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Abstract

This thesis includes studies of improving the performance of the distributed fiber
optic sensor based on Brillouin scattering, especially focusing on spatial resolution and
frequency resolution.

A novel distributed Brillouin sensor based on offset locking of two distributed
feedback lasers has been developed. With offset locking technique, the beat frequency
of two lasers can not only be locked together but also be tuned over a wide range of
more than IGHz. Moreover, a lock-in amplifier has been applied to lock the bias drift
of the electro optic modulator, which ensures the probe pulse stability and constant
signal-to-noise ratio during the sensing measurement. With the offset locking based
distributed Brillouin sensor, aim spatial resolution and 0.50C temperature resolution
has been achieved.

High spatial and frequency resolution Brillouin sensor with phase locking
technique has been studied. A theoretical model dealing with laser source phase
locking has been derived. Simulation and experimental results have been used to prove
the ability of improving the spatial and frequency resolution with phase locking
technique.

Improving the spatial and frequency resolution with different pulse pair
technique has been explored. This technique can obtain high spatial resolution (<lm)
and high frequency resolution (<35MHz linewidth) simultaneously along several
kilometer long sensing fiber, which is a promising candidate in the field of structure
health monitoring. The ultimate measurement accuracy with different pulse pair
Brillouin optical time domain analysis technique has been investigated and it is
determined by the combination of the system bandwidth, system signal-to-noise ratio,
absolute pulse width, pulse width difference, and the rise/fall time of the pulse.

A Brillouin optical time domain analysis sensor based on optical differential
parametric amplification technique has been proposed and realized to obtain high
spatial and frequency resolution at the same time without increasing the measurement
time. A new theoretical model dealing with optical differential parametric amplification
technique has been derived. An experiment is successfully realized to validate the
proposal in a polarization maintaining fiber with a spatial resolution of 0.5 m and a
strain accuracy of 6 µe.
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Chapter 1

Introduction

Over the past decades, distributed fiber optic sensors based on Brillouin

scattering have been developed and widely applied to the health monitoring of various

civil structures such as dams, bridges, and pipe lines. In order to identify the early

crack and deformation of the civil structures, high spatial resolution and high strain

and/or temperature resolution are required. This thesis focuses on developing a

distributed fiber optic sensor based on Brillouin scattering for structure health

monitoring applications with high measurement accuracy, which can detect small

strain (a few µe) and/or temperature change (less than VC) over sections of a few

centimeters along tens-of-kilometer long fiber.

This chapter introduces the background, motivation, and contribution of the

research work. Section 1 . 1 compares the state of the art of the distributed sensing

technologies that are based on Brillouin scattering and illustrates the motivation of

developing high performance Brillouin sensors. Section 1.2 focuses on the

contributions we made to improve the spatial resolution and the strain and/or

temperature resolution of distributed Brillouin sensors. Section 1.3 presents the thesis

outline.



1.1 Background and Motivation

In industrialized countries, many public civil structures, such as bridges, dams,

underground power cable, and oil pipelines, are overused, leading to accelerated aging.

For example, more than 150,000 bridges in the United States and over 40% of the

bridges in Canada are over 40 years old. A significant percentage of them are structurally

or functionally deficient, which means that they require costly rehabilitation and

replacement [Lounis 2007]. In order to eliminate the risk of catastrophic structural failure,

determining when the structure needs to be repaired or reinforced is then crucial. Thus, a

new field, known as structural health monitoring (SHM), is currently developing in civil,

mechanical, and aerospace engineering. SHM is able to continually monitor structural

physical properties such as strain, pressure, vibration, and so on. Further, it can be

implemented to identify early signs of potential problems, allowing for prevention of

disasters and repair of the damage.

Distributed fiber optic sensor technology is one of the most promising candidates

among the numerous sensor technologies that are adopted for SHM. This is due to its

inherent fiber optic properties such as light in weight, small in size, non-corrosive, and

the immunity to electromagnetic interference [Kersey 1996, Agrawal 2002, Culshaw

2004, Thévenaz 2006]. Fiber optic sensors can measure the structural physical properties

with a certain spatial resolution at any position along a single optical fiber, and the gauge
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length can be as short as tens of meters over tens-of-kilometer sensing length [Alasaarela

2002]. In applications where monitoring is required at a large number of points or on a

continuum, distributed fiber optic sensors are particularly suitable.

Brillouin scattering can be used to perform distributed sensing in fibers. In

Brillouin scattering, the incident light is backscattered by acoustic phonons in the fiber

and the backscattered light experiences a Doppler frequency shift that is related to the

speed of the acoustic waves in the fiber. The frequency shift depends on the change of

outside physical conditions, such as strain and temperature; therefore, these conditions

can be measured by analyzing the Brillouin loss or gain spectrum of the fiber.

Distributed Brillouin sensors have attracted more and more attention in the past two

decades because of the low input power requirement (a few mW), the high sensitivity to

both strain and temperature, and the large measurement range from -2700C to 8000C for

temperature [Fellay et al. 2001, Li et al. 2003b] and from a few µe to 20,000 µe for strain

[DeMerchant 2000]. A variety of Brillouin sensor configurations have been developed,

which are introduced as follows.

The first kind of distributed sensor based on Brillouin scattering was reported by

Horiguchi and his colleagues [Horiguchi et al. 1989a, Horiguchi et al. 1989b, Horiguchi

et al. 1989c] and it was named Brillouin optical time domain analysis (BOTDA). With

the BOTDA technique, a 30C temperature resolution and a 100m spatial resolution were

demonstrated on a 1.2km long optical fiber by Horiguchi et al. using NTT's (Nippon

Telephone and Telegraphs, Tokyo, Japan) BOTDA system [Kurashima et al. 1990].
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Adopting the Brillouin loss technique rather than the Brillouin gain technique, Bao et al.

further increased the measurement capability of Brillouin sensor to 51km sensing length

with a 5m spatial resolution and a I0C temperature resolution [Bao et al. 1993a, Bao et al.

1993b, Bao et al. 1995].

A second configuration known as the Brillouin optical time domain reflectometer

(BOTDR) was introduced by a research laboratory of NTT in 1992 [Kurashima et al.

1992, Kurashima et al. 1993]. In the BOTDR configuration, the spontaneous Brillouin

scattering light rather than the Brillouin amplification signal was detected. Because the

output signal from the BOTDR sensor was proportional to the intensity of the scattered

light and the local oscillator signal, a high signal-to-noise ratio (SNR) can be achieved.

The BOTDR technique has the advantage of requiring access to only one end of the

sensing fiber; but it has the drawback that the spontaneous Brillouin signal is much

weaker than the amplified Brillouin signal of the BOTDA technique. Further, because

more signals need to be collected to do average to achieve a satisfactory SNR, the

measurement time of the BOTDR sensor is longer than that of the BOTDA sensor.

Niklès et al. at the Metrology Lab (MET-EPFL) of the Swiss Federal Institute of

Technology, Switzerland developed a distributed Brillouin sensor consisting of a single

laser [Niklès, et al. 1994]. In their configuration, the Stokes wave was generated by

diverting part of the pump signal and then modulated by a sinusoidal modulation at the

Brillouin frequency that was applied on electro-optic modulator (EOM). Both pump and

probe were pulsed signals that propagate back and forth through the sensing fiber. The
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pump pulse provided gain to the probe pulse during its forward propagation and

amplified the probe pulse during its way back. The advantage of this configuration is that

only a few optical components are required, only one laser source is needed, and a single

fiber end is accessed. But the cost of this configuration is comparable to that of the

BOTDA sensor with two lasers due to the high power tunable microwave generators for

the EOM.

However, it is hard to achieve a high spatial resolution and a high frequency

resolution simultaneously in distributed Brillouin sensors with either BOTDA or

BOTDR techniques discussed above. Normally, in a distributed Brillouin sensor if the

receiver is fast enough to respond to the launched pulse with duration t , the spatial

resolution ?/ is determined by the optical pulse width t according to ?/ = — r · ? ,

where ? is the light velocity inside the sensing fiber [Horiguchi et al. 1995]. Thus, the

smaller the optical pulse width, the higher the spatial resolution can be achieved. The

strain and/or temperature resolution of a distributed Brillouin sensor is determined by the

frequency resolution, the accuracy of the Brillouin frequency shift. The frequency

resolution is determined by the linewidth and SNR of the measured Brillouin spectrum.

According to Ref [Horiguchi et al. 1995], the Brillouin spectrum is accurately

approximated by a Lorentzian function with a central frequency ?? and a full width at

half maximum (FWHM) ??? . The linewidth and SNR determine the minimum

detectable frequency change according to d?? = —¡- , where SNR is the electrical
yÍ2(SNRY
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signal-to-noise power ratio [Horiguchi et al. 1995]. The minimum detectable changes of

strain (de) and temperature (Ot) are expressed as de = — and d? = — ,
CsuB(0) CtvB(tr)

where uß(0)is the Brillouin frequency without strain, vB(tr)'\s the Brillouin frequency

at reference temperature, tr is the reference temperature, and the proportional

coefficients of strain and temperature are found to be Cs = ?.6µe~?

and C1 =9.4 ? IO"5 K~l for single mode fiber. Thus, the narrower the linewidth of the

Brillouin spectrum and the higher the SNR, the higher is the frequency resolution.

However, there is a tradeoff between the spatial resolution and the frequency resolution

[Horiguchi et al. 1995, Fellay et al. 1997]. The spatial resolution can be improved by

using a short pulse, while a short pulse will give a broad Brillouin spectrum, which

induces poor frequency resolution. Moreover, a short pulse gives weak Brillouin

interaction, resulting in lower SNR. Maximum spatial resolutions of Im are typical in the

Brillouin sensors using BOTDA or BOTDR techniques. Although some progress has

been made toward further improvement of the spatial resolution [Bao et al. 1999, Brown

et al. 1999, Brown et al. 2005, Zou et al. 2005, Koyamada et al. 2007], they have the

shortcomings of inducing gain saturation problem or having poor frequency resolution.

Hence, it is difficult to achieve a high spatial resolution and a high frequency resolution

simultaneously with either BOTDA or BOTDR techniques discussed above. Therefore,

other techniques such as frequency domain analysis and correlation based methods are

introduced.



The distributed fiber optic sensor based on Brillouin optical frequency domain

analysis (BOFDA) was developed to reduce the electrical noise generated at the

detection and amplification stage by Lehrstuhl fur Allgemeine Elektrotechnik und

Elektrooptik (AEEO) at Ruhr-University, Germany [Garus et al. 1996, Garus et al. 1997].

The BOFDA sensor was based on the measurement of a complex baseband transfer

function that relates the amplitudes of counter propagating pump and the Stokes waves

along a fiber length. Because of the averaging effect of the discrete inverse Fourier

transform, the BOFDA sensor has higher SNR and dynamic range than a BOTDA sensor.

However, its measurement time is relatively long, because high spatial resolution and

long sensing range can only be achieved by increasing the frequency sweeping range and

the step size respectively.

The Brillouin optical correlation domain analysis (BOCDA) technique was

introduced to improve the spatial resolution of the distributed Brillouin sensor by Hotate

et al. at the University of Tokyo [Hotate et al. 1999, Hotate et al. 2000, Hotate et al.

2001, Hotate et al. 2002, Hotate et al. 2003]. It used the simultaneously

frequency-modulated lightwaves rather than the pulsed lightwaves to locally excite

stimulated Brillouin scattering (SBS). SBS was generated at a position where the two

lightwaves were highly correlated [Hotate et al. 2002, Song et al. 2006]. Recently, a

Brillouin Optical Correlation Domain Reflectometry (BOCDR) configuration was also

proposed to realize the measurement with only one end access [Mizuno et al. 2008,

Mizuno et al. 2009]. This BOCDA/BOCDR technique can detect dynamic strain and its
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spatial resolution is high (~lcm); however, it has comparatively short sensing range

(hundreds of meters) and long measurement time (over hours). Because there can be only

one correlation peak along the whole sensing fiber in order to obtain the correct spatial

information, the sensing range is limited by the distance between two correlation peaks.

The long measurement time is due to the frequency modulation of both the probe

modulator and the laser source.

In SHM, an excellent sensor is expected to have the strengths of all the above

techniques: good strain and/or temperature measurement accuracy, high spatial

resolution, long sensing length, fast measurement time, and cost effectiveness. However,

none of the existing Brillouin sensors can achieve these goals. Thus, more research is

needed. In this thesis, we will show our study on improving the spatial resolution and

strain and/or temperature resolution in a long length Brillouin sensor.

1.2 Thesis Contributions

In this thesis, we propose and develop BOTDA sensors with offset locking

method, different pulse width pair method, and optical differential parametric

amplification method respectively. BOTDA sensors with high spatial resolution and

high strain and/or temperature resolution are successfully realized by the above

techniques.

Firstly, we propose utilizing offset locking method to lock the beat frequency of
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two DFB lasers and then build a BOTDA system. In this distributed Brillouin sensor

based on offset locking technique, an optical phase locked loop is realized to lock and

tune the beat frequency of the two laser sources. With the optical phase locked loop,

not only the beat frequency but also the phases of the two lasers are locked together.

Thus, a highly coherent Brillouin interaction can be obtained in the offset locking

based Brillouin sensor. Narrow linewidth and high SNR Brillouin spectrum can be

obtained due to the high efficiency of coherent Brillouin interaction. Moreover, a

lock-in amplifier is utilized to stabilize the base of the probe pulse generated by EOM.

This stabilizing process ensures the minimum pulse distortion when the sensing fiber is

tens-of-kilometer long, prevents the probe power variation, and further increases the

SNR. Narrow linewidth and high SNR of the Brillouin spectrum makes the sensing

measurement with high frequency resolution possible. A Im spatial resolution and a

narrow Brillouin spectrum linewidth, which is ~60MHz for 10ns probe pulse and is

less than hundreds of MHz spectrum linewidth obtained in other BOTDA sensors, can

be obtained in this cost effective offset locking based distributed Brillouin sensor,

where only a few optical components are used.

In order to detect small strain and/or temperature changes that occur on a short

length, a Brillouin fiber sensor should have high spatial resolution, narrow spectrum

linewidth, and high SNR. The Im spatial resolution with narrow Brillouin spectrum

linewidth (~60MHz for 10ns probe pulse) and high SNR (37dB) achieved by our offset

locking based Brillouin sensor are much better than those (Im, hundreds of MHz
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linewidth) obtained by other BOTDA sensors [Fellay et al. 1997, Horiguchi et al.

1995]. In our offset locking based BOTDA sensor, phase locking technique is adopted

to lock two lasers, while other BOTDA sensors use frequency locking technique to

lock the two lasers. This Brillouin spectrum linewidth narrowing phenomenon in offset

locking based Brillouin sensor is caused by the phase locking of the laser sources.

Nevertheless, little theoretical work has been done to compare the performance of

distributed Brillouin sensors with phase locking with that with frequency locking. In

this context, we have derived a general model of Brillouin scattering inside an optical

fiber, which introduces a randomly varying phase to account for the laser source phase

locking. The randomly varying phase has a de-correlation time associated with the

inverse laser linewidth of the input optical fields. With this new model, we have

obtained simulation results matching with the experimental results and proved that

narrow Brillouin spectrum can be realized with phase locking technique.

A trade-off exists between the spatial resolution and the frequency resolution in

distributed Brillouin sensors. As stated above, the spatial resolution is determined by the

pulse width, and it can be improved by using a short pulse; however, the short pulse will

give a broad Brillouin spectrum. Furthermore, the shorter pulse gives the weaker

Brillouin signal and subsequently results in a lower SNR. These limitations prohibit us

from obtaining a high spatial resolution and a high frequency resolution simultaneously.

In this thesis, a different pulse width pair (DPP)-BOTDA technique for high spatial and

high frequency resolution sensing proposed by our group will be elaborated. The
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OPP-BOTDA sensor employs two separate long pulses (a few tens of nanoseconds) with

a small pulse-width difference (a few nanoseconds) to map the differential Brillouin gain

spectrum of the sensing fiber, which can be obtained by subtracting the two Brillouin

spectra. The spatial resolution of the DPP-BOTDA sensor is determined by the pulse

width difference of the two separate long pulses. The ultimate spatial and frequency

resolution in the DPP-BOTDA sensor is also investigated experimentally and

theoretically. It is found that in the DPP-BOTDA sensor high spatial resolution, high

frequency resolution along with high SNR can be achieved by utilizing pulse pairs that

have large absolute pulse width, small pulse width difference, and short pulse rise/fall

time.

The DPP-BOTDA technique provides two major advantages over conventional

BOTDA techniques. The first one is the stronger signal intensity and thus the better

SNR because of the differential Brillouin signal detected. The second one is the

simultaneous obtaining of narrow linewidth Brillouin spectrum (a few tens of MHz)

and high spatial resolution (< Im) because of two long pulses used. However, the

DPP-BOTDA sensor has the disadvantage that the measurement time is twice of the

conventional BOTDA sensor. In this thesis, for the first time to the best of our

knowledge, a Brillouin sensor that is based on optical differential parametric

amplification (ODPA) is proposed. In the ODPA-BOTDA sensor, two long pulses with

a small pulse width difference at the Stokes and anti-Stokes frequencies interact

respectively with continuous wave (CW) sensing wave through two
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counter-propagating acoustic waves, and create Brillouin gain and loss at the same

position simultaneously. At the overlapping region of the two long pulses, the gain and

loss can cancel each other out when they are well balanced, which can achieve the

effect similar to that gained by the subtraction process in the DPP-BOTDA sensor.

However, in the ODPA-BOTDA sensor the "subtraction" process is realized in the

optical field via optical differential parametric amplification. This sensor has the same

advantages as the DPP-BOTDA sensor, while the measurement time and noise is

reduced by half due to the one time measurement with respect to the two times needed

in the DPP-BOTDA sensor. In addition, both the DPP-BOTDA sensor and the

ODPA-BOTDA sensor use photodetector to collect the data. While the higher the

signal intensity, the easier the photodetector will get saturated because of its limited

dynamic range. Because the DPP-BOTDA sensor detects the normal Brillouin signal

directly, it will be easier for the photodetector to become saturated with large signal

when the sensing length is long. While in the ODPA-BOTDA sensor, the signals have

been subtracted in the optical field before reaching the photodetector, it is less likely

for the photodetector to become saturated in the ODPA-BOTDA sensor than in the

DPP-BOTDA sensor. With this ODPA technique, high spatial resolution (50cm) and

narrow Brillouin spectrum linewidth (52MHz for 20/ 15ns pulse pair) can be realized

simultaneously.
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1.3 Thesis Outline

This thesis contains seven chapters and is organized as follows.

Chapter 2 presents the physics of the Brillouin scattering. We start from the

nonlinear optical phenomenon, go through the physics of light scattering, and then

discuss the spontaneous Brillouin scattering and the stimulated Brillouin scattering

separately. The polarization and phase effects in Brillouin scattering are also

addressed.

Chapter 3 describes the offset locking based distributed Brillouin sensor. The

configuration of the offset locking based distributed Brillouin sensor and the sensor's

working principle are presented.

Chapter 4 studies the Brillouin spectrum narrowing with the phase locking

method. A theoretical model dealing with optical source phase locking is presented and

the theoretical calculation results are compared with the experimental results.

Chapter 5 focuses on building high spatial and frequency resolution Brillouin

sensor with the different pulse width pair method. The working principle and

experimental results of the DPP-BOTDA sensor are given and the ultimate resolution

of DPP-BOTDA is also discussed.

Chapter 6 proposes a high spatial and frequency resolution Brillouin sensor with

the optical differential parametric amplification method. Not only the working

principle is illustrated, but also a new theoretical model dealing with ODPA-BOTDA
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is derived. Moreover, an ODPA-BOTDA setup has been successfully developed to

achieve high spatial and frequency resolution.

Finally, chapter 7 concludes all the work we have done and suggests some

possible future directions.
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Chapter 2

Physics of Brillouin Scattering

Improving the performance of the distributed Brillouin sensor requires

understanding the physics of the Brillouin scattering. The present chapter is dedicated

to the study of the principles of the Brillouin scattering and to the building of the

foundations of our research. This chapter is organized as follows. Section 2.1

introduces the basics of the nonlinear optical phenomenon. Section 2.2 gives the

physics of the light scattering. Section 2.3 and section 2.4 illustrate the spontaneous

and stimulated Brillouin scattering. Section 2.5 shows the foundations of our research,

the polarization and phase matching effect in Brillouin scattering.

2.1 Nonlinear Optical Phenomenon

Nonlinear optics is the study of the interaction between medium and intense optical

fields. The response of any dielectric medium to light becomes nonlinear for intense

electromagnetic fields and optical fibers are no exception. Nonlinear effects in

dielectrics, such as optical fibers, originate from the aharmonic motion of bound

electrons under the influence of an applied electric field. As a consequence, the total
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polarization P induced by electric dipoles is nonlinearly related with the electric field

E and can be expressed in a more general relation [Agrawal 2007]:

? = e0(?{1)·? + ??2):?? + ?13)\??? + ...) (2.1.1)
Whereto is the vacuum permittivity a????) , which is a tensor of rank j + 1, is

the j"' order susceptibility. The linear susceptibility ?{?) represents the main

contribution to P , whose effects include refraction and birefringence. The second order

susceptibility ?(?) is responsible for nonlinear effects such as second-harmonic

generation and sum-frequency generation. However, ?(2) vanishes for media that has

inversion symmetry at the molecular level, such as optical fiber. Hence, the lowest

order nonlinear effects in optical fiber comes from the third-order

susceptibility ?(?> and it is related with the phenomenon such as third-harmonic

generation, Raman scattering, and Brillouin scattering.

2.2 Light Scattering

When light travels through matter, which may be in the form of solid, liquid or

gas, various scatterings can occur. The scatterings are caused by fluctuations or

excitations of the optical properties of the medium. The polarization vector P that is

used to describe the response of a homogeneous and isotropic dielectric medium to an

electric field E is defined as:
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? = e0?? (2.2.1)

where e0 is the vacuum dielectric constant and ? is the medium susceptibility. The

scattering is evoked by the medium dielectric constant fluctuation ?e , which then

induces a small polarization^ . We can decompose the displacement vector D of the

scattered field into its scattered field Es and input field Ejn as [Ravet 2007]:

DÍ = e0eTt+AeE¿ (2.2.2)

A perturbed wave equation can be applied to describe the scattered wave as the

following:

?'?-Hf^f (2.2.3)y c0 J or or

where C0 is the light velocity in vacuum, ? is the refractive index, and µ0 is the

magnetic permeability of the vacuum.

The scattering phenomenon governed by the third-order susceptibility ?(3) is

elastic when no energy is exchanged between the electromagnetic field and the

dielectric medium. The scattering process is said to be inelastic when the optical field

transfers part of its energy to the nonlinear medium [Agrawal 2007].
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Fig 2.2.1: Spontaneous light scattering (a) Experimental setup (b) Typical observed spectrum [Boyd
2008]

Under the most general condition, the light scattering is a random, statistical

process with scattering over a wide angular direction as shown in Fig. 2.2.1(a). The

frequency spectrum of the scattered light in a particular direction is indicated as in Fig.

2.2.1 (b) [Boyd 2008], which includes Raman, Brillouin, Rayleigh, and Rayleigh-wing

scattering. Those that are shifted to lower frequencies are known as the Stokes
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components and those that are shifted to higher frequencies are known as the

anti-Stokes components. The central peak is called Rayleigh scattering and it originates

from non-propagating density fluctuations and can be referred to as scattering from

entropy fluctuations. Because no frequency shift is induced between the incident field

and scattered field, Rayleigh scattering is known as elastic scattering. Those next to the

central Rayleigh peak are called Brillouin scattering components and they originate

from light interaction with propagating density waves (or acoustic phonons). When the

light is scattered by molecular vibrations, we call it Raman scattering. Raman

scattering can also be described as the scattering of light from optical phonons.

Because of the frequency shift between the incident light field and scattered light field,

both Brillouin and Raman scattering are called inelastic scattering. There is another

scattering that is called Rayleigh-wing scattering. It comes from the fluctuations in the

orientation of anisotropic molecules. For molecules with an isotropic polarizability

tensor, there is no Rayleigh-wing scattering. [Boyd 2008]

The light scattering is known as spontaneous when the optical properties of the

medium do not change. Normally, the spontaneous light scattering happens at low light

intensity level and is caused by the quantum mechanical or thermal fluctuations of the

medium. The light scattering is called stimulated when the optical properties of the

medium are altered. The stimulated light scattering happens at high light intensity and

the material fluctuation is induced by the presence of the incident light itself [Damzen

et al. 2003].
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2.3 Spontaneous Brillouin Scattering

Since light scattering results from fluctuations in the optical properties of a

material medium, at present, we will express the dielectric constant of the medium in

terms of two independent thermodynamic variables: density ? and temperature T

as the following [Boyd 2008]:

Ae =
'de^

QpJr Ap +
'de^
KdTj

AT (2.3.1)

Because density fluctuations affect the dielectric constant more strongly than

temperature fluctuations, the second term of (2.3.1) can usually be ignored [Fabelinskii

1968] and the error is estimated to be of the order of 2%. If we choose the entropy 5

and pressure ? as two independent thermodynamic variables, the variation in density

Ap can be represented as [Boyd 2008]:

Ap = 1'd??
dp\"r J

Ap + \ — I As (2.3.2)

The first term of (2.3.2) is adiabatic density fluctuations and it is the origin of the

Brillouin scattering. The second term of (2.3.2) corresponds to isobaric density

fluctuations and it is the origin of Rayleigh-center scattering. For Brillouin scattering,

the dielectric fluctuation can be written as:

Ae =
\d??t

d?_
5PJs

Ap =
P̂o

r?p)0P;
Ap (2.3.3)
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The electrostrictive constant ?ß is defined as [Boyd 2008]:

Ye
. dP

(2.3.4)
Jo=C'P=Po

where p0 is the average density of the material. The pressure wave (or acoustic wave)

propagation equation is given by [Fabelinskii 1968]:

^_rV2^-u2V> = 0 (2.3.5)dt2 dt

Here ? denotes the velocity of sound and G is a damping parameter.

The phenomenon of Brillouin scattering originates from light interaction with a

propagating pressure wave (or acoustic wave). Next, we will consider how light is

scattered out of a beam by these pressure waves (or acoustic waves). Adopt the general

expression for incident optical field as [Boyd 2008]:

E0(z, t) = E0 e^-^ + ce. (2.3.6)
where k is the wave vector of the incident optical field and ? is its frequency. The

pressure wave (or acoustic wave) is expressed as [Boyd 2008]:

Ap = 4?0ß?(«·"-O') + ce. (2.3.7)
here q is the wave vector of the pressure wave and O is the pressure wave

frequency. The scattered field obeys the driven wave equation [Boyd 2008]:

- n2d2E_ 1 d2 P
c2 dt2 snc2 dt2v2£—T^T =-T^T- C2-3·8)

?1

According to equations (2.2.1), (2.3.1), (2.3.3), the polarization P of the medium can

be written as [Boyd 2008]:
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P{r,t) = e0
\dPj

^ dp} -> ->

Ap(r,t)E0(z,t) = s0yeCsAp(r,t)E0(z,t) (2.3.9)

where Cs is the adiabatic compressibility andxe is the electrostrictive constant defined

in (2.3.4). Substituting equation (2.3.9) and (2.3.7) into equation (2.3.8), after

simplifying, we can get the scattered field wave equation as the following [Boyd 2008]:

W1E?? " dE reCs
2 ?,2cL dt [(a>-ÇiyE0Ap0e*i(k-q).r-i(w-a)t

(2.3.10)
*J(k + qyr-i(m+n)t+(? + Ciy E0 ¿sp'0¿wr-i"",>' +ce]

There are two terms on the right hand side of equation (2.3.10). The first term

leads to Stokes scattering and the second term leads to anti-Stokes scattering. Let us
->

look at the Stokes scattering first. The wave vector k and frequency ? of the Stokes

scattering component are:

k =k-q

? = ? - O

(2.3.11)

(2.3.12)

k and ? are the wave vector and frequency of the incident optical field and they are

related as:

? = (2.3.13)

q and O are the wave vector and frequency of the acoustic wave and they are

related as:

O = 1\ ? (2.3.14)
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k and ? are the wave vector and frequency of the scattered optical field and they

are related as:

? = (2.3.15)

The following Fig. 2.3.1 is an illustration of the Stokes scattering and it demonstrates

the relationship between the wave vector of the acoustic wave and those of the incident

and scattered optical wave [Boyd 2008]. According to Fig. 2.3.1 (b),

¦ Asin(-) (2.3.16)

? is the scattering angle between the incident and Stokes fields, and we assume

. After substituting relation (2.3.13) and (2.3.14) into (2.3.16), we can obtain

the Stokes shift as:

O = 2 . .0, _ ? . ,?.L>sin(—) = 2??— sin(—)
2 e 2

(2.3.17)

It shows that the Stokes frequency shift O is dependent on the scattering angle. The

only relevant directions inside an optical fiber are the forward and backward directions.

Thus, O equals zero for forward scattering and is maximum for backward scattering

( ? = p ). The maximum Stokes shift is:
?

O„0„ -2n— ? (2.3.18)

In optical fiber, the typical Stokes shift is around 1 IGHz for 1550nm lightwave.
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Fig. 2.3.1: Illustration of Stokes scattering [Boyd 2008]

(a)

k'=k + q

(e) k'=k+q
?' = a> + O sound wave

Fig. 2.3.2: Illustration of Anti-Stokes scattering [Boyd 2008]

The anti-Stokes scattering is quite similar to the Stokes scattering. The wave
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vector and frequency of the anti-Stokes component are:

Similar as before, ? = O

k' = k+q (2.3.19)

? = ? + ?? (2.3.20)

?, and ? =-——. As illustrated in Fig. 2.3.2,

because of , the acoustic wave vector can be expressed as:

smy (2.3.21)

Consider the relation (2.3.13) and (2.3.14), we have:

O = 2 . .?. „ ? . ß.usin(—) = 2??— sin(—)
2 e 2

(2.3.22)

d 0.8 r

« 0.6
r>Bmax

12650 12700 12750 12800 12850 12900 12950
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Fig. 2.3.3: A Lorentzian shaped Brillouin spectrum [Yu 2006]
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If we include the exponential decay of the acoustic wave into the above analysis,

we will find that the scattered radiation exhibits a frequency broadening. The line shape

is Lorentzian with the FWHM given by:

d? = 4G' ) = 4«2G—sin2(-
2 CLSm2Q = 4«2r'-^-sin2£) (2.3.23)

Fig. 2.3.3 shows a typical Brillouin spectrum with the maximum gain coefficient

normalized to 1 . The FWHM of this spectrum is around 33MHz, which is a value

broadly quoted in many related literature.

2.4 Stimulated Brillouin Scattering

As described in section 2.2, if the fluctuations in the optical properties of a

material system that cause the light scattering are induced by thermal or quantum

mechanical zero-point effects, the scattering process is said to be spontaneous.

However, if the fluctuations are excited by the presence of the optical field, the

scattering is called stimulated [Boyd 2008]. In spontaneous scattering regime, the

amount of scattering is proportional to the incident intensity. While in the stimulated

scattering regime, an exponential amplification of the scattered light can be expected as

there is very strong interaction between light fields and the material [Damzen et al.

2003]. In previous section, we assume that the incident optical fields are so weak that
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the optical properties of the material system are not altered; and thus the spontaneous

Brillouin scattering results from the density variations that are present in thermal

equilibrium. In this section, we will describe the stimulated Brillouin scattering caused

by induced density variations of a material system under an incident optical field with

sufficient intensity.

Stimulated Brillouin scattering (SBS) was first experimentally observed by

Chiao et al. in 1964 [Chiao et al. 1964]. There are two different physical mechanisms

that account for the density variation of the material, which is the origin of the Brillouin

scattering [Boyd, 2008]. One is électrostriction, which can be understood as the

tendency of materials to become denser in the presence of an electric field. The other

one is optical absorption, that is, the absorption and subsequent thermalization of the

optical energy leading to temperature and hence density variations inside the medium.

Because SBS induced by optical absorption can only occur in lossy optical medium,

here we only focus on the électrostriction induced SBS, which is the normal case in

optical fiber.

The potential energy of a material subject to an electric field with strength E is

given by [Ravet 2007, Boyd 2008]:

U = -s0sE2 (2.4.1)

where e is the dielectric constant of the material and e0 is the permittivity of

vacuum. With the change of the density of the material, the change of the dielectric

constant will be:
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?* =
\dPj

Ap (2.4.2)

As a consequence, the field energy density will change by the amount:

Au = — e??e?2 = — s„E22 o 2 o FJ Ap (2.4.3)

The work done per unit volume which compresses the material is given by:

AV ApAw = Ps, — = -Ps<V ?
(2.4.4)

This work should be equal to the change in energy according to the first law of

thermodynamics. By equating (2.4.3) and (2.4.4), we can find the electrostrictive

pressure as [Ravet 2007, Boyd 2008]:

Ps,
1

"¿eoP
rds^
\dP;

E2=~soYeE2 (2.4.5)

When E denotes an optical field, the electrostrictive pressure should be written as:

psl=--£ore{E'E (2.4.6)

where the angular brackets denote a time average over an optical period. The negative

pressure implies that the total pressure is reduced at high field strength, the material

tends to be compressed at these regions, and the density would be increased. The

change in the density can be written as:

where C = -
P

fdp}
\dPj

Ap = -pCpst

denotes the compressibility.

(2.4.7)

Because ?? = As- S0
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andAe =
'de^

Ap , by combining (2.4.6), (2.4.7), the change of the susceptibility can
\dPj

be given by:

1

?? = ^s20Cy2e [E-E) (2.4.8)

Pump wave ? ^ ? a ?, $ ^ ? ? a ¦% ? ? a ?
y ? ? ? ? ? ViV ? ? ? viV ? ? V ?

! + I
A ? A ? A ? A ? ? ? A A A ? ? ? ? ? .? V V ? V ViV ? V V V ViV VVVVV

Probe wave
?,

Beat signal §^-<^^ Q = V1-V5
r-+ ?' ^F" ^jJF

Electrostriction /->*Acoustic wave ? ; ¦ ? i 2
—?

Fig. 2.4.1: Generation of the acoustic wave [Yu 2006]

The stimulated Brillouin scattering is caused by the density variations induced by

the incident optical fields. Such kind of SBS inside an optical fiber with two input

lightwaves pump and probe is illustrated in Fig. 2.4.1, where pump light with

frequency vL and probe light with frequency vs are counter propagating inside an

optical fiber. The beat frequency of pump and probe equals the frequency O of the

acoustic wave, hence the beat signal from the beating of the pump and probe wave

enhances the thermally generated acoustic wave through the électrostriction effect. The

acoustic wave varies the refractive index along the fiber, thus scatters the pump wave
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through Bragg diffraction, and increases the probe wave. The beating of the pump wave

and probe wave tends to increase the acoustic wave, whereas the beating of the pump

wave and acoustic wave tends to increase the probe wave. As a result, the probe wave

will get amplified and the pump wave will be depleted by such a positive feedback.

The stimulated Brillouin scattering can be considered as the interaction of pump

and probe wave through acoustic wave. The formal theoretical description of the SBS

inside an optical fiber will be given as the following. Assume the pump wave and

acoustic wave are propagating in the positive direction of the fiber and the probe wave

is propagating in the negative direction of the fiber. The total optical field inside the

optical fiber can be represented as:

E(ZJ) = E1(ZJ) + E2(ZJ) (2.4.9)
-> ->

where Ex(zj) = Al(zj)éixZ~'°it) +cc. is the pump wave and
-> ->

E2(zJ) = A2(zJ)e'<-~k-z~c°2') +ce. is the probe wave. The acoustic wave can be described

in terms of the material density distribution:

P(ZJ) = p0 +[p(zj)e^-nt) +ce] (2.4.10)

Here Q = OJ1-Cy2, q = 2kx, and p0 is the mean density of the fiber. The spatial and

temporal evolution of the optical fields can be described by the wave equation [Boyd

2008]:
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ô2 E1 ?2 d2 E1 _ 1 d2 P1
dz2 c2 dt2 snc2 dt2(? (2.4.11)

d¿ E2 n¿ dlE2 _ 1 d¿ P2
dz¿ c¿ dt¿ e0c¿ dt¿

The source terms in the above equation are the nonlinear polarization and they are

given by [Boyd 2008]:

_[ ^ (2.4.12)
P2 = p2 e'«-^-^+ ce.

where /J1 = -2^ /9^4, and p2 = -^-^-p A1. The material density obeys the acoustic
Po " Po

wave equation [Boyd 2008]:

^f-TV2 ^--U2V2? = V -7 (2.4.13)d?2 dt

The source term of the acoustic wave equation is the divergence of the force per unit

volume and it is given by:

V ¦ 7 = e???\? A¡ e'^-^ + ce] (2.4. 14)
for the fields given by (2.4.9). If we substitute (2.4.9), (2.4.12) into (2.4.1 1), introduce

(2.4.10), (2.4.14) into (2.4.13), consider the loss of the material, and make the

slowly-varying amplitude approximation, we can obtain the following equations:
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d A, ? d A, ???a 7 a -?
—L + L = —U—pA2 A1
dz c dt 2ncp0 2

_A +lA = J^p A1-^A2 (2.4.15)dz c dt 2ncp0 2

-2?O-^- + (O2? - O2 - ?O??)? - 2iqu2 -^- = s0/eq2 A1 A2dt dz

where G? = q2T is the Brillouin linewidth and a is the attenuation factor of the

material. Because the phonon propagation distance is very short (<10µ??), — term ofdz

the third equation of (2.4.15) can be neglected. Thus, we can obtain the three wave

coupled equations as the following:

A+IA=J^pA2-SLA1
dz c dt 2ncp0 2

_A+ IA = J^p A1-^A2 (2.4.16)
dz c dt 2ncp0 2

do ~* ~*-2?O— + (O2? -O2 -?O??)? = s0Yeq2 A1 A2dt

The above three wave coupled equations describe completely the interaction between

the pump and probe wave through acoustic wave. In the following chapters, all the

theoretical models we used are derived based on the above three wave coupled

equations.

2.5 Polarization and Phase Matching Effect in Brillouin

Scattering
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As described in section 2.4, the origin of the stimulated Brillouin scattering is the

acoustic wave generated by the beating of the pump and probe waves. Thus, the

interaction is strongly and inherently dependent on the state of polarization (SOP) of the

pump and probe waves. In polarization maintaining (PM) fibers, the gain of the

stimulated Brillouin scattering is the maximum for pump and probe waves with parallel

linear polarization states that are aligned to one of the principal axes of the PM fiber. The

gain equals zero for pump and probe waves with orthogonal linear polarization states

aligned to the principal axes of the PM fiber. The gain is half for pump and probe with

linear polarization states launched to 45° of the principal axis of the PM fiber. In a single

mode optical fiber, the situation is more complicated due to the residual fluctuating

birefringence [Deventer et al. 1994, Thévenaz et al. 2008]. At one point along the single

mode fiber, the Brillouin interaction is most efficient when the electric fields of the pump

and signal are aligned, for example, their vectors trace parallel ellipses and are in the

same sense of rotation. Conversely, if the two ellipses are again similar, but traced in

opposite senses of rotation, with their long axes being orthogonal to each other, the

Brillouin interaction at that point averages to zero over an optical period that is defined

as the time when lightwave propagates through one wavelength. As the pump and probe

waves counter-propagate along the fiber, residual birefringence of the fiber changes the

states of polarization of both the pump and probe waves in a random fashion, it is

impossible for the counter propagating pump and probe waves to have both the same

polarization ellipse and the same sense of rotation along the entire fiber. Thus, the
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Brillouin gain is fluctuating because of such polarization change. Consequently, in the

presence of birefringence, the overall signal gain depends on the biréfringent properties

of the fiber and on the input states of polarization of both pump and probe signal.

[Agrawal 2007, Walker et al. 2008, Zadok et al. 2008].

However, most previous work related to the polarization properties of the

Brillouin interaction was restricted to CW signals [Deventer et al. 1994, Zadok et al.

2008, Galtarossa et al. 2008]. The work with pulse signals has so far been poorly

exploited, especially for optical pulses whose durations are shorter than the phonon

relaxation time (~10ns). In single mode fiber, as long as the pulse width is larger than

or comparable to the light propagating time through the characteristic beat length of the

fiber, which is typically from several meters to tens of meters, it is possible to

maximize the Brillouin signal everywhere due to the average effect of different SOPs

of the pump and probe waves. However, for pulse whose width is shorter than the

characteristic beat length of the fiber, there is no such average effect because the

Brillouin interaction length of the pump and probe waves is even shorter than the SOPs

evolution length of the pump and probe waves. In the PM fiber, the situation is

different from that in the single mode fiber. Because the characteristic beat length of

the PM fiber is normally a few centimeters, when an optical field propagates in a PM

fiber, its SOP changes very fast. The CW or the broad pulse wave has a narrow spectral

linewidth that corresponds to a few frequency components; while the pulsed signal,

especially narrow (l-2ns) pulse, has a broad spectral linewidth that corresponds to
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more frequency components than the CW or the broad pulse wave. Each frequency

component inside the linewidth represents a different SOP. The SOP evolution for

different frequency components in the PM fiber is different. Because the Brillouin

interaction is dependent on the SOPs of the two light waves, the Brillouin interaction

with CW or broad pulse is different from the Brillouin interaction with short pulse.

Because in the distributed Brillouin sensor with high spatial resolution, short pulsed

signals are widely adopted, it is worth to study the SBS attributes with short pulsed

signals.

Ji Probe pulse

£)GQ<PC ^^circulator
PMF

CW pump
·*

____QQO
PC

detector (a)
Detected signal

Fig. 2.5.1: Schematic diagram of Brilloun scattering with double probe pulses (PC: polarization
controller, PMF: polarization maintaining fiber, CW: continuous wave).

Some experiments were performed to address the relationship between the

Brillouin gain spectrum and the SOPs of the optical pulses whose duration were even

shorter than the phonon relaxation time (~10ns) inside an optical fiber. As shown in Fig.

2.5.1, a PM fiber was chosen as the testing fiber. Two probe pulses were sent to one
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side of the PM fiber and the CW pump was sent to the other side of the PM fiber. The

pulse widths / of the two probe pulses were 2ns and the separation T of the two

pulses was 1.5ns, which was less than the pulse widths of the two probe pulses.

Different SOP combinations of the two probe pulses were adopted and the measured

Brillouin spectra for different cases are shown in the following Fig. 2.5.2. When the

SOPs of the two probe pulses are the same and the SOP of the pump and the SOPs of

the probe pulses are all aligned to one of the principal axes of the PM fiber, the

Brillouin gain is the maximum among all the cases as in Fig. 2.5.2 case (a). When the

SOPs of the two probe pulses are the same and are aligned to one of the principal axes

of the PM fiber while the SOP of the CW pump is not aligned to any principal axes of

the PM fiber, the Brillouin gain spectrum is shown in case (b). The Brillouin gain in

case (b) is smaller than that in case (a). Comparing Fig. 2.5.2 case (a) with Fig. 2.5.2

case (b), it is found that although the Brillouin gain decreases for un-parallel SOPs

between the pump and the probe, the profile of the Brillouin spectrum in case (a) is

similar to the Brillouin spectrum in case (b). When the SOPs of the two probe pulses

are orthogonal and are not aligned to the same principal axis of the PM fiber as the

pump wave, the measured Brillouin spectrum is given in Fig. 2.5.2 case (c) and is very

noisy.

36



0.030 H case (a)
case (b)
case (cj0.025

= 0.020

0.015

o 0.010

0.005 -i

0.000

10950 11000 11050

Frequency (MHz)

t ' G
11100 11150

Fig. 2.5.2: Brillouin spectra for double pulse width different SOP, pulse width t=2ns, pulse separation
T=I.5ns.

Case (a) the SOPs of two pulses were the same and aligned with the SOP of the pump wave,
Case (b) the SOPs of two pulses were the same and not aligned with the SOP of the pump wave,
Case (c) the SOP of two pulses were orthogonal and not aligned with the SOP of the pump wave

The SOPs of the pump and probe waves are aligned to the same principal axis of

the PM fiber in neither Fig. 2.5.2 case (b) nor Fig. 2.5.2 case (c); however, the Brillouin

spectrum in (b) is very smooth while the Brillouin spectrum in (c) is very noisy. The

difference between Fig. 2.5.2 case (b) and Fig. 2.5.2 case (c) is related to the SOPs of

the two probe pulses and the phonon fields they generated. Due to the very short

separation, which is even shorter than the phonon lifetime, between the two probe

pulses, when the second probe pulse interact with the pump wave, the phonon field

generated by the interaction between the first probe pulse and the pump wave has not

been totally attenuated and the phonon field generated by the first probe pulse will be
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interfered by the phonon field generated by the second probe pulse. When the SOPs of

the two probe pulses are the same, as in case (b), the phonon fields generated by the

two probe pulses also has the same phase relation when they interact with the CW

pump and these two phonon fields can be added together coherently. When the SOPs of

the two probe pulses are orthogonal, as in case (c), the phonon field generated by the

first probe pulse and the phonon field generated by the second probe pulse will also

have orthogonal phase relation when they interact with CW pump. The orthogonal

phase relation implies that the first phonon field is not in phase with the second phonon

field and the Brillouin interaction that involves the first phonon field will be interfered

by the Brillouin interaction that involves the second phonon field due to the phase

mismatch between these two phonon fields. Thus, the measured Brillouin spectrum by

those two probe pulses is very noisy. Furthermore, this time domain interference of the

Brillouin interaction between the first phonon field and the second phonon field is

related with the time separation between the two probe pulses. If the time separation

between the two probe pulses is much greater than the phonon lifetime, there would not

be any interference between the two phonon fields because the phonon field generated

by the first probe pulse has been attenuated completely before the appearance of the

phonon field generated by the second probe pulse. Thus, the Brillouin spectrum is very

smooth. The smaller the pulse separation, the severer the interference between the

Brillouin interaction involving the first pulse and the Brillouin interaction involving the

second pulse is. Table 2.5.1 proves the above statement. As shown in Table 2.5.1, the
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SNR of the Brillouin spectrum increases from 17dB to 26dB when the separation

between the two consecutive probe pulses increases from 1.5ns to 20ns.

Table 2.5.1 : The SNR of the Brillouin spectrum for double pulse with different separation, pulse width
t=2ns, the SOPs of the two pulses are orthogonal.

Separation (ns) SNR (dB)

Case (a) 1.5 17

Case (b) 4 20

Case(c) 20 26

Based on the above investigation, it is found that the relationship between the

SOPs of the pump and probe waves and the Brillouin spectrum is actually related to the

disturbance caused by the generated phonon field. In order to get efficient Brillouin

scattering, all the phonon fields generated by the probe and pump waves must have the

same SOPs in order to keep all the phonon fields being phase matched together; thus,

the time domain disturbance of the phonon field could be avoided.

2.6 Conclusion

In conclusion, nonlinear optics studies the interaction between medium and
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intense optical fields. When light travels through matter, various scatterings, which are

caused by fluctuations or excitations of the optical properties of the medium, can occur.

The spontaneous Brillouin scattering arises from the interaction between a light wave

and an acoustic wave. The acoustic wave can be considered as a propagating grating

that diffracts the incident wave and induces the periodic variation of the material

density and consequently the refractive index change. The diffracted wave experiences

a frequency shift with an amount proportional to the acoustic velocity inside the

material due to the Doppler Effect. The stimulated Brillouin scattering arises from the

électrostriction caused by the incident optical fields. When two counter-propagating

lightwaves are present inside the fiber, the beat of these two waves can induce the

density and refractive index variation caused by électrostriction. The acoustic wave

inside the fiber is enhanced when the beat frequency of the two lightwaves matches

with the frequency of the acoustic wave. The scattered Stokes wave can be increased

by the enhanced acoustic wave. The positive feedback between the acoustic wave and

scattered Stokes wave leads to Stimulated Brillouin scattering. Since SBS originated

from the mixing of the two lightwaves, the efficiency of this effect is polarization

dependent.
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Chapter 3

Distributed Brillouin Sensor Based on Offset Locking
of Two DFB Lasers

As described in Chapter 1, the application of optical fiber sensors has attracted

much attention in recent years due to the need for health monitoring of civil structures.

Different types of distributed fiber sensor have been developed for temperature and

strain monitoring over tens-of-kilometer long fiber [Kurashima et al. 1990, Bao et al.

1993a, Bao et al. 1993b, Niklès et al. 1996]. Based on the stimulated Brillouin

scattering phenomenon, counter-propagating pump and probe lasers were used to

measure the Brillouin gain [Kurashima et al. 1990] or loss spectrum [Bao et al. 1993].

The temperature or strain could then be determined by measuring the Brillouin

frequency shift that is linearly related to the temperature or the strain applied to the

fiber [Kurashima et al. 1990, Bao et al 1993a, Bao et al. 1993b, Niklès et al. 1996].

This made it possible to monitor large structures, such as dam, bridge, and pipeline,

with sub-meter spatial resolution using highly frequency-stabilized lasers [Brown et al.

1999, Bao et al. 2001]. However, for the development and the application of a cost

effective distributed Brillouin sensor, the need of one or two highly stabilized laser

sources with large tuning range and fast tuning ability is still a major limiting factor. In
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order to solve this problem, several schemes have already been proposed as follows.

Ultra fast EOMs were used to produce the frequency shift from a single laser

source [Niklès et al. 1996, Izumita et al. 1996]. Although this approach only used a

single laser source, the cost of the microwave generator, power amplifier, and special

optical modulator increased the overall cost of the system. The approach in Ref

[Brown et al. 1999, DeMerchant 2000] involved a frequency counter to lock and tune

the beat frequency of two stabilized lasers (Nd-YAG lasers). Because of the frequency

counter and two stabilized lasers used, the system cost was comparable to that in Ref

[Niklès et al. 1996, Izumita et al. 1996]. Recently, a new technique that used laser

injection locking, which required the carrier laser (so called slave laser) frequency to

be locked on one of the master laser side modes, was proposed [Thévenaz et al. 2004]

for the distributed Brillouin sensor system. The spatial resolution of the distributed

Brillouin sensor based on injection locking technique was on the order of meters,

which was limited by the phonon lifetime. Although the injection locking method was

simple and did not need highly frequency stabilized lasers, it had the disadvantage of

requiring that the locked frequency be equal to one of the master laser side modes,

which limited the frequency locking range. Moreover, in order to map out the Brillouin

spectrum, the tuning of the laser frequency in the injection-locking configuration was

through changing the microwave generator frequency that applied to the slave laser.

Care must be taken to ensure that the frequency scan range did not exceed the locking

range, which limited the tuning range. In addition, the change of the tuning frequency
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had an impact on the laser (slave) power stability. Also, a power change of the master

laser would affect the master laser side modes and had a direct effect on the slave laser,

and it took time for the slave laser to re-establish the stabilized frequency condition

after each tuning step, limiting the tuning speed and sensing time. This same principle

is also applicable to the highly stabilized laser frequency tuning that is achieved inside

the laser cavity. The frequency tuning speed of the highly stabilized laser sets the

minimum time for the stabilization and frequency sweeping of the distributed sensor

system.

In this chapter, we will describe an offset locking based distributed Brillouin

sensor that adopts a different technique to lock and tune the frequency [Li et al. 2008b].

The frequency stabilization technique, that made use of laser heterodyne source and

optical delay line, was used to stabilize the frequency of millimeter-wave sub carrier

that was adopted as the basis for the implementation of a fiber-radio system [Doi et al.

2001]. We found that the characteristics of this offset locking technique for two DFB

lasers could meet the requirements of a Brillouin based distributed sensor system that

should have wide tuning range, less than 1 MHz frequency fluctuation, and millisecond

or less response time. Moreover, the frequency tuning was achieved externally from

the lasers; hence the tuning did not affect the laser power output and the tuning and

signal processing time were shorter than that of the sensors that achieved the frequency

tuning inside the laser cavity. Furthermore, in order to make the sensor system simple

and cost effective, a hardware proportional-integral-derivative (PID) controller
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[Astrom 1995] was used to lock the beat frequency that made the tuning of the laser

frequency much faster (µe), while Doi et al. used a software control method with

milliseconds response [Doi et al. 2001]. We then implemented the offset locking

technique with a hardware controller in a Brillouin sensor system rather than the

software control method in Ref [Doi et al. 2001]. A fast measurement time of a few

minutes over frequency sweeping range of >1 GHz at frequency step of 1-2 MHz has

been achieved. With offset locking technique, the phase of the pump and probe waves

are locked together and the acoustic wave that originates from the beating of the pump

and probe waves is also in phase with the pump and the probe waves. When the pump,

probe, and acoustic waves are all in phase, they generate coherent Brillouin scattering

with maximum Brillouin gain within the linewidth of the natural Brillouin spectrum

through the optical field adding; while outside the linewidth of the natural Brillouin

spectrum, the Brillouin amplification is much weaker because the phase and frequency

matching conditions between the pump and probe waves are not both fulfilled due to

the limited phase locking bandwidth. As a result, narrow linewidth and high SNR

Brillouin spectrum can be obtained due to the coherent Brillouin interaction. Moreover,

a lock-in amplifier was adopted to stabilize the base of the probe pulse generated by

EOM, which ensured the minimum pulse distortion for sensing lengths of kilometers,

prevented probe power variation, and further increased the SNR.

This chapter is organized as the following. Section 3.1 describes the working

principle and the setup of the offset locking based distributed Brillouin sensor, and
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especially focuses on the offset locking sub-system and EOM bias stabilization

sub-system. Section 3.2 presents the sensor performance.

3.1 Sensor Development
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Fig. 3.1.1: Experimental setup.
C: coupler (1-2: 95/5, 3: 50/50, 4: 99/1), D: detector,

EOM: electro-optical modulator, PC: polarization controller,
PS: polarization scrambler, DAS: data acquisition system.

The offset locking based distributed Brillouin sensor setup is shown in Fig. 3.1.1.

The light sources are two DFB lasers operating at 1550 nm and the beat frequency is

locked using the offset locking method. One of the DFB lasers launches a CW pump

beam, while the other DFB laser is modulated by an EOM to produce an optical pulse

that works as the probe beam. By tuning the frequency difference between the pump
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and probe beams, the depletion in the pump power via the Brillouin loss process can be

monitored using an alternating current (AC) coupled photo detector over a range of

beat frequencies to measure the Brillouin spectra. The AC detector is required to

remove the large direct current (DC) offset of CW power.

In section 3.1.1 and section 3.1.2, the working principle of the offset locking

sub-system and EOM bias stabilization sub-system will be described separately. These

two sub-systems are two crucial parts in realizing high sensing performance.

3.1.1 Offset Locking Sub-system Description
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Fig. 3.1.2: Offset locking sub-system
C: coupler (1-2: 95/5, 3: 50/50), D: detector.

DFB lasers have broad bandwidth and large frequency fluctuations because of

the very short photon lifetime in semiconductor laser resonators, a few picoseconds
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compared with the conventional laser's tens of nanoseconds photon lifetime. Hence,

the beat frequency of two DFB lasers cannot be locked using a frequency counter. In

our distributed Brillouin sensor, the locking of the beat frequency is realized by offset

locking the DFB lasers at various frequencies. The offset locking sub-system is shown

in the Fig 3.1.2. Part of the output of the DFB lasers are first combined together and

then split into two paths, one of which contains an optical delay line that is used to

change the phase difference between the two paths. In the path that has no optical delay,

the optical field can be written as:

X = E01 COs(^1? + ^01) + E02 cos(<y2i + f02) (3. 1 .1)

where E01 and E02 are the optical amplitude of the two lasers, cox and ?2 are the

optical frequencies of the two lasers, f?? and f02 are the optical phases of the two

lasers. In the path that contains an optical delay line, the optical field can be written as:

Y = E01 cos(ty/ + f?? - CO1At) + E02 cos(<y2/ + f02 - co2At) (3. 1 .2)

At is the time delay of the two paths. The optical signals of the two paths are

converted to electrical signals by two photodiodes. The converted electrical signal can

be considered as the following:

?1 ^-^oi +-K +Vo2 cos[(û\ -?2)? + (f01 -f02)] (3.1.3)

Y2 ce - E20ì +-E¡2 + E01E02 COSt(^1 - ?2 )t + (f?? - f02 ) - (?, - ?2 )?/] (3 . 1 .4)

And then the converted signals are combined by a mixer, which is used as a phase

comparator. The output signal from the mixer is given by:

47



1
V oc -Eq1Eq2 COSf(OJ1 - CO2)At] (3.1.5)

It is a DC signal that is proportional to cos(QAi) , where O = (O1 - ?2 . This DC signal

can then be fed back to a PID controller circuit to lock the phase difference of O??

between the two DFB lasers, as shown in the following Fig.3.1.3. The set point of the

PID controller can be chosen at one of the zero crossing. Then, the difference between

the measured phase difference and the set point is sent to the PID controller. The

output from the PID controller is used to adjust the frequency of one of the DFB lasers

via a current controller, in order to make O?? constant.

The locking and tuning of the beat frequency of the two lasers can be fulfilled as

follows: 1) when delay time At is fixed, the phase difference O?? can be locked by the

PID controller at a specific beat frequency O of the two DFB lasers; 2) For a new beai

frequency O, ihe phase difference O?? will be locked through PID via new ??.

Response of cos (O??)

*> O

Use PID controller
to lock to one of the
zero crossing

Fig. 3.1.3: Response curve of cos (QAt) vs. O at the output of mixer.
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3.1.2 EOM Bias Stabilization

The spatial information of the temperature or strain change is obtained by

sending a probe pulse produced by an EOM to the testing fiber. The output pulse from

the EOM always contains a DC base that is beneficial for short fiber length and

centimeter resolution in reducing the Brillouin spectrum linewidth for better

measurement accuracy through coherently adding the interaction between the DC base

and the pump wave to the interaction between the pulse and the pump wave [Afshar

2003, Lecoeuche 1999]. While this DC base is harmful for long sensing length and

meter spatial resolution in inducing the prolonged phonon lifetime and gain saturation

problem [Bao et al. 2006]. Moreover, a critical problem with the EOM pulsing system

is that the DC base does not stay constant but slowly drifts during the measurement

time due to the charging effects or the variations in the temperature, wavelength,

optical power, and polarization, even with a stabilized bias voltage [Jungerman et al.

1990, Li et al. 2003a]. The drifting DC base of the EOM induces pulse energy

fluctuation and distorted Brillouin spectrum with reduced SNR and high measurement

error.

In order to avoid this problem, in our distributed Brillouin sensor the EOM bias

is locked at the minimum DC level by a lock-in amplifier [Meade 1983] as shown in

Fig.3.1.1. The output DC voltage from the lock-in amplifier is proportional to the

amplitude of the input signal and also depends on the phase difference between the
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input signal and the reference signal from the lock-in amplifier. The output DC voltage

and the reference signal from the lock-in amplifier that provides a small modulation on

top of the optical pulse are fed into the bias port of the EOM along with the EOM bias

power supply. Once the DC base of the optical pulse drifts away, the modulation

amplitude will grow larger. The phase of the reference signal is set in such a way that a

positive drift of the DC base will produce a negative output from the lock-in amplifier

and vice versa. Thus, the drift is corrected by the output of the lock-in amplifier. This

EOM bias locking method maintains the highest extinction ratio of the probe pulse,

minimizes Brillouin gain saturation over long sensing fiber, and provides constant

SNR. It should be noted that although the lock-in amplifier method is only capable of

locking the pulse base to the minimum of the EOM transfer curve, the minimum pulse

base level can be effectively increased by increasing the reference modulation

amplitude. However, the increase of the pulse base level is accompanied by a

significant increase in the measurement noise of the distributed Brillouin sensor

because more noises are added to the probe pulse by increasing the reference

modulation amplitude.

3.2 Sensor Performance

The experimental results shown in this section prove the effectiveness of offset

locking technique in the distributed Brillouin sensor system. The beat signal could be
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stabilized at a frequency of 10880.8 MHz for tens of minutes, which was much longer

than the data acquisition time. The shift of this beat frequency was less than 250 kHz

with a standard deviation of 50 kHz, which was much smaller than an unlocked

frequency fluctuation that was tens of MHz. The following Fig.3.2.1 shows the

relationship between the beat frequency and the optical time delay. The beat frequency

tuning range is ~1 GHz and is limited by the delay time of the optical delay line.

11500
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Fig. 3.2.1: Relationship between beat frequency and optical time delay.
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The Brillouin spectra were measured using an optical pulse of 10 ns, which

corresponds to a spatial resolution of Im. As shown in Fig. 3.2.2. the pump power was

set at 9 dBm in order to get an SNR better than 32 dB, which meant that the frequency

uncertainty was 0.6 MHz that was equivalent to 0.5 0C temperature resolution. Further

increase of the optical power would reduce the temperature or strain resolution due to

the Brillouin gain saturation, as the pulse would be contaminated along the sensing

fiber due to the distorted Brillouin spectrum [Bao et al. 2006]. To compensate the

distortion, the location correlation method must be used to fit the Brillouin spectrum at

each location to recover the Brillouin spectrum.
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Table. 3.2.1 : Central frequency, FWHM and SNR of Brillouin spectrum along the fiber with and without
using lock-in amplifier

Extinction
Lock Central frequency of FWHM of Brillouin SNR of Brillouin Ratio(electrical) of pulse

In Brillouin spectrum spectrum spectrum
Amplifier (MHz) (MHz) (dB)

off 10878.70±4.65 58.9916.22 31.82+3.60 35.30+0.61

on 10878.80+2.35 59.55 + 2.25 26.64+4.63 35.80+0.06

The improvement of the EOM bias locking is shown in Table 3.2.1. Apparently

the increased SNR leads to less variation of the Brillouin frequency and the FWHM of

Brillouin spectra along the fiber, which indicates higher temperature or strain accuracy.

The following Fig.3.2.3 shows how the peak frequency of the Brillouin spectrum

changes with local temperature. The solid circles show the spectrum of the fiber at

room temperature (23 0C) while the blank circles represent the spectrum of Im sensing

fiber immersed in ice-water (0 0C). The solid and dashed lines are the results of data

reconstruction [Ravet et al. 2006]. It is found that the central frequency shifts by 27

MHz in ice water, which corresponds to the temperature change of 23 0C. The

spectrum has no distortion and fits well with a Lorentzian shape.
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Fig. 3.2.3: The shift of the Brillouin spectrum when environmental temperature changes.
Experimental 1 and Reconstruction 1 : T=23 °C
Experimental 2 and Reconstruction 2: T=O °C

3.3 Conclusion

In conclusion, our distributed Brillouin sensor with offset locking technique has

the following characteristics. Firstly, the offset locking technique provides three

advantages for the distributed Brillouin sensors: 1) it changes the beat frequency

through slightly changing the laser current by 10"5A that is correspondent to 0.03% of

the DFB laser's driving current; the tiny laser current change has no impact on the laser

mode stability and has very low intensity fluctuation; 2) the beat frequency of the two

lasers can be locked to any value in a wide range at high speed through simply

adjusting the external optical delay line with minimum disturbance to the laser cavity,
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which has no impact on laser frequency and power stability, and the frequency tuning

can be done in micro-seconds that is limited by electronics; while in stabilized laser

systems, the fast tuning is provided by the piezoelectric transducer (PZT) for <100

MHz range and the large frequency tuning is provided by thermal tuning, which makes

the whole frequency tuning process last tens of minutes; 3) it can lock the phase

difference between two lasers [Bao et al. 2005] well enough to gain coherent Brillouin

interaction between the pump and probe beams. Hence, the linewidth of the Brillouin

spectrum for a 10 ns pulse is less than 60 MHz for a pulse extinction ratio of -30 dB.

Secondly, because of the bias drift of the EOM, a lock-in amplifier is used to lock the

DC level of the optical pulse at the minimum level. This locking process ensures the

minimum pulse distortion for kilometers long sensing length, which prevents probe

power variation, increases the SNR, and decreases the variation of the Brillouin

frequency shift and the FWHM of Brillouin spectra along the fiber by half. Thirdly, in

order to minimize the Brillouin spectrum distortion at kilometers-long fiber length, the

pump power must be limited to below 10 mW to avoid Brillouin gain saturation. This

allows us to achieve over 32 dB SNR for 10 ns pulses over 2-km-long fiber; and the

Brillouin frequency measurement accuracy is 0.6 MHz, which is equivalent to 0.5 0C

temperature resolution or 8 µe strain resolution. Finally, to reduce the polarization

dependence of the Brillouin gain spectrum, a polarization scrambling rate of 12.5 kHz

is used.

The offset locking based distributed Brillouin sensor with cheap and widely
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adopted devices described in this chapter presents a simple frequency locking method,

large tuning range, high SNR, and fast tuning speed. The spatial resolution obtained

with this system so far is 1 m with 0.50C temperature resolution. The offset locking

technique is therefore promising for the future development of distributed Brillouin

sensors.
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Chapter 4

High Spatial and Frequency Resolution Brillouin
Sensor with Phase Locking Technique

As introduced in chapter 1, the strain and temperature measurement accuracy of

the Brillouin sensor is limited by the linewidth and SNR of the Brillouin spectrum that

determine the frequency resolution [Horiguchi et al. 1995]. The linewidth of the

Brillouin spectrum in the distributed Brillouin sensor with the BOTDA technique is

affected by the extinction ratio (ER) [Lecoeuche et al. 2000, Zou et al. 2005] and

duration of the optical pulse wave [Bao et al. 1999, Smith et al. 1999, Bao et al. 2006].

As the pulse duration is reduced and the pulse spectrum becomes comparable to or

greater than the linewidth of the natural Brillouin spectrum, the Brillouin gain

decreases and the resultant Brillouin spectrum is a convolution of the pulse spectrum

with the natural Brillouin spectrum [Smith et al. 1999]; thus, the linewidth of the

Brillouin spectrum is increased. The desired Brillouin spectrum should be as narrow as

possible for better frequency resolution, which means long duration pulse should be

used. However, to obtain a spatial resolution on the order of centimeters, the pulse

duration should be a few nanoseconds, which means the linewidth of the resultant

Brillouin spectrum will be hundreds of MHz. Based on the theoretical calculation
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results in Ref [Lecoeuche et al. 2000] and the experimental results in Ref [Zou et al.

2005], by increasing the DC base of the pulse, the acoustic wave created by the short

pulses can be the same order of magnitude as the steady state acoustic wave created by

the DC base, provided that the ER is less than 20 dB and the fiber length is from

hundreds of metres to kilometres. Eventually, the linewidth of the Brillouin spectrum

in the pulse-CW interaction is comparable to that of the steady-state interaction.

Furthermore, when the ER is 20 dB for 8-10 ns pulse, the linewidth of the Brillouin

spectrum increases to 80 MHz or more [Lecoeuche et al. 2000], which is much broader

than the linewidth (35 MHz) of the natural Brillouin spectrum. Thus, with ER above 20

dB, the linewidth of the Brillouin spectrum will be above 100 MHz for pulses having a

few nanoseconds duration.

The distributed Brillouin sensor described in chapter 3 uses offset locking

technique to lock and tune the beat frequency of the two DFB lasers. The linewidth of

the measured Brillouin spectrum in offset locking system for 10ns probe pulse with

more than 2OdB ER is around 60MHz. Normally the linewidth of the Brillouin

spectrum for 10ns pulse with greater than 2OdB ER is greater than 100MHz as

described above [Lecoeuche et al. 2000]. The narrow Brillouin spectrum obtained in

offset locking Brillouin sensor is caused by the phase locking of the light sources,

which will be elaborated in detail in this chapter. In section 4.1, the laser source phase

locking and frequency locking techniques will be described and the difference between

the two locking method will be explained. In section 4.2, the spectral narrowing
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phenomenon due to the phase locking of pump and probe waves is analyzed by

incorporating a randomly varying phase for the input optical fields using three-wave

coupled wave equations. The randomly varying phase has a de-correlation time

associated with the inverse laser linewidth, and the narrowed linewidth corresponds to

negligible phase noise. In section 4.3, the distributed Brillouin sensor with phase

locking technique will be compared with the system with only frequency locking

technique. Moreover, the characteristics of light sources' phase locking technique will

be discussed in this section.

4.1 Phase Locking vs. Frequency Locking

In order to compare the impacts of laser source phase locking and laser source

frequency locking on the performance of distributed Brillouin sensors, the phase

locking and frequency locking techniques will be described and the difference between

the two locking methods will be explained.

In the distributed Brillouin sensor with two laser sources, to get efficient

Brillouin interaction and high signal intensity, the beat frequency of the two laser

sources should match with the resonant Brillouin frequency of the fiber. The beat

signal of the two laser sources can be written as:

E = Acos(o)bej + <pbeat) (4.1.1)
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In equation (4.1.1), if only cobeat is locked while <pbeal drifts, it is called laser source

frequency locking. If both a>beal and <pbea, are locked, then it is called laser source

phase locking because the phase term is locked. A phase locked loop is normally

adopted to lock the phase term of the beat signal. In a phase locked loop, the phase

difference between two laser sources are first detected by a phase detector, and then a

feedback circuit is used to synchronously correct the phase drift of the beat signal.

While in the frequency locking technique such as the injection locking, usually, the

frequency of one laser source is forced to follow the frequency drift of the other laser

source simply by adjusting the driving current or the length of the laser cavity, there is

no feedback loop to synchronously correct the phase drift of the beat signal.

The difference between the impacts of the laser source phase locking and those

of the laser source frequency locking on the efficiency of the Brillouin scattering will

be illustrated in the following. In the laser source phase locking, such as that used in

the offset locking based distributed Brillouin sensor described in chapter 3, firstly, the

lightwaves from two laser sources were combined together to achieve the beat signal

of the two laser sources; then, a phase comparator was adopted to detect the phase

difference of these two lightwaves; after that, a PID feedback circuit was used to

synchronously correct the drift of this phase difference by adjusting the current source

of one of the laser sources. In other words, in the phase locking technique, the

frequency difference between the two laser sources was converted to phase difference

between the two laser sources by using a phase detector and a phase locked loop was
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adopted to lock this phase difference. Once this phase difference was locked, both the

frequency difference and the phase difference of the two laser sources were constant

and the Brillouin interaction between these two laser sources was highly coherent. The

highly coherent Brillouin scattering ensured that the Brillouin spectrum had high gain

and narrow linewidth. While in the laser source frequency locking, such as that used in

the injection locking based distributed Brillouin sensor [Thévenaz et al. 2004], there

was no phase detector to convert the frequency difference between the two laser

sources to the phase difference between the two laser sources. The frequency

difference was measured and locked directly. The slave laser's resonator was disturbed

by the master laser's resonator at a nearby frequency. When the coupling was strong

enough by injecting carrier from the master laser to the slave laser, the resonator of the

slave laser could capture the resonator of the master laser, causing the slave laser to

have essentially identical frequency as the master laser. However, there was no

connection between the phase of the master laser and the phase of the slave laser.

Hence, although the frequency difference of the master laser and slave laser was

constant, the phase difference of these two laser sources that was caused by the

fluctuation of the carrier density inside the gain medium drift all the time and the two

laser sources were not in phase. Because of the random phase noise of the two laser

sources, the Brillouin interaction between these two laser sources was not coherent and

the Brillouin spectrum obtained with laser source frequency locking had broad

linewidth.
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In next section, the difference between laser source phase locking and frequency

locking and their impacts on the distributed Brillouin sensor will be studied through

performing a numerical simulation based on an improved three wave coupled

equations.

4.2 Theoretical Model and Numerical Simulation

The theoretical model used to simulate the Brillouin scattering in the sensing

fiber is based on the following three-wave coupled wave equations with the

slowly-varying amplitude approximation for the pump, probe, and acoustic waves

[Agrawal 2007]:

(—--—)£ = Ig1QEs +-aEp (4.2.1)dz cdt p 2 p y }

4- + -¿)£s = -iglQ'Ep - LaE1 (4.2.2)oz c Ot 2

(^ + T)Q = -ig2EpE's (4.2.3)ot

where Ep,Es, and Q denote the fields of the CW pump, pulsed Stokes, and acoustic

wave respectively, g, and g2 represent the photon-phonon coupling coefficients,

a is the attenuation factor of the fiber, G = G, + /T2 with T1 = representing

the damping rate with phonon lifetime, tph -10 ns for silica fiber, and T2 denotes the

detuning frequency.

Equations (4.2.1-4.2.3) are solved by applying the numerical method in Ref
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[Chu et al. 1992] and the simulation code is written in FORTRAN 95. The boundary

conditions are input pump power P at one fiber end (z = L) and input Stokes pulse

at the other end (z = 0). The input Stokes pulse at the output of EOM is described by:

Es(0,t) = 4,„,{cos0exp[//7^(O] + sin0exp[-z'(l -?)f(?]} (4.2.4)

with A011, = P^ exp[iwt + i<p(t)] and f{?) = f0 + f^ exp {-(In 2)p'~/o)]m} specifying
V 2 T

the mth order super Gaussian pulse. f(?) is the phase difference between the optical

waves in the two arms of the EOM and it contains the modulation information. f0 is

the actual bias phase difference. ^max denotes the maximum possible phase difference

produced by applied modulation voltage of EOM. ? e [O, 1] denotes the ratio of the

voltage induced phase in the upper arm of EOM to the total phase f(?) . ? = arctan—- ,
A

where A1 and A2 represent the amplitudes of the optical waves in the two arms of

EOM. f(?) represents the laser phase noise, which is the rapid, short-term, random

fluctuations in the phase of the optical wave and is related to the bandwidth of the laser

source. In order to compare the Brillouin spectra from phase locked laser sources with

those from only frequency locked laser sources, the parameter <p(t) is chosen as the

following: for phase locked laser sources, because the phase of the beat signal is

locked, the phase noise f(?) is considered as a constant all along the fiber, which is

the same as the analysis presented in Ref [Zou et al. 2005, Bao et al. 2005]; for laser

sources that are only frequency locked, because the phase of the beat signal drifts all

the time, the phase noise f(?) is simulated by a coloured Gaussian noise [Fox et al.
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1988, Zhu et al. 1986], whose correlation function is an exponential decay function

with de-correlation time associated with the inverse laser bandwidth. The simulation

code for generating the coloured Gaussian noise in written in FORTRAN 95 and it is

shown in the Appendix.
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Fig. 4.2.1 : Simulated Brillouin spectrum forlO m fiber and 10 ns pulse with 24 dB extinction ratio). Dash
line (FWHM-57 MHz), solid line (FWHM-100 MHz).

In the simulation, single mode fiber with Brillouin frequency of 10880 MHz

under room temperature was used. Fig.4.2.1 shows the averaged Brillouin loss spectra

in the middle of a 10 m sensing fiber for a 10 ns probe pulse with 24 dB extinction

ratio. The dashed line represents the spectrum calculated by setting the phase noise

cp{t) as a constant, which is equivalent to infinite correlation time, all along the fiber.
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The FWHM of the spectrum denoted by the dashed line is 57 MHz. The solid line is

the spectrum calculated when the phase noise f(?) is considered as a coloured

Gaussian noise with 10 ns correlation time, which represents the case when two laser

sources are not phase locked together but only the frequency difference of them is kept

at the Brillouin frequency of the sensing fiber. The FWHM of the spectrum denoted by

the solid line is around 100 MHz. Based on the comparison of these two spectra, it is

found that by decreasing the correlation time of the phase noise, the gain of the

Brillouin scattering decreases and the FWHM of the Brillouin spectrum increases for

pulses that have the same width and the same ER.

The gain reduction and the spectrum broadening are caused by the phase

mismatch between the pump and probe waves induced by the laser phase noise in the

case of only frequency locking. Under this condition, the interaction among the pump,

probe, and acoustic waves is thus intensity added which leads to the Brillouin gain

decreasing and the linewidth of the Brillouin spectrum increasing. When two

phase-locked laser sources are used, the pump, probe, and acoustic waves are all in

phase. These waves generate coherent Brillouin scattering with maximum Brillouin

gain within the linewidth of the natural spectrum due to the optical field adding, while

outside the linewidth of the Brillouin spectrum, the Brillouin amplification is much

weaker since the phase and frequency matching conditions are not both fulfilled. As a

result, a narrowed and higher Brillouin gain spectrum is obtained.

65



4.3 Experimental Results and Discussion

C
O
*5
re
N

"re

O
C
t_
f
¡e
re

(A
c
0)

~°1'Ô750 10800 10850 10900 10950 11000
Frequency (MHz)

(a)

0.5*

05
10 IS

10 25

F<e<!U«ncy. GHz «>.4S 0 Dstiixe m

(b)
Fig. 4.3.1: Measured Brillouin spectrum with 10 ns pulse

(a) Phase locking (FWHM-52 MHz) (fiber length 2 km)
(b) Injection locking (FWHM~1 10 MHz) (Ref. [Thévenaz et al. 2004]), the same as simulated

result in Fig. 1 .
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In Fig.4.3.1, the Brillouin spectrum measured with the phase locking technique

is compared with the spectrum measured with the injection locking technique

[Thevenaz et al. 2004] using 10 ns pulse. With the phase locking technique, the

FWHM of the Brillouin spectrum measured with a 24 dB ER pulse along 2 km fiber is

52 MHz, which is very close to the calculated FWHM (-50 MHz) in Fig.4.3.2 (a). The

FWHM of the Brillouin spectrum measured with 2 km fiber in Fig.4.3.2 (a) is a little

bit smaller than that measured with 10 m fiber due to the integrated DC contribution.

However, in the injection locking technique, the frequency change is tuned through the

mismatching of the laser mode and no phase is detected. The two laser sources are only

frequency locked at the Brillouin frequency by a laser side mode. The linewidth of the

Brillouin gain spectrum becomes comparable to the pulse spectral width. Thus, the

Brillouin interaction between pump wave and probe wave via acoustic wave is not as

efficient as that under the phase locked condition. Even with a commercial EOM that

usually has a 20 dB ER, the FWHM of the Brillouin spectrum without laser source

phase locking can increase to over 110 MHz, which is very close to the 10 ns pulse

spectrum width and the calculated Brillouin spectrum line width in Fig.4.2.1.

Furthermore, it is found that there exists an optimized pump and probe power to

ensure the narrowest linewidth of the Brillouin spectrum and highest SNR for the

distributed fiber sensor. Above this optimized power level, the increased pump or

probe power leads to decreased SNR and broadened Brillouin spectrum even for a
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uniform fiber. Fig.4.3.2 shows the relationship between the FWHM/SNR of the

Brillouin spectrum and the input pump power. By phase locking pump and probe

waves to perform coherent Brillouin scattering, the Brillouin spectrum with narrow

FWHM and high SNR can only be achieved within the working range of pump power

from 8 dBm to 14 dBm when using DFB lasers with a 2 km sensing fiber. The pump

power that is higher than 14 dBm will induce gain saturation, distort the Brillouin

spectrum, and decrease the SNR. When high pump power is used, the peak frequency

reaches the maximum gain and then becomes saturated, which results in prolonged

phonon lifetime and distorted Brillouin spectrum [Bao et al. 2006]. When low pump

power (around 8 dBm in Fig. 4.3.2 (a)) is used, the linewidth (42MHz) of the Brillouin

spectrum with fiber laser sources that has 1 kHz phase locking bandwidth is narrower

than the linewidth (55MHz) of the Brillouin spectrum with DFB laser sources that has

250 kHz phase locking bandwidth. However, the optimum working range that is from

8 dBm to 12 dBm with fiber laser sources is smaller than the optimum working range

that is from 8 dBm to 14 dBm with DFB laser sources in Fig. 4.3.2 (a). This is because

under narrower phase locking bandwidth, the Brillouin gain is higher, thus the gain

saturation effect can occur at lower pump power. The similar linewidth of the Brillouin

spectrum for DFB lasers with 2 MHz laser bandwidth and for fiber laser with 5 kHz

laser bandwidth proves that the linewidth of the Brillouin spectrum in BOTDA sensor

is not determined by the laser bandwidth. The better the phase locking quality of the

pump and probe lasers, the fewer the phase noises between the pump and probe lasers
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are. Thus, the phonon field generated by the phase locked pump and probe lasers is

enhanced and coherent Brillouin interaction can be obtained. The coherent Brillouin

interaction ensures the achievement of narrow linewidth Brillouin spectrum. Hence,

the phase locking quality of the pump and probe lasers, which is the phase locking

bandwidth and which determines the enhanced phonon field generated by the phase

locked pump and probe lasers, plays an important role in determining the linewidth of

the Brillouin spectrum in the coherent Brillouin scattering.
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Fig. 4.3.2: (a) FWHM of the Brillouin spectrum change with pump power

(Fiber length: 2km; laser line width in simulation: 2MHz)
(b) ) SNR of the Brillouin spectrum change with pump power

(Fiber length: 2km).

Our theoretical and experimental results show the following: 1) two phase

locked laser sources give a narrow Brillouin spectrum for nanosecond pulses even

when the DC base of the pulse is kept at the minimum level; 2) if the pump wave,

probe wave, and acoustic wave are not in phase, the linewidth of the Brillouin

spectrum can be increased up to the pulse spectral linewidth; 3) the phase locking

technique can apply not only to laser sources with kHz bandwidth, such as fiber lasers,

but also to laser sources with MHz bandwidth, such as DFB lasers, to reduce the

linewidth of the Brillouin spectrum; 4) the Brillouin scattering with the phase locking

technique requires much lower pump and probe power than the Brillouin scattering

with the frequency locking technique because the enhanced phonon field is in phase
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with the pump and probe waves. The better the phase locking quality of the pump and

probe lasers, that is the smaller phase locking bandwidth, the lower the maximum

pump and probe power can be applied.

4.4 Conclusion

Applying low ER optical pulses in a BOTDA sensor system gives the advantages

of a narrow Brillouin spectrum linewidth and a relatively high Brillouin signal;

however, it has the drawback of distorted Brillouin spectra [Bao et al. 2006] caused by

gain saturation, especially for a kilometres-long sensing fiber. The advantages of

obtaining narrow Brillouin spectrum by applying high ER nanosecond pulse with

phase locked laser sources are as the following: 1) the minimum DC base prevents

Brillouin spectrum distortion caused by the gain saturation when the long length

sensing fiber is used; 2) the pulse distortion due to the prolonged phonon relaxation

time [Bao et al. 2006] can be minimized, thus the correct location information can be

guaranteed; 3) the centimeter spatial resolution in the time domain BOTDA can be

achieved with high strain and temperature measurement accuracy over kilometres-long

sensing length with low pump and probe power.

In conclusion, the phase effect in the Brillouin spectrum narrowing phenomenon

has been studied with phase locked DFB lasers in a BOTDA system. It has been shown

theoretically and experimentally that two laser sources that are not phase locked can
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contribute to a broadening of the Brillouin spectrum up to pulse spectral width. Under

the conditions of nanosecond pulse with minimum DC leakage in the phase locked

BOTDA system with fiber laser sources or DFB laser sources, the Brillouin spectrum

is much narrower than the pulse spectrum. This research provides an efficient and

simple way to build a sensor system that has high spatial resolution, high frequency

resolution, relatively low power, and long sensing length.
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Chapter 5

High Spatial and Frequency Resolution Brillouin
Sensor with Different Pulse Width Pair BOTDA

Technique

The distributed Brillouin sensor with offset locking technique described in chapter

3 and 4 can obtain Im spatial resolution with ~ 60MHz Brillouin spectrum linewidth

over a 2km long testing fiber. In order to identify the early crack and deformation of the

civil structures, higher spatial and strain resolutions are required, which means the pulse

that have a smaller than 5ns pulse width, which is equivalent to higher than 0.5m spatial

resolution, should be used. However, the narrow pulse brings two severe problems to the

distributed Brillouin sensors: 1) the narrow pulse corresponds to a broader spectrum than

the natural Brillouin spectral linewidth (~35MHz), and this means that the detected

Brillouin loss or gain spectrum via the interaction of the pump, probe and acoustic waves

in fibers will be broadened, which results in low Brillouin peak frequency detection

accuracy and low strain and/or temperature resolution; 2) the narrow pulse width means

the short interaction length for the pump, probe and acoustic waves, and the low

Brillouin loss signal, hence the low strain resolution. To overcome the above problems,

people use pre-pumping approach to further increase the DC base of the probe pulse
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[Zou et al. 2005]. The DC base of the probe beam interacts with the pump beam over the

entire sensing fiber, while the interaction between the pulsed part of the probe beam and

the pump beam provides the spatial information of the temperature or strain change.

These two parts are added coherently to get narrow spectrum and high spatial resolution.

However, the required DC level varies with the sensing length and optical power. When

the sensing length is very long, for example a few kilometers, it will be difficult to

control the amount of the DC portion of the probe signal. There exists a trade-off

between the DC leakage of pre-pumping and the Brillouin spectrum narrowing, because

the interaction between the pump and the probe via DC base of the pulse can be much

stronger than the Brillouin loss signal at a specific small and short strain section via the

pulse part interaction. Hence, the small strain cannot be detected [Wang et al. 2008]. In

field applications such as the nerve system in the smart materials, the distributed

Brillouin sensor is required to detect many closely (less than Im) located strain sections.

Because of the short (10ns) phonon relaxation time and the short (less than Im)

separation length between two strain sections, the Brillouin signal from the first strain

section would overwhelm the Brillouin signal from the second small strain section. Thus,

the minimum detectable frequency shift for the detection of short and small strain

sections in the conventional BOTDA sensor equals to the linewidth of the Brillouin

spectrum, especially when the strain sections are closely located. Moreover, when the

testing fiber length is over tens of kilometers the pre-pumping technique will cause gain

saturation and spectrum distortion that will induce the strain measurement error.
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In this chapter, a novel different pulse width pair BOTDA (DPP-BOTDA)

sensor proposed by our group will be described [Li et al. 2008a]. The DPP-BOTDA is

capable of detecting small strain and/or temperature changes over centimeter fiber

section by using long duration (tens of nanosecond) pulses over kilometer sensing

length. The idea is to use a pair of same shaped broad pulses ( t? = t and t? = t+dt) to

generate time domain BOTDA signal one after another, and then calculate the

difference of the two time domain waveforms at the same frequency to obtain the

differential Brillouin gain signal at each position of fiber. Because of the small pulse

width difference of the pulse pair, the difference in Brillouin loss signal is negligible

for the same strain or temperature fibers. When the strain or the temperature varies at a

specific fiber location, the difference of the Brillouin losses at this location will be

quite different, because the relative Brillouin gain or loss within t and t+dt at this

position are different. As a result, the DPP-BOTDA sensor can show the difference for

the small and short strain sections at the zero signal background while the BOTDA

sensor shows the difference for the small and short strain sections at a nonzero signal

background that corresponds to the non-strained fiber section. The ultimate spatial and

strain resolution in the DPP-BOTDA sensor will also be studied experimentally and

theoretically in this chapter by examining two short and small strain sections and then

comparing the performance with that of the BOTDA sensor whose pulse width equals

the pulse width difference of the pulse pair in the DPP-BOTDA sensor system.
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5.1 Working Principle and Demonstration of the
DPP-BOTDA Sensor

The DPP-BOTDA sensor employs two separate long (a few tens of nanoseconds)

pulses with a small (a few nanoseconds) pulse-width difference to map the Brillouin gain

spectrum of the sensing fiber. When two temporal Brillouin gain signals are obtained by

injecting a pair of pulsed light with different pulse-width t and t + dt to the fiber,

the subtraction of those two signals removes the common term, such as equal

temperature or strain portion, and retains the difference [Li et al. 2008a]. Actually, in the

DPP-BOTDA sensor, the signal that is obtained is the differential Brillouin gain caused

by the pulse-width difference rather than the Brillouin gain caused by long period pulses.

This differential process is shown schematically in the following Fig. 5.1.1, where

1(0, t, t) and 1(0, ?,t + dt) denote the temporal Brillouin gain signals obtained at z = 0

by using two probe pulses with different pulse widths t and t + dt at a particular

detuning frequency, 1(0, dt) represents the gain difference between them. For a small

strained section at position ? of the testing fiber, its relative position as well as the

Brillouin gain within the pulse width r and t + dt are different. The subtraction of

these two Brillouin signals allows detecting such a difference signal at zero background.

Hence, the DPP-BOTDA is capable of detecting tiny strain and/or temperature change
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within a length equals to— ?dt , where ? is the light velocity inside the fiber. By tuning

the frequency difference between the pump wave and the probe wave, measuring the

time domain Brillouin signals with the probe pulse pair, and then subtracting the two

Brillouin signals, the differential Brillouin gain spectra can be mapped out along the

testing fiber. The spatial resolution of such DPP-BOTDA sensor is related to the pulse

width difference of the probe pulse pair.
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Fig. 5.1.1: working principle of DPP-BOTDA [Li et al. 2008a]

The experimental demonstration of the DPP-BOTDA sensor is made by Wenhai

Li in our group [Li et al. 2008a]. The experimental setup is based on the conventional
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BOTDA system. Light sources are two Nd:YAG lasers whose operation wavelengths

are 1320nm. The beat frequency of the two laser sources is locked and tuned by a

frequency counter. The peak power of the probe pulse is around 12mW and the pump

power is around 4mW. The length of the testing fiber is 1km with two 0.5m strain

sections that have Im separation. The strain applied to the two strain sections is around

2000 µe and 3000 µe respectively. Fig. 5.1.2 shows the 3-dimensional Brillouin

spectra. Fig. 5.1.2 (a) is the one obtained by the conventional BOTDA sensor with

50ns probe pulse. It is illustrated that the two 0.5m strain sections occurring at position

5m are overlapping over a length of around 9m. Due to the 5m spatial resolution, the

two 0.5m strain sections cannot be discriminated. The linewidth of the Brillouin gain

spectrum is around 30MHz because of the tens of nanosecond probe pulse used. Fig.

5. 1 .2 (b) is the one obtained by the DPP-BOTDA sensor with 50/45ns probe pulse pair.

Even though the pulse widths are 50ns and 45ns, the two 0.5m strain sections can be

clearly resolved and the linewidth of the Brillouin spectrum is still around 30MHz.
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Fig. 5.1.2: 3-dimensional Brillouin spectram (a) conventional BOTDA sensor with 50ns probe pulse, (b)
DPP-BOTDA sensor with 50/45ns probe pulse pair. [Li et al. 2008a]

The DPP-BOTDA sensor has the following advantages over the conventional

BOTDA sensor: 1) narrow (< 35MHz) linewidth Brillouin gain spectrum and high (<

Im) spatial resolution can be obtained simultaneously due to the long duration probe

pulses used and subtraction of the two Brillouin signal, which enhances the
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measurement accuracy of the Brillouin frequency shift and strain and/or temperature

location; 2) high (> 3OdB) extinction ratio pulses can be used without the need of

pre-pumping for long sensing length that is over a few kilometers, so the effect of the

prolonged phonon lifetime and gain saturation can be avoided; 3) the differential

Brillouin gain spectrum provides stronger signal intensity and thus higher SNR than

those of the BOTDA sensor that directly uses narrow pulse width when the pulse width

difference of the pulse pair equals the narrow pulse width.

5.2 Measurement Accuracy of the DPP-BOTDA Sensor

In section 5.1, it is demonstrated that high spatial resolution and strain resolution

can be obtained at the same time with the DPP-BOTDA technique. In the following,

the ultimate spatial and strain resolution in DPP-BOTDA sensor is demonstrated

experimentally and theoretically by examining two short and small strain sections that

are closely located. The performance of the DPP-BOTDA sensor will be compared

with that of the conventional BOTDA sensor whose pulse width equals to the pulse

width difference of the applied probe pulse pair in the DPP-BOTDA sensor.

The experimental setup is the DFB laser offset locking based distributed

Brillouin sensor described in Chapter 3. As shown in Fig. 5.2.1, in order to reduce the

gain fluctuation caused by the polarization dependent Brillouin gain, a 5 meters PM

fiber is used as the sensing section. Two polarization beam splitters are connected to
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both ends of the PM fiber to ensure the pump and probe light aligned at the same

Principal State of Polarization (PSP) of the PM fiber. The Brillouin frequency of loose

PM fiber at room temperature is ~10.59GHz for 1550nm operation wavelength and the

strain is applied over a length of -20 cm.
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Fig. 5.2. 1 : Experimental Setup: DFB: Distributed Feedback Laser, EOM: Electro-optic Modulator, PMF:
Polarization Maintaining Fiber, PBS: Polarization Beam Splitter, PD: Photo detector, DAQ: Data

Acquisition Card

The theoretical model used to simulate the sensing fiber in the DPP-BOTDA

sensor is based on the following three-wave coupled equations for the pump, probe,

and acoustic waves with the slowly-varying amplitude approximation [Agrawal 2003]:
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,d ? d . ^ . _„ 1 „
{— —-)??= IgxQEs + -a?? (5.2.1)dz e dt 2

£ + ~)?. = -igxQ'E? -\aEt (5.2.2)Oz e dt 2

{^ + T)Q = -ig2EpE's (5.2.3)Ot

where Ep,Es, and Q denote the fields of the CW pump, pulsed Stokes, and acoustic

wave respectively. gx and g2 are the photon-phonon coupling coefficients, a

represents the fiber attenuation, G = T1 + ??2 with G, = being the damping rate
2Tph

with phonon lifetime t h -10 ns for silica fibers, and G2 = 2p(?? -vs-vB) denoting

the detuning angular frequency between the pump and probe waves away from local

Brillouin frequency vB . Equations (5.2.1-5.2.3) are solved through applying the

numerical method in Ref [Kalosha et al. 2006a, Kalosha et al. 2006b]. The boundary

conditions are input pump power P at one fiber end ? = L and input Stokes pulse at

another end ? = 0 . The input Stokes pulse is described by the two-kink profile

t
, where tl2 =(t± —) / a and ts is the pulse

duration. The rise time is defined as a time interval between pulse power levels 0. 1 and

0.9 of the peak power at leading and tailing edges, and then it is related to the

parameter a as trise -al 0.45 .

function A(t) = (tanhí! -tanhí2)
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5.2.1 Strain Location Determination

In the DPP-BOTDA sensor with a different pulse width pair, by subtracting the

Brillouin gain of the larger pulse from that of the narrower pulse, the strain location,

which is defined as the central position of the applied strain, is shifted by

t — t tt
r, +—! from that in the BOTDA sensor as shown in Fig. 5.2.2, where r. is2 2 2 6,i

the pulse duration of the longer pulse of the pulse pair, T2 is the pulse duration of the

narrower pulse of the pulse pair, and // is the rise/fall time of the optical pulse. The

strain location of the experimental result is shifted by 1.93m for 20/19ns pulse pair

t—t tt
with 0.67ns pulse rise time, which is close tor, + — - . The strain location shift2 2 2

t — t tt
T2 + — - is a constant that relates to the duration and rise time of the pulse pair.

thus in real field test, in order to obtain the correct strain location, people only need to

subtract this constant from all the location information.
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Fig. 5.2.2: Time domain Brillouin signal in DPP-BOTDA sensor

5.2.2 Spatial Resolution Determination

The spatial resolution of a distributed fiber sensor can be defined as 1) the probe

pulse width if the bandwidth of the detection system is larger than the pulse spectrum

[Horiguchi et al. 1995] and the spatial resolution is limited by the phonon lifetime

[Fellay et al. 1997] or 2) the rise time during which the Brillouin signal increases from

10% to 90% of its peak value. Since the DPP-BOTDA sensor detects the differential
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Brillouin gain rather than the Brillouin gain itself, the spatial resolution can be much

smaller than the probe pulse width; here we use the second definition.
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Fig. 5.2.3: DPP-BOTDA signal change with pulse width difference ofpulse pair

The spatial resolution of the DPP-BOTDA sensor is determined by the pulse

width difference of the pulse pair. Fig. 5.2.3 shows the time domain DPP-BOTDA

sensor signals when the pulse pairs are 20/19ns and 20/15ns, the rise/fall time of both

pulse pairs are 0.67ns. With 20/1 9ns pulse pair, the spatial resolution is 0.12m that is

shorter than that (0.26m) with the 20/1 5ns pulse pair. This is the results of the high

pass filtering effect in DPP-BOTDA sensors. In the DPP-BOTDA sensor the

subtraction of Brillouin signal from two nearly equal width pulses can be considered as
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a high pass filtering process. The DPP-BOTDA sensor emphasizes the differential

Brillouin gain rather than the Brillouin gain itself for the small strain section that is

experienced by two different pulses at the same location. The cutoff frequency / of

this high pass filtering process is inversely proportional to the pulse width difference of

the pulse pair, which can be expressed as /Oc — , where Aris the pulse width
Ar

difference of the pulse pair. Small signal fluctuations or high frequency components

can be more easily detected with smaller pulse width difference. Hence, in order to

obtain high spatial resolution, the pulse width difference of the applied pulse pair

should be as small as possible. However, there exists a trade-off between the spatial

resolution and the SNR that is proportional to strain resolution. When the pump power

is 5mW, the SNR for 20/1 9ns pulse is 36.78dB that gives the strain resolution of 85µe

and the SNR for 20/15ns pulse is 41.7OdB that is equivalent to 64µe strain resolution.
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Fig. 5.2.4: DPP-BOTDA signal change with absolute pulse width of pulse pair

Next, the spatial resolution for the DPP-BOTDA sensor with pulse width

difference of Ins over different pulse pairs of 30/29ns and 20/19 ns is examined.

Fig.5.2.4 shows the detected Brillouin signals in the DPP-BOTDA sensor with 30/29ns

and 20/1 9ns pulse pairs for the same pulse rise time of 0.67ns respectively. The spatial

resolution of 20/1 9ns pulse pair is 0.12m, which is very close to the 0.18m spatial

resolution obtained by 30/29ns pulse pair. However, the detected differential signal in

the DPP-BOTDA sensor with 30/29ns pulse pair is greater than that with 20/19ns pulse

pair. This means higher SNR in the DPP-BOTDA sensor for the pulse pair with larger

pulse widths and thus higher strain resolution. The higher SNR for the pulse pair with
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larger pulse widths is caused by the nonlinear amplification property of the Brillouin

interaction. Due to the nonlinear process of the Brillouin interaction, the gain

difference between 30ns and 29ns pulse pair is greater than the gain difference between

20ns and 19ns pulse pair.
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Fig. 5.2.5: Spatial resolution of DPP-BOTDA with pulse pair of 20/19ns at different pulse rise time for
the two stress sections (marked by two vertical lines in (b)) separated by a 20cm loose fiber section for

the experimental (a) and simulated (b) results. Note the time shifted phenomenon discussed for
DPP-BOTDA in (b)

The pulse rise time trise also plays an important role in determining the spatial

resolution of the DPP-BOTDA sensor. Fig 5.2.5 (a) is the experimental result of the

time domain DPP-BOTDA sensor signal when the optical pulse rise/fall time was

changed from 0.67ns to 5ns. There are two strain sections (frequency shift ~ 75MHz)

along the testing fiber. The fiber length of each strain section is 20cm and the two

strain sections are separated by a 20cm loose fiber. When the rise time of the optical

pulse is 0.67ns, the two strain sections can be easily detected; however, the two strain

sections can not be discriminated with the optical pulse of 5ns rise/fall time. The same

result is also demonstrated by the simulation that is shown in Fig 5.2.5 (b). During the
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Brillouin interaction the sharp strain and/or temperature variation can be detected only

if a rise/fall time shorter than the strain length is used.

Thus, the ultimate spatial resolution in the DPP-BOTDA sensor is defined

as Al = v-trise , where trjseis the optical pulse rise/fall time and ? is the light velocity

inside the optical fiber. The spatial resolution in the conventional BOTDA sensor is

defined asA/ = — ?·t , where r is the pulse width and ? is the light velocity inside

the optical fiber. In the DPP-BOTDA sensor experiment, the rise time of the optical

pulse is 0.67ns that corresponds to ~13cm spatial resolution, while in the conventional

BOTDA sensor, the spatial resolution is 20cm by using 2ns probe pulse. The spatial

resolution in the DPP-BOTDA sensor is even shorter than that in conventional BOTDA

sensor with the same power and short pulse width that equals the pulse width

difference of the pulse pair in the DPP-BOTDA sensor.

Therefore, the spatial resolution of the DPP-BOTDA sensor is independent of

the absolute pulse width; it is determined by the pulse width difference of the pulse

pair if the rise/fall time of the pulse is shorter than the equivalent strain length and the

pulse width difference. Furthermore, the limitation of the spatial resolution of the

DPP-BOTDA sensor is the optical pulse rise time. While in the BOTDA sensor the

ultimate spatial resolution is limited by the phonon life time (~10ns) that corresponds

to Im spatial resolution for high extinction ratio pulse (>30dB).
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5.2.3 Strain Resolution Determination

The strain resolution in the DPP-BOTDA sensor is determined by the SNR and
FWHM of the measured Brillouin spectrum as

d? = - ??„
(5.2.4)y/2(SNRY*

where ? ?? is the FWHM of the convolution between the natural Brillouin spectrum

and the pulse spectrum, and the SNR is the electrical signal-to-noise power ratio

[Horiguchi et al. 1995]. For the pulse width pair that has bigger absolute pulse width,

the measured Brillouin spectrum is narrower and the SNR is higher, thus the strain

resolution is higher. For the pulse width pair that has the same absolute pulse width,

the greater the pulse width difference of the pulse pair, the higher the SNR, thus the

higher the strain resolution.
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Fig. 5.2.6: Brillouin spectra of BOTDA with 2ns and 20ns pulses, DPP-BOTDA with 20/1 8ns pulse pair.
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Fig.5.2.6 compares the Brillouin spectrum obtained under the same power by the

DPP-BOTDA sensor with 20/1 8ns pulse pair and the BOTDA sensor with 2ns and

20ns pulses. In the DPP-BOTDA sensor, ? ?? is around 5OMHz by applying 20/1 8ns

pulse pair, while in the BOTDA sensor it is around 400MHz by adopting 2ns probe

pulse. Because of the spectral width difference between the DPP-BOTDA sensor and

the BOTDA sensor, the strain resolution in the DPP-BOTDA sensor is eight time

higher than that in the BOTDA sensor. Moreover, the measured SNR of the

DPP-BOTDA sensor is 36.78dB for 20/1 8ns pulse pair with a 1OdBm pulse peak

power and the measured SNR of the conventional BOTDA sensor is 18.72dB for 2ns

pulse with the same peak power. The SNR is greatly increased in the DPP-BOTDA

sensor in optical domain and the increase is around 18dB after the data

processing.Thus, the strain resolution of the DPP-BOTDA sensor is 85µe and that of

the BOTDA sensor is 2000µe. The strain resolution is increased by more than 13dB by

the DPP-BOTDA sensor.

In summary, the measurement accuracy of the strain location, the spatial

resolution, and the strain resolution in a novel DPP-BOTDA sensor system is studied.

High spatial resolution, high frequency resolution and high SNR can be achieved by

utilizing pulse pairs that have large absolute pulse width, small pulse width difference,

and short pulse rise/fall time in the DPP-BOTDA sensor. The ultimate measurement
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accuracy in the DPP-BOTDA sensor is determined by the combination of the system

bandwidth, system SNR, absolute pulse width, pulse width difference, and the rise/fall

time of the pulse.

5.3 Conclusion

In conclusion, a novel DPP-BOTDA sensor that can measure distributed strain

and/or temperature with high spatial resolution of 0.12m over kilometer long testing

fiber has been demonstrated in this chapter. The DPP-BOTDA technique can obtain

narrow Brillouin spectrum by using long pulse width and can achieve high spatial

resolution by the subtraction of the two Brillouin signals that are obtained with two

different probe pulse widths. By choosing proper pulse width pair and their rise/fall

time, a spatial resolution of <0.2m and Brillouin frequency accuracy of 2-3MHz for

kilometer long fiber is demonstrated. The proposed technique is suitable for static and

quasi-static measurement such as civil structural health monitoring and perimeter

applications that require high measurement and spatial resolution over long sensing

length.
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Chapter 6

High Spatial and Frequency Resolution Brillouin
Sensor with Optical Differential Parametric
Amplification Technique

With the DPP-BOTDA technique that is described in previous chapter, it is

possible to obtain high spatial resolution and high SNR at the same time. However, the

DPP-BOTDA technique requires sweeping the frequency twice to obtain two signal

traces, which increases the measurement time. In this chapter, a new approach, the

coherent interaction of the Brillouin gain and loss via optical differential parametric

amplification (ODPA) in a single mode fiber, will be described. Simultaneous

Brillouin gain and loss processes on the CW sensing field can be created through two

large pulses at the Stokes and anti-Stokes wavelengths interacting with two

counter-propagating acoustic waves. The simultaneous Brillouin gain and loss

processes inside the sensing fiber maintain the shorter measurement time in the

ODPA-BOTDA sensor than that in the DPP-BOTDA sensor. The narrow Brillouin

spectrum as that in the DPP-BOTDA sensor is guaranteed because of the large pulse

used. The coherent interaction between the Brillouin gain and loss at the CW sensing

field creates a small pulse proportional to the pulse width difference of the Stokes and
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anti-Stokes waves, which makes high spatial resolution possible. More importantly,

both the DPP-BOTDA sensor and the ODPA-BOTDA sensor use photodetector to

collect the data. Because of the limited dynamic range of the photodetector, the higher

the signal intensity, the easier the photodetector will become saturated. In the

DPP-BOTDA sensor, normal Brillouin signal is detected by the photodetector and the

subtraction of the two Brillouin signals is performed after the photodetector. Thus, it

will be easier for the photodetector to become saturated with large signal when the

fiber length is long. While in the ODPA-BOTDA sensor, the signals have been

subtracted in the optical field before reaching the photodetector and the

ODPA-BOTDA sensor detects the difference of the signal directly. Thus, the

photodetector in the ODPA-BOTDA sensor is less likely to become saturated and

longer sensing length is possible. Because of the large pulse applied for both Brillouin

gain and loss process, this ODPA process maintains low saturation to the gain and low

depletion to the loss, hence the sensing length is longer than that in the normal BOTDA

sensor.

6.1 Theoretical Study of the ODPA-BOTDA Sensor

In this section, we will describe the working principle of the ODPA-BOTDA

sensor. A novel theoretical model dealing with the ODPA-BOTDA sensor will be

derived and the simulation results will be presented.
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6.1.1 Working Principle of the ODPA-BOTDA Sensor

In the scheme of the ODPA-BOTDA shown in Fig. 6.1.1, the anti-Stokes pulse

and Stokes pulse are launched into the sensing fiber simultaneously with different

pulse widths of t and ? + ?? working in the Brillouin loss regime. Two related

SBS processes are occurring in the same region of the sensing fiber at the same time.

For the SBS process between anti-Stokes pulse and CW sensing wave, the CW sensing

wave receives Brillouin gain and generates a counter-propagating acoustic wave; while

for the SBS process between Stokes pulse and CW sensing wave, the CW sensing

wave gives energy to the Stokes pulse as a pump, which acts as Brillouin loss, and the

enhanced acoustic wave has the opposite direction of the previous generated acoustic

wave via anti-Stokes pulse. Because the CW wave acts as pump for Stokes and probe

for the anti-Stokes, and we detect this wave in the distributed sensor, we call it "CW

sensing wave".

If the Stokes and anti-Stokes pulses are carefully chosen, at the overlapping

region of the two pulses, the Brillouin gain and loss of CW sensing wave could

counterbalance each other, where the energy is first transferred from anti-Stokes pulse

to the CW wave and then is transferred from the CW wave to Stokes pulse, and the

CW wave power is unchanged. The differential process of the ODPA-BOTDA sensor

is realized in optical domain, while this process is performed in electric domain in the

96



DPP-BOTDA sensor through subtraction [Li et al 2008a, Dong et al. 2009]. The

effective pulse width is the differential pulse width of the anti-Stokes and Stokes pulses,

such as ? r , which determines the spatial resolution of the ODPA-BOTDA sensor and

the starting time of sensing fiber is the trailing edge of the smaller pulse of the pulse

pair. The narrow differential parametric Brillouin gain spectrum can be obtained by

long anti-Stokes and Stokes pulses. In order to well balance the Brillouin gain and

Brillouin loss, the anti-Stokes and Stokes pulses should have the same power and

polarization, and their leading edge should be launched into the sensing fiber

simultaneously.

Anti-Stokes: ? + v„

jft Acousticwave:/?,
UiîIÏHi'J]

CW sensing wave: ?

? + ??
¦*— IiMMUHiI! Sen sin g fiber
Acoustic wave : p2

Stokes: ? - vn

Fig. 6.1.1: Schematic diagram of the ODPA-BOTDA

6.1.2 Theoretical Model of the ODPA-BOTDA Sensor
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As shown in Fig. 6.1.1, the optical fields inside the optical fiber can be written as

[Boyd 2003]:

E1 = A1 (z, ty1-*1'-"*0 + cc (6.1.1)

E2 = A2 (z, /y^*-"*0 + cc. (6. 1 .2)

E3 = A3 (z, ty^1-^ + cc (6.1.3)

where A1, A2, and A3 are the complex slowly varying amplitude of the light waves

respectively, ?? is the carrier frequency of the CW sensing wave, which is affected

by both the anti-Stokes pulse and the Stokes pulse, and <o2 and ?3 are the carrier

frequencies of the two pulsed Stokes and anti-Stokes waves. The pulsed Stokes and

anti-Stokes fields of E2 and E3 propagate along the positive ? directions while the

CW sensing field Ex propagates along the negative ? direction. Similarly, the acoustic

fields are described in terms of the material density distribution as the following:

P1 = P0+[A(Z5Oe'^""'0 +cc] (6.1.4)

P2 = p0 +[p2(z,t)e^-n^ +cc] (6.1.5)

In the above acoustic field distributions, pQ denotes the mean density of the material

and Q1=G)1-CO2, O2 =?3 -Co1, q¡ =kx +k2, q2 =k3 +It1 . The acoustic field

À propagates along the negative ? direction while the acoustic field p2 propagates

along the positive ? direction.

It is assumed that the material densities obey the acoustic wave equation:
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dt2 dt H J (6.1.6)

in which ? is the velocity of sound, G is a damping parameter, and / is the force

per unit volume caused by électrostriction [Boyd, 2003]. The spatial evolutions of the

optical fields are described by the wave equation [Boyd 2003]:

d2E( n2 d2Ei _ ?p d2Pt
dz2 ~ c2 dt2 ~ c2 dt2 ¿ = 1,2,3 (6.1.7)

After simplifying the optical wave equations and these acoustic wave equations, we

can get the following coupled five wave equations:

dA, ? dA, ICO1Y1, . ico. r , ? .
·+¦

dz c dt 2ncp0 2ncp0

dz c dt 2ncpQ
dA3 ? ? dA3 _ ico3ye- + -

dz c dt 2ncp0
dp_
dt

P2A1 -^aA3

(-2/O, +G?)^ + (O? -O2 -/O,Gß)? =^A4?p

(-2??2 +G?)^ + (O2? -O2. -?O2G?)?2 =^?dt ?p

(6.1.8)

Here a is the attenuation coefficient of the fiber, and G? is the inverse phonon

lifetime. In the parametric amplification process, the interaction between optical

fields E1, E2, and acoustic field P1 is a Brillouin loss process. E1 also interacts with

E3 via acoustic field p2 , which is a Brillouin gain process. The effect of Brillouin loss

process and Brillouin gain process on optical field E1 is a coherent process of field

addition rather than intensity addition. In Equation (6.1.8) it is clear that in equation for
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Ai1 Ei is associated with E2 via A2 and E3 via A3 simultaneously. Due to the well

balanced energy transfer between the Brillouin gain process and the Brillouin loss

process, the Brillouin spectral width will not be the same as the gain process or the loss

process alone.

6.1.3 Numerical Simulation and Results Discussion

The performance of the ODPA-BOTDA sensor was simulated by the coupled

five wave theoretical model described in section 6.1.2. The simulation code is written

in FORTRAN95, excerpt of which is shown in the Appendix. In the simulation, the

power of continuous wave Ei was 3.3dBm, the peak power of the Stokes and

anti-Stokes pulses were 6.9dBm and the extinction ratio of the two optical pulses were

over 3OdB. The pre-pumping effect can be neglected because of the high ER pulses

used [Zou et al. 2005]. The Stokes pulse width was 20ns and the anti-Stokes pulse

width was 19ns. A 50cm-long strain section was made in the middle of the testing fiber

and the Brillouin frequency shift induced by the strain was 5MHz that corresponds to

85µe. The computations were performed for a 10m-long fiber and a linear loss

coefficient of 0.2dB/km.
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Fig. 6.1.2: (a) Brillouin spectrum comparison between the BOTDA sensor with 20ns
pulse, the BOTDA sensor with Ins pulse, and the ODPA-BOTDA sensor with 20/ 19ns

pulse pair (Simulation).

(b) Time domain signal comparison between the BOTDA sensor with 20ns pulse, the
BOTDA sensor with Ins pulse, and the ODPA-BOTDA sensor with 20/19ns pulse

pair (Simulation).
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Fig. 6.1.2 demonstrates that the spatial resolution and frequency resolution of the

ODPA-BOTDA technique are better than those of the BOTDA technique. Fig. 6.1.2 (a)

shows the Brillouin spectra at the strain location for the ODPA-BOTDA sensor with

20/ 19ns pulse pair and the BOTDA sensor with 20ns and Ins probe pulses. For the

ODPA-BOTDA technique, it is clearly shown that the peak Brillouin frequency shifts

5MHz while for the BOTDA technique the Brillouin frequency shift cannot be

discriminated. Fig. 6.1.2 (b) is the time domain sensing signal at the Brillouin

frequency shift of 5OMHz for Ins pulse of the BOTDA sensor and Ins pulse width

difference of the ODPA-BOTDA sensor. Since 5MHz Brillouin frequency shift can't

be detected by the BOTDA sensor due to the low power used for the Stokes, the

anti-Stokes, and the CW sensing waves, we increase the Brillouin frequency shift to

5OMHz. In the BOTDA sensor with 20ns pulse, we see a strain length of 2m and a

detected sensing fiber length of 12m, which equals L+5L, where L is the real fiber

length and OL= t? , t is the probe pulse width and ? is the light velocity inside the

fiber; and the detected sensing length is greater than the real sensing length of 10m.

While in the ODPA-BOTDA sensor, the 50cm strain section can be illustrated clearly

because of the instantaneous counterbalance between the Brillouin gain and the

Brillouin loss processes. Moreover, in the ODPA-BOTDA sensor the effective probe

pulse is the differential pulse, for example it is Ins for the 20/ 19ns pulse pair used in

the simulation, so that the spatial resolution is determined by 1 ns differential pulse and
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the start time is the trailing edge of 19ns pulse. This is why the strain location has a

1.9m shift compared with that in the BOTDA sensor with Ins pulse. The shift of the

strain location in the ODPA-BOTDA sensor is correspondent to 19ns pulse of the

20/1 9ns pulse pair. However, this is a constant shift along the sensing fiber and the

location information can be correctly determined by simply subtracting this constant

shift. In addition, in the ODPA-BOTDA sensor the signal strength at the strain section

is 24dB higher than that at the loose fiber section, while in the BOTDA sensor with

20ns pulse this contrast is only 6dB and in the BOTDA sensor with Ins pulse this

contrast is only O. IdB, which indicates that small strain section can be more easily

detected in the ODPA-BOTDA sensor. Apparently the signal contrast between the

stressed fiber and loose fiber in the ODPA-BOTDA sensor with 20/ 19ns pulse pair is

higher than that in the BOTDA sensor with either Ins or 20ns pulse width. Moreover,

because of the counterbalance between the Brillouin gain process and the Brillouin loss

process in the ODPA-BOTDA sensor, it is less likely for the sensing signal to become

saturated in the ODPA-BOTDA sensor than in the BOTDA sensor when long length

sensing fiber is used. Thus, the ODPA-BOTDA technique can be used to build

distributed Brillouin sensor that has kilometer-long length.
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Fig. 6. 1 .3: Linewidth of the Brillouin spectrum vs. the pulse width different in the ODPA-BOTDA
sensor and vs. the pulse width in the BOTDA sensor (Simulation).

The linewidth of the Brillouin spectrum versus the pulse width difference in the

ODPA-BOTDA sensor and the linewidth of the Brillouin spectrum versus the pulse

width in the BOTDA sensor are presented in Fig. 6.1.3. The ER of the pulses in the

simulation equals 3OdB. The linewidth of the Brillouin spectrum in the ODPA-BOTDA

sensor increases as the pulse width difference increases, which implies that the

ODPA-BOTDA sensor works better at smaller pulse width difference. While in the

BOTDA sensor, because of the combination of the CW-pulse interaction and CW-CW

leakage interaction, the linewidth of the Brillouin spectrum first increases and then

decreases as the pulse width decreases. Furthermore, the linewidth of the Brillouin

spectrum in the ODPA-BOTDA sensor with 20/1 9ns pulse pair is around 36MHz
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which is even smaller than the linewidth of the Brillouin spectrum in the BOTDA

sensor with 20ns pulse. That the linewidth of die Brillouin spectrum in the

ODPA-BOTDA sensor is narrower than that in the BOTDA sensor is further

investigated in the following.
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Fig 6.1.4: Linewidth of the Brillouin spectrum comparison between the BOTDA sensor and the
ODPA-BOTDA sensor (Simulation).

(a) Linewidth vs. pulse width in the BOTDA sensor and linewidth vs. pulse width of the big pulse in
the ODPA-BOTDA sensor.

(b) Linewidth vs. pump power in the BOTDA sensor and the ODPA-BOTDA sensor (pulse width is
20ns in the BOTDA sensor and the pulse pair is 20/1 8ns in the ODPA-BOTDA sensor).

More simulations results were presented to compare the linewidth of the

Brillouin spectrum in the ODPA-BOTDA sensor with that in the BOTDA sensor. Fig.

6. 1 .4 (a) shows how the linewidth of the Brillouin spectrum changes with the pulse

width in the BOTDA sensor and how the linewidth of the Brillouin spectrum changes

with the pulse width of the bigger pulse of the pulse pair in the ODPA-BOTDA sensor.

The pulse width difference between the big pulse and small pulse in the
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ODPA-BOTDA sensor is 2ns. Fig. 6. 1 .4 (b) shows how the linewidth of the Brillouin

spectrum changes with the pump power in both the ODPA-BOTDA sensor and the

normal BOTDA sensor. Apparently, for different pulse widths or different pump

powers, the linewidth of the Brillouin spectrum in the ODPA-BOTDA sensor is always

narrower than the linewidth of the Brillouin spectrum in the normal BOTDA sensor.

The narrow Brillouin spectrum in the ODPA-BOTDA sensor is a result of the

differential parametric amplification process. In the ODPA-BOTDA sensor the

transferred energy in the Brillouin gain process is well-balanced with that in the

Brillouin loss process when the pulse width difference is small, thus narrow Brillouin

spectrum is obtainable. That the linewidth of the Brillouin spectrum in the

ODPA-BOTDA sensor is narrower than that in the BOTDA sensor indicates that the

ODPA-BOTDA sensor has higher frequency resolution than the BOTDA sensor.

107



f

??
e
W
?
e

0.0008

0.0007

0.0006

0.0005

0.0004

0.0003

0.0002

0.0001

0.0000

ODPA-BOTDA
BOTDA
Ratio of signal amplitude

/

t—1—?—¦—?—¦—G t—¦—G

70

60

<u
50 "?

"Q.
40 E

BJ

°ñj
30 §>

Vt

"5
g

ce

20

HiO

12 3 4 5 6 7 8

Pulse width difference / Pulse width (ns)

Fig. 6. 1 .5: Signal amplitude of ODPA-BOTDA and BOTDA vs. pulse width difference / pulse width.

Fig. 6.1.5 includes the following: 1) the signal amplitude versus the pulse width

difference in the ODPA-BOTDA sensor, 2) the signal amplitude versus the pulse width

in the BOTDA sensor, 3) the ratio of the signal amplitude, which is defined as the

signal in the ODPA-BOTDA sensor over the signal in the BOTDA sensor, versus the

pulse width. The sensing signal in the ODPA-BOTDA sensor with pulse pair that has

7ns pulse width difference is comparable with that in the BOTDA sensor with pulse

that has 7ns pulse width. The sensing signal in the ODPA-BOTDA sensor with pulse

pair that has Ins pulse width difference is 64 times larger than that in the BOTDA

sensor with pulse that has Ins pulse width. Because high spatial resolution corresponds

to narrow pulse width in the BOTDA sensor and narrow pulse width difference in the

ODPA-BOTDA sensor, thus, the ODPA-BOTDA sensor performs better than the
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BOTDA sensor when high spatial resolution is required because the signal in the

ODPA-BOTDA sensor with less than 7ns pulse width difference is greater than the

signal in the BOTDA sensor with less than 7ns pulse width.

6.2 Experimental Study of the ODPA-BOTDA Sensor

6.2.1 Generation and Separation of the Stokes and Anti-Stokes Waves

The generation of the Stokes and anti-Stokes waves is achieved simply by

applying a microwave signal on the EOM [Niklès et al. 1996]. This creates sidebands

in the laser spectrum as shown in Fig. 6.2.1. When the modulation frequency fm

equals the Brillouin frequency shift vB, the first upper side band works as anti-Stokes

waves and interacts with the CW sensing wave through Brillouin gain process; the first

lower side band works as Stokes waves and interacts with the CW sensing wave

through Brillouin loss process. As a matter of fact, by simply sweeping the modulation

frequency fm and recording the intensity of the CW sensing wave, one can determine

the Brillouin gain spectrum of the ODPA-BOTDA process. The carrier frequency

component is irrelevant to the measurement after the EOM modulation and even has a

negative effect on the Stokes and anti-Stokes pulse profile due to the interference

between the carrier frequency component and the upper or lower side band frequency

component. Thus, the carrier frequency component should be suppressed by adjusting
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the DC bias setting of the EOM at the zero transmission point.
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Fig. 6.2.1: Optical spectra of a single frequency laser modulated by: a. an electro-optic carrier and first

order sidebands and b. suppression of the carrier by setting the DC bias of the modulator at the zero
transmission point. [Niklès et al. 1996].

The separation of the Stokes and anti-Stokes waves was achieved by using a

fiber Bragg Grating (FBG) [Othonos et al. 1999] based narrow band filter and an

optical circulator. The configuration of separating the Stokes and anti-Stokes waves is

shown in Fig. 6.2.2. The transmitted frequency of the FBG based narrow band filter

matches well with the anti-Stokes wave. Thus, the anti-Stokes wave can be transmitted

by passing through the FBG based narrow band filter while the Stokes wave is

reflected back through an optical circulator.
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Fig. 6.2.2: Configuration of separating the Stokes and anti-Stokes waves.

Fig. 6.2.3 gives the laser spectrum measured using HP 86142A optical spectrum

analyzer before and after the FBG based narrowband filter. The central frequency of

the laser source is 1548.98nm. The two side bands generated by using EOM can be

clearly seen in Fig. 6.2.3 (a). The contrast between the central frequency component

and the side band frequency component is higher than 12dB through adjusting the DC

bias setting of the EOM. Fig. 6.2.3 (b) and Fig. 6.2.3 (c) show the reflected and

transmitted spectrum after passing the FBG based narrowband filter. The Stokes

component and anti-Stokes component are well separated.
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6.2.2 Sensor Configuration

The sensor configuration is shown in Fig. 6.2.4. A DFB laser with a wavelength

at 1550nm and an output power at 2OmW was used as the laser source. The output light

from the DFB laser was split into two parts by a 3dB fiber coupler. One part worked as

CW sensing field and was sent to the testing fiber directly. The other part was

modulated by an EOM to generate two side bands with the optical carrier suppressed

[Niklès et al. 1996]. A FBG with a 3dB bandwidth of 2GHz was applied to separate the

upper side band and lower side band as described in section 6.2.1. Two optical pulses
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with different carrier frequencies and slightly different pulse widths were generated by

two EOMs after the FBG. The pulse widths of the two pulses were 20ns and 15ns for

anti-Stokes and Stokes signal. After the generation of the Stokes and anti-Stokes pulses,

a 3dB fiber coupler was adopted to combine the two pulses together. The combined

Stokes and anti-Stokes pulses were then sent to the testing fiber via a circulator. An AC

coupled photo detector was used to detect the sensing signal. During the experiment, a

PM fiber was used as the testing fiber in order to reduce the signal fluctuation caused

by the polarization dependent gain. A 2m strain section with around 1500µe, which

corresponds to 90MHz Brillouin frequency shift, was made in the middle of the PM

fiber.
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Fig. 6.2.4: Experimental setup of ODPABOTDA, C: circulator, PMF: Polarization Maintaining Fiber;
EOM: Electro-Optic Modulator, FBG: Fiber Bragg Grating, PC: polarization controller DAQ: Data

Acquisition.
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6.2.3 Sensor performance

The effectiveness of the spatial and frequency resolution improvement of the

ODPA-BOTDA technique is proved in Fig. 6.2.5. Fig. 6.2.5 (a) compares the

measured time domain sensing signal of the ODPA-BOTDA sensor with that of the

BOTDA sensor. The 2m strain section can be clearly seen in this figure. With the

ODPA-BOTDA technique the strain section is shifted by 1 .5m that corresponds to the

15ns pulse of the 20/ 15ns pulse pair. In real field tests, in order to get the correct

distributed location information we can simply subtract an amount that is

correspondent to the smaller pulse width of the used pulse pair from all the location

information. The spatial resolution of the ODPA-BOTDA sensor with 20/1 5ns pulse

pair, which corresponds to the time during which the signal increases from 10% to

90% of its peak value, is around 0.5m and is much smaller than the 2m spatial

resolution of the BOTDA sensor with 20ns probe pulse that is measured in the same

way as the ODPA-BOTDA sensor. The spatial resolution of the BOTDA sensor with

5ns probe pulse is comparable to that of the ODPA-BOTDA sensor with 20/ 15ns pulse

pair; however the signal amplitude of the ODPA-BOTDA sensor with 20/1 5ns pulse

pair is 5 times greater than that of the BOTDA sensor with 5ns pulse. Because the

Brillouin gain increases very slowly during the acoustic wave establishing procedure, 5

ns pulse in the BOTDA sensor can only get very small direct Brillouin gain. However,

for 20/15 ns pulse pair with much longer interaction than the phonon lifetime (-10 ns)
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in optical fiber, two acoustic waves can be completely built up, so a larger differential

gain is expected. The linewidth of the Brillouin gain spectrum in the BOTDA sensor

with 5ns pulse is larger than 100 MHz with a relatively large frequency uncertainty

because of low SNR. Fig. 6.2.5 (b) gives the measured differential parametric Brillouin

gain spectrum of the stressed fiber using the ODPA-BOTDA sensor with 20/15 ns

pulse pair. The measured central frequency is 10969MHz that corresponds to the

applied strain of around 1500µe in the ODPA-BOTDA sensor. The FWHM of the

detected Brillouin spectrum in the ODPA-BOTDA sensor is 52MHz which is even

narrower than that (~69MHz) in the BOTDA sensor with 20ns probe pulse. This

difference is attributed by the parametric amplification of the Brillouin gain and loss

simultaneously. Moreover, by doing a Lorentzian fitting to the measured Brillouin

spectra, the measured frequency uncertainty of the ODPA-BOTDA sensor is only

0.29MHz, which corresponds to a strain accuracy of 6 µe.
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6.3 Conclusion

In conclusion, a novel ODPA-BOTDA sensor is proposed to measure distributed

strain and/or temperature changes. This method exhibits high spatial resolution and

high frequency resolution simultaneously, while the measurement time and noise is

half of that in the DPP-BOTDA sensor. An experiment is successfully realized to

justify the proposal in a PM fiber with a spatial resolution of 0.5 m and a strain

accuracy of 6 µe. Due to the bias drifting of the EOM, the Brillouin gain and loss can

not be balanced completely all the time, which can introduce a noise and reduce the

SNR. A high spatial resolution and high frequency accuracy can be obtained by

precisely controlling the bias and extinction ratio of EOM.
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Chapter 7

Conclusion

7.1 Thesis Outcomes

My research mainly focused on improving the spatial and frequency resolution

of the distributed fiber sensor based on Brillouin scattering.

We have built a novel distributed Brillouin sensor based on offset locking of two

DFB lasers. This offset locking frequency stabilization technique that made use of laser

heterodyne source and optical delay line was used to lock and tune the beat frequency

of two DFB lasers. A lock-in amplifier was adopted to stabilize the bias drift of EOM.

The offset locking based distributed Brillouin sensor that uses cheap and widely

adopted devices presents a simple frequency locking method, large tuning range, high

SNR, and fast tuning speed. The spatial resolution obtained with this system so far is 1

m with 1 0C temperature resolution. It is therefore promising for the future

development of the distributed Brillouin sensor.

From the experimental results of the offset locking based distributed Brillouin

sensor, it is evident that the linewidth of the Brillouin spectrum with phase locking

technique is narrower than the linewidth of the Brillouin spectrum with only frequency
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locking technique. In other words, the frequency resolution of the distributed Brillouin

sensor with laser sources phase locked together is higher than the frequency resolution

of the distributed Brillouin sensor with laser sources only frequency locked together. A

theoretical model has been built and a numerical simulation has been made to prove

the capability of narrowing the linewidth of Brillouin spectrum with laser sources

phase locking technique.

In order to further increase the spatial resolution and frequency resolution, our

group proposed a DPP-BOTDA technique. With the DPP-BOTDA technique, high

spatial resolution (<lm) and narrow linewidth of the Brillouin spectrum (<35MHz) can

be obtained simultaneously. Numerical simulation and experimental investigation have

been performed to investigate the ultimate measurement accuracy in the DPP-BOTDA

sensor. In the DPP-BOTDA sensor, high spatial resolution, high frequency resolution,

and high SNR can be achieved by utilizing pulse pairs that have large absolute pulse

width, small pulse width difference, and short pulse rise/fall time. The ultimate

measurement accuracy in the DPP-BOTDA sensor system is determined by the

combination of the system bandwidth, system SNR, absolute pulse width, and the

pulse width difference.

For the first time to the best of our knowledge, we proposed and built a BOTDA

sensor based on optical differential parametric amplification (ODPA) technique. This

technique use two optical pulses with slightly different pulse width and different

carrier frequency to simultaneously perform Brillouin gain process and Brillouin loss
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process with CW pump wave inside the testing fiber. This method exhibits high spatial

resolution and high frequency resolution simultaneously, while the measurement time

and noise is half of those in the DPP-BOTDA sensor. A spatial resolution of 0.5m and a

strain accuracy of 6 µe have been obtained with a PM fiber in the experimental

validation of this proposal.

7.2 Future Work

Some possible future research directions are presented as follows.

In the distributed Brillouin sensor based on offset locking technique described in

chapter 3, a digitizer card and a desktop computer were employed to do the system

control and process the data. As stated in chapter 3, the tuning and locking of the beat

signal from two DFB laser sources were performed in the following way: the delay

time of the optical delay line was changed by the control computer, and then the offset

locking system locked the beat signal of the two DFB laser sources at a new frequency

corresponding to the new optical delay time. Once the beat frequency was locked, the

pump and probe waves performed Brillouin scattering inside the testing fiber. The

digitizer card collected the CW pump signal and then sent them to the control

computer. Based on our current setup, the measurement time is highly limited by the

optical delay line and the digitizer card, and it needs a few minutes to finish one

Brillouin spectrum scan. We believe that a fast Brillouin spectrum scan can be
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achieved by using a high speed digitizer card, a customized microprocessor and a

customized optical delay line, so that we can greatly reduce the tuning time of the

optical delay line and the data collection time.

In the ODPA-BOTDA technique, how to obtain two narrow linewidth Stokes

and anti-Stokes signals is the key for the system setup. We use a FBG and an optical

circulator to separate the Stokes and anti-Stokes signal. The 3dB linewidth of the FBG

is 2GHz, which ensures the narrow linewidth of the transmitting signal. However, the

linewidth of the reflecting signal is not under control. Another transmitting FBG can be

applied to guarantee the narrow linewidth property of the reflecting signal from the

first FBG, which would mitigate the interference signal appearing inside the optical

pulses due to the narrow linewidth of the Stokes and anti-Stokes waves. Moreover, the

Brillouin gain and loss can not be balanced completely all the time because of the bias

drifting of the EOM, which could introduce a noise and reduce the SNR. Higher spatial

resolution and higher frequency accuracy can be obtained by precisely controlling the

bias and extinction ratio of the EOM.
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Appendix

Excerpt of the simulation code for ODPA-BOTDA
sensor in FORTRAN 95

!SBS_ODPA.f95
!Created: Feb 3nd, 2009
!Author: Yun Li

PROGRAM SBSJODPA

implicit none

real*8, parameter :: pi=3 . 141592653589793
real*8, parameter : : &

vg=0.2041, &
alpha=0. 0002/4. 343, &
!alpha=0, &
a=l/vg, &
b=alpha/2, &
tao=10,&

Gammal=l/ (2*tao) , &
gB=5E-14, &
scal=le-ll, &
sigma=1.414, &
delta_t=0.005, &
delta_z=vg*delta_t, &
Length=10, &
t0=2 . 5*Length/vg, &
chil=Gammal*gB*delta_t*delta_z/4, &
chi2=Gammal* (-gB) *delta_t*delta_z/4, &
A2 Al=O. 99684, &
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pwl=20, &
pw2=19, &
Rx=30

integer, parameter :: stepsize=2
integer, parameter :: &

Nmax=Length/delta_z, &
Mmax=tO/delta_t+ (2 . 5*Length*a) /delta_t, &
nuB=12800, &
StartOf fset=0, &

EndOffset=0, &

numofFreq= (StartOff set+EndOffset) /stepsize+1
complex* 16, parameter :: &

EpN=(O. 1654e6, 0.0) ,&
Es0_topl=(0.2523e6, 0.0) , &
Es0_basel=(0.0000e6,0.0) , &
Es0_top2=(0.2523e6, 0.0) , &
Es0_base2=(0.0000e6,0.0)

I Single variable
integer : : nu_tuning
integer : : same
integer, dimension (0 :Nmax-l) :: nuBprofile
complex* 16, dimension (0:Nmax-l) :: Gamma
integer : : m
integer : : j
integer : : which_Freq
integer, dimension (1 : numofFreq) :: Freq

I Array variable for
loss

complex*16, dimension (0:Mmax) :: Es0_ml
complex*16, dimension (0 :Nmax-l) :: Ep0_n
complex*16, dimension (0 :Nmax-l) :: &

phi_ml, &
psi_ml

complex*16, dimension (0:Nmax) :: Es_ml, vll, vl2, v2
complex*16, dimension (0 :Nmax-l) :: Ep_m

! Array variable for
gain

complex*16, dimension (0 :Mmax) :: Es0_m2
!Boundary values of the Es at z=0 at all time indices
complex*16, dimension (0 :Nmax-l) :: &

phi_m2 , &
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psi_m2
complex*16, dimension (O :Nmax) :: Es_m2

? Matrix variable

complex*16, dimension (0 :Nmax-l) :: QO
complex*16, dimension (0 :Mmax) :: EpO= (0 . 0, 0 . 0)
logical : : new
character*5 : : stringN
character*150 : : nameString
character*150, save : : filenameEp

! End of the variable declaration

! =================The main program=====================================
! Initiate variables at the very begining

call getFrequencies ()
call setEp0_n()
call getnuBprof ile ( )
call setEs0_ml()
call setEs0_m2()

same=0

new= . TRUE .

LoopFreq: do which_Freq=l, numofFreq, 1
nu_tuning=Freq (which_Freq)
call getGammaO

filenameEp=' /f iber_home/09051201 ' &
//nameString//' . dat'

open (unit= 12, f ile=f ilenameEp, status= 'new' , action=' write ' )
call Initialization ()

LoopTime: do m=l,Mmax
write (*,*) 'Now runs the m=',m, 'loop at frequency: ', nu_tuning
Es_ml (0) =Es0_ml (m)
Es_m2 (0) =EsO_m2 (m)
do j=0,Nmax-l

v2 (j)=a*delta_z*Ep_m(j) /delta_t
end do

do j=Nmax-l, 0, -1
if (j==Nmax-l) then

Ep_m(j) = (EpN+v2 (j) -chil*phi_ml (j) *Es_ml ( j ) -chi2*phi_m2 (j) *Es_m2 (j) &
) / (l+a*delta z/delta_t+b*delta_z+&
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chil*Es_ml ( j ) *conjg (Es_ml ( j ) ) +chi2*Es_m2 ( j ) *conjg (Es_m2 ( j ) ) )
else

Ep_m(j)=(Ep_m(j+l) +a*delta_z*Ep_m ( j ) /delta_t-chil*phi_ml (j) *Es_ml (j) &
-chi2*phi_m2 ( j ) *Es_m2 ( j ) ) / (l+a*delta_z/delta_t+b*delta_z+&
chil*Es_ml (j) *conjg(Es_ml (j) ) +chi2*Es_m2 (j) *conjg(Es_m2 (j) ) )

end if

end do

do j=0,Nmax-l
vll (j ) =a*delta_z*Es_ml ( j ) /delta_t
vl2 ( j ) =a*delta_z*Es_m2 ( j ) /delta_t

end do

do j=0,Nmax-l
Es_ml (j+l)=(l-a*delta_z/delta_t+chil*Ep_m(j) *conjg (Ep_m ( j ) ) -b*delta_z) *
Es_ml (j) +vll (j) +chil*psi_ml (j) *Ep_m( j)
Es_m2 (j+1)= (l-a*delta_z/delta_t+chi2*Ep_m(j) *con jg (Ep_m ( j ) ) -b*delta_z) *
Es_m2 (j)+vl2 ( j ) +chi2*psi_m2 (j) *Ep_m(j)

end do

EpO (m)=Ep_m(0)
write (12, ' (E24.12,1X) ' ) abs (EpO (m) )**2
if(m<Mmax) call updateAll (m)

end do LoopTime
close (12)

end do LoopFreq
? ======================================================================

END PROGRAM TransientSBS_gainloss

The simulation code for generating the coloured
Gaussian noise in FORTRAN 95

PROGRAM colorgauss
real*8, allocatable :: eps ( : , : )
real*8 : : cgauss,mean
real*8 :: dt,cortim,x
integer :: nreal, nstep, i, j
character*150, save : : filenameNo
integer : : Openstatus, Outputstatus
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nreal=l

nstep=20
dt=l

cortim=2 . 5

f ilenameNo= ' /phase . dat '

open (unit=l, file=f ilenameNo, status=1 new' , action=' write ' , iostat=Openstat
us)

allocate (eps (nreal, -1 :nstep*2) )

call cgausO (dt, cortim)

do i=l, nreal
do j=0,nstep*2

eps (i, j ) =cgauss ( )
write(*,*) eps(i,j)

end do

end do

npts=nstep*nreal
do idly=0,nstep

mean=0

do i=l, nreal
do j=0,nstep

mean=mean+eps ( i , j ) *eps ( i , j +idly)
end do

end do

mean=mean/npts
end do

close (1)

deallocate (eps)

END PROGRAM colorgauss

subroutine cgausO (dt, cortim)
real*8 :: cape, dt,me2, cgauss, cortim, ?
common /color/ me2,cape

cape=exp (-dt/cortim)
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me2=- (l-cape*cape) * (2/cortim)
x=cgauss ()

return

end subroutine cgausO

real*8 function cgaussO
integer iset
real*8 :: fac, gset, rsq, vl, v2,me2, h, cape, prev
common /color/ me2,cape

save iset, gset, prev
data iset /0/

data prev /0.0/

if (iset .eq. 0) then
1 call random_number (vl)

vl=2*vl-l

call random_number (v2)
v2=2*v2-l

rsq=vl**2+v2**2
if(rsq.ge.l .or. rsq.eq.O) goto 1

fac=sqrt (me2*log (rsq) /rsq)
gset=vl*fac
h=v2*fac

iset=l

else

h=gset
iset=0

end if

cgauss=h

return

end function cgauss
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