieved with 50-Hz sampling rate. This means that the ratio between
the measurement range and the spatial resolution was enhanced from the conventional

value 570 to 1515.
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5 Enlargement of measurement range
based on double-modulation scheme

In this Chapter, we demonstrate a double-modulation scheme to enlarge the
measurement range of Brillouin optical correlation-domain reflectometry (BOCDR)
while maintaining the spatial resolution. In this scheme, the frequency of the laser
output is simultaneously modulated with two different frequencies. In the experiment,
53-cm resolution and 1.5-km measurement range were simultaneously obtained.
Furthermore, 27-cm resolution and 1.5-km measurement range were also

simultaneously achieved when a noise-floor compensation technique was employed.

5.1 Introduction

As was mentioned in Chapter 3, BOCDR suffers from a trade-off between the
measurement range and the spatial resolution. Their ratio Ng was fixed at approximately
570. To obtain higher Ng, a temporal gating scheme was implemented in Chapter 4,
where any correlation peak within the fiber under test (FUT) can be arbitrarily selected
based on a time-domain technique. In the experiment, 66-cm resolution and 1-km
measurement range were simultaneously achieved. The ratio Ng was 1515, which is
about three times as high as that of the basic BOCDR. However, the signal-to-noise
(S/N) ratio was so low that Ng could not be enhanced further.

In the case of Brillouin optical correlation-domain analysis (BOCDA) systems, a
multiple-modulation scheme is known to be an alternative method to obtain higher Ng

[73], where the frequency of the laser output is simultaneously modulated with multiple
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different frequencies. In the previous experiment, by modulating the laser output at 2f,
and 3f, simultaneously (where fy is a fundamental frequency), Ngr was enhanced by three
times.

In this Chapter, we demonstrate a double-modulation scheme to enlarge the
measurement range of BOCDR while maintaining the spatial resolution. The optimized
modulation parameters are described, such as the combination of the frequencies to be
used, and their amplitudes. Then, the operation principle of the scheme is theoretically
analyzed and simulated. In the experiment, a strain-applied 90-cm section is
successfully detected with 53.1-cm resolution and 1.51-km measurement range (Ng =
2845). Moreover, a strain-applied 40-cm section is also detected with 26.5-cm
resolution and 1.51-km measurement range (Ngr = 5690) by the use of a noise-floor

compensation technique.
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Figure 5.1 Experimental setup of BOCDR with the double-modulation scheme.
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5.2 Double-modulation scheme

One way to achieve higher N is to utilize multiple intervals of the correlation peaks. In
this case, we select only one correlation peak for a distributed measurement, but
suppress other peaks to avoid the crosstalk. Therefore, the measurement range is
multiplied while the spatial resolution is maintained. Along with the temporal gating
scheme developed in Chapter 4, the double-modulation scheme is an effective method
for this purpose, and was applied to BOCDA [73].

The experimental setup of BOCDR based on the double-modulation scheme is
depicted in Figure 5.1. The pump light and the reference light are sinusoidally
frequency-modulated with two different frequencies, fy (+ f.) and m fo, where fy is a
fundamental frequency, m is an integer, and f. (~ 0.5 kHz) is needed to avoid beating
between the two frequencies, which causes large fluctuations of the Brillouin gain
spectrum (BGS). The amplitudes of the modulation at fo, Af;, and at m fo, Afy, are set to
be several hundreds of MHz (difficult to measure accurately due to the frequency

characteristics of the laser circuit) and about 5.4 GHz (a little lower than a half of the

Single
modulation
at f,

Single
modulation
atmf,

Double i
modulation Ng~570%x m
at fyand m f;

Figure 5.2 Operating principle of double-modulation scheme.
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Brillouin frequency shift (BFS) in silica fibers), respectively. Then, as shown in Figure
5.2, the spatial resolution is determined by m fo, while the correlation peaks of which the
orders are not multiples of m are suppressed by f,. Since the modulation at f, does not
influence on the resolution due to the low Afy, it becomes possible to achieve the spatial
resolution determined by m f, and the measurement range determined by fo

simultaneously, leading to a larger Ng by m times.

5.3 Theoretical analysis and simulation

The operation principle of the double-modulation scheme was theoretically analyzed.

The frequency modulation of the laser output is represented as
f(t)= f, +Af, sin(2zmf t)+ Af, sin(2Aft) |, (5.1)
where f. is the center frequency. Then, the electric field of the laser output E(t) is

expressed as

E(t)=exp(- jo(t)) | (5.2)

where
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Figure 5.3  Synthesized coherence functions with the modulation at f, only.
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Figure 5.4 Synthesized coherence functions with the modulation at 4 f, only.

= [(2f (t')at
f Af
mfm (cos(2zmfyt)—1)— f—l(cos(27zf0t)—1) . (5.3)

It is known that the optical coherence function, which is the shape of the correlation
peaks along the FUT, is given by the Fourier transform of the spectral density of the
light source, or in other words, the autocorrelation function of the electric field of the
light source [93, 94]. Therefore, the absolute value of the optical coherence function is

calculated as

|7(Td X =

. 1 L . Afm H i L Al g i d
et a5

_ mleT i Jp[ ﬁqffo i (ﬂmford)JeXp{JZﬂpmf [t—j} i ( e ﬂfrd)Jexp{jzﬂqfo[t—’;j}dt

tim 5 expl- jo0)exp( ot 2, )

e IZZJ[ )j Jq[ 1sm7zfrdj {,zﬁ o+ q)f (t_j}dt
_ j ( . )j J_pm[ZAlesin(ﬂford)J | (5.4)
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Figure 5.5 Synthesized coherence functions with the modulation at fy and 4 fo.

where 7y is the time delay and Jy(X) is the p-th Bessel function of the first kind. When m

>> 1, Equation (5.4) is approximately equal to

Af
AE JO(Zm—f‘“SIn(ﬂmford )j

0

(5.5)

JO[ZAf—flsin(zzford )J

0

which shows that the synthesized coherence function in the double-modulation scheme
is roughly given by the product of the coherence functions synthesized into a series of
periodical delta-function-like peaks by each modulation frequency.

Based on Equation (5.4), we simulated the synthesized coherence function when m
= 4, as shown in Figures 5.3, 5.4, and 5.5. The ratio of the modulation amplitudes (Af, /
Afy) was set to 10. In Figure 5.5, the 1st, 2nd, 3rd, 5th, 6th, 7th, and 9th correlation
peaks were suppressed, which shows that the measurement range was multiplied by 4

times while maintaining the spatial resolution.

5.4 \Vrification experiments
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Figure 5.6 Measured strain-dependence of BGS without double-modulation scheme.

The effectiveness of the double-modulation scheme was experimentally verified. As the
two modulation frequencies, fo and 5fy were used (Afs = 5.4 GHz), where f, was set to
68.481 kHz. According to Equations (2.1) and (2.2), the spatial resolution and the
measurement range determined by the conventional single modulation at 5f, were 53.1
cm and 302.1 m, respectively. A single-mode fiber (SMF) of 1 km was used as the FUT,
and about 0.15-% strain was applied to a 3-m section (990 — 993 m). The correlation
peak was placed at the middle of the strain-applied section. The polarization state was
optimized by adjusting polarization controllers (PCs) so that the peak intensity of BGS
without strain applied becomes maximal. Averaging was conducted 10 times to measure
one BGS.

Figure 5.6 shows the measured BGS with and without strain applied when the single
modulation at 5f, was applied. Since there were three correlation peaks within the FUT,

the change of BGS was not observed as a clear shift of the peak. Here, a kink observed
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Figure 5.7 Measured strain-dependence of BGS with double-modulation scheme.

at 10.9 GHz was caused by range switching of the electrical spectrum analyzer (ESA).
In contrast, Figure 5.7 shows the measured BGS when the double-modulation scheme
was employed. The applied strain was observed as a clear shift of the BGS peak. The
remaining peak at about 10.86 GHz in the curve with strain applied seems to originate

from the other correlation peaks that were not completely suppressed.

5.5 Distributed strain measurement

The double modulation and the single modulation were compared in a distributed strain
measurement. A strain of 0.15% was applied to a 90-cm section (990.0 — 990.9 m). With
fo swept from 68.362 kHz to 68.497 kHz, BGS was measured every 5 cm. The other
conditions were the same as those in the preceding Section. The measured distributions

of BGS and BFS with the single modulation at 5f, are shown in Figures 5.8 and 5.9,
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respectively. Although BGS slightly changed at the strain-applied section, a correct
distribution of BFS was not acquired. On the other hand, the measured results in the
double-modulation scheme with f, and 5f, are shown in Figures 5.10 and 5.11. The
strain-applied 90-cm section was correctly detected. The measurement accuracy in this
experiment was about +/- 7 MHz, corresponding to about +/— 120 pe. The ratio Ng was
2845 (= 1.51 km / 53.1 cm), which is much higher than 1515 obtained in Chapter 4 in
the temporal gating scheme.

Finally, the double-modulation scheme was implemented with f, and 10f, (Af;p = 5.4
GHz) using a noise-floor compensation technique, which is proposed in Chapter 8. A
strain of 0.15% was applied to a 40-cm section (990.0 — 990.4 m). With f, swept from
68.362 kHz to 68.474 kHz, the spatial resolution and the measurement range were 26.5
cm and 1.51 km, respectively, corresponding to Ng of 5690. The measured results are
shown in Figure 5.12 and 5.13. Although the S/N ratio was deteriorated compared to
that in Figure 5.10, the strain-applied 40-cm section was successfully detected. The

measurement accuracy was about +/— 15 MHz, corresponding to about +/—- 260 pe.
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Figure 5.8 Measured distribution of BGS when the double-
modulation scheme was not employed.
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Figure 5.9  Measured distribution of BFS when the double-
modulation scheme was not employed.
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Figure 510 Measured distribution of BGS when the double-
modulation scheme was employed (Ng = 2845).
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Figure 5.11 Measured distribution of BFS when the double-
modulation scheme was employed (Ng = 2845).
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Figure 5.12 Measured distribution of BGS with the double-modulation scheme

when the noise-floor compensation technique was employed (Nr = 5690).
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Figure 5.13 Measured distribution of BFS with the double-modulation scheme

when the noise-floor compensation technique was employed (Nr = 5690).
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5.6 Conclusions

In this Chapter, we developed a double-modulation scheme to mitigate the trade-off
between the measurement range and the spatial resolution in BOCDR. In the experiment,
53-cm resolution and 1.5-km measurement range were simultaneously obtained.
Furthermore, 27-cm resolution and 1.5-km measurement range were also
simultaneously achieved when a noise-floor compensation technique was employed.
These results mean that the ratio between the measurement range and the spatial
resolution was enhanced from the conventional value 570 (or 1515 obtained in Chapter

4) to 2845 or 5690.
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6 Enhancement of sampling rate utilizing
optical heterodyne detection

In this Chapter, we examine the possibilities of improvement on the signal-to-noise
(S/N) ratio and the sampling rate as well as cost reduction with a new configuration of
Brillouin optical correlation-domain reflectometry (BOCDR) based on optical
heterodyne detection. The system uses a single-sideband modulator (SSBM) with fast
Fourier transform (FFT) and contains no electrical spectrum analyzer (ESA). In the
experiment, the S/N ratio was not as good as that of the conventional BOCDR, but the
sampling rate was enhanced to 400 Hz. Furthermore, noise inherent to this scheme was

observed and discussed.

6.1 Introduction

In Chapter 2, we obtained 13-mm spatial resolution and 50-Hz sampling rate. However,
this resolution, which is closely related to the S/N ratio, was limited by the electrical
noise of the ESA. The sampling rate was also limited by the sweep rate of the ESA.
Therefore, if BOCDR can be implemented without using the ESA, the S/N ratio and the

sampling rate are expected to be improved, and besides, the system cost can be reduced.

In this Chapter, we implement a new scheme of BOCDR using a SSBM with FFT,
which contains no ESA. In this scheme, the sampling rate was 400 Hz, but the S/N ratio
was not improved. In addition, noise inherent to this scheme was observed and

discussed.
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6.2 Optical heterodyne detection

The implementation of BOCDR without using an ESA is one of the methods to improve
the S/N ratio and the sampling rate and to reduce the cost. The function of the ESA is
realized by a digitizer (analog-to-digital converter) and FFT on the computer. Since the
digitizer has an upper limit of its detectable frequency (500 MHz), the Brillouin gain
spectrum (BGS) at frequency fg = 10.86 GHz needs to be down-shifted to less than 500
MHz. Therefore, an SSBM was employed to down-shift the frequency of the reference
light, leading to the down-shifted frequency of the heterodyned beat signal.

The experimental setup is depicted in Figure 6.1. The configuration of the pump
path is the same as that described in Chapter 2. In the reference path, we employed a
5-km delay fiber to control the order of the correlation peak, an SSBM to down-shift the
frequency of the heterodyned beat signal, an erbium-doped fiber amplifier (EDFA) to
enhance the beat signal, and an optical filter to improve the suppression ratio by the

SSBM and to suppress the amplified spontaneous emission (ASE) noise of the EDFA. A

Scan
fo (Center freq.) EDFA{ Correlation peak ’ l 3
D

DFB-LD > 9.0.6 I
1 S 5 FUT
- S EDFAZY f
Bias-TEI— AC SSBM EDFA3 Stokes

[ Filter1 fo fB

DC  GPIB: delay Cf\SMicro
i wave E.---..---- sssssssssssssssssanann ------..---------------;

..............................................................

Figure 6.1 Experimental setup of BOCDR using optical heterodyne detection.
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microwave generator was used to adjust the amount of the frequency shift by the SSBM.
The optical beat signal of the reference light and the Stokes light was detected with
balanced photo-detectors (PDs) and converted to an electrical signal. After being
amplified with an electrical pre-amplifier, the signal was directed to a digitizer. After

FFT, the heterodyned beat spectrum was observed.

6.3 Experiments

First, we verified the operation of the SSBM. Figure 6.2 shows the measured optical
spectra of the reference light before the SSBM, after the SSBM, and after the SSBM,
the EDFA and the optical filter. Here, the microwave frequency fuw was set to 10.51
GHz. With the SSBM, the components at undesired frequencies were suppressed by
more than 25 dB. By additionally using the EDFA and the optical filter, the suppression

ratio was enhanced to about 45 dB.

After SSBM+EDFA+Filter

10

After SSBM Before SSBM

Power [dBm]
dn
o

-70
-90
193.11 193.13 193.15 193.17
Frequency [THZ]

Figure 6.2 Measured optical spectra of the reference light.
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Figure 6.3 Measured BGS at each microwave frequency.

with strain
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Figure 6.4 Measured BGS with and without strain applied to the FUT.

Next, we confirmed the down-shift of the BGS. No modulation was applied to the

laser frequency, and a standard 5-m single-mode fiber (SMF) was used as an FUT.
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Figure 6.3 shows the measured electrical spectra in the range lower than 500 MHz
observed with an ESA when the microwave frequency fuw was set to 10.41, 10.51,
10.61, 10.71, and 10.81 GHz. The BGS in each case was observed at the frequency fg —
fmw, where fg is about 10.86 GHz. When fyuw was 10.51 GHz, if strain was applied to
the whole length of the FUT, the BGS shifted towards the upper frequency, as shown in
Figure 6.4. These results indicate that the BGS was correctly down-shifted to the lower
frequency region. The large component around 0 Hz is considered to be the 1/f noise of
the ESA.

Then, we realized the function of the ESA by using a digitizer (NI-5152) and FFT
with a flat-top window, which can acquire the signal of lower than 500 MHz. The
electrical spectrum observed in this scheme is shown in Figure 6.5, of which the
ordinate is not normalized. Averaging was applied 4 times and a 5-m SMF was used as
the FUT. The microwave frequency fuw was 10.51 GHz, so the BGS was observed at

about 350 MHz. The S/N ratio of this scheme was, however, lower than that of the

Power [dBm]

_40 1 1 1 1
0 100 200 300 400 500

Frequency [MHZz]

Figure 6.5 BGS measured with the digitizer and FFT.
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conventional BOCDR using the ESA, probably due to the frequency characteristics of
the digitizer and the pre-amplifier. On the other hand, when no averaging was applied,
the sampling rate was enhanced to 400 Hz, which is 8 times higher than that of the
conventional BOCDR.

Finally, we investigated the BGS when sinusoidal modulation was applied to the
laser frequency for a distributed measurement. Figure 6.6 shows the measured electrical
spectra observed with the ESA, when the modulation amplitude Af was increased from
0 to 200 MHz. The modulation frequency f, was set to 13.223 MHz, resulting in the
measurement range d, = 7.8 m according to Equation (2.2). As Af increases, the spatial
resolution decreases according to Equation (2.1), which leads to the reduction of the
reflected signal from the corresponding section of the FUT. Therefore, it is valid that the
BGS gradually became small. However, at the same time, noise began to spread from O
Hz toward higher frequency region. When Af was 200 MHz, which corresponds to the
theoretical spatial resolution Az = 37 c¢cm, the noise began to overlap the BGS and it

became difficult to detect the peak.

Af [MHz]

Power [dBm]

0 100 200 300 400 500
Frequency [MHZz]

Figure 6.6 Spectral change near BGS with increasing modulation amplitude Af.
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6.4 Discussion on noise

There are two noise factors inherent to the new scheme of BOCDR. The first one is the
beat between the Rayleigh-scattered light and the undesired component of the reference
light at frequency fo, which cannot be suppressed sufficiently with the SSBM. Since
these two have the same center frequencies, when the laser frequency is sinusoidally
modulated with the amplitude Af, their beat spreads from 0 to 24f. Therefore, the

condition under which this noise does not overlap the BGS is given by

ael

(6.1)
where f_ (= fg — fuw) is the peak frequency of the down-shifted BGS, and is, for
example, 350 MHz.

The second one is the “folded-back noise” of the beat between the Brillouin-

scattered light and the down-shifted reference light. The optical spectra of the reference

Reference light Reflected light
Brillouin  Rayleigh
~ N
- e b
(@) ®
: f f
fo'rB+ fL r fo - fB fo f
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2Af T 2AF

A 4

2Af  2Af
) r £ 0w

b

(b) " \’

/ 0 fL fB - fL

Folded back to positive frequency

w ~h

Figure 6.7 Schematics of (a) optical spectra of the reference light and the
reflected light, and (b) electrical spectra of their heterodyned beat signal.
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light and the reflected light are schematically shown in Figure 6.7(a). The down-shifted
center frequency of the reference light is f, — fg + f_.. When these two light beams are
heterodyned, their electrical beat spectrum becomes as shown in Figure 6.7(b). Since
the negative frequency component is folded back to the positive one, this noise also
overlaps the BGS at frequency f.. The condition under which this noise does not
overlap the BGS is given by
Af <. (6.2)
Considering that, in Figure 6.6, the noise was present even when Af was as small as,
for example, 80 MHz, the noise observed in the experiment is considered to be the first
one, the beat between the Rayleigh-scattered light and the undesired component of the
reference light. Equation (6.1) agrees well with the experimental result that, when Af
was 200 MHz, the noise began to overlap the BGS at 350 MHz.

Finally, we performed the experiment to verify the origin of the noise. By adjusting

10 -
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m
=
g -50
o
a
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70 k
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193.11 193.13 193.15 193.17
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Figure 6.8 Measured optical spectra of the reference light before
and after the filter adjustment.
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Figure 6.9 Measured electrical spectra near BGS before and after
the filter adjustment.

the optical filter installed after the SSBM, the suppression ratio of the initial frequency
component was decreased, while other frequency components did not largely change.
Figure 6.8 shows the measured optical spectra of the reference light before and after the
adjustment of the optical filter. The suppression ratio was decreased from 45 to 33 dB.
The electrical spectra in the two cases observed with the ESA are shown in Figure 6.9.
Af was set to 200 MHz, at which the noise begins to overlap the BGS. It is found that

the amount of the noise is dependent on the suppression ratio of the SSBM. Thus, the

origin of the noise was verified.

6.5 Conclusions

In this Chapter, we implemented a new scheme of BOCDR using an SSBM with FFT,

and examined the possibilities of improvement on the S/N ratio and the sampling rate as
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well as cost reduction. In the experiment, the S/N ratio was not good compared to the
conventional BOCDR, but the sampling rate was enhanced to 400 Hz. Besides, noise
inherent to this scheme was observed, and its origin was theoretically and

experimentally clarified.
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7 Application to polarization beat length
distribution measurement

In this Chapter, we demonstrate that the polarization beat length distribution along a
single-mode fiber (SMF) can be measured with Brillouin optical correlation-domain
reflectometry (BOCDR). The measurement was successfully performed with unique

features such as one-end access, 25-cm spatial resolution, and 20-Hz sampling rate.

7.1 Introduction

For high-speed fiber-optic communication systems, such as those with transmission rate
of 40 Gbps and above, polarization-mode dispersion (PMD), that is, the differential
group delay (DGD) between the two polarization-mode propagations in the SMF, is one
of the most serious effects that reduce the transmission capacity of the fibers. Therefore,
the knowledge of DGD is of high interest. Various methods have been used for the PMD
measurement [107, 108], but these methods give us no distributed information about
DGD along the fiber but only the overall DGD of the link. A simple method based on
Rayleigh reflectometry using polarized light, which is called polarization-sensitive
optical time-domain reflectometry (POTDR), has been proposed [109, 110], and its
potential to measure local birefringence (the beat length) over a long distance was
demonstrated, but with a low spatial resolution and a long integration time [111]. The
beat length measurements with a very high resolution have been achieved by
polarization-sensitive optical frequency-domain reflectometry (POFDR) [112], but over

a short distance. Recently, as an alternative approach, the polarization dependence of
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stimulated Brillouin scattering (SBS) has been used to measure the beat length
distribution along the fiber [113, 114]. One of the methods is based on Brillouin optical
correlation-domain analysis (BOCDA), and has obtained a spatial resolution as high as
2.7 cm [113]. However, in these methods, we need to access both ends of the fiber under
test (FUT), which is often not feasible in long-range application, and cannot work
completely when the FUT has even one breakage point. In most long-range practical
applications, one-end access reflectometers are more favorable.

In this Chapter, we propose a new method to measure the beat length distribution
based on BOCDR, which was originally proposed in Chapter 2 to measure the
distribution of strain and/or temperature along an FUT. This method shows unique
features such as one-end access, random access to measuring positions, high spatial

resolution, and high-speed measurement.

7.2 Principle

In BOCDR, the peak power P of the BGS observed at the electrical spectrum analyzer
(ESA) is given as
P=Kk<Err* E Ssokes™> (7.1)

where E .rand E gykes are the electrical fields of the reference light and the Stokes light,
respectively, at the heterodyne receiver, x is a proportionality coefficient, and < + >
stands for time-averaging operation. When the modulation frequency f;, is changed to
perform a distributed measurement, E ¢ is kept constant but E gkes changes according
to the birefringence distribution along the FUT. As a consequence, P varies reflecting
the distribution of the birefringence. Thus, by measuring the distribution of the peak
power P of the BGS by the use of BOCDR, we can obtain distributed information of
birefringence and estimate the distribution of polarization beat length Here, due to the

roundtrip of the backscattered Stokes light, the beat length Lg is obtained as twice as the
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observed spatial period of P variation [115].

In theory, the beat length Ly (m) can be calculated as [116]

4 AR

Ls (m)= n:p(lJrv)r2 ’

(7.2)

where A (um) is the wavelength of the light, R (cm) the radius of the mandrel, n the
refractive index, p the strain-optical coefficient, v the Poisson’s ratio, and  (um) the

radius of the fiber cladding.

7.3 Verification experiments

The experimental setup was the same as that in Chapter 2. A 1-km SMF was used as an
FUT, which was wound on a mandrel with radius R = 10.0 cm to induce birefringence
intentionally. One end of the FUT was spliced to a circulator, and the other end was kept

open. The sampling rate was set to about 20 Hz, which is higher than that of POTDR
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Figure 7.1 Measured BGS at the relative positions 39 m and 45 m (R = 10.0 cm).
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[109, 110]. The 400-m position from the circulator was defined as the relative position 0
m. First, the oscillation of the peak power of the BGS according to the measuring
positions was observed. The BGSs at the relative positions 39 m and 45 m are shown in
Figure 7.1. Since, the peak of the BGS was observed at 10.896 GHz when no
modulation was applied to the laser frequency, the BGS peak power is defined as the
BGS power at this frequency. The BGS peak power decreased from —66.1 dBm to —67.1
dBm, as the measuring positions changed. Then, a distributed measurement of the BGS
peak power was performed at every 1 m from the relative position 0 m to 100 m. The
modulation frequency f, was changed from 98.19 kHz to 103.09 kHz, and the
modulation amplitude Af was set to 5.4 GHz, which corresponds to the spatial
resolution Az of about 1.8 m and the measurement range dy, of about 1 km by Equations
(2.1) and (2.2). The measured distribution of the Stokes light is shown in Figure 7.2,
where a periodical oscillation was observed. In order to estimate its spatial period, the
power spectral density (PSD) was calculated using fast Fourier transform (FFT), and is
shown in Figure 7.3. The peak of the PSD appeared at 0.079 /m, which corresponds to
the spatial period of 12.7 m. Therefore, Ly is calculated to be 25.4 m.

Next, in order to verify the reproducibility, a 100-m SMF was used as an FUT,
which was wound on a mandrel with radius R = 7.4 cm. One end of the FUT was kept
open. The 40-m position from the circulator was defined as the relative position 0 m,
and the measurement was performed at every 30 cm from the relative position 0 m to 30
m. With f;, changed from 666.07 kHz to 674.20 kHz and A4f'set to 2.7 GHz, Az and d,,
were calculated to be about 55 cm and about 155 m, respectively. The distribution of the
BGS peak power and its PSD are shown in Figures 7.4 and 7.5, respectively. The peak
of the PSD appeared at 0.165 /m, which corresponds to the spatial period of 6.06 m and

the beat length Lg of 12.1 m.
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Figure 7.2 Measured distribution of the BGS peak power when the mandrel
radius R was 10.0 cm.
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Figure 7.3 Calculated PSD of the BGS peak power distribution in log scale
when the mandrel radius R was 10.0 cm. The inset shows the same graph in
linear scale.

Dissertation 2009, The University of Tokyo



7. Application to polarization beat length distribution measurement

Power [dBm]
@
[(e)}
I

-69.4 |

10 20 30
Relative length [m]

-69.8

Figure 7.4 Measured distribution of the BGS peak power when the mandrel
radius R was 7.4 cm.
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Figure 7.5 Calculated PSD of the BGS peak power distribution in log scale
when the mandrel radius R was 7.4 cm.
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Figure 7.6 Measured distribution of the BGS peak power when the mandrel
radius R was 3.1 cm.
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Figure 7.7 Calculated PSD of the BGS peak power distribution in log scale
when the mandrel radius R was 3.1 cm.
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Figure 7.8 Measured distribution of the BGS peak power with no bending
applied (R = ).

Then, a 5-m SMF wound on a mandrel with radius R = 3.1 cm was used as an FUT,
which is short enough to be straightened. One end of the FUT was spliced to a circulator,
and the other end was bent to suppress the Fresnel reflection. The position of the
circulator was defined as the relative position 0 m, and the measurement was performed
at every 10 cm along the entire length of the FUT. Since f;, was changed from 1311.03
kHz to 1313.63 kHz and Af was set to 3.0 GHz, Az was about 25 cm and d,,, was about
78.8 m. The distribution of the measured BGS peak power is shown in Figure 7.6. The
power decreases drastically at the relative positions 0 m and 5 m, because, at the fiber
ends, the correlation peak is not completely present within the range of the FUT. Its
PSD is shown in Figure 7.7, where the peak appeared at 0.78 /m, corresponding to the
spatial period of 1.28 m and the beat length Lg of 2.56 m. Next, when whole the FUT
was straightened, a distributed measurement of the BGS peak power was performed at
every 20 cm along the entire length of the FUT. Experimental result is shown in Figure

7.8. The drastic power decrease is explicable in the same way as in Figure 7.6. No
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Figure 7.9 Polarization beat length as a function of the mandrel radius. The
curve shows the theoretical values.

periodical fluctuations were observed, which verifies that, when no bending is applied
to an SMF, the induction of birefringence is extremely small.

Figure 7.9 depicts the measured and theoretical beat length against the mandrel
radius. The theoretical values were calculated by substituting into Equation (7.2)
parameters: A = 1.55 um, n = 1.46, p = —0.15, v = 0.17 [117], and » = 63 um. The
experimental results seem to agree well with the theory. The slight discrepancy seems to
originate from the following three factors: (i) The number of sampling points of the
PSD is not sufficient. (ii)) When a long optical fiber is wound on a mandrel, small strain
will remain. As a consequence, the BGS shifts toward the upper frequency, and so the
detected power changes even if the polarization state does not change. (iii) Some
parameters such as p and v, which are difficult to measure, may slightly vary among

fibers, and their accurate values are unknown.
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7.4 Distributed measurement

Finally, a distributed beat length measurement was performed using an FUT comprising
two SMFs with different mandrel radii. The schematic structure of the FUT is shown in
Figure 7.10. A 200-m SMF wound on a mandrel with radius R = 10.5 cm was spliced to
a 100-m SMF wound on a mandrel with radius R = 7.4 cm. The 60-m position from the
circulator was defined as the relative position 0 m, and consequently, the mandrel radius
changes at the relative position 40 m. The measurement of the BGS peak power was
performed at every 50 cm from the relative position 0 m to 100 m. The modulation
frequency f, was changed from 125.64 kHz to 130.95 kHz, and the modulation
amplitude 4f was set to 5.4 GHz, which corresponds to the spatial resolution Az of
about 1.4 m and the measurement range dp, of about 800 m. The experimental result is
shown in Figure 7.11. The spatial period of the fluctuations certainly changed at the
relative position 40 m. The calculated PSDs within the range of 0 — 40 m and 40 — 100
m became maximal at frequency 0.17 /m and 0.067 /m, which correspond to the beat
lengths Lp of 11.76 m and 29.8 m, respectively. Their theoretical values are 15.6 m and

31.5 m, respectively. Considering the error causes discussed in the preceding Section,
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Figure 7.10 Structure of the FUT.

Dissertation 2009, The University of Tokyo 95



7. Application to polarization beat length distribution measurement

Relative power [a.u.]

0 1 i 1 1

0 20 40 60 80 100
Relative length [m]

Figure 7.11 Measured distribution of the BGS peak power. The mandrel radii
were 7.4 cm and 10.5 cm corresponding to the ranges of 0 — 40 m and 40 — 100
m, respectively.

these experimental values are valid.

While a distributed beat length measurement based on BOCDR has been proposed
in this paper, a polarization-sensitive optical correlation-domain reflectometry
(POCDR) may also be possible, where Rayleigh-scattered light is spatially resolved by
a correlation-domain method. At present, POCDR has not been reported yet. Since
Rayleigh scattering is stronger than spontaneous Brillouin scattering, the S/N ratio of
POCDR is expected to be higher than that of the BOCDR-based method. However,
compared to self-heterodyne BOCDR, POCDR needs a frequency shifter in the
reference path. Moreover, POCDR is less convenient than BOCDR because POCDR
itself cannot measure strain and/or temperature distribution, while BOCDR can measure
it without altering the experimental setup. Therefore, the BOCDR-based method and

POCDR have their own drawbacks and advantages.
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7.5 Conclusions

In this Chapter, we presented that BOCDR can be used to perform a distributed
measurement of polarization beat length in SMFs. The measurement was successfully
performed with unique features such as one-end access, 25-cm spatial resolution, and
20-Hz sampling rate. The beat lengths of SMFs wound on mandrels with radii 10.0 cm,
7.4 cm and 3.1 cm were measured to be 25.4 m, 12. 1 m and 2.56 m, respectively, which
agreed well with the theoretical calculations. A distributed measurement was also
successfully performed using an SMF comprising two sections with different mandrel

radii.
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8 Stable entire-length measurement
based on polarization scrambling
and noise-floor compensation

In this Chapter, we perform a stable high-speed entire-length measurement of strain
distribution based on Brillouin optical correlation-domain reflectometry (BOCDR) by
suppressing the signal fluctuations automatically using polarization scrambling. The
strain distribution along the entire length of a 100-m fiber under test (FUT) was
successfully measured with 40-cm spatial resolution and 19-Hz sampling rate. We also
improved a signal-to-noise (S/N) ratio by compensating the noise-floor of the electrical

spectrum analyzer (ESA).

8.1 Introduction

In Chapter 7, it was demonstrated that BOCDR can be used to perform a distributed
measurement of polarization beat length. This measurement is based on the fact that the
Brillouin-scattered signal obtained in BOCDR is sensitive to the state of polarization
(SOP). However, due to this polarization dependence, frequent SOP optimization by
manually adjusting polarization controllers (PCs) was needed for a distributed
strain/temperature measurement along a long FUT, and consequently, the measurement
time became long in practice. In order to accomplish a stable high-speed distributed
measurement along a long FUT, the polarization effect needs to be suppressed
automatically. Several techniques have thus far been proposed to mitigate the
polarization dependence, including adaptive polarization controllers [118], polarization

diversity [75, 119], Faraday rotation [120], and polarization scrambling [121, 122].
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Among them, polarization scrambling is advantageous over the others on the point that
it can avoid the need of continuous actuation and the use of extra devices, and does not
deteriorate the sampling rate. Polarization scrambling has already been used to solve
polarization-originated problems, such as polarization mismatch in coherent detection
[121] or polarization-dependent gain in optically-amplified fiber communication
systems [122].

In this Chapter, we perform a stable high-speed entire-length measurement of strain
distribution by suppressing the signal fluctuations with polarization scrambling. We
experimentally demonstrate a stable distributed strain measurement along the entire
length of a 100-m FUT with 40-cm spatial resolution and 19-Hz sampling rate. Besides,
we develop a new method to improve the S/N ratio of the system by compensating the

noise-floor of the ESA.

8.2 Polarization scrambling in BOCDR

8.2.1 Principle

Correlation peak Scan
fo (Center freq.) EDFA /}h)
DFB-LD D>—=—) —

A
' lRef' Pump

[Bias-Tee AC Optical filter

DC GPIB;
Computer -4 e,
T Pre-Amp

E S A : I T T Y é.é.l.é.h.é.é a P D

Figure 8.1 Experimental setup of BOCDR with a polarization scrambler.
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In BOCDR, the polarization scrambler (PSCR) changes the SOP of the light much faster
than the sampling rate, and therefore the Brillouin gain spectrum (BGS) becomes
independent of the instantaneous SOP mismatch between the reference light and the
Stokes light. The experimental setup of BOCDR with polarization scrambling is
depicted in Figure 8.1. A PSCR which can modulate the SOP at 1 MHz [121, 122] was
employed in the reference path. The other configurations are the same as those in
Chapter 2.

Here we analyze the effect of polarization scrambling, using the schematic
experimental setup depicted in Figure 8.2. The optical frequency of the laser output is
sinusoidally modulated, as given by

f.=fo+Afsin2zf ¢t . (8.1)

Then the optical fields of the reference light and the Stokes light can be expressed as

E =E,\a KKk, expj(Z;rJ‘;f,quﬁ‘ (t)j

=E,\Ja,k K, exp j(zn Sot —?—fcos 2 ft +?—f+ ¢'(t)], (8.2)

m m

Correlation peak

t=0 fr Pump /\ t=t
/ 1

ﬁtokes

fr-fg

t=t-f t=t-z_

Heterodyne Receiver

Figure 8.2 Schematic setup of BOCDR for the theoretical analysis of
the polarization scrambling scheme.
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Es = Ep\Jas(1-x,)(1-x,)
expj{Z;z_[:frdH 27[_[[7[(/‘, —fB)dt+¢'(t—r)}

=EoJas(l—zcs)(l—zg)expj{hfo(t—r)

—Zﬂ'fB(Z‘—T—tl)—?—fCOSZﬂ'fm(l‘—T)+i—f+¢'(t—f)}, (8.3)

where Ej is the optical field amplitude of the laser output, - and «s are factors which
account for optical loss or gain associated with the reference and the Stokes paths, «;
and «. are the power coupling coefficients of the two fiber couplers, ¢’(¢) is the random
phase noise of the laser output, 7 is the differential optical propagation time delay
between the reference light and the Stokes light, and ¢, is the time when the pump light
is reflected at the correlation peak in the FUT. E; can be resolved into two orthogonal
polarization components of amplitude, as £y = E; cos n and E,, = E; sin n, one of which

matches the SOP of Es. Then the output intensity of the BGS can be expressed as
1=((E;+E,)?)+(E,.%)
=(ES)+(E?)+2(E,E,"), (8.4)
where < - > stands for time-averaging operation. Using Equations (8.2), (8.3) and
(8.4), the output intensity is given as
I= Io{a,.lcszcg +a,(l-x,)1-x.)
+ 2\/%“5’% l-x)x,(1-x)-y(r)- <COS77>}, (8.5)

where I (= E¢°) is the input intensity, and A7) is
y(7r) = C<27zf01+ 2rfy(t—7—-1)
_%COSZﬂfmT +4'(t)-@'(t —r)>, (8.6)

where C is a constant.
Here, 27 is the angle subtended by the circle arc at the center of the Poincare sphere

joining the SOPs at the heterodyne receiver [123]. Therefore, when polarization is

Dissertation 2009, The University of Tokyo 101



scrambled,

(cosn) = cos% - L

Is obtained, and thus, the output intensity is expressed as:

I = Io{a,,/csicc +a,(l-x,)1-x.)

2

+ \/Zarocsics l-x)x.(1-x.)- 7(2’)} .
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(8.7)

(8.8)

Comparing Equation (8.8) with Equation (8.5), it is clear that the polarization-related

fluctuations of the BGS power in BOCDR can be suppressed with the polarization

scrambling.

8.2.2 Experiments

The structure of the FUT is shown in Figure 8.3. It was composed of a standard

single-mode fiber (SMF) with a length of about 100 m, in which 0.3-% strains were

applied to a 1-m section (33.8 — 34.8 m) and a 50-cm section (76.8 — 77.3 m) fixed on

translation stages using epoxy glue. One end of the FUT was spliced to a circulator, and

the other end was kept open. The modulation amplitude 4/ was set to 3.3 GHz and the

modulation frequency fr, was changed from 735.86 to 766.28 kHz, which corresponds to

~25m
42 m open
splice 50 cm
@ &Dﬂ H
A am (O
33.8m Strain

<+ 1.5mm (0.3%)—>

Figure 8.3  Structure of the FUT.
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Figure 8.4 Measured distribution of BFS along the entire length of the
100-m FUT with (blue) and without (red) a polarization scrambling.

the measurement range dr,, of about 140 m and the spatial resolution 4z of about 40 cm
according to Equations (2.1) and (2.2). The span of the ESA was set to 10.763 — 11.063
GHz. The overall sampling rate of the BGS measurement for a single position was 19
Hz (including data processing time), and 1001 data were acquired for one BGS.
Therefore, the sampling rate of one datum is 19 kHz, which is over 50 times lower than
the polarization modulation frequency of 1 MHz. The total measurement time was 40 s,
which can be set even shorter if the number of sensing points is reduced (currently, 760
points).

Figure 8.4 shows the measurement results of the distribution of the Brillouin
frequency shift (BFS) along the entire length of the FUT, with and without the
polarization scrambling. When polarization was not scrambled, at some positions where
the SOP was not optimized, the signal level largely fluctuated within the range of the

span of the ESA as the measuring position shifted, and consequently, the frequency at
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Figure 8.5 Magnified view of Figure 8.4 around the range of 30 — 40 m
with (blue) and without (red) a polarization scrambling.

which the power became maximal was unstable. Meanwhile, when polarization was
scrambled, the fluctuations were suppressed, and the large changes of the BFS were
stably detected only at the strain-applied positions. The magnified views around the
strain-applied sections are shown in Figures 8.5 and 8.6. Thus, 1-m and 50-cm strains
were successfully detected with 40-second measurement time. The accuracy of the
measurement at a single position was about +/-~ 10 MHz, which corresponds to the

strain of +/- 0.02% (+/- 200 pe) in this experiment.

8.3 Noise-floor compensation

8.3.1 Principle

Next, we developed a new method to improve the S/N ratio of the system by

Dissertation 2009, The University of Tokyo 104



8. Stable entire-length measurement based on polarization scrambling

11

11.05 without pol. scr.
np W]

" 50 cm -] [e—
1095

10.9 | with pol. scr. .

Y
10.85 A - *Lmbdﬂaﬂ

10.8

Brillouin frequency shift [GHz]

10.75 . : :
70 72 74 76 78 80

Position [m]

Figure 8.6 Magnified view of Figure 8.4 around the range of 70 — 80 m
with (blue) and without (red) a polarization scrambling.

compensating the noise-floor of the ESA. Since BOCDR is based on weak spontaneous
Brillouin scattering, its S/N ratio is low especially when the spatial resolution is high.
The noise-floor compensation is performed by the following procedures: (1) suppress
the fluctuations of the BGS by polarization scrambling, (2) acquire the BGS with
sufficiently large strain applied, as noise-floor, and (3) after a conventional distributed
strain measurement, use the difference calculated by subtracting the noise-floor from

the observed BGS, as “net BGS.”

8.3.2 Experiments

First, the effect of the compensation was experimentally verified when the measuring
position was fixed. Figures 8.7 and 8.8 show the measured BGS without and with the

noise-floor compensation, respectively, when the correlation peak was located at the
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Figure 8.7 Measured BGS without noise-floor compensation.
Strains of 0, 0.08, 0.16, 0.24, and 0.32% were applied.
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Figure 8.8 Measured BGS with noise-floor compensation.

center of a 1-m strain-applied section. The resolution was set to 80 cm, and the

magnitudes of the applied strains were 0, 0.08, 0.16, 0.24, and 0.32%. Averaging was
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Figure 8.9 Measured distributions of BGS.

carried out 10 times for one BGS, and the sampling ratio was about 2 Hz. The large
strain used for acquiring the noise-floor was 0.5%. When the noise-floor was not
compensated, as shown in Figure 8.7, the width of the BGS changed according to the
BFS, that is, the magnitude of the applied strain. It became larger near the frequencies at
which the noise-floor had relatively high power (e.g., when 0.24-% strain was applied),
which leads to the deterioration of the measurement accuracy. Meanwhile, when the
noise-floor was compensated, as shown in Figure 8.8, the width of the BGS was stable,
resulting in a higher measurement accuracy. The BGS power fluctuations in Figure 8.7
were larger than that in Figure 8.8, not only because the noise-floor shape was involved
in the power fluctuations but because the SOP was optimized. In Figure 8.8, the signal
power decreased around 11.04 GHz, which can be removed by employing a strain of
more than 0.5% as the large strain used to acquire the noise-floor. Thus, this
compensation was confirmed to improve the S/N ratio of the system when the

measuring position was fixed.
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Figure 8.10 Measured distributions of BFS. The insets show the magnified
views around strain-applied positions.

Then, a distributed strain measurement was performed using this compensation. The
FUT was composed of a standard SMF with a length of about 100 m, in which 0.2- and
0.14-% strains were applied to a 1-m section (33.8 — 34.8 m) and a 50-cm section (76.8
— 77.3 m), respectively. One end of the FUT was spliced to a circulator, and the other
end was kept open. The modulation amplitude Af was set to 5.4 GHz and the
modulation frequency fn was about 750 kHz, which corresponds to the measurement
range dm of about 140 m and the spatial resolution Az of about 24 cm. Averaging was
carried out 5 times for one BGS, and the sampling rate was about 4 Hz. The measured
distributions of BGS and BFS are shown in Figures 8.9 and 8.10, respectively. The S/N
ratio was drastically improved compared to that in Chapter 2, and the measurement
accuracy at a single position was enhanced to about +/- 5 MHz, which corresponds to
the strain of +/- 0.01% (+/- 100 pe). This result indicates that the influence of the
reflected light from the correlation peak sidelobes is much smaller than the noise-floor

of the ESA in BOCDR.
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8.4 Conclusions

We performed a stable entire-length measurement of strain distribution by suppressing
the BGS fluctuations with polarization scrambling. In the experiment, we demonstrated
a distributed strain measurement along the entire length of a 100-m FUT with 40-cm
spatial resolution and 19-Hz sampling rate. Furthermore, we developed a new method

of compensating the noise-floor of the ESA to improve the S/N ratio.
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9 Distributed strain measurement using
tellurite glass fiber

In this Chapter, a tellurite glass fiber with a high Brillouin gain was employed for a
distributed strain measurement with Brillouin optical correlation-domain reflectometry
(BOCDR). The dependences of the Brillouin frequency shift (BFS) on temperature and
strain in the tellurite glass fiber were investigated, showing negative dependences with
coefficients of —1.14 MHz/K and —0.023 MHz/pe. These negative dependences seem to
originate from the negative dependences of the Young’s modulus of the tellurite fiber on
temperature and strain. Then, using this tellurite fiber, the distribution of the BFS
around a 1-cm strain-applied section was successfully measured with a nominal spatial

resolution of 6 mm.

9.1 Introduction

In Chapter 2, we achieved a spatial resolution of 13 mm. Though this resolution is the
best ever reported in spontaneous Brillouin scattering-based reflectometers, it was
limited by the signal-to-noise (S/N) ratio of the system. So, the spatial resolution is
expected to be improved by using a specialty fiber with a large Brillouin gain
coefficient as a fiber under test (FUT) to enhance the S/N ratio.

In this Chapter, a tellurite glass fiber is employed in BOCDR to realize high-spatial-
resolution distributed strain sensing. Although the background loss (~0.02 dB/m at 1550
nm) of the tellurite fibers is much higher than that of silica fibers (~0.0005 dB/m), by

making use of their high Brillouin gain, we believe tellurite fibers can be used to
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develop short-range but high-spatial-resolution Brillouin sensors. First, the spatial
resolution of BOCDR using the tellurite fiber is theoretically evaluated. Next, the
temperature- and strain-dependences of the BFS in a tellurite fiber are investigated. It is
found that, with increasing temperature and strain, the BFS in the tellurite fiber shifts
toward lower frequency with coefficients of —1.14 MHz/K and —0.023 MHz/pe. These
negative dependences seem to be caused by the negative temperature- and
strain-dependences of the Young’s modulus of the tellurite fiber. Finally, a distributed
strain measurement is performed by using this tellurite fiber as the FUT in BOCDR
with a nominal spatial resolution of 6 mm, which is the inherent limitation as described

later.

9.2 Tellurite glass fibers

Among various specialty fibers, tellurite glass fibers [124, 125] have been vigorously
studied due to their high refractive index (n = 2.03), high nonlinearity, and broad Raman

gain bandwidth, and thus far been applied to develop some optical devices, such as

Table 9.1 n, BFS, and Az, of silica, bismuth-oxide,

As;Ses chalcogenide, and tellurite fibers.

Fiber n BFS [GHz] Az, [mm]
Silica 1.46 10.86 6.0
Bismuth oxide 2.22 8.83 4.9
Chalcogenide 2.8 7.97 4.3
Tellurite 2.03 7.95 5.9
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ultra-wide-band Raman fiber amplifiers (RFAs) [126], efficient Tm’"-doped tellurite
fiber lasers [127], and carrier-envelope offset (CEO)-locked frequency combs [128]. In
addition to these applications, they can also be used as the gain medium for Brillouin
scattering. Abedin [125] investigated the properties of stimulated Brillouin scattering
(SBS) and the performance of slow light generation in an Er’*-doped tellurite fiber, and
showed that a tellurite fiber has a large Brillouin gain coefficient (gg~ 1.7x10™'° m/W)

and is suitable for slow light generation.

9.3 Inherent limitation of spatial resolution

The spatial resolution and the measurement range of BOCDR are given by Equations
(2.1) and (2.2), where Equation (2.1) is valid when the modulation frequency f;, is lower

than the Brillouin gain bandwidth Avg, as discussed in Chapter 3. In addition, 4f must

Correlation peak (fixed)

f, (Center frequency)  EDFA Heated portion /\
NS 1
. q\ Specialty fiber

Ref.

Pump ’ (FUT)
EDFA

Optical filter Stokes

f, - f,
0 B
Optical filter

fixed

Balanced PD

Computer ESA

Figure 9.1 Experimental setup based on BOCDR for characterizing the
temperature dependences of specialty fibers.
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Figure 9.2  Structures of the FUT comprising the tellurite fiber.
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Figure 9.3  Structures of the FUT comprising the Bi-NLF.

be lower than a half of the BFS of the FUT because of the behavior of Rayleigh
scattering-related noise as described also in Chapter 3. Therefore, under the condition of

fm = 4vg, the limitation of the spatial resolution Az, is given, by the BFS, as

Ny -
min ﬂ‘n'BFS . (9'1)
In Table 9.1, n, BFS, and Az, of silica, bismuth-oxide [129], As,Ses; chalcogenide
[130], and tellurite fibers are summarized. About 6-mm spatial resolution is expected by

using a tellurite fiber.

9.4 Temperature-dependence of BFS

We investigated the temperature-dependences of the BFS in not only a tellurite fiber but
also a bismuth-oxide highly-nonlinear fiber (Bi-NLF). The experimental setup is shown

in Figure 9.1, which is basically the same as that in Chapter 8, where a polarization
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scrambler is installed in the reference path to suppress the Brillouin gain spectrum
(BGS) fluctuations. The structures of the FUTs comprising a tellurite fiber and a
Bi-NLF are shown in Figures 9.2 and 9.3, respectively. Since it is difficult to directly
splice a tellurite fiber (5 m) and a Bi-NLF (I m) to single-mode fibers (SMFs), a
dispersion-compensation fiber (DCF) (30 cm) [131] and a high-numerical-aperture fiber
(HNAF) (30 cm) were employed between them, respectively. Each end of the tellurite
fiber and the Bi-NLF was bent to suppress the Fresnel reflection. Since the tellurite
fiber and the Bi-NLF were short, the measurement was conducted using BOCDR to
place the measurement window (the correlation peak) within the tellurite fiber and the
Bi-NLF; then the effects of the other fibers were removed. In the measurement of the
tellurite fiber, Af and f,, were set to 1 GHz and 7.8028 MHz, respectively, which
correspond to the measurement range dp,, of 9.47 m and the spatial resolution Az of
about 3 cm from Equations (2.1) and (2.2); in the measurement of the Bi-NLF, Af and f;,
were set to 2 GHz and 1.0654 MHz, respectively, corresponding to dy, of 63.4 m and Az
of 79.9 cm. In general, the Brillouin gain bandwidth Avg depends on the power Pj, of
the light beam injected into the fiber [132], and, in our experiment, it was 10 MHz in
the tellurite fiber (Pj, = 28 dBm) and 79.2 MHz in the Bi-NLF (Pj, = 26 dBm) as shown
in Figures 9.4 and 9.5. Different temperature changes were applied to a 40-cm section
of the tellurite fiber and the whole length of the Bi-NLF placed on a hot plate. In both
measurements, the position of the correlation peak was fixed at the middle of the
section where temperature changes were applied, and the sampling rate of the BGS

acquisition was about 2 Hz including 10-times averaging.
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Figure 9.4 Measured BGS from the 5-m tellurite fiber with P;, of 28 dBm.
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Figure 9.5 Measured BGS from the 1-m Bi-NLF with P, of 26 dBm.
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9.4.1 Experiments with tellurite glass fiber

The temperature-dependence of the BGS in the tellurite fiber is shown in Figure 9.6, in
which the BGS shifted toward lower frequency with increasing temperature. We can
plot the temperature-dependence of the BFS as shown in Figure 9.7. The error bars are
+/-2.5 MHz, corresponding to the BFS fluctuations when temperature was fixed. The
slope of the straight-line approximation was calculated to be —1.14 MHz/K. It is notable
that the sign of the temperature-dependence is opposite to that of a standard silica SMF

(+1.18 MHZ/K [36]).

9.4.2 Experiments with bismuth-oxide fiber

The temperature-dependence of the BGS in the Bi-NLF is shown in Figure 9.8. Also in
this case, the BGS shifted toward lower frequency with increasing temperature. The
BGS peak power was so weak that it changed due to the noise floor of the electrical
spectrum analyzer (ESA), which can be suppressed by a noise-floor compensation
technique proposed in Chapter 8. The temperature-dependence of the BFS in the
Bi-NLF is shown in Figure 9.9. The error bars are +/—2.5 MHz, which is the same as the
preceding Section. The coefficient was calculated to be —0.88 MHz/K. The sign was

also negative.
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Figure 9.6 Temperature-dependences of the BGS in the tellurite fiber.
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Figure 9.7 Temperature-dependences of the BFS in the tellurite fiber.
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Figure 9.8 Temperature-dependences of the BGS in the Bi-NLF.
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Figure 9.9 Temperature-dependences of the BFS in the Bi-NLF.
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9.4.3 Discussion

In general, the temperature coefficient of the normalized BFS is given by

LaVB —la_n+ 1 [la_c_la_pj—la_n+l(lac+ﬂj ,

v, T nol 2(Cor por) nor 2\Cor

(9.2)

where C is the effective elastic constant (in optical fibers, C is almost the same as the
Young’s modulus), p the density, and £ the volume expansion coefficient of a material.
For a tellurite crystal, Sonehara et al. [133] have reported that the term (1/C)(0C/0T)
becomes dominant and is negative, though the values are slightly different depending on
the crystal orientation. From their experimental result, we can estimate the temperature
coefficient in the tellurite crystal at around room temperature to be approximately —1.06
MHz/K (= —0.04%7950 MHz / 300 K), which roughly agrees with the experimental
value (—1.14 MHz/K) in the case of the tellurite fiber. The negative dependence of an
elastic constant on temperature may also be the origin of the negative
temperature-dependence of the BFS in the Bi-NLF, but further research is needed to
clarify this point.

Next, we discuss the potential performances of the distributed temperature sensing
based on BOCDR using the tellurite fiber or the Bi-NLF from the aspects of the number
of effective sensing points or the ratio between the measurement range and the spatial
resolution, and the measurement accuracy. First, the number of effective sensing points
Ng, which can be regarded as the evaluation parameter of the sensing system, is given

by the ratio between dp,,, Equation (2.2), and 4z, Equation (2.1), as

_dn_mdf mBFS
NR= 2= dvs = 24vg ©-3)
Here, the inequality holds true because Af must be lower than a half of the BFS of the
FUT due to the Rayleigh scattering-induced noise, as discussed in Chapter 3. While Nx

is about 570 in a silica fiber, it can be enhanced to 1250 by using the tellurite fiber (4vg
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= 10 MHz), but is reduced to 175 by using the Bi-NLF (4vg = 79.2 MHz). Second, the
measurement accuracy of BOCDR using the Bi-NLF is worse than that using the
tellurite fiber or a silica fiber, because the absolute value of the temperature coefficient
of BFS in the Bi-NLF (0.88 MHz/K) is lower than that in the tellurite fiber (1.14
MHz/K) or a silica fiber (1.18 MHz/K). For example, the BFS fluctuations of +/-2.5
MHz in the Bi-NLF, the tellurite fiber, and a silica fiber, correspond to the measurement
accuracy of +/-2.84, +/-2.19, and +/-2.12 K, respectively. Thus, from the viewpoint not
only of the Brillouin gain and the optical loss, but also of the number of effective
sensing points and the measurement accuracy, the tellurite fiber is more favorable than
the Bi-NLF as a specialty fiber employed to enhance the performance of the BOCDR

system.

9.5 Strain-dependence of BFS

90.5.1 Experiments

The strain-dependence of the BFS in the tellurite fiber was also investigated using
BOCDR with the same FUT depicted in Figure 9.2. Af and f, were set to 1 GHz and
7.8028 MHz, respectively, which correspond to the measurement range dn, of 9.47 m
and the spatial resolution Az of about 3 cm. P;, was set to 28 dBm, resulting in Avg of 10
MHz as already shown in Figure 9.4. In the tellurite fiber, different strains were applied
to a 40-cm section (5.7 — 6.1 m from the circulator) fixed on a translation stage using
epoxy glue. The position of the correlation peak was fixed at the middle of the
strain-applied section, and the sampling rate of the BGS measurement was about 2 Hz

including 10-times averaging.
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Figure 9.10 Strain-dependences of the BGS in the tellurite fiber.

The strain-dependence of the BGS in the tellurite fiber is shown in Figure 9.10. As
the applied strain increased, the BGS shifted toward lower frequency. From these
spectra, we can plot the strain-dependence of the BFS as shown in Figure 9.11. The
error bars are +/-2.5 MHz, corresponding to the BFS fluctuations when strain was fixed.
The slope of the straight-line approximation was calculated to be —0.023 MHz/pe. The
sign of the strain-dependence is also found to be opposite to that of a silica SMF

(+0.058 MHz/pe [35]).

9.5.2 Discussion

In general, the strain coefficient of the normalized BFS in optical fibers is given by
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Figure 9.11 Strain-dependences of the BFS in the tellurite fiber.
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where E is the Young’s modulus, and p the density. The values of each term have been
determined as —0.23, 2.88, and 0.36 by Horiguchi et al. [35] for silica fibers with n =
1.46. Since the BFS is about 10.86 GHz in silica SMFs, the strain coefficient is
calculated to be +0.033 MHz/pe, which roughly matches the measured value (+0.058
MHz/pe). In order to estimate the case of tellurite fibers with n = 2.03, we make two
assumptions as follows: (i) the first term is —0.445 (= —0.23x2.03%/1.46%) because it is
proportional to the square of n [35], and (ii) the third term is 0.16 (= 0.36%2.2/5.1)
because p of silica crystals is 2.2 g/cm’, while that of tellurite crystals is 5.1 g/cm® [134].
Using the measured strain coefficient (-0.023 MHz/ue), the second term can be

calculated back to be —2.61. This negative dependence of the Young’s modulus on strain
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has been observed also in soda glass fibers (silica + Na,O + CaO) by Mallinder et al.
[135], with a second term of -2.555. Thus, we presume that the negative
strain-dependence of the BFS is due to the negative dependence of the Young’s modulus

on strain in the tellurite fiber.

9.6 Spatial resolution of 6 mm

Finally, this tellurite fiber was employed as the FUT in a distributed strain measurement
with BOCDR to improve the S/N ratio and thus to achieve the inherent limitation of the
spatial resolution given by Equation (9.1). The modulation frequency f;,, was set to
9.972599 — 9.975924 MHz (fi, < 4vg of the tellurite fiber), which corresponds to a

measurement range d, of 7.4 m according to Equation (2.2). The amplitude of the

V-groove  bending
splice splice splice 0.15-% strain m
@) h 3 s

SMF1 SMF2 DCF 346cm  1cm 23cm

—

50cm 50cm 30cm Tellurite fiber 3.7 m

Figure 9.12  Structure of the FUT.

Figure 9.13  Photo of the FUT around the strain-applied section.
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Figure 9.14 Measured distribution of the BGS.

frequency modulation Af' was 3.94 GHz (4f < BFS/2), and the nominal spatial resolution
Az was calculated to be about 6 mm from Equation (2.1) or (9.1). The structure of the
FUT is shown in Figures 9.12 and 9.13. The length of the tellurite fiber was 3.7 m, and
0.15-% strain was applied to a 1-cm section. Other conditions concerning the FUT were
the same as those for the preceding Section. Polarization scrambling was employed, and
the sampling rate of the measurement for a single position was 10 Hz including 5-times
averaging. The measurement was performed at 50 points sequentially for 5 seconds.
Figure 9.14 shows the measured distribution of the BGS along the FUT. The BGS at
the strain-applied section was recognized with much higher S/N ratio than that in our
previous experiment described in Chapter 2 with an SMF as the FUT. Figure 9.15
shows the distribution of the BFS. The 1-cm strain-applied section was detected with a
nominal spatial resolution of 6 mm, which is the inherent limitation given by Equation

(9.1). The gradual variation of the BFS seems to originate from the strain distribution
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Figure 9.15 Measured distribution of the BFS.

inside the epoxy glue. The change of the BFS was about —34 MHz, which corresponds
to 0.148-% strain. This value is in good agreement with the applied strain of 0.15 %.
The accuracy of the measurement at a single position was about +/— 2.5 MHz, which

corresponds to a strain accuracy of +/— 0.01 % (+/— 100 pe) in this experiment.

9.7 Conclusions

We employed a tellurite glass fiber as the FUT in BOCDR to perform a short-range but
high-spatial-resolution distributed strain measurement. The investigation on the
dependences of the BFS on temperature and strain showed that the BFS in the tellurite
fiber shifts toward lower frequency with increasing temperature and strain, and their
coefficients were —1.14 MHz/K and —0.023 MHz/pue, respectively. The BFS dependence

on temperature in a Bi-NLF was also investigated, and —0.88 MHz/K was obtained as
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its coefficient. These negative dependences seem to be caused by the negative
dependences of the Young’s modulus of these fibers on temperature and strain. Then, a
distributed strain measurement with BOCDR was demonstrated using the tellurite fiber.
With the high Brillouin gain of the tellurite fiber and thus the enhanced S/N ratio in the
BGS measurement, a 1-cm strain-applied section was successfully detected with 6-mm

nominal spatial resolution, which is the inherent limitation of the fiber.
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10 Conclusions

In this thesis, we proposed a novel sensing technology named Brillouin optical
correlation-domain reflectometry (BOCDR), which can measure the distribution of strain
and/or temperature along a fiber under test (FUT) by light injection only from one end of
the fiber. BOCDR operates based on the combination of spontaneous Brillouin scattering
and the correlation control of continuous lightwaves. A spatial resolution of 13 mm was
experimentally demonstrated with a sampling rate of 50 Hz. We also improved its
performance from various aspects, such as enlargement of the measurement range,
enhancement of the sampling rate, application to polarization beat length distribution
measurement, improvement of the stability and the signal-to-noise (S/N) ratio, and
achievement of 6-mm spatial resolution using a specialty fiber.

In Chapter 1: “Introduction,” fiber-optic nerve systems for smart materials/structures
were reviewed as the background of this work. Then, the principle of Brillouin scattering
and conventional time-domain techniques such as Brillouin optical time-domain
reflectometry (BOTDR) and Brillouin optical time-domain analysis (BOTDA) were
explained. The principle and some recent progress of Brillouin optical
correlation-domain analysis (BOCDA) based on the synthesis of the optical coherence
function (SOCF) were also described.

In Chapter 2: “Proposal of BOCDR,” first, we explained that the operating principle
of BOCDR is the combination of spontaneous Brillouin scattering and the SOCF
technique, and that it is quite different from that of BOCDA. Then, in the preliminary

experiment, 40-cm spatial resolution and 50-Hz sampling rate were simultaneously
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obtained. We also achieved 13-mm spatial resolution, which is the best value ever
reported in other Brillouin scattering-based reflectometers as well as two-end-access
BOTDA systems. The real-time detection of vibrated strains was also presented.
Furthermore, it was experimentally shown that BOCDR is based not on stimulated
Brillouin scattering (SBS) but on spontaneous Brillouin scattering.

In Chapter 3: “Theoretical analysis of BOCDR analysis,” first, we theoretically
showed that the effective Brillouin gain spectrum (BGS) is determined by the
2-dimensional convolution of the intrinsic Brillouin gain and the beat power spectrum,
which is the same expression as that in BOCDA. Then, we performed a simulation on the
typical shapes of the detected BGS. By estimating the shape of the beat power spectrum,
the expression of the spatial resolution was also derived. Finally, the Rayleigh scattering-
induced noise was analyzed, and the limitation of the spatial resolution was discussed.

In Chapter 4: “Enlargement of measurement range based on temporal gating
scheme,” we developed a temporal gating scheme to enlarge the measurement range of
BOCDR while maintaining the spatial resolution. In the experiment, 66-cm spatial
resolution and 1-km measurement range were simultaneously obtained with 50-Hz
sampling rate. This means that the ratio between the measurement range and the spatial
resolution was enhanced from the conventional value 570 to 1515.

In Chapter 5: “Enlargement of measurement range based on double-modulation
scheme,” we proposed a double-modulation scheme as another method to mitigate the
trade-off between the measurement range and the spatial resolution. First, we
theoretically analyzed the operating principle, and performed a simulation to verify the
effectiveness of this scheme. Then, in the experiment, 53-cm resolution and 1.5-km
measurement range were simultaneously obtained. Furthermore, 27-cm resolution and
1.5-km measurement range were also simultaneously achieved when a noise-floor
compensation technique was employed. This means that the ratio between the

measurement range and the spatial resolution was enhanced to 2845 or 5690.
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In Chapter 6: “Enhancement of sampling rate utilizing optical heterodyne detection,”
we implemented BOCDR using a single-sideband modulator (SSBM) with fast Fourier
transform (FFT), and examined the possibilities of improvement on the S/N ratio and the
sampling rate as well as cost reduction. In the experiment, the S/N ratio was not good
compared to the conventional BOCDR, but the sampling rate was enhanced to 400 Hz.
Besides, noise inherent to this scheme was observed and discussed.

In Chapter 7: “Application to polarization beat length distribution measurement,” we
presented that BOCDR can be used to perform a distributed measurement of polarization
beat length in single-mode fibers (SMFs). The beat lengths of SMFs wound on mandrels
with radii 10.0 cm, 7.4 cm and 3.1 cm were measured to be 25.4 m, 12. 1 m and 2.56 m,
respectively, which agreed well with the theoretical calculations. A distributed
measurement was also successfully performed using an SMF comprising two sections
with different mandrel radii.

In Chapter 8: “Stable entire-length measurement based on polarization scrambling
and noise-floor compensation,” we performed a stable entire-length measurement of
strain distribution by suppressing the BGS fluctuations with polarization scrambling. In
the experiment, we demonstrated a distributed strain measurement along the entire length
of a 100-m FUT with 40-cm spatial resolution and 19-Hz sampling rate. Furthermore, we
developed a new method of compensating the noise-floor of the electrical spectrum
analyzer (ESA) to improve the S/N ratio of the system.

In Chapter 9: “Distributed strain measurement using tellurite glass fiber,” we
employed a tellurite glass fiber as the FUT in BOCDR to perform a short-range but
high-spatial-resolution distributed strain measurement. The investigation on the
dependences of the Brillouin frequency shift (BFS) on temperature and strain showed
that the BFS in the tellurite fiber shifts toward lower frequency with increasing
temperature and strain, and their coefficients were -1.14 MHz/K and -0.023 MHz/pg,

respectively. The BFS dependence on temperature in a bismuth-oxide fiber was also
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investigated, and -0.88 MHz/K was obtained as its coefficient. These negative
dependences seem to be caused by the negative dependences of the Young’s modulus of
these fibers on temperature and strain. Then, a distributed strain measurement with
BOCDR was demonstrated using the tellurite fiber. With the high Brillouin gain of the
tellurite fiber and thus the enhanced S/N ratio in the BGS measurement, a 1-cm
strain-applied section was successfully detected with 6-mm nominal spatial resolution,
which is the inherent limitation of the fiber.

Thus, BOCDR has been evolving rapidly, improved in performance from a variety of
aspects. It is, however, a new-born technology, and still leaves many problems, such as
the limitation of the modulation amplitude, resulting in a limited spatial resolution. It
also requires the enhancement of the measurement accuracy, the improvement of the S/N
ratio, and cost reduction. A discriminative measurement of strain and temperature is
another topic to be considered. If these problems are resolved in future, I am sure that
BOCDR will be accepted as one of the main tools to realize fiber-optic nerve systems

and contribute to a safer society.
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Abbreviations

AC alternating current

AOM acousto-optic modulator

ASE amplified spontaneous emission

BFS Brillouin frequency shift

BGS Brillouin gain spectrum

Bi-HNF bismuth-oxide highly-nonlinear fiber
BOCDA Brillouin optical correlation-domain analysis
BOCDR Brillouin optical correlation-domain reflectometry
BOFDA Brillouin optical frequency-domain analysis
BOTDA Brillouin optical time-domain analysis
BOTDR Brillouin optical time-domain reflectometry
CEO carrier-envelope offset

CW continuous wave

DAQ data acquisition

DC direct current

DCF dispersion-compensation fiber

DFB-LD distributed-feedback laser diode

DGD differential group delay

DP-BOTDR double-pulse BOTDR

EDF erbium-doped fiber

EDFA erbium-doped fiber amplifier
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EMI
EOM

ESA

FBG

FFT

FG

FPI

FUT

GPIB
HNAF

IM
LC-BOCDA
LO

MZI

OCT

OSA

PC

PD

PLC

PMD
POCDR
POFDR
POTDR
PPP-BOTDA
PSCR

PSD

PZT

Abbreviations

electro-magnetic interference

electro-optic modulator

electrical spectrum analyzer

fiber Bragg grating

fast Fourier transform

function generator

Fabry-Perot interferometer

fiber under test

general-purpose interface bus

high-numerical-aperture fiber

intensity modulator

low-coherence BOCDA

local oscillator

Mach-Zehnder interferometer

optical coherence tomography

optical spectrum analyzer

polarization controller

photo-detector

planar lightwave circuit

polarization-mode dispersion

polarization-sensitive optical correlation-domain reflectometry
polarization-sensitive optical frequency-domain reflectometry
polarization-sensitive optical time-domain reflectometry
pulse pre-pump BOTDA

polarization scrambler

power spectral density

piezo-electric transducer
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Abbreviations

RFA
S-BOCDA
SBS
SMF
S/N ratio
SOCF
SOP
SSBM
TDM
uMZz
WDM

Dissertation 2009, The University of Tokyo

Raman fiber amplifier

simplified BOCDA

stimulated Brillouin scattering
single-mode fiber

signal-to-noise ratio

synthesis of optical coherence function
state of polarization

single-sideband modulator
time-division multiplexing

unbalanced Mach-Zehnder

wavelength-division multiplexing
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