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Abstract

To develop a real-time high-sensitive optical fiber sensing system, this dissertation
comprehensively concerns a time-based sensing concept proposal, real-time sensing
system construction, polarization fluctuations compensation, field experiment, and

performance estimation in long-range monitoring.

Optical pulse correlation sensing system employs the time modulation of the optical
signal propagating in the optical fiber transmission lines, which is completely different
from the conventional methods based on the modulation of other parameters of the
optical signal such as the intensity, wavelength, phase and frequency. The propagation
time drift generated in the optical signal caused by the environment conditions such as
temperature, stress or pressure around the optical fiber transmission lines was monitored

by using the SHG optical pulse correlation measurement.

Chapter 2 presents the optical pulse correlation sensing concept. The time-drift based
optical pulse correlation sensing concept is proposed and the corresponding correlation
measurement method is presented. The theoretical analysis and the fundamental sensing

characteristics of the optical pulse correlation sensor are discussed in theory.

Chapter 3 illustrates the mechanism of the optical pulse correlation sensing system. By
using the differential detection of two correlation signals generated in orthogonal

polarization directions, high-sensitivity sensing is realized. The temperature and strain



monitoring characteristics are investigated. As the correlation signals simultaneously
sensitive to the temperature change and stress impacted on the monitoring fiber, the

discrimination of temperature and strain monitoring is discussed in theory.

Chapter 4 improves the sensing structure and compensates the polarization fluctuation
in correlation signals resulted from the birefringence fluctuations in a single-mode fiber
via retracing beam. Since the birefringence fluctuations in a single-mode fiber originate
from the time-dependant difference variation of two orthogonal components of an
optical beam, if the orthogonal components experience the same variations at any time
along the single-mode fiber, it is available to neutralize the birefringence fluctuations.
This method is introduced into the optical pulse correlation sensing system and the
fluctuations in the correlation signals are compensated. At the same time, the sensitivity
is nearly doubled due to the double-pass monitoring by virtue of the reflection from
FRM. Finally, a field experiment on the temperature monitoring outside of the lab is

carried out.

Chapter 5 investigates the performance of the optical pulse correlation sensing system
in long-range monitoring in theory and experiment. The effects of loss impact,
dispersion effect and nonlinear impairments on the correlation sensing system with long
monitoring fiber are discussed in theory. Finally, the time drift monitoring
characteristics of the optical pulse correlation sensing system with monitoring fiber of

length 30 km, 50 km and 60 km are investigated in experiment.

Chapter 6 summarizes the main results in this work.
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Chapter 1

Introduction

1.1 Research background

The rapid development of semiconductor laser and optical fiber technology for the
communication purpose has promoted the step of optical fiber sensors. Optical fiber
sensing technology has demonstrated its superiority to the traditional mechanical

sensors and electric sensors as shown in table 1.1.

Table 1.1 Comparison of traditional sensors and optical fiber sensor

Traditional sensors Optical fiber sensors
Immune to Electro-magnetic interference X o
No need power supply X o
Multiplexing X o
Remote sensing ® o
Online monitoring ® o
Compact structure ® o
Resistance to chemical corrosion x o

Therefore, optical fiber sensors have been widely used in many fields such as industry,
environment, biology, health monitoring of civil engineering, and inertial navigation

[1-6]. Recently, the application of optical fiber sensing technology with long-range



monitoring ability to disaster prediction such as slope collapse, earthquake and tsunami
is becoming a hot topic, due to the direct alarming sending by taking advantage of the
optical fiber cables for communication network [7]. Fig.l. illustrates the schematic
diagram of an optical fiber sensing system for slope collapse monitoring [7]. By sending
the monitoring signal to the communication network via fiber cables for communication

purpose, the alarming signal can be directly sent to the user terminal.

User terminal

Fixed point

4 Movable point

Distortion or collapse =—————

)
| = i

..|

Momtormge office

Optical
fiber

To communication
network

Fig.1.1 Optical fiber sensing system for slope collapse monitoring
http://www.mlit.go.jp/road/road/new5/05/5-1.html

Since early 1970s, researchers have begun to apply the optical fiber to the sensing
system and various kinds of sensing techniques have been developed. There are many
classifications of the optical fiber sensing techniques. However, all the optical fiber
sensing techniques originate from the modulation of intensity, phase, wavelength,
frequency, and polarization, by which the optical signal is determined.

1. Intensity-based optical fiber sensor

Intensity-based optical fiber sensor realizes the sensing according to the optical field
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distribution or the power loss caused by micro- or macro-bending [8-10]. Since the
optical field distribution is related to the longitudinal and axial distance between the
transmitter fiber and a receiver fiber. By using a transducer, the distance between the
transmitter fiber and monitoring fiber was modulated by the environment such as
temperature and pressure, so the optical power detected by the receiving fiber was
modulated and the sensing was realized [8]. For the micro-and macro-bending sensor,
the optical intensity is modulated by the distortion of fiber resulted in the power loss [9,
10]. Optical time domain reflectometry (OTDR) belongs to the intensity-based sensor,
as it is based on the bending loss [11]. Intensity-based fiber sensors have simple
structure. However, they have a series of limitations imposed by various losses in the
system that are not caused by the environmental change to be measured. Potential error
sources include variable losses due to connectors, splices, and mechanical creep and
misalignment of light sources and detectors.

2. Optical fiber interferometer

The optical fiber interferometer is developed based on coherent theory of optical beams.
The interference fringe visibility is related to the phase difference between coherent
beams. There are mainly four structures: Mach-Zehnder interferometer (MZI), fiber
optic gyroscope (FOG) based on Sagnac interference, Michelson interferometer, and
Fabry-Perot interferometer (FPI). As the optical path length can be measured on the
scale of the wavelength of light, intense researches have been carried out.
Mach-Zehnder and Michelson interferometers have been insensitively investigated for
acoustic pressure detection in the early stage of fiber sensor development [12, 13].
Hydrophones based on these two interferometers are reported to have high resolution of

0.1% [14]. However, due to the low level of photo elastic or stress-optic coefficients of
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the silica glass fibers, a very long sensing fiber is necessary to obtain the desirable
sensitivity, which unavoidably makes the sensor thermally unstable and sensitive to
vibrations. In addition, due to source-induced phase noise in unbalanced interferometers,
a highly coherent source with a relatively long coherence length is normally required
[15, 16]. A white light interferometer (WLI) with an accuracy of 0.5 um was presented
by T. Li et.al based on the low coherence of Michelson interferometer, which overcame
the limit of the coherence requirement to the light source [17]. But the measurement
range is inherently limited by the scanning length of the motor. Another drawback
associated with these two types of interferometric sensors is the polarization-fading
problem that refers to the interference fringe visibility as a function of the polarization
status of the light transmitted inside the fibers [12].

Fiber optic gyroscope obtained the contemporary development with optical fiber
hydrophone, which was used to measure the rotation as a replacement of ring laser
gyroscope firstly developed by V.Vali and R. E. Shorthill in 1976 [18]. Extrinsic
Fabry-Perot interferometer (EFPI) has high resolution and small size, which has been
widely used in health monitoring of large scale civil engineering structures, acoustic
detection and aircraft [19, 20]. In 1996, Bhatia et al. demonstrated an absolute EFPI
system for measuring values of cavity length d ranging from 40 to 300 um with a
demonstrated spectral resolution of 0.1 nm [21]. In 2001 M. Schmidt. et.al. proposed a
fiber-optic extrinsic Fabry-Perot interferometer strain sensor with 50 pm displacement
[22]. However, EFPI sensors are limited by the weak interferometric signal and
difficulty in multiplexing. At present, many researchers are concentrated to solve these

problems [23-25].
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3. Fiber Bragg Grating sensor

Fiber Bragg grating (FBG) is an important wavelength selection component based on
the photosensitivity. After a controllable and effective method for FBG fabrication was
devised by G. Meltz et.al. in 1989[26], the intensive studies on the application to
add/drop filters, amplifier gain flattening, dispersion compensator and fiber lasers for
the communications have begun [27]. As the reflected wavelength is sensitive to the
change of grating period or the effective refractive index caused by strain or
temperature, it has been used to develop high-sensitivity optical fiber sensor. The typical
strain and temperature sensitivity of FGB sensors near 1550 nm are ~1.2 pm/ue and ~13
pm/°C, respectively [27, 28].

Except the high sensitivity characteristic, FBG sensor has the multiplexing ability.
Various kinds of multiplexing systems based on FBG sensors were developed. In 1990
W.W. Morey et.al. demonstrated a multiplexing FBG sensing system based on a
broadband light source interrogation to a chain of FBGs[29]. In 1996 Volanthen et al.
demonstrated a broadband interrogation system for distributed grating sensors by using
a low-coherence interferometry a tunable filter to measure the local wavelength [30]. In
2004 Peng-Chun Peng et.al. proposed a multiplexing sensor by using a multi-port fiber
laser [31].

Although FBG sensors have been developed nearly 30 years, many researchers are
embarking on the extensive research on FBG sensor currently due to its high sensitivity
and the multiplexing ability [32-33]. However, as FBGs indicates the quantities by the
wavelength shift, it is required to monitor the output signal by utilizing an optical
spectrum analyzer with high resolution. It must be admitted that optical spectrum

analyzer is not suitable for real sensing systems due to the high expense and low
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wavelength scanning speed. Therefore, interrogators for FBG sensor are required. Some
interrogators are quite simple but are more limited in measurement resolution, dynamic
range or multiplexing, and some are more complicated and provide better resolution but
are more expensive or need stabilization [34, 35].

4. Brillouin Optical Time-domain Reflectometer (BOTDR)

BODTR is a sensor based on the Brillouin gain in an optical fiber. When two lasers, one
is defined as the probe laser and the other is pump laser, are launched into an optical
fiber, Brillouin effect will occur if the pump laser frequency is greater than that of the
probe laser by the Brillouin frequency shift; the probe laser will be amplified,
experiencing Brillouin gain. Since the Brillouin frequency shift depends on the
environment around the fiber such as temperature or the strain, the sensing is realized. If
the probe intensity emerging from the fiber is monitored following the launch of a pump
pulse, an increase in the intensity will be observed whenever Brillouin gain occurs. The
time delays between the launch of the pump pulse and these increases in the received
probe signal correspond to round-trip times for light traveling to and from the regions of
gain. These times provide the position information. Therefore the distribution sensing is
available [36-37]. BOTDR is powerful to realize the high-sensitivity distribution
monitoring in long-range, however, its response time is required to be several minutes.
So it is a little difficult to realize the real-time monitoring.

According to the above introduction, the characteristics of different optical fiber sensors
are summarized in table 1.2. It can be seen that for the conventional fiber sensors based
on the modulation of intensity, phase, wavelength and frequency of optical signal have
various difficulties to realize the real-time high-sensitivity sensing system with

long-range monitoring ability fro remote sensing. To overcomes these disadvantages,
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we proposed an optical fiber sensing technology based on the modulation of optical
tiem delay of optical pulse propagating in an optical fiber.

Table 1.2 Characteristics of conventional fiber sensors

Sensing
Sensor type Advantages Disadvantages
mechanism
Micro-bending sensor e[ow sensitivity
Simple
Intensity Macro-bending sensor elnsertion loss dependence
OTDR
¢ Coherence length
dependence
Phase Interferometer High sensitivity eUnable to long-distance
monitoring
eMultipoint monitoring | eLow sensitivity
FBG
Wavelength eIntensity independence | eInsertion Loss dependence
o Coherence length
Frequency BODTR eDistribution monitoring dependence
e[ong-range monitoring | eDifficult to  real-time
monitoring

1.2 Scope and objective of this work
1.2.1 Optical pulse correlation sensor for time drifts measurement
Time drift in fiber optic devices such as pulse compression fiber, nonlinear optical loop

mirrors and Erbium-doped fiber amplifiers due to the optical power and environmental
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condition change, limits the performance of all-optical fiber modulation
multiplexing/demultiplexing in fiber optic communication system [38], which is

adverse for the performance of the optical fiber communication system.

However, the time drift contains abundant information such as the temperature, strain,
and pressure around fiber optic transmission lines. Therefore, the monitoring of the drift
is valuable for understanding the environment condition around the optical fibers. By
detecting time drift in an optical pulse, the environmental conditions around fiber optic
transmission lines are available to be monitored. This sensing system is based on the
correlation monitoring of traveling pulses, which can be detected according to the
overlap of optical signals. The optical correlation in orthogonal directions for
differential detection is realized due to the time delay bias in the optical signal
correlation unit. The time delay bias also makes it possible to obtain high-sensitivity
measurement.

The time resolution of the optical pulse correlation system depends on the pulse width
of light source, the time jitter, SHG efficiency and S/N of the O/E detector. A
mode-locked LD with low time jitter short pulse is used as the light source. The pulse
width can be controlled by using dispersion compensation fiber. By using quasi-phase
matching technique, high SHG efficiency is available. The time monitor circuit is
bit-rate flexible and does not need high-speed. Therefore, it is potential to realize a time
resolution around several femo-seconds [39].

1.2. Scope and objective of this work

This work aims to develop a high-sensitivity optical fiber sensor based on optical pulse
correlation. It is focused on the following aspects:

(1) To illustrate the theory of optical pulse correlation and construct the fundamental

sensing system
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(2) To investigate the fundamental sensing characteristic of the optical pulse correlation
sensing system and confirm the feasibility to high-sensitivity temperature and strain
measurement

(3) To enhance the sensing performance by improving the sensing structure and verify
the improvement

(4) To carry out the field experiment

(5) To investigate the performance of the sensor in the case of long monitoring fiber

The optical pulse correlation theory is proposed in chapter 2, in which the basic of the
optical fiber sensor is discussed. Chapter 3 illustrates the construction of the optical
pulse correlation sensing system and the fundamental sensing characteristic is
investigated. According to the experimental results, the polarization fluctuation caused
by the birefringence in the single mode fiber was observed. The polarization fluctuation
compensation is described in chapter 4. At the same time, the enhancement of
sensitivity and linearity improvement are obtained due to the establishment of
double-pass monitoring. Then a temperature monitoring experiment outside of the lab is
carried out. Chapter 5 is dedicated to the theoretical and experimental investigation of
the optical pulse correlation sensor performance in the case of long monitoring fiber.
Chapter 6 summarizes the research results and conclusions. The organization of the

dissertation is shown in Fig.1.2.
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Chapter 2

Optical Pulse Correlation Sensing Concept

2.1 Introduction

Time drift between optical pulses limits the performance of the communication systems
utilizing ultra short pulse trains, as the environment condition change is easy to cause
the time delay drift of the optical pulses transmitting in the long fiber devices such as
pulse compression fiber, nonlinear optical loop mirrors and Erbium-doped fiber
amplifiers. Therefore, it is required to monitor and stabilize the time drift within a few
pico-seconds in the communication system [38]. However, as the time drift contains
abundant environmental information such as the temperature, strain and pressure around
optical fiber transmission lines, if the time drifts of optical pulses propagating in the
optical fiber transmission lines can be detected, the environmental conditions around
optical fiber transmission lines are potential to be monitored. The timing relationship
between two optical pulses can be defined as the optical pulse correlation, which can be
measured by using the double-frequency nonlinearity of a crystal or the fluorescence of
an organic dye solution. Based on the optical pulse correlation concept, a
high-sensitivity optical fiber sensor is proposed. In this chapter, the concept of the

optical pulse correlation sensor is presented.

2.2 Optical pulse train correlation sensing concept

As an important parameter of optical signal, the time of optical signal reflects condition
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of the the optical path. So the sensing can be realized by monitoring the time
information of optical signals. The mature of short-pulse generation technique enables
the sensor based on the time modulation of optical pulse to have high sensitivity. The

time information of the optical pulse is included in the optical pulse correlation, which

makes the sensing feasible.
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Fig.2.1 Timing drifts in optical fiber
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Fig.2.2 Optical pulse correlation measurement

For two optical beams from the same light source transmitting in optical fibres, when
they experience the static optical path, the timing relationship between them is constant.

However, if there is any change in the environment around one optical fiber such as
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temperature, strain or pressure, a time delay of the optical pulse will be generated in this
beam as shown Fig.2.1[40]. The timing relationship between two pulses is shown in

Fig.2.2, which can be defined as an optical pulse correlation equation and written as

| oretaion (7)o [ 1 (®) 1 (t—7)dt (2-1)

The correlation between beaml and beam2 can be measured by using a nonlinear
process of second-harmonic generation (SHG) in a crystal or the fluorescence of an
organic dye solution. Then the time drift in the monitoring pulse caused by the
environment change will be obtained. As a result, the corresponding environment

change is available to be measured.

2.3 Optical pulse correlation measurement methods

2.3.1 SHG correlation measurement

SHG is a well-known frequency-doubling nonlinear phenomenon, which is currently
being used in ultraviolet generation, microscopy, biological imaging and electric field
measurement [41-44]. Combing SHG with the Michelson interferometer with a
scanning arm, an autocorrelation scheme was developed and successfully applied to
measure the width of low-repetition rate ultra short pulses [45-47].

2.3.1.1 Second-harmonic generation

When two optical waves with frequencies of @, and @, are incident onto a nonlinear

crystal, an optical beam with a frequency of s is generated.
o, + w, = o, (2-2)
If o =o,,

W, =20, (2-3)
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This phenomenon is defined as the second harmonic generation whose process is
demonstrated in Fig.2.3 [44].

The output power of the second harmonic wave can be expressed as

272d2 L2P? sin? (AKL / 2) -0
20 gyen?n,, A2, A(AKL [ 2)?
® ()
X2
20
(a)

i .

(b)
Fig.2.3 (a) Geometry of second harmonic generation

(b) Energy-level diagram description
Where, def is the nonlinear optical constant,
& IS the dielectric constant,
n is the refractive index,
A is the cross area of the input beam,

L is the length of the crystal.

According to Eq. (2-4), a prerequisite for efficient second-harmonic generation is
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A2
Ak =0. Then W is equal to unit and the second harmonic intensity increases

with L% [46] Ak =0 is called the phase-matching condition. Under the phase-matching

condition, we have
P,, « P, (2-5)

To obtain an efficient SHG, it is required to satisfy the phase-matching condition, that is,

Ak =k@ -2k =0 (2-6)
i.e. k@ =2k« (2-7)

In order to satisfy the phase-matching condition described above, there are main two

techniques birefringent phase matching and quasi-phase matching.

Birefringent phase matching is a usual technique to satisfy the phase-matching
condition in nonlinear crystal, which exploits the natural birefringence of anisotropic

crystals.
According tok ) = on /¢, in order to satisfy formula (2-7)
INCONN (2-8)

Therefore, the indices of refraction at the fundamental and second-harmonic frequencies
must be equal [47]. In normally dispersive materials the index of the ordinary wave or
the extraordinary wave along a given direction increases with @, which makes it
impossible to satisfy (2-8) when both @ and 2 beams are of the same type, that is,
when both are ordinary or extraordinary. We can, however, under certain circumstances,
satisfy (2-8) by making the two waves have different types.

As the birefringence phase matching is difficult to satisfy the requirement in (2-8),

especially in the case of w and 2w beams with the same types. Therefore, a special
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technique of significant importance called quasi-phase matching is proposed.
Quasi-phase matching utilizes a material with spatially modulated nonlinear properties
instead of a homogeneous nonlinear crystal material to realize the phase matching [48].
The spatial modulation nonlinear properties are realized by the periodically poling [42].
The growth of second harmonic power is shown in Fig.2.4 Comparing the conversion
efficiency in the case of phase matching, quasi-phase matching and non-phase matching,
it can be seen that, the efficiency of quasi-phase matching is lower than that the phase
matching condition but much higher than the non-phase matching condition. However,
by utilizing the material with high effective nonlinearity, the conversion efficiency can

be enhanced as high as that in the case of phase matching [48].

Phase matching

Quasi-phase matching

No-phase matching

Second harmonic power (a.u)

sl

0 20 40 60 80 100 120 140 160 180 200

Position in crystal (um)

Fig.2.4 Growth of second-harmonic power in a nonlinear crystal [48]

2.3.1.2 SHG intensity correlation measurement

Determination of the duration of a light pulse from measurements of the intensity
autocorrelation function can be regarded as a “self-sampling” technique in which one
measures a signal proportional to the temporal overlap of the pulse with its time-delayed

replica. A typical experimental arrangement for the intensity correlation measurement is
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shown in Fig.2.5 [45, 49]. The pulse to be measured is divided into two equal intensity
portions, and a time delay 7 is introduced between the two components. The pulse I(t)

and I(t+7) are then focused into a suitable nonlinear crystal for the second harmonic

generation. As the pulse duration At,,, is proportional to the width of the intensity, this

approach is widely used to the pulse width measurement [44-47].

>

Variable deIayI 4

<
<
LN

Nonlinear crystal SHG Detection
\ m ® 20
f L
=

Beam splitter

~

S(1)

Laser output pulse

Fig.2.5 Experimental setup for intensity correlation measurement using SHG [45]

By using the experiment setup shown in Fig.2.5, the intensity correlation was obtained
as
S(r) =1+ 2G*(z) + r(7) (2-9)

Where r(7) is a rapidly varying fringelike component that averages to zero over several
optical periods and is generally not observed experimentally [18,19]. When 7=0, a peak
value can be obtained, which is defined as the perfect overlap. If c/n is the pulse
velocity in the medium and z is the distance from the perfect overlap, i.e.z =2nz/c,
S(t)=1. Thus, one measures the second-order correlation function in the presence of
constant background [45]. Therefore, a ratio of 3:1 between the peak and the

background can be observed. If the polarizations of two pulses in Fig.2.5 are orthogonal,
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the intensity correlation with free-background can be obtained [18]. However, intensity
correlation measurement with background provides assurance that the central peak in
G%(7) has been obtained.

2.3.2 Two-photon fluorescence methods [45]

Two-photon fluorescence (TPF) method has been widely used to measure the pulse
width of mode-locked lasers and spectroscopy in biologics due to its inherent simplicity
and its ability to provide a complete measurement of G%(t) with a single pulse[50,51]. A
schematic diagram of TPF correlation measurement with a triangle configuration is
shown in Fig.2.6 [51]. The investigated pulse is divided into two equal components by a
beam splitter, and each component travels equal distances and overlap in a solution of
Rhodamine 6 G in ethanol exhibiting two-photon absorption and fluorescence. Neutral
density filters were used for attenuation of the us pulses. A time resolved photograph of
the fluorescence trace was taken using a Charge-coupled device(CCD) camera and
output from it was given to various measuring devices such as Cathode Ray
Oscilloscope and PC monitor. The time-integrated photograph recorded from the side
shows enhanced fluorescence where fluctuations or isolated pulses overlap with each
other. Correlation occurs in a liquid dye solution that has no absorption at the pulse
wavelength but fluoresces in the presence of high intensity by virtue of two-photon
absorption. The integrated intensity of fluoresces at any point is proportional to the time
averaged fourth power of the optical electric field. For two identical pulses moving in
opposite direction, the fluoresces intensity distribution has the same form to Eq.(2-9).
The main advantage of the TPF method is that the spatial distribution of the
fluorescence intensity is directly related to second order correlation function G®(x),

also called fourth-order coherence function [51]. However, the measurement precision
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of TOF critically depends on the alignment of the two optical beams and to a lesser

extent on the intensity difference between two optical pulses.

Energy meter

N

Power supply

Photo detector

CCD

Camera
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Nd:YAG laser / — e .
Filter
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Laser power supply M2 BS2
TV monitor

| f

Line selector
Storage oscﬂloscope

Fig.2.6 Schematic diagram of TPF correlation measurement [51]

2.4 Theory of optical pulse correlation sensing

According to the above description of correlation measurement method, compared with
TPF method, SHG correlation has the high precision due to the relatively high nonlinear
conversion efficiency under phase-matched condition. Therefore, we use SHG to realize
the optical pulse correlation sensing.
As shown in Fig.2.1, the electric fields of beam1 and beam?2 can be expressed as [52]
e”(t) = Re[E,(t)e™"] (2-10)
ey (t) = Re[E, (t — r)e™ "] (2-11)
As beaml and beam2 come form the same light source, we have
e’ (t) = Re[E(t)e™] (2-12)

e2(t) = Re[E(t — 7)e™" ] (2-13)
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The electric field from SHG crystal is shown as
e?”(t) = Re[E?(t)e'*"] (2-14)
The total input electric field to the SHG crystal is
e, (t) = Re{[E(t) + E(t — 7)e " ]} (2-15)

According to (2-14), the amplitude of the electric field after SHG crystal is the square of

the electric field of the input beam. Therefore, the electric field of the output beam is
Eoue(t) ={[E(t) + E(t—2)e”™"]-[E(t) + E(t—7)e™'T
=E%(t)+ E*(t—7)+ E()E(t —z)e ™" + E(t)E(t — r)e™" (2-16)
This SH signal can be detected by using a photo detector. The output current iq of the

photodiode is proportional to the intensity of SH signals. By using a circuit, we obtain a
voltage output. Hence, we have
V(t) oc iy (t) oc E,, () E out (t)
=[E%(t)+ E*(t—7) + EQ)E(t—r)e " + E(t)E(t — )" ]-[E2(t) +
E*’(t-7)+EM)E({t-7)e"" + E(t)E(t—7)e "]
= E4(t)+E“(t—7) + 4E2()E’(t - 7) + 5(7) (2-17)
Where s(z) is an item related to coswz and cos2 wr.
According to (2-17), it can be seen that v(t) is a function of t. However, the light beam
has a frequency as high as GHz, by using a low speed photo-diode; we can obtain the
integration output of (2-17). As s(z ) is an item contains coswr and cos2wr, the
integration of s(z) becomes to 0. Hence,
V(t) oc< I2() >+ < 12 (t—7) > +4 < I (1) >< I (t—7) > (2-18)
Where, < > represents the temporal average.

The optical pulse correlation is defined as
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<IOIt-7)>
< 1%(t) >

GO(r) = (2-19)

Substitute (2-19) to (2-18) and normalize the output current of detector, we have
iy (1) =1+2G? () (2-20)

When there is no any delay between beam 1 and beam 2, that is =0, G (7)=1 [45,52].

If 7o <<t<t+T (1o is the pulse width of beam 1 and beam 2), G®( 1)=0. Therefore,

3 =0
i (t 2-21
d(){l To<<T<t+T ( )

The relationship between the SHG signal and the time delay of beaml and beam2 is
shown in Fig.2.7. It can be seen that when beam2 locates at the left of beaml1 with a
large time delay, the SHG signal is too weak due to the correlation signal is 0. But there
is still some output due to the existence of the fundamental wave. With beam 2
approaches to beam 1, the overlap part between two pulses is increased, which indicates
that the correlation signal is increased. Therefore, the SHG signal is increased. When
beam2 completely overlaps with beam1, a maximum of SHG signal is obtained, which
is caused by the complete correlation of two pulses.
According to the above description, the optical pulse correlation can be monitored
successfully by SHG. Hence according to the intensity correlation signal detected by
SHG, the timing relationship between two optical pulses can be measured. Therefore,
the environment changes around the monitoring fiber can be monitored successfully.
According to Fig.2.7, there is a corresponding relationship between the time drift and
SH signal, from which the sensing is available. However, the sensitivity of this single
channel correlation sensing system is not high enough. Moreover, a background exists.
In order to obtain a linear sensing region with high sensitivity, a differential detection of

two correlation signals in two channels is available by using a nonlinear crystal. The
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nonlinearity of a crystal enables it to split one optical beam into two beams orthogonally
polarizing with a time delay of To. Therefore, two correlation signals can be obtained as
shown in Fig.2.8. It can be seen that the correlation signals periodically vary with time
delay with a period of T, where T is determined by the repetition rate of the pulse train.
In one period, there is a linear region between the peaks of OUT1 and OUT2, which is
related to To. If the difference between two SH signals is taken, the sensitivity can be

written as

AV

g=2"
AT

(2-22)

It can be seen that compared with the sensitivity of one channel sensing system, the
sensitivity of this two channel sensing system is remarkably enhanced. At the same time,
the background was completely eliminated by using the differential detection method.

The sensitivity is related to the pulse width of optical beams, the time delay bias Ty
determined by the length of nonlinear crystal, and AV, the difference between OUT1

and OUT?2. For ultra-short pulses, the sensitivity of the optical pulse correlation sensing
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system is possible to be several femoto-seconds in theory. According to Eq.(2-20), we
can conclude that AV is a constant if the pulse width of two optical beams are fixed.
Therefore, the sensitivity and the corresponding measurement range are determined by
the time delay bias To. We can realize “zoom out” to satisfy a high resolution
measurement with a small T, by shortening the crystal length, or “zoom in “to acquire a

large range measurement with a large To by using a long crystal.
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Fig.2.8 SH signal vs. time delay in two channels

2.5 Summary

The concept of an optical pulse correlation sensing was proposed. The available optical
pulse correlation measurement methods were discussed and compared. Then the
theoretical analysis of optical pulse correlation sensing based on SHG was carried out.

The factors related to the sensitivity of the optical pulse correlation sensing system were

discussed.
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Chapter 3

Optical Pulse Correlation Sensing

3.1 Introduction

The high-sensitivity of the optical pulse correlation sensing system origins from the
setting of a time delay bias through a birefringence crystal in the optical signal
correlation unit. Just because of the time delay bias, the optical correlation signals in
orthogonal directions are generated and measured. Therefore, the high-sensitivity can be
obtained by using the difference of two correlation signals. In this chapter, the
configuration and principle of the optical correlation sensor will be discussed. The

feasibility of the sensor to high-sensitivity measurement will be investigated.

3.2 Configuration of optical pulse correlation sensing system

The configuration of the optical pulse sensing system is shown in Fig.3.1 [39, 53]. The
sensing system is composed of three main units, light source unit, sensing unit and
optical pulse correlation unit. The optical pulse correlation unit is the crucial part of the
sensing system, in which the optical correlation pulse pairs are formed, the correlation

signal is generated by using a SHG crystal and the detection is realized. In this section,
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Fig.3. 1 Scheme of optical pulse correlation sensing system

PC1: Polarization controller 1; PC2: Polarization controller 2;

the related components of the correlation sensing system will be introduced to make

sure the performance of the whole sensing system.
3.2.1 Light source unit

An active mode-locked laser diode (ML-LD) with electroabsorption (EA) modulation
was used as the pulsed light source of the sensing system. The driving circuit diagram,
I-P characteristic and stability of the ML-LD are shown in Fig.3.2 (a), (b) and (c).
According to Fig.3.2 (b), it can be seen that after warming up several hours, a stable
laser output can be obtained. Therefore, it is necessary to warm up the ML-LD for 4-5
hours before the experiment. ML-LD is modulated by a RF signal with a resonant
frequency of 19.9 GHz. Therefore, a pulse train with about 50 ps repetition rate is
obtained. Then the modulated signal is amplified by an Erbium-doped fiber amplifier

(EDFA), the specifications of EDFA are shown in table 3.1.
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Table 3.1 Specifications of ErFA1215

Signal wavelength 1530 - 1565 nm
Wavelength of pump laser 1480 nm
Maximum output power >+15 dBm
Gain 30dB
Noise figure <7.5dB
Polarization dependence of output power <0.15dB
Polarization extinction ratio >17 dB

3.2.2 Sensing unit

In the sensing unit, the light beam from ML-LD is split into a reference beam and
monitoring beam by using a 3 dB optical coupler. On the reference beam a time delay
line is used to initialize the sensing state, which will be discussed in later section. The
polarization controllers before the time delay line and monitoring fiber to adjust the
polarization state of the reference beam and monitoring beam. The loss characteristic of
the time delay line is shown in Fig.3.3. According to the loss characteristic of the time
delay line, it can be seen that the loss from 50 ps to 80 ps is a flat loss region. In order to
avoid the correlation degradation caused by the signal loss, the flat loss region should be

used.
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Fig.3.3 Loss characteristic of time delay line
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3.2.3 Optical pulse correlation unit

The optical pulse correlation measurement idea was realized by an optical pulse
correlation unit, which concludes two sub-units, optical pulse correlation pairs
generation unit and optical pulse correlation detection unit as shown in Fig.3.4. The
optical pulse correlation pairs generation unit is composed of a birefringent crystal, a
half mirror and a polarization beam splitter (PBS). When the reference beam passes
through the birefringence crystal, it is split into two beams, Refo and Refp3, which
polarize in orthogonal polarization planes p and S. At the same time, a time interval
about 7 ps is produced between Refow and Ref. This 7 ps time interval is defined as the
time delay bias, which is an important fact to determine the sensitivity and dynamic
range of the sensing system. Therefore, the time delay bias can be designed according to
the requirement of the practical application. The novelty of the optical pulse correlation
sensing system lies in the setting of the time delay bias, which makes it possible to
realize the optical pulse correlation measurement in two channels and the differential
detection is available. By using a polarization controller, the polarization state of the
monitoring beam can be adjusted to 45°. Then equal components Sig & and Sigl will be
obtained in polarization plane p and s, respectively. At the half mirror, Refo and Refp
will be combined with Sig & and Sig{ in plane p and S, respectively and form to two
optical pulse pairs. After that, the polarization beam splitter will divide the two optical
pulse pairs into Chl and Ch2. The orthogonal optical pulse pairs generation is realized
in a compact component with a size of 5.5 cmx3.0 cmx0.8 cm. The top view of the
optical pulse correlation unit and the SHG correlation detection & O/E unit are shown

in Fig.3.4 (b).
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Fig. 3.4 (a) Diagram of optical pulse correlation unit
HM: Half Mirror; PBS: Polarization beam splitter
(b)Top view of optical pulse correlation unit and SHG correlation detection & O/E unit
The function of optical pulse correlation detection unit composed by SHG & avalanche
photon diode (APD) is to generate the correlation signal and convert it to electric output.

A KTP crystal is used to generate second harmonic wave. As the signal from SHG
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Fig.3.5 Spectrum response and frequency response of APD
Table 3.2 Specifications of APD
Min. Typ. Max Unit
Cutoff frequency (-3dB) High | 80 100 - MHz
Low - DC -
NEP (800 nm) - 0.02 0.04 Pw/Hz"*@10MHz
Return resistance - 10 - KQ
Photosensitivity (Including M=30) -1.4 -1.5 -1.6 10° V/IW
Maximum incident power 0.05 0.06 - W
Minimum detectable power - 0.0005 0.01 nW

crystal is too weak, an APD with high photo-electronic sensitivity is used to detect the
second harmonic signal. The specifications of APD are shown in Fig.3.5 and table 3.2.
The relationship between the input power and APD output voltage of SH signal is

shown in Fig.3.6.
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3.3 Mechanism of optical pulse correlation sensor

A short optical pulse train less than 9 ps from a ML-LD modulated by a RF signal with
a frequency of approximately 20 GHz was amplified to 16.5 mw and divided into a
reference pulse train and a monitoring pulse train by a 3 dB optical coupler as shown in
Fig.3.1. By tuning an optical time delay line, the correlation state of the reference pulse
train and the monitoring pulse train was initialized. The pulse splitter in the optical
pulse correlation unit separates the reference pulse train into two pulse trains Refo and
RefB, which polarize in orthogonal polarization planes p and S. At the same time, a
stable time delay bias about 7 ps is generated between Refo and Reff. By tuning the
polarization controller before the monitoring fiber, the polarization angle of the
monitoring pulse can be adjusted to 45°, and then two equal components Sig & and SigC
will be obtained in polarization plane p and s, respectively. After passing through the
half mirror, the monitoring pulse components will be combined with reference pulse
components in orthogonal polarization planes and two optical pulse pairs will be

obtained. One is composed of Refa and Sig &, the other is composed of Refp and SigC.
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PBS will separate these two optical pulse pairs into chl and ch2. Then two optical pulse
correlation signals will be obtained by using SHG crystal. After the O/E converter, two

electric output signals will be obtained.

SH signal (a.u)

| A Reference pulse

"' Monitoring pulse

-15 -10 -5 0 5 10 15

Time drift (ps)

Fig.3.7 SH average versus pulses position in each channel
The relationship between the SH signal, the optical pulse correlation state and time
delay between two optical pulses are illustrated in Fig.3.7. It can bee seen that two
correlation signals OUT1 and OUT2 have the similar variations with the timing drift. At
the beginning, the monitoring pulse locates in the front of the reference pulse
component Refow with a large time delay. For the two optical pulse pairs, The output
intensity of OUT1 and OUT2 are near to 1, which are correspond to the theoretical
value indicated in Eq. (2-20). If the monitoring pulse drifts further, the correlation
between Refa and Sig  increases gradually. However, there is no obvious change in the
correlation signal between Refy and Sigl. When the monitoring pulse drifts further, the
overlap between Ref and Sig€ will increased with a speed lower than the correlation
between Refa and Sig &. When Refa is behind Sig & with 3.5 ps, the overlap between
Refa and Sig & equals to the overlap between RefP and Sigl. Thus OUT1 equals OUT?2.

With the monitoring pulse drift forwardly further, Refow will completely overlap with
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Sig &, so OUT]1 arrives at the peak. In theory, the value of the peak equals to 3, while
the peak value in Fig.3.7 is a little less than 3. This is because the conversion efficiency
of SHG in practice is less than that in theory. After OUT1 arrives at the peak value,
Refa will deviate from Sig & and the overlap between RefP and Sigl becomes larger
and larger. Then OUT1 will decrease gradually, while OUT2 will increase and a peak
value can be obtained in OUT2. According to Fig.3.7, it is indicated that the time
interval between peaks of OUT1 and OUT2 is about 7ps, which is determined by the
time delay bias in the optical pulse correlation unit. For one channel output, a time
resolution around 0.1 ps was obtained. In order to improve the resolution of the system;
we introduced a differential detection technique. The differential signal between OUT1
and OUT2 was monitored. The resolution of the sensing system with differential
detection depended on the balance of OUTI peak and OUT2 peak, which was
determined by the offset polarization angle of monitoring pulse and detector sensitivity.
Therefore, an offset polarization angle of the monitoring signal is controlled as 45° to
obtain equal components in orthogonal polarization directions. On the other hand, if
there is a little difference between sensitivities of two detectors, the offset polarization
angle used to eliminate the asymmetry is monitored by the outputs voltages of OUT]I
and OUT2 with only the monitoring pulse input. By taking the difference between
OUT1 and OUT?2, a linear region around 7 ps is obtained as shown in Fig.3.8.

According to Fig.3.8, it can be seen that the time drift direction of the monitoring pulse
can be judged through the sign of the difference signal between OUT1 and OUT2. If the
monitoring pulse drifts forward, the intensity of OUT1 increases; while that of OUT2
decreases. Then the sign of the differential signal between OUT1 and OUT2 becomes

positive. If the monitoring pulse drifts backward, the intensity of OUT1 reduces, while
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that of OUT?2 rises. And the sign of the differential signal becomes negative. The change
of the differential signal with pulse time delay is illustrated in Fig.3.8. It indicates that
the differential signal varies periodically with pulse time delay. The period is
approximately 50 ps due to the repetition rate of optical pulse train from the ML-LD. i.e.
when the monitoring pulse N has a small time drift; it overlaps with pulse M in
reference pulse train (pulse (N+1) in monitoring pulse train overlaps with pulse (M+1)
in reference pulse train). The sensing region is between point ¢ and Q in Fig.3.8
corresponding to peaks of OUTI and OUT2, respectively. When time drift of the
monitoring pulse is beyond this region, monitor pulse N will overlaps with reference
pulse (M+1). Then the region PQ is available. The time resolution of the differential
detection system is less than 0.04 ps, which is twice of that of single channel
measurement. Therefore, the measure range of the system can be “zoomed in” with
rough resolution and “zoomed out” with high resolution. Compared with single channel
measurement, the differential signal detection has its unique advantages:

1. It indicates not only the time drift value, but also the drift direction;

2. Its resolution is nearly double that of single channel detection.
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3. Background noise was completely eliminated by using the difference of two
correlation signals.

In the sensing system, the overlap state of pluses is indicated by the SH signal detected
by APD module instead of pulse scanning. SHG signal nearly has no response limit in
time. Hence the response time of the sensing system is determined by that of detector
module. The response time of the detector module to a stepped pulse is several
micro-seconds, which allows the measurement to be immune to fluctuations resulting
from external perturbations. Therefore the real-time sensing can be realized with this
sensing system. The related performance of the sensor is shown in table 3.3.

Table 3.3 Performance of optical pulse correlation sensor

Specification Data
Resolution (ps) 0.04
Dynamic range (ps) 7 ps
Nonlinearity <1%

3.4 Temperature and strain characteristics
3.4.1 Temperature characteristics

According to the relationship between the differential correlation signal and the pulse
time position in Fig.3.8, any physical quantity caused to the pulse time drift of the
optical signal transmitting in the optical fiber can be monitored. Therefore we can use
the system to measure physical quantities such as temperature, strain and pressure

around a fiber optic. A typical temperature measurement setup is shown in Fig.3.9.
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Fig.3.9 Setup of temperature experiment

Before heating the water bath, we located the pulses position around the decision point
by tuning the optical time delay line. When the temperature of water was increased, a
timing delay was generated in the monitoring pulse train, which caused a change in the
differential signal. A single mode fiber of length 1m with Polyamide sleeve was
employed. By controlling the temperature of the water bath, the differential pulse
correlation signal was monitored by a digital multimeter.

The variation of differential signal with the temperature of water bath was shown in
Fig.3.10. A good linearity was observed, when the water bath temperature was increased
from 19 °C to 50 °C within several hours. By fitting the experimental data with least
square method, a curve correlation coefficient of 99.24% was obtained. A resolution
about 0.04 m-°C was obtained, which showed different temperature resolution could be
realized with different fiber length to satisfy the corresponding requirements in
applications. The temperature sensitivity is in the same order with the high-sensitivity
interferometer temperature sensor demonstrated in [54, 55]. As a single-mode fiber with
sleeve was used as the monitoring fiber, the sensitivity is related to the sleeve material.

Therefore, we can obtain much higher sensitivity by selecting fiber with high thermal
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coefficient sleeve.

It should be noted that the correlation signal is not only sensitive to the time delay in the
monitoring signal but also sensitive to the polarization change in the monitoring fiber.
The polarization state is propone to be affected by the birefringence fluctuation resulted
from the uneven thermal effect in the single mode fiber. Therefore, some fluctuations
appeared in the correlation signals, when the temperature was enhanced, which is
adverse to the application. Thus the birefringence effect should be compensated, which

will be introduced in later chapter.
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Fig.3.10 Temperature vs. difference of two correlation signals

3.4.2 Strain characteristic

An experiment for strain measurement with a single mode fiber of length 56 cm was
carried out by the similar approach as shown in Fig.3.11. Due to the strain, the fiber
optic was extended, which yielded a timing delay for the optical pulse through it. The
relationship between the differential signal and the manipulator position was shown to
be extremely linear with a correlation coefficient rate of 99.78% as indicated in Fig.3.12.

According to further experimental study, a resolution of 0.2 pe was obtained, which is
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comparable with the FBG sensor demonstrated in reference [56, 57].
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Fig.3.12 Differential signal correlation pulse vs. tensile strain position

According to the temperature and strain experiment, the optical pulse correlation system
is feasible to high sensitivity measurement. As the correlation signal is both sensitive to
strain and temperature around the monitoring fiber, a discrimination measurement will

be discussed in the following section.
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3.5 Discussion on discrimination of temperature and strain
measurement

The sensing theory of white light optical fiber sensor was discussed in Ref 58.

Compared with white light optical fiber interferometer, the sensing parameter of the

optical pulse correlation is the time delay instead of the phase in the sensing part, which

can be written as

(3-1)
Where ng is the refractive index of the optical fiber core and L is the length of sensing
part in monitoring fiber.

As the optical path S is the function of strain (o) and temperature (T) exerted on the
sensing fiber, therefore the time delay induced in the monitoring signal under he

exertion of strain and temperature is

t= —S(‘Z’T) =t(c,T) (3-2)
The increment can be expressed as
1 ot ot
dt=—(—J],do +[—],)dT 3-3
C([(%]T o [aT]") (3-3)

Where do and dT are the local change of strain and temperature, respectively. ot/0o and
ot/0T are the differential of t with respect to oand T.

Substituting (3-1) to (3-3), we have

1 oL on oL on
dt=—{n[—]. + L[—do + {n.[—]. + L[—>] 3T 3-4
C{ 0[60} [60]} o {o[aT]a [aT I} (3-4)
The strain ¢is defined as

e="= (3-5)

Therefore formula (3-4) can be changed as
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_nL, s 1 on,

. {[g]T +n—0[g

dt :l{nOL[
c

nL de. 1 _on,

o¢ o€
Ir [%]T ydo + T{[(?—T]G + n—o[g]g[g]g}d” (3-6)

If the Young’s modulus E; and expansion coefficient ¢ are introduced, we can write

formula (3-6) as

n,L 1. on,, . do 1 on
dt == {(1+—[=—2),)— + (a; +—[=2].)dT 3-7
C{( nO[ag]T)Ef (a; nO[aT]U) } (3-7)
If t= %L and Hawk law de=do/E;are considered, formula (3-7) can be simplified as
dt 1 on,,  do 1 .on
—=(1+—[]"])—+(a; +—[=])dT 3-8
. ( nO[58]T)Ef (o nO[aT]C,) b (3-8)
Where C.and Cr are defined as
1 on
C :——0 3'9
= 88]T 3-9)
1 on
C.,=—[2 3-10
T no[aT I (3-10)

3.5.1 Temperature measurement

The time delay caused by the temperature change in the monitoring beam is written as

d 1 0
— =—.—(n.-L
dT ¢ 8T(° o)
1 on oL
=—(—-L,+n,-— 3-11
c(aT 0 oa-l-) (3-11)
Hence At = l~(An0 L, +n,-AL) (3-12)
C

When the temperature around the optical fiber sensor is changed from Ty to T, the length
change AL and refractive index change 4n can be expressed as
AL, = L, (T[T =Ty (3-13)
An=n, (A4, T )T -T,)C; (3-14)

Substitue (3-7) and (3-8) into (3-6), we can obtain
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N=%FMMDU—Rﬁr%+%¢JmU—BW] (3-15)

Therefore
AT=(T-T))=1 Al (3-16)
E-[nOCT Ly +ny - L]
Formula (3-10) can be expressed as
At=AT -t (3-17)

Where t; =S, -L,(T,) is the sensitivity of the optical pulse correlation sensor with a
monitoring fiber length of Lo . St is the sensitivity coefficient.
3.5.2 Strain measurement

When a strain & is imposed on an optical fiber along the axial direction, the time delay

At can be expressed as

_Ang- L, +n, - AL,

At
C
_ An, - L, +nyLye, (3-18)
c
The change of the refractive index can be written as [7, 8]
1
An, :_Eng[(l_v) P, — VP, JE, (3-19)
Hence we have
1 5
{noLog, =gl =V) P, = VP, ILE, }
- 2
At =
c
1 5
{n, - 5 N [A-V)p, —vp, 1iLee,
- c
— r]equivalent Logz (3_20)
C

1 : : o
Where, Nyivatent = No —Eng [A=V)p,, —Vp,,] is the effective refractive index of the
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optical fiber.

Therefore the strain of the optical fiber can be obtained as

At
£ = 3-21
: = 1 (3-21)

equivalent —0
In the optical pulse correlation sensing system, by using the optical pulse correlation
unit with a time delay bias of 7 ps, temperature and strain resolutions around 0.04 m-°C
and 0.2 pe was obtained within 19°C -50°C and 5800 pe -8500 pe for single-mode were
obtained when the pulse width of the light source less than 9 ps. As the resolution and
dynamic range are related to the time delay bias and the fiber length, much more higher
resolution or large dynamic range can be obtained by optimizing the time delay bias and
fiber length.
3.5.3 Discrimination of temperature and strain measurement
According to the above description, optical fiber is both sensitive to the temperature and
strain. Therefore, it is necessary to compensate the cross effect, especially in the
strain experiment.
For the temperature change around the optical fiber, due to difference expansion

coefficient between the fiber core and the fiber coating, an additional strain will be

produced. The strain caused by the thermal effect can be expressed as

Ao =E,(a, —a,)AT (3-22)

Where Etis Young’s module, am and o are expansion coefficients of fiber core and fiber
coating, respectively.
Substitute (3-20) into (3-8), we have the total increment of time delay caused by thermal

effect

% =(1+C,)a, —a; )AT +(a, +C,)AT
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=(1+C,)a, — o )AT +(a; +C;)AT
=[a, +C; +(a, —a,)C,IAT (3-23)

Formula (3-21) indicated that the strain caused by the thermal effect can not be
neglected in the strain measurement. The temperature effect in the strain measurement is
required to be compensated. Therefore, for most strain measurement, the measured
strain will be modified by the independent temperature measurement.

Now let us consider the situation in which the optical fiber is simultaneously affected by
the temperature and strain, the time delay induce in the monitoring beam can be

expressed as

% =(1+C,))A¢ +[a,, +C; +(a, —a,)C,]AT (3-24)

We can rewrite formula (3-22) as

% = AA¢g + BAT (3-25)
A=(1+C))
Where (3-26)
B=[ea, +C; +(a, —ap)Ce&]

If the temperature is measured by a sensor just sensitive to the temperature, the change
in (3-24) related to temperature will be known and the strain can be obtained. As far as
formula (3-8) is concerned, only the linear item was considered. If Ag and AT are too
larger, it is necessary to consider the high order item, which is the cross-sensitive item
of the temperature and strain. If Ce,T is defined as the cross coefficient of the

temperature and strain, we have
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% =(1+C)Ae +[a, +C; +(a, —a;)C,JAT +C,_;AcAT (3-27)
The cross coefficient is around C,1~10 rad(OC)'l(},us)'lm'1 [59]. The above results
indicated that, if the strain or temperature is not too large, for the free optical fiber, the
cross coefficient can be neglected. However, if the length of the monitoring fiber is too
large, the cross coefficient is needed to be considered as the item is proportional to the

length of the fiber.

As far as the optical pulse correlation sensor is concerned, in the strain measurement,

the strain caused by the thermal effect should be modified.

3.6 Summary

The configuration of the optical pulse correlation sensing system is illustrated. Then
fundamental sensing principle and characteristic are explained. According to the
relationship between the second harmonic signal intensity and the time delay, a good
linearity was obtained. The time resolution was estimated as around 0.04 ps. The
temperature and strain characteristic of the optical pulse correlation sensor was
investigated. The results indicated that it is feasible to use the optical correlation sensor
to measure the temperature and strain around the optical fiber transmission liens with
high sensitivity. As the sensor is sensitive to temperature and strain simultaneously, the
discrimination measurement of temperature and strain is discussed in theory. During the
temperature experiments, the fluctuation caused by the birefringence in the single-mode
fiber was observed due to the sensitivity of the correlation signal to the polarization
state change of the monitoring signal. Therefore, it is necessary to compensate the

birefringence effect.
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Chapter 4

Birefringence Fluctuations Compensation in Optical

Pulse Correlation Sensing System

4.1 Introduction

As a birefringent medium, a single-mode fiber has the residual birefringence fluctuation,
which causes to the polarization state fluctuation of the monitoring signal in the optical
pulse correlation sensing system described in chapter 3. Consequently, the components
of monitoring signal in orthogonal polarization planes will be changed, which results in
the fluctuation of the correlation signal. In order to obtain a reliable optical correlation
sensor, the birefringence fluctuation should be compensated. Since the birefringence
fluctuations in a single-mode fiber originate from the time dependant difference
variation between two orthogonal components of an optical beam, if the orthogonal
components experience the same variations at any time along the single-mode fiber, it is
available to neutralize the birefringence fluctuations. A FRM enables the polarization
state of any optical beam to rotate 90° before being retraced the single-mode fiber, then
two orthogonal components will reciprocally change their tracing paths at any point
along the fiber. Consequently, the birefringence fluctuations in the single-mode fiber
caused by the external perturbations in the forward direction will be completely

compensated by the returned beam. This birefringence compensation approach by using
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a retracing beam will be introduced into the optical pulse correlation sensor in this
chapter. The polarization sensitivity will be investigated and compared with that in the
previous sensing system illustrated in chapter 3. After that, an temperature measurement

outside of the lab will be carried out.

4.2 Birefringence effect in optical fiber

Birefringence is termed as a phenomenon in which a ray of light is decomposed into
two rays, an ordinary ray and an extraordinary ray, when it passed through certain types
of materials. This effect will occur if the structure of the material is anisotropic
(directionally dependent). The birefringence magnitude is defined as
An=n,—n, (4.2)

Where n, and n. are the refractive indices for polarizations perpendicular (ordinary)
and parallel (extraordinary) to the axis of anisotropy, respectively. As the phase of
optical signal propagating in a birefringence material is related to the birefringence
magnitude and the thickness of the crystal, it is useful for the devise of optical devices
such as wave plate, color filter and polarization beam splitter, which are related to the
polarization state controlling of optical signals. However, for the optical signal
propagating in an optical fiber, birefringence effect is not desirable in some
communication and sensing systems.

As far as a single-mode optical fiber is concerned, birefringence effect exits due to the
imperfect circular dielectric symmetry of the fiber resulted from the manufacturing
process. Although reasonable polarization stability can be obtained for hours in short
fiber within the acceptable circular dielectric symmetry [60-62], if some disturbances
are exerted by mechanical stress or temperature change, the birefringence will fluctuate

randomly in an unpredictable way [63, 64]. The birefringence fluctuation will
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change the phase difference between two orthogonal beams, which leads to the random
change of state of polarization (SOP) over time. The change of SOP is adverse in the
optical fiber interferometers, which is demonstrated by the degradation of the visibility
of the coherent fringe [65, 66]. As the correlation signals of the optical pulse correlation
sensor are generated in two channels, which have the orthogonal polarization planes,
they are not only sensitive to the time drift in the monitoring pulse but also to the
change of polarization state of the optical signal. The random fluctuation of the residual
birefringence resulted from the uneven thermal effect of optical fiber was observed in

the temperature experiment as a form of fluctuations in the correlation signals [53].

4.3 Birefringence fluctuation in optical pulse correlation sensing
system
As is shown in Fig.3.1, two optical pulse correlation signals are generated in the
orthogonal polarization planes. Therefore, the optical correlation signal is not only
sensitive to the time delay between reference pulse and monitoring pulse, but also
sensitive to the polarization fluctuation of optical signals. In the optical pulse correlation
sensing system, both the reference beam and monitoring beam are required to be stable
linear polarization. For the reference beam, the polarization maintaining fiber was used.
Therefore it is possible to satisfy the requirement of linear polarization state. But for the
monitoring beam, it is impossible to use a high-birefringence fiber especially in the case
of long transmission lines. Since the birefringence in a single-mode fiber will fluctuate
randomly when some perturbations caused by the uneven thermal effect or external
mechanical strain were exerted in the single-mode fiber, the linear polarization state of

the monitoring signal is too difficult to maintain. As a result, the fluctuations in the
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correlation signal were observed, especially in temperature experiment, which is
undesirable for the measurement [65]. Therefore, it is necessary to compensate such

birefringence effect in the single-mode fiber.
4.3.1 Birefringence fluctuations compensation approach

As the SOP is an important parameter of an optical signal, birefringence compensation
remains one of the open issues to stabilize the SOP in various optical devices. The
compensation of stress-induced birefringence is achieved in Nd:YAG laser through two
laser rods in tandem and an optical rotator located between the rods that rotates the
direction of polarization by +90° [67]. R.Ulrich realized the stabilization of the SOP at
the output end of a long nominally circular single-mode fiber by an active control
system, which contains a polarimeter and two electromagnetic fiber squeezers [68].
Using a dual-exposure technique, the birefringence caused by the geometric asymmetry
was reduced in side-written photo-induced fiber devices [69]. The birefringence
elimination in silica-on-insulate ridge waveguide by using the cladding stress-induced
photo elastic effect was proposed [70].

As far as the birefringence compensation to stabilize the SOP in the sensing systems is
concerned, a simple and efficient approach is to use a high-birefringence fiber. However,
the high cost limits its applications, especially in the case of a long fiber line. Thus, a
conventional fiber with some polarization state control technique should be a solution.
M. Martinelli developed a universal compensator for polarization changes through a
retracing beam [71]. This technique has been widely used to the optical fiber
interferometers [72-74]. The application of the birefringence compensation by using the
retracing beam to a time delay line was also demonstrated [75].

The birefringence compensation through a retracing beam is realized by a Faraday
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rotator mirror (FRM) as shown in Fig.4.1, which consists of a lens, a Faraday rotator

and a mirror. When a beam passes through the single-mode fiber in the forward

direction, the polarization state will be changed due to the birefringence fluctuation, but

when it is returned under the reflection of the mirror and passes through the

single-mode fiber again, the birefringent effect in the forward direction will be

compensated by the returned one. This process can be clearly described by using a

Jones matrix [71, 73].

The net birefringent effect of the single-mode fiber in the forward direction can be

denoted in a Jones matrix formalism described by a unitary matrix
R-2(a b
dlb a

SMF Fiber
Faraday rotator

Input beam

90
lf';\ 90° /

Returned beam Lens Mirror

Fig. 4.1. Diagram of FRM

Where * ---the conjugate

o ---the fiber loss
d =(a-a*+b-b¥)

a and b depend on the birefringence properties of the fiber

(4.2)

The net effect of the mirror and double pass through the Faraday rotator is described by
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0o -1
T - {_1 ) } (4.3)
Where t is a coefficient related to the loss and the reflection coefficient of the mirror.

According to formula (4.3), it can be seen that when the beam passes through the
Faraday rotator in the forward direction, the polarization state is rotated 45°. With the
reflection of the mirror, when the returned beam passes through the Faraday rotator
again, it will be rotated another 45° in the same direction. Thus the polarization state of

the returned beam is orthogonal to that of the input beam. In the reverse direction

through the fiber, the birefringence can be denoted as

— a a -b
R=21°% 4.4
d{b a} (44)

Then the transmission of light along a length of fiber through the FRM and back along

the fiber path, is thus described by the operation

R RTR - az{ 01 ‘01} (4.5)

Formula (4.5) implies that the total effect of the double pass in the fiber is equivalent to
the effect of a Faraday rotator mirror, which is independent of the birefringence in the
monitoring fiber. Therefore the returned beam always orthogonally polarizes with
respect to the incoming one, independent of type, value or direction of the birefringence
state occurring in the beam propagation [71]. In theory, the birefringence fluctuation
caused by the uneven thermal effect or external stress can be completely compensated
by using the retracing beam.

The birefringence compensation of FRM can also be described by the Poincare sphere
[71]. The Poincare sphere representation and its equatorial projection about the
birefringence compensation process is shown in fig.4.2, which indicates the evolution of

the state-of-polarization of the retracing beam. As is shown in fig.4.1, the input beam is
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supposed to horizontally polarize (point H in Fig.4.2), the retardation produced in
formula (4.2), convey point H to R by means of a rotation around the axis 26 by an
angle of A4, where @is the angle the principal axis rotating to a fixed reference direction
and A is a linear birefringence , which characterizesR in (4.2). According to the analysis
of Jones matrix, R in formula (4.5) is independent of & and A. Half of Faraday rotator
effect is produced on the north hemisphere (path R M). The presence of the mirror
“reflects” the point M to M’ and the Faraday rotator is now acting on the south
hemisphere by moving the point M’ to R’. This point is symmetric to R and by means of

a further rotation around the axis 28, which results to be V, i.e. the vertical exit state.

T Y
H il I'. V H
20 2
R 20 5
M’
(a) (b)

Fig.4.2 Poincare sphere representation and its equatorial projection [15]

4.3.2 Optical pulse correlation sensor with birefringence compensation
The birefringence compensation approach by using a retracing beam is an effective
method to suppress the polarization fluctuation resulted from the birefringence in a

single-mode fiber. It provides a passive polarization-insensitive operation of fiber
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interferometer based on a reflective configuration [72-74]. To suppress the polarization
fluctuation in the optical correlation sensing system, this birefringence compensation
method is utilized and a correlation sensing system with birefringence compensation is
proposed as shown in Fig.4.3 [76]. In the monitoring arm, a circulator was used to input
the optical pulse into the monitoring fiber and FRM, and then the reflected monitoring
beam from the FRM can be input into the optical pulse correlation unit. As there are
many components in the monitoring arm, the insertion loss will be increased. In order to
compensate the unbalanced insertion loss in the reference arm and monitoring arm, an
optical coupler with a coupling ratio of 30:70 was used following the EDFA. A remote
controllable time delay line was used, which is helpful to realize the automatic data
collection and remote monitoring.

The FRM was inserted behind the monitoring fiber. When the signal passes through the
monitoring fiber in the forward direction, some birefringence fluctuation will occur in
an unpredictable way due to the disturbance from the thermal effect or external stress.

After passing through the FRM two times and returned to the monitoring fiber again,

Reference beam CH1 OuUT1
Pulse correlation SHG Crystal Differential

PC1 ouT2
0 CH2 . .
30% unit & O/E unit detection

Light Source

___________________________________________

Polarization suppression unit
Double-pass monitoring _/ I e

Time delay line &

Monitoring beam Gireylat @

Monitoring fiber

Measurement region

Fig.4.3. Schematic diagram of polarization suppressed fiber optic sensing system

the SOP of the monitoring beam was rotated 90°. Then some birefringence fluctuations
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Fig.4.4. Time drift vs. correlation signals in the optical correlation sensing system

will be exerted on the monitoring beam when it experienced the monitoring fiber again
in the backward direction, which will compensate the birefringence fluctuation in the
forward direction. The SOP of the returned beam will always orthogonally polarize with
respect to the incoming one, independent of type, value or direction of the birefringence
state occurring in the beam propagation. Therefore, the birefringence fluctuation in the
monitoring fiber caused by the external perturbation was effectively compensated in the
optical pulse correlation system. Moreover, with the reflection of the mirror at the end,
it makes the optical beam travel in the monitoring beam twice, thus a double-pass
monitoring is constructed.

The variation of correlation signals with the time drift in the optical pulse correlation
sensing system with birefringence compensation was investigated and compared with
that in the previous correlation sensing system without FRM in chapter 3. As shown in
Fig.4.4 (a), there is a 7 ps time interval between peaks of the correlation signal OUT1
and OUT?2 in the previous correlation sensing system without FRM shown in Fig.3.1.
This is because when the reference beam passes through the birefringent crystal, a time

delay about 7 ps was generated between two orthogonal components of the reference
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Fig. 4.5. (a) Sensitivity comparison of correlation sensing system with and without FRM

(b) Time resolution less than 0.02 ps in the correlation sensing system with FRM
beam. In the case of the correlation sensing system with birefringence compensation
shown in Fig.4.3, the reflection at the end of FRM makes it possible to establish a
double-pass monitoring. Therefore, the time interval between peak OUT2 and peak
OUT1 becomes to 3.5 ps in Fig.4.4 (b). The corresponding time sensitivity of the
system is doubled as shown in Fig. 4.5 due to the similar levels of the correlation
signals in both sensing systems but reduced half time interval. Therefore a time

resolution less than 0.02 ps was obtained as shown in the insertion Figure in Fig.4.5.
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4.3.3 Investigation of polarization fluctuation in the correlation signal

In order to confirm the performance of the birefringence compensation, the polarization
dependency of the correlation signals in the present sensing system was carried out and
compared with the previous optical correlation sensing system shown in Fig.3.1. To
generate a large polarization perturbation, a fiber polarization controller is inserted in
front of the monitoring fiber. Thus the polarization perturbation can be directly imposed
on the monitoring signal. The corresponding experimental results were shown in Fig.4.6.
When there was no polarization perturbation at the beginning, the correlation signals of
OUT1 and OUT2 were stable in both systems. After that, the polarization controller was
tuned and polarization perturbation was added to the correlation signals. Compared with
the correlation signals of the sensing system without FRM, the polarization dependency
of the polarization-suppressed sensing system with FRM was reduced by more than 15
dB. It has to be noticed that after introducing the FRM into the system, there is still
some fluctuations, which is caused by the imperfect manufacture of the FRM. In theory,
the birefringence fluctuation can be completely compensated. By using a high-quality

FRM, the rest fluctuation is expected to be eliminated.
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Fig.4.6. Comparison of polarization dependency of the correlation

sensing system with and without FRM
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4.4 Temperature and strain characteristics

For the previous optical correlation sensing system shown in Fig.3.1, during the
temperature experiment, the correlation signal was susceptible to the internal and
external fluctuations such as the birefringence caused by uneven thermal effect and the
wind from the air conditioner. In the correlation sensing system with birefringence
compensation, a temperature experiment was also carried out. To avoid any extra strain,
a single mode fiber of I m was wound loosely by hand and heated up in a water bath.
According to the experimental results, the degradation of linearity caused by the
birefringence of the single-mode fiber in the previous sensing system without
birefringence compensation unit was eliminated and the linearity between the
temperature and differential signal was obviously improved due to the compensation of
birefringence fluctuation. Moreover, the correlation signal fluctuation caused by the
external uneven thermal effect was eliminated. In addition as shown in Fig.4.7, the
temperature sensitivity was nearly doubled in the optical correlation system with FRM

due to the double-pass monitoring.

02 + 0,03 70/ {57} 0.0088/ (=)
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= With FRM

Temperature (*C)

Fig.4.7 Temperature experiment results
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The strain characteristic of this sensing system was also examined. A dispersion-shifted
single mode fiber of length 255.5 cm was used as the monitoring fiber, which was fixed
on a stage with a movable section controlled by a micrometer. When the fiber was
extended by tuning the micrometer at one end of the stage, time drift was generated, so
that the corresponding correlation signal could be obtained. Fig.4.8 revealed the
comparison of the strain sensitivities between the sensing system with and without FRM.
According to the experimental results, it can be seen that the strain sensitivity in the
polarization-suppressed sensing system was also doubled due to the double-pass

monitoring.

4.5 Temperature change measurement outside of the lab

In the above section, the fundamental temperature and strain characteristics of the
optical pulse correlation sensing system with the compensation of birefringence
fluctuation were investigated. In order to make sure the temperature measurement

capability in practice, a field temperature experiment is necessary. The temperature
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outside of the window of the lab was monitored.

In order to obtain much larger measurement range, an optical pulse correlation unit with
20 ps time delay bias was used. Besides the difference of the time delay bias from the
previous correlation unit, two polarizers are added in orthogonal polarization planes,
respectively, which is helpful to enhance the stability. The photography of the
correlation unit with 20 ps time delay bias. The relationship between the time delay line
position and the correlation signal is shown in Fig.4.9. It can be seen that the period of
the correlation signal is about 25 ps, while the linear region becomes to 10 ps due to the
change of the time delay bias. Therefore, the sensing region of the sensor is enlarged

from 3.5 ps to 10 ps, which is useful for large range measurement.
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Fig.4.9 correlation signal vs. time delay line position of 20 ps correlation unit

4.5.1 Temperature calibration

Before a sensor is used to the practical measurement, a calibration is required. The
schematic diagram of the calibration system is shown in Fig.4.10. It contains three parts,

an incubator to control the temperature around monitoring fiber, a commercial available
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thermometer (SK-L200 TII ) to calibrate the sensor and the optical pulse correlation
sensor. The incubator can change the temperature in the range from -15°C to 50°C.
Then the temperature around the monitoring fiber can be changed continuously and the
time delay of the monitoring pulse will be generated and detected by the correlation
signal. By using a commercial available digital thermometer with a USB interface, the
temperature change generated by the incubator can be displayed and recorded in a PC.
The resolution of the digital thermometer is 0.1 °C and the accuracy is £0.1°C+1 digit
within the measurement range of -9.9 °C~205 °C. The photography of the calibration
system is shown in Fig.4.11.

As is shown in Fig.4.9, the linearity is around the decision point a. If the initial position
of the time delay line is located at the decision point, not only the change of the
temperature can be measured, but also the change direction (increase or decrease) is
available, which is determined by the sign of the difference between two correlation
signals. This direction identification ability is much important for some physical
quantity monitor such as the ocean temperature monitoring.

Before the calibration, in order to reduce the hysteresis of the optical fiber, the natural
heat-up and cool-down process was carried out by leaving the monitoring fiber outside
of the room for 4 days and nights. Then a single-mode fiber with a length of 3.37 m was
calibrated by changing the temperature of the incubator step by step. To make sure the
temperature of the fiber core can be accord with the temperature of the incubator, an
hour maintaining time was set in each step. The relationships between the correlation
signal and temperature of the incubator of two cooling-down and one heat-up process
were shown in Fig.4.12. Accuracy around +0.17 °C was obtained. According to

Fig.4.12, all of the data are located in the allowance of the error.
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Fig.4.11 Photography of sensor calibration system
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Fig.4.12 Temperature vs. differential correlation signal

4.5.2 Temperature measurement outside of lab

To investigate the performance of the optical pulse correlation sensor in the practical
measurement, a field experiment was carried out. The temperature outside of the
window of the laboratory was monitored as shown in Fig.4.13. In order to reduce the
heat from the concrete due to the absorption, the monitoring fiber was isolated from the
concrete of the windowsill as shown in Fig. 4.14.

To confirm the performance of the correlation sensor, a reference digital thermometer
(SK-L200) with a resolution of 1 °C was placed near the monitoring fiber as shown in
Fig.4.14. The temperature outside of the lab was monitored from 0 o’clock to 8:30 am.
During the experiment, besides the real-time data recording from the thermometer and
correlation sensor, the temperature change measured by the digital thermometer also

was recorded with 20 minutes interval.
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Fig.4.13 Test location of temperature measurement

Fig.4.14 Layout of monitoring fiber
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Fig.4.15 Configuration of temperature measurement experiment

The configuration of the experiment is shown in Fig.4.15. To balance the reference arm
length and monitoring arm, a length compensation fiber was inserted after PC1. The
temperature change measured by the digital thermometer is shown in Fig.4.16 (a),
which implies that the air temperature varied slowly but with fluctuation. In the
midnight the temperature decreased slowly. At round 3:48 am, there is the lowest

temperature. The result from the optical pulse correlation sensor is shown in
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(b) Comparison of the temperature changes measured from
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Fig.4.17(b), from which it can be seen that the temperature measured from correlation
sensor has the same variation with the thermometer. It is obvious that the result from
correlation sensor changes much larger than that of the thermometer, so that some
fluctuations were observed. However, these fluctuations are not noise, they reflects the
temporary temperature fluctuation around the optical fiber. The larger changes of the
temperature from correlation sensing system implied the higher sensitivity than the
digital thermometer.

In order to compare with the data from the thermometer, it is necessary to smooth the
data from the correlation sensor. A SMA (simple moving average) method was used to
SMA is an unweighted mean of the previous n data points, which is useful to eliminate
the periodical fluctuation in the signal. If the temperature sampled by the digital

thermometer or correlation sensor is written as
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A,={a, a, a .. a} n=01 2.. (4.6)
After n-moving average, the data series will become to
li+n—1

Si=- 2.8 (4.7)

During the SMA, the average number n is taken as 60 corresponding to 10 minutes as
the sampling time of the real-time digital thermometer and correlation sensor is 10 s in
Fig.4.17. The smoothed signal is shown in Fig.4.18. It can be seen that there is a good
accordance between the real-time thermometer and the optical pulse correlation sensor.
But we also noticed that the temperature change measured by the optical pulse
correlation sensor is larger than that from the real-time digital thermometer at the sharp
corner of the curve. The possible reason is the high sensitivity of the optical pulse
correlation sensor to the temperature change.

The temperature outside of the lab was successfully monitored by the optical pulse
correlation sensor with a high sensitivity, which confirmed the monitor ability of the

correlation sensor to the environment around the optical fiber transmission line.

Temperature change (°C)

—=— realtine digital themorneter

—e— Optical pulse correlation sensor

1200 AM 112 AM 224 AM 336AM 448 AM 600 AM 712 AM 824 AM 936 AM
Time

Fig.4.18 Data after SMA
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4.6 Summary

In this chapter, The optical pulse correlation sensing system with birefringence
compensation was proposed. The birefringence compensation is based on the retracing
beam which is realized by a Faraday rotator reflector. The principle of the birefringence
compensation was explained in theory by using a Jones matrix. The polarization
sensitivity of the sensing system with FRR was investigated and compared with the
previous sensing system discussed in chapter 3. The experiment results implied that the
fluctuation of the correlation signal caused by the birefringence fluctuation in
single-mode fiber was significantly suppressed. Moreover, after introducing the
birefringence compensation approach into the optical pulse correlation sensing system,
the sensing configuration was changed and a double-pass monitoring was constructed
due to the reflection of FRR. Therefore, besides the compensation of birefringence
fluctuation in the correlation signal, other performance improvements were also
obtained. The sensitivity of the sensing system was nearly doubled due to the
establishment of double-pass monitoring. A time resolution as high as 0.02 ps was
obtained. At the same time, the linearity between the correlation signals and the time
delay was also improved. A temperature measurement experiment outside of the lab was
carried out. The experiment result implied that the temperature measured from the
correlation sensor accords well with the thermometer, which indicated that the optical
pulse correlation sensor can successfully monitor the environment around the optical

pulse transmission lines.
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Chapter 5

Performance  Investigation of Optical Pulse

Correlation Sensor in Long-Range Monitoring

5.1 Introduction

An optical pulse correlation sensing system with high time resolution has been
developed. Compared with conventional fiber sensors, this correlation sensor is not only
able to measure the change of the physical quantities such as temperature, strain or
pressure; it can also indicate the change directions of these quantities according to the
sign of the differential signal. As the sensing fiber of the optical pulse correlation sensor
is not required to be a special fiber as FBGs, the transmission lines for communication
purpose is an available medium. Therefore, the environment such as temperature, stress
or pressure, around the optical fiber transmission lines can be monitored in long range.
Since the monitoring distance will be limited by some factors such as loss, dispersion
and nonlinearity, the performance of the optical correlation sensor in long-range

monitoring will be discussed in this chapter.

5.2 Long-range monitoring application

The time drift of the optical pulse propagating in the optical fiber resulted from the
environmental condition change such as temperature, stress or pressure, is available to
be measured by using the optical pulse correlation sensing system. Therefore, the

corresponding environment around the optical fiber can be monitored. As the
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monitoring fiber is not required to be a special fiber, the optical pulse correlation
sensing system is able to monitoring the environment such as temperature, stress or
pressure around the optical fiber transmission lines in a long distance.

Recently, the development of the optical fiber sensing system with the long-range
monitoring ability such as OTDR, BOTDR, Macro distortion sensor and FBGs, has
become a hot topic to predict slope collapse resulted from mud-rock flow, earthquake or
flood, due to the potential availability of optical fiber cable for communication purpose
[77-79]. By combining the monitoring system with long-range sensing ability and the
optical communication network, the alarming signal can be directly sent to user terminal
by using the communication transmission line. Some researchers are embarking on the
research of monitoring earthquake and tsunami by using the submarine cable [80]. Since
the role of the ocean as being critical to understanding the variability of Earth’s climate
system has been identified by the Intergovernmental Program on Climate Change, the
World Climate Research Program CLIVAR, and the U.S. National Research Council
[81-83], monitoring of the ocean temperature is significant to study the Earth’s climate
and to understand the relationship between the ocean climate and the global warming
[84]. To realize the ocean temperature monitoring without any adverse effect to the
ocean ecosystem, the submarine optical fiber cable for communication purpose is a
potential medium.

As far as the optical pulse correlation sensing system is concerned, although the
distribution monitoring ability is not realized yet, since it has the long-range monitoring
ability, it is also potential to be used to monitor the slope with latent danger. For the
ocean temperature monitoring, the average temperature change in a long-range is

required instead of the distribution measurement, optical pulse correlation sensor is a

76



potential solution due to the availability of the optical fiber cable for communication
purpose. Since the optical signal will be degraded by some effects such as the loss,
dispersion and nonlinearity in a long fiber, it is necessary to investigate the performance
of the optical pulse correlation sensing system in the case of long-range monitoring
fiber.

5.3 Performance of correlation sensor in long-range monitoring

In order to discuss the performance of optical correlation sensor for long-range
monitoring using an optical fiber transmission lines, it is necessary to consider the
signal propagation in the optical fiber.

According to the analysis of signal propagation in fibers in Appendix I from Ref 85, we
can obtain the basic propagation equation governing pulse evolution inside a

single-mode fiber, which is written as

OA _OA i, 0°A B, 0°A . a
4 p—+ 2= B g A-ZA 5-1

a2 P At w e AT &1
Where, £ is a dispersion parameter, which is inversely related to the group velocity vq
of the pulse as #, =1/v, . & and S are known as the second- and third-order dispersion
parameters and are responsible for pulse broadening in optical fibers. More specifically,

[ is related to the dispersion parameter D as
d 1 27
D=—«(—)=—5- 5-2
i (Vg) 7 P (5-2)
This parameter is expressed in unit of ps/(km-nm). It varies with wavelength for the

fiber and vanishes at a wavelength known as the zero-dispersion wavelength and

denoted as Azp. The parameter f; is related to the dispersion slope S as

S = (27c/ 2%)? B,. B is the nonlinear coefficient, which can be written as
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(5-3)

the f; term simply corresponds to a constant delay experienced by the optical signal as
it propagates through the fiber. Since this delay does not affect the signal quality in any
way, it is useful to work in a reference frame moving with the signal. This can be
accomplished by introducing the new variables t” and z’ as

t=t-Az 7=1 (5-4)
And rewriting Eq.(5-1) in terms of them as

AL OA POA AP A% A 5.5
o 2 ol s =iA A= (5-5)

Also the third-order dispersive effects are negligible in practice for single-mode fiber as
long as £ is not too close to zero, or pulses are not short than 5 ps. Setting /=0,

Eq.(5-5) reduces to

oA iB, B°A
_+_
0z 2 ot?

=i;/|A|2A—%A (5-6)
This equation is known as the nonlinear Schrodinger (NLS) equation. The three
parameters,a, [/ and y, take into account three distinct kinds of degradations that can
occur when an optical signal propagates through optical fibers. In the case of long
monitoring fiber, the main factors affecting the performance of the optical pulse
correlation sensor are loss, nonlinear effect and dispersion.
5.3.1 Loss impact
According to Eq.(5-5), the loss parameter « reduces not only the signal power but it also
weakens the strength of nonlinear effect, which can be seen mathematically by
introducing [85]

A(z,t) = B(z,t)exp(-az/2) (5-7)

into Eq.(5-5) and writing it in terms of B(z, t) as
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The above two equations indicate that the power of an optical signal exponentially
decreases with a loss coefficient « along the fiber length [85]. The nonlinear effect was
also weakened with a coefficient. For the nonlinear effect, we will discuss it in later
section.

As far as the power loss is concerned in the optical pulse correlation sensor, the length
of the monitoring fiber will be limited due to the conversion efficiency of SHG crystal,
i.e. the minimum power of CH1 and CH2 in Fig.5.1. Since the sensitivity and dynamic
range of the optical pulse correlation sensing system are related to the time delay bias in
the optical pulse correlation unit, we can determine the value of the time delay bias
according to the specific requirement in the case of long-range measurement. The
insertion losses of related components are shown in table 5.1. The minimum power at
point G should be larger than 1 mW, so the length of monitoring fiber will be
determined by the inject power to the monitoring fiber at point E and the loss of the
transmission line. If the transmission loss of fiber is taken as 0.2 dB/km and the length

is L, the total loss from point D to point G is

Lrota = Looe + (LDeIay + Leiper ) X 2+ Lg 6 + Ligy (5-9)

Where Lgiber=0.2 x L (dB).
Thus the relationship between the injection power and length of monitoring fiber can be

written as
P
10 IOg(T) =Lp,e+ (LDeIay + Leiper ) X2+ Le_6 + Ligy (5-10)

The numerical simulation in theory is shown in Fig.5.2, if we do not consider the effect

of dispersion and nonlinearity in optical fiber.
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Fig.5.1 Configuration of optical pulse correlation sensing system

Table 5.1 Typical insertion loss of each component

Component ertion loss (dB)
Coupler C 1.69
B 1.9
PC1 (C—H) 1.1

PC2 (B—D) 1.19

Circulator D—E 0.77

E-G 0.70

Time delay line (E—F 110 ps- 160 ps) 0.33

FRM 0.56
.
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(0]
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Injection power (mW)

Fig.5.2 Monitoring length limited by injection power

According to Fig.5.2, it can be seen that if only consider the loss impact, when the
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average injection power is around 20 mW, the possible length of monitoring fiber is
31.62 km. However, since the existence of dispersion and nonlinear effect in long fibers,
the injection power is limited within 10 mW, which will be discussed in later section.
So the acceptable length is less than 30 km. It is fortunate that the loss can be
compensated by an EDFA; it is possible to obtain much longer sensing length by using
an EDFA after point G as shown in Fig.5.3. Therefore, the limitation of SHG threshold
is converted to the minimum amplifiable power and the signal to noise ratio of the
EDFA. Now the EDFA with minimum input power of 0.01 mW and S/N larger than 20
dB is commercial available such as ErFA 1215 in Furukawa Inc. Therefore, by using an
EDFA to compensate the loss, and the maximum injection power of 9 mW is concerned,

the maximum monitoring length is

10l0g(—2)—0.33x2—0.56—0.7
0.01

| = dB = 69.05km (5-11)
2x0.2dB/km
Length compensation fiber
C oo H @ '
PC1
[ INL |Pulse Correlation| CH1 | SHG Crystal outt Differential
Light Source
Reference arm Unit & O/E unit OUT2 | detection

| ML-LD H EDFA HCoupIer
A

~20 GHz

B | FPC

Monitoring arm

Circulator

Monitoring fiber

Fig.5.3 Configuration of optical pulse correlation sensing system with loss compensation
5.3.2 Dispersion effect
5.3.2.1 Group-velocity dispersion (GVD)
In the optical pulse correlation sensing system, ML-LD is not the absolute

monochromatic light source, which contains several frequency components. Since the
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effective refractive index of the fiber mode depends on the frequency of light launched
into it. Consequently, there will be a group-velocity dispersion caused by the different
group velocity of different spectral components. The GVD is characterized by the
parameter f, as the effect of S can be neglected [85]. Therefore, £ governs the
strength of the dispersion of optical signals propagating in the optical fiber. The
dispersion parameter /% is easy to cause the broadening of the optical pulse. According
to the analysis of the dispersion effect on optical pulse with linear chirp in Ref.85, the

pulse shape at distance z inside the fiber can be written as

_A e &GO L & ]
A(§,t)—\/aexp[ 2T +2tan (1+C§)] (5-12)

Where C is the chirp parameter.Ty is the half-width of the pulse at 1/e power point,
which is related to the full width at half-maximum (FWHM) of the input pulse by the

relation Tn,,, = 2(In2)"?T, ~1.665T, . & is the normalized distance denoted as
&=12/Lly, in which Lp is defined as the dispersion length by L, =T72/|3,|. The
parameters by and C; vary with £as

b (£) =[L+5C&)* +&71"2  C,(§)=C+5s(L+C?)¢& (5-13)

Where s=sgn(/%) takes values +1 or -1, depending on whether the pulse propagates in
the normal- or the anomalous-dispersion region of the fiber. The variations of
broadening factor and chirp parameter with the relative length are shown in Fig.5.4, in

which the anomalous dispersion was considered, i.e. 5<0.
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Fig.5.4 Broadening factor and chirp parameter in long fiber

It can be seen that an unchirped pulse (C=0) broadens monotonically by a factor of
1+ and develops a positive chirp such that C;=¢ While the chirped pulse, may
broaden or compress depending on whether £, and C have the same or opposite signs
[86]. When £,C>0, a chirped pulse broadens monotonically at a rate faster than that of
the unchirped pulse. The reason is related to the fact that the dispersion-induced chirp
adds to the input chirp because the two combinations have the same sign. As far as the
chirp parameter is concerned, in the case of £C>0, the chirp will be monotonically
increased or decreased depending on the sign of £ As shown in Fig.5.4 (b), when /<0,
the chirp parameter C; is decreased. On the other hand, if >0, C; will increase. In the
case of /C<0, the chirped pulse will be compressed first and at the length
of £ =sC/1+sC, there is the minimum pulse width. Beyond that point, the pulse will
be broadened and its width will be larger than the original value. For the chirp

parameter Cy, the contribution of the dispersion-induced chirp is opposite to that of the

input chirp. The chirped pulse will be unchirped at the distance & :|C|/(1+ C?). After

that point, the chirp parameter will be increased in the opposite direction to the original
chirp.

According to Fig.5.4, it can been that there is a large broadening caused by the
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dispersion effect in a single mode fiber when the transmission length is larger than the
dispersion length, which will limit the length of monitoring fiber in optical pulse
correlation system. As far as the light source of the optical pulse correlation sensing
system is concerned, the FWHM of the optical pulse launched into the
dispersion-shifted fiber is around 8.965 ps. For a Corning SMF-28, a Non-zero
dispersion shifted fiber (NZ-DSF) and a dispersion-shifted fiber (DSF) with the
parameters shown in table 5.2, the dispersion length around 1.32 km, 7.53 km, and
103.91 km, respectively. Therefore, the maximum length of a standard single-mode
fiber and NZ-DSF and DSF are limited within 0.66 km, 6.3 km and 51.5 km,
respectively. It is fortunate that the pulse width broadening is possible to be
compensated by using dispersion compensated fiber, which is applied in the submarine
transmission lines for communication purpose. In that case, the dispersion effect will be
degraded much. The dispersion broadening effect on the optical pulse correlation
sensing system will be discussed in the following section.

Table 5.2 Related parameters of SMF and NZ-DSF

Fiber kinds Single-mode fiber NZ-DSF | DSF
D (ps/[km-nm]) 17 3 0.218
S (ps?/km) -21.81 -3.849 -0.279
Lo (km) 1.32 7.53 103.91

For a DSF with the zero-dispersion wavelength near the wavelength of light source, the

dispersion effect caused by £ can be neglected, since S, ~0near the zero-dispersion

wavelength. However, we have to notice the effect of £ written as
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S Y (5-14)

2

o, 4\/503

Where V,, is a parameter related to the RMS pulse width at the end of a fiber of length L,
o 1S the RSM spectrum width and oy is the RMS spectrum width [85]. For the signal
launched into the monitoring fiber have a spectrum width of 0.515 nm and a FWHM of

8.965 ps. Thus we have

V,=20,0,=0.026<<1 (5-15)
We can rewrite Eq.(5-13) as
o’ =a§+(1+C2)2(ﬂL|;)2/2 (5-16)
P 4o,

If we take a typical value g, = 0.1ps®/km , the relationship between the pulse width and
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0.999%6

Length (km)

Fig.5.5 Broadening caused by third-order dispersion
the length of monitoring fiber under different chirp parameters can be simulated as
shown in Fig.5.5. According to the simulation results indicated that the broadening
effect is increased with the increase of chirp parameter C and transmission length. For
the specific C, the broadening factor is increased slowly. Taking an example of C=+3,

even the monitoring length is increased to 100 km, the broadening factor is as small as
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1.000318. It is obvious that the broadening effect of third-order dispersion in a
dispersion-shifted fiber is negligible.
If the bit rate limitation caused by /3 is considered, we have

B(|3;|L)""® < 0.324 (5-17)

When B=20 GHz, for dispersion-shifted fiber with f~0.1 ps’/km, L<21,700 km.
Therefore, as long as L<21,700 km, the effect of £ will not be relevant in the optical
pulse correlation sensing system since B~20 GHz.

Therefore, if the monitoring fiber is a dispersion-shifted fiber with a zero-dispersion
wavelength near 1.5551 pum, the dispersion effect of £ is small enough to be neglected.
5.3.2.2 Polarization-mode dispersion (PMD)

The birefringence in the single-mode fiber leads to a dispersion, which is defined as the
polarization-mode dispersion. The mechanism of PMD is shown in Fig.5.6, in which
differential group delay (DGD) represents the time delay between two polarization

modes caused by PMD [85].
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Fig.5.6 Propagation of an optical pulse in a fiber with constant birefringence. Pulse splits into its
orthogonal polarized components that separate from each other because of DGD induced by
birefringence

Since DGD changes with the transmission lines in a random fashion due to the random

fluctuation of the birefringence in a single-mode fiber, the PMD-induced pulse
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broadening is characterized by a RMS value of DGD, which can be estimated as the

following for the long-range larger than 1 km,
ATpys =D,z (5-18)

Where D, is known as the PMD parameter, which varies from 0.01 ps/(km)™? to 10

ps/(km)™2 for different fibers. Modern fibers are designed to have low PMD, and

typically D, <0.1 ps/(km)"'? . Therefore, when L=100 km, the PMD-induced

broadening is less than 1 ps, which is much small. However, as the birefringence in the
single-mode fiber fluctuates randomly with respect to the time, DGD will randomly
fluctuate and severely depredates the optical signal.

As far as the optical pulse correlation sensing system is concerned, the birefringence
fluctuations have been compensated by balancing the propagation of optical pulse
components in orthogonal polarization planes via retracing beam, not only the
birefringence fluctuations but also the DGD were compensated. Therefore, PMD will
not affect the performance of the correlation sensing system.

5.3.3 Nonlinear impairment

According to nonlinear Schrodinger (NLS) equation shown in Eq.(5-5), y is an
important parameter of degrading the optical signal propagating through optical fiber.
For many short-haul communication systems (transmission distance <100 km), the
nonlinear effects is small enough to be neglected as the power of the light source is not
too high (~1 mW). But for the long-haul system including a chain of cascaded optical
amplifiers, nonlinear effect becomes to be essential due to the degradation of
signal-to-noise ratio and the accumulation of nonlinear effect from amplifier to

amplifier[86-88]. Nonlinear effect in long-haul communication systems includes
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self-phase modulation (SPM), cross-phase modulation (XPM), four-wave mixing
(FWM), stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS).
In the optical correlation sensing system, after being amplified, the average power of the
light source is around 16.5 mW, which is potential to stimulate the nonlinear effect in
the optical fiber. It is fortunate that such high power only transmit in the length around
3m in an optical coupler. For the launched power of long monitoring fiber, it is around 9
mW, which is a critical value for nonlinear effect in long-range. Therefore, it is
necessary to discuss this possibility.

As there is only one signal transmitting in the monitoring fiber, XPM and FWM will not
depredate the monitoring signal. As far as SRS is concerned, there will be not much
concern in the correlation sensing system as the average optical power of signal
launched into the monitoring fiber is around 9 mW corresponding to a peak power of
51.3 mW, which is much less than the threshold power ~450 mW for sing-channel SRS
[89]. For the SBS, the threshold for the single-mode fiber is generally around 5 mWw,
doubled threshold of 10 mW was also observed. However, since the SBS will limit the
transmission power of the optical fiber within 3 mW [85], but without interference on
the pulse width of the optical signal, it will not give serious impact on the correlation
signal as the transmission power is not larger than 3 mW in the usual case. Moreover, it
will reduce the SPM effect by limiting the transmission power in the optical fiber. Thus,
we just need to consider the effect of SPM.

SPM will affect the pulse width of the optical signal through the frequency chirping due
to the nonlinear phase shift ¢ resulted from the large optical power. If neglecting the

effect of loss and the dispersion effect, the nonlinear-phase shift can be written as [90]

b= Pl (5-19)
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Where Le is the effective length defined as P,L, :jOLP(z)dz. Po is the peak power of

the injection pulse. As discussed in the section of loss effect, the optical power
exponentially decreases through the optical fiber, that is
P(z) = R, exp(-az) (5-20)

Hence

P(2)dz ..
L, = m = j exp(—az)dz = 1[1— exp(—al)] (5-21)
P, 0 a

The phase shift ¢ varies with time as the optical power changes with time. Thus ¢ is a
function of time. Since frequency, by definition, is the derivative of phase shift with
respect to time. We have an optical frequency caused by dg/dt=0. This varying
frequency is defined as the chirping. Consequently, pulse broadening due to the
frequency chirp will occur. To keep SPM effect to a minimum, it is necessary to keep

the nonlinear phase shift small (¢ <<1), that is,

¢ =Pl <<1 (5-22)
Therefore,
P, << « (5-23)
y[1-exp(-al)]
Where, yis the nonlinear parameter, which is written as
y =2 (5-24)
Ao At

n. is a constant parameter with a value around 2.6x10% m?/W. For a fiber with A¢=50
nm?. yis taken as a typical value of 2.1 W?/km. « is taken as 0.2 dB/km, we can obtain
the relationship between the limit of the injection power and the transmission distance
as shown in Fig.5.7 (a). It is implied that with the distance increasing, the limit to the

injection power is decreased.
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Fig.5.7 Injection power limitation for minimum SPM

As far as the optical correlation sensor is concerned, even the average power of the light
source was amplified as large as 16.5 mW corresponding to a peak power around 92
mW, SPM is kept to minimum due to length of the coupler is within 2~3 m. For the
monitoring fiber, as the average injection power is around 9 mW corresponding to a
peak power around 51.3 mW. According to Fig.5.7 (a), to minimize SPM, the length of
the standard single-mode monitoring fiber should be limited within 5.5 km. By
considering the limit of less than 0.75 km caused by the dispersion effect, the length is
better to limit within 0.75 km, if the loss compensation by using an EDFA and
dispersion compensation by using dispersion compensation fiber are not considered. If
the loss compensation and dispersion compensation are considered to be used, the
length of the monitoring fiber can be extended further.

If the parameters of the commercial DSF of y=1.42 /(W-km), A¢t=60.82 um?, and

o =0.23 dB/km, are considered, the power limit in different length is shown in Fig.5.7
(b). The length is limited by 24.8 km. However, the frequency chirp caused by the SPM
will result in the broadening or compressing determined by the signal of /3, that is for
the normal dispersion £>0, SPM causes the broadening and for the anomalous
dispersion /%<0, SPM leads to the pulse compressing. The following analysis proves

this conclusion. According to the analysis of the SPM by simultaneously considering
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the dispersion effect in Ref 85, the pulse width after transmitting a distance of z, can be

written as

or@) =0l @)+ AT [ B[ p(.)z]dz, (5-25)
Where o7is the RMS width expected in the linear case (y=0). The shape of the input
pulse enters through the parameter f; defined as

f [T u@ub) d

5-26
C [Tl (5:29)

For a Gaussian pulse with U(0,t) = exp[-%(t/TO)z], there is f, =1//2~07.

Eq.(5-21) makes clear the broadening or compressing effect of SPM. The total
broadening of a SMF, NZ-DSF, and a DSF under the effect of dispersion and SPM are
shown in Fig.5.8. According to the simultaneous consideration of dispersion and SPM,
for the standard single-mode fiber and NZ-DSF, the length of monitoring fiber in the
optical pulse correlation sensing system should be limited within 1.01 km and 9 km,
respectively, to limit the broadening factor with 1.5. While for the DSF, since the
dispersion is not so much which can be compensated by the SPM compression, for
L=66 km, the broadening is less than 1.5. Therefore, the available length of the
monitoring fiber is around 66 km by comprehensively considering the loss, dispersion
and SPM.

According to the above analysis, we can conclude that

1. The loss effect limits the length of monitoring fiber within 69.05 km when the

average injection power is limited at 9 mW.
2. If there is no any dispersion compensation exerted to reduce the pulse broadening

effect and just consider the dispersion effect of £ by neglecting the loss and
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Fig.5.8 Broadening effect impacted by dispersion and SPM
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nonlinearity, for single-mode fiber, NZ-DSF and DSF with some typical parameters,
the maximum length of the monitoring fibers are 0.75 km, 6.3 km and 58 km,
respectively. For the dispersion-shifted fiber with zero-dispersion wavelength near
the wavelength of the light source, the effect of /%, is very small and the potential
dispersion effect from the third-order dispersion parameter £ was discussed, the
result indicated that the broadening effect from /£ is small enough to be neglected.

3. For nonlinear effect, by simultaneously considering the dispersion and nonlinear
effect, the possible monitoring length for a SMF, a NZ-DSF, and a DSF are 1.01 km,

9 km and 66 km, respectively.
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Therefore, the maximum length of monitoring fiber is estimated as long as 66 km in
theory.

5.3.4 Relationship between pulse width effect on the sensitivity of optical pulse

correlation sensor

According to the above discuss, it can be seen that the loss impact can be compensated
by an EDFA and the maximum monitoring length can arrive at 69.05 km. Both the
dispersion and nonlinear effect contribute to the pulse broadening, which will affect the
sensitivity of the correlation sensing system. Therefore, it is necessary to discuss the
broadening effect. As is discussed in chapter 2, the ratio between the peak of the
correlation signal and the background should be 3:1 in theory. However, in the practical
correlation sensing system, due to the limit of SHG efficiency, the ratio is around 2.7:1.
Taking into this effect, the theoretical relationships between the correlation signal and
time delay of the correlation unit with 7 ps and 20 ps time delay bias with different

pulse width are simulated and shown in Fig.5.9 and Fig.5.10.
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Fig.5.10 Correlation signal vs. time delay of 20 ps delay bias with different pulse width
According to the simulation result, it can be seen that the sensitivity is closely related to
the pulse width of the monitoring beam. As a double-pass is constructed in the optical
pulse correlation sensing system with birefringence fluctuation compensation, for the
time delay bias of 7 ps and 20 ps, the time interval between the peaks of OUT1 and
OUT?2 are 3.5 ps and 10 ps, respectively. If the pulse width is too narrow such as
Trwnm=2.0 ps in Fig.5.8 (a) and Trwrm=5.0 ps in Fig.5.9 (a), there is nearly no overlap
between reference pulse and monitoring pulse. Therefore, it is impossible to realize the
differential detection. And the sensitivity is equal to the case of single-channel
monitoring. When the pulse width is larger than 3 ps and 8.5 ps as shown in Fig.5.9 (b)

and Fig.5.10 (b), there will be overlap between two correlation signals in two channels.
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With the pulse width increases, the sensitivity of the correlation sensor will be gradually
increased and then decreases as shown in Fig.5.9 (c) (d), (e) and (f) and Fig.5.10(c), (d),
(e) and (f) . For the correlation unit with time delay bias of 7 ps, when the pulse width
of the monitoring signal is larger than 11 ps, the sensitivity will be decreased
dramatically as shown in Fig.5.9 (f). In theory, for the correlation unit with a time delay
bias of 20 ps, the signal pulse width as large as 35 ps is acceptable in the correlation
sensing if there is no any limit in the repetition rate of the light source. However, in the
correlation sensing system, a ML-LD with 20 GHz was used as the light source, which
limits the pulse width of the monitoring pulse within 17.5 ps. For long-range
measurement, the correlation unit with large time delay bias such as 20 ps should be
used to obtain large measurement range. The limit to the pulse width of monitoring
beam gives a confinement of the monitoring fiber length due to the dispersion effect. As
discussed in the dispersion effect, if just consider the effect of 5, for standard SMF and
he dispersion-shifted fiber, the maximum length of monitoring fiber are 1 km and 69 km
respectively. Fig.5.11 indicates the sensitivity changes with the pulse width of
monitoring beam for two correlation units with time delay bias of 7 ps and 20 ps. The
curves imply that at the beginning, with the increase of the pulse width the sensitivity of
the sensing system increased. This is because the sensitivity is determined by the ratio
between the difference of two correlation signals and the time interval between the
peaks of two correlation signals. In the case of the fixed time delay bias, when the pulse
width is very narrow, the decision is located near background. The difference of two
correlation signals is mainly up to one channel due to the near static variation of another
channel. At that time, the sensitivity is similar to one channel detection and the

differential measurement can not take its advantages.
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Fig.5.11 (a) Sensitivity vs. pulse width in correlation unit with 7 ps delay bias
(b) Sensitivity vs. pulse width in correlation unit with 20 ps delay bias

With the increase of the pulse width, the decision point move upside gradually, and the
difference between two correlation signals can reflect the variation of two channels and
the differential detection begin to work. When the pulse width is 3.9 ps and 11.2 ps in
Fig.5.11 (a) and (b), respectively, the sensitivity has the maximum of 1.2988/ ps and
0.5238 /ps, respectively. As indicated in chapter 2, the sensitivity of the correlation
sensor is determined by the time delay bias as the correlation signal has the similar
levels; the sensitivity of correlation unit with 7 ps delay bias is about three times of that
of the correlation unit with 20 ps time delay bias. Therefore, for the measurement
requiring high sensitivity, the time delay bias should be designed smaller, while for the
measurement in which large measurement range is required, a large time delay bias
should be used. If the pulse width is much wider, the decision point will move upside
further, and the difference between two channels will decrease due to the similar
variation of two correlation signals.

According to the simulation result shown in Fig.5.12, it can be seen that by considering
the dispersion broadening and nonlinear effect, when the monitoring fiber length is less

than 11 km, the SPM compensated the dispersion broadening in the optical pulse, so the
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optical pulse width decreases with the monitoring fiber length increasing. Thus the
sensitivity decreases. When the length of monitoring fiber is around 11 km, there is the
narrowest pulse width, and the sensitivity has the minimum. When the monitoring fiber
length is increased, the dispersion broadening effect is larger than that of the SPM
compression. Therefore the pulse width will be increased and the sensitivity will be
increased. Until the fiber length is around 49 km, the pulse width is around 11.2 ps, so
that the sensitivity has the maximum. After that when the fiber length is increased, the
pulse width is much larger so that the decision point will move upside, and the

sensitivity will be reduced.
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Fig.5.12 Variation of sensitivity with length
5.3.5 Experiment investigation with long monitoring fiber
In this section, the time drift sensitivities of the optical pulse correlation sensing system
with monitoring fiber of length 30 km, 50 km and 60 km are investigated in experiment.
The experiment configuration is shown in Fig.5.13. The power and pulse width of the
optical beam in the case of monitoring fiber with a length of 30 km is shown in table
5.3.

In the experiment investigations, an EDFA with a S/IN=20 dB at Pj;=-20 dBm is used
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after the circulator to compensate the loss in the long monitoring fiber. When the optical

pulse passes through the 30 km DSF, the pulse width was broadening from 8.965 ps to

10.874 ps, which is slightly deviated from the estimated value in theory, the possible

reasons are the GVD resulted from the slight deviation of the light source wavelength
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Fig.5.13 Schematic configuration of correlation sensor with long monitoring fiber

Table 5.3 Power and pulse width at each point

Location Power (mW) Pulse width (ps)
A 0.4512 8.965
B 10.517 8.965
C 4.989 9.629
D 8.815 8.882
E 8.176 8.965
F 1.665 10.874
G 0.2294 12.532
H 6.436 16.516
| 3.346 10.791

3.402 9.38
K 3.402 9.38

from the zero-dispersion wavelength of the DSF and the chirp form the light source.

The same situation occurs when the optical signal returned from the FRM to the

circulator output port. After passing through an EDFA, the monitoring signal was
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Fig.5.14 Time delay vs. correlation signal for L=30 km without dispersion compensation

broadened again. As the parameters used in Fig.5.12 are the typical value of the DSF
instead of the accurate value, the pulse width of correlation signal after 30 km is
different from the theoretical estimation.

The sensitivity of the experiment is estimated as 0.1986 a.u./ps as shown in Fig.5.14,
which is much less than the theoretical value due to the big difference between the
reference pulse width and monitoring pulse width. To balance the pulse widths between
reference beam and monitoring beam, dispersion compensated fiber was used. The
relationship between the time drift and correlation signal is shown in Fig.5.15, in which
sensitivity around 0.427 a.u./ps was obtained, which accords well with the theoretical
sensitivity of 0.431 a.u./ps when the pulse width is 10.791 ps.

Fig.5.16 (a) and (b) illustrate the relationship between the time delay and the correlation
signal when L=50 km and L=60 km, respectively. It can be seen that when the
monitoring fiber is as long as 50 km and 60 km, the ratio between the peak and the

background of the correlation signal are much less than 3:1, which causes to the large
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Fig.5.16 Time delay vs. correlation signal for L=50 km and L=60 km

deviation of the sensitivity in experiment from the theory. The mainly reason is the
lager pulse width of the monitoring beam due to the dispersion effect in the DSF and the
larger amplification frequency range of the EDFA for loss compensation. If a filter with
narrow bandwidth is used after the EDFA, the ratio between the peak and background
of the correlation signals and the sensitivity of the optical pulse correlation sensing
system are expected to be enhanced.

According to the above experiments, although the sensitivity of the optical pulse

correlation sensing system is not large, when L=60 km, the sensing is available. By
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inserting a filtering technique, the monitoring fiber length as long as 60 km with higher

sensitivity is available to be realized.

5.4 Summary

In this chapter, the performance of the optical pulse correlation sensing system in the
long-range measurement was discussed in theory and experiment. According to the
theoretical analysis, the possible length of single-mode fiber and NZ-DSF are estimated
as long as 1 km and 9 km, respectively. If the loss compensation was considered by
using an EDFA with a minimum input power -30 dBm and S/N larger than 20 dB, the
possible monitoring length around 66 km was estimated in theory. The time drift
sensitivity of the optical pulse correlation sensing system with monitoring fiber lengths
of 30 km, 50 km and 60 km were investigated in experiments. The corresponding time
drift characteristics were successfully obtained, which indicated that the monitoring

fiber length as long as 60 km is available to be realized.
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Chapter 6

Conclusions

A optical pulse correlation sensing system based on the time drift monitoring of an
optical signal was developed in this work. According to the measured time drift
generated in the optical fiber due to the change of environment conditions such as the
temperature, strain or pressure around the optical fiber, the corresponding environment
conditions monitoring is realized. The optical pulse correlation sensing system is not
only able to detect the physical quantities change such as temperature, strain or pressure
with high sensitivity, but also it can indicate the change direction of the physical
quantities according to the sign of the differential signal between two correlation signals.
Moreover, since the optical pulse correlation sensor is not required the special fiber as
the monitoring fiber, the optical fiber transmission line is available to be used to
long-range monitoring such as slope collapse and ocean temperature measurement with
real-time. The development of optical pulse correlation sensor offers a new method for
high-sensitive sensing and real-time optical fiber remote sensing.

Chapter 2 proposed the concept of optical pulse correlation sensing based on the optical
pulse correlation measurement. The theoretical analysis of the optical pulse correlation
sensor was carried out and the related characteristics were discussed. As the sensitivity
and dynamic range are determined by the ratio of the correlation signal and the time
delay bias, we can obtain a high-sensitive sensor by using a short time delay bias and

enlarge the measurement range by making the time delay bias larger. Therefore,

103



according to the requirement of practical measurement, the high-sensitivity and
long-range monitoring can be realized respectively.

The mechanism and the fundamental characteristics of the optical pulse correlation
sensor were explained in chapter 3 in detail. By using the differential detection of two
correlation signals in orthogonal polarization planes, the background in the SH signal
was eliminated and a time resolution as high as 0.04 ps was obtained by using the
correlation unit with 7 ps time delay. The temperature and strain characteristic
investigation results indicated the high-sensitive sensing ability of the optical
correlation sensor to the temperature and strain around the optical fiber transmission
lines with high sensitivity. As the sensor is sensitive to temperature and strain
simultaneously, the discrimination measurement of temperature and strain is discussed
in theory. During the temperature experiments, the fluctuation caused by the
birefringence fluctuation in the single-mode fiber was observed due to the sensitivity of
the correlation signal to the polarization state change of the monitoring signal.
Therefore, it is necessary to compensate the birefringence fluctuation.

By improving the sensing system structure, the optical pulse correlation sensing system
with the birefringence fluctuations compensation was proposed in chapter 4. The
compensation of birefringence fluctuation method by using a retracing beam was
introduced into the optical pulse correlation sensing system and a double-pass
monitoring was constructed due to the reflection of FRM. As a result, besides the
compensation of correlation signals fluctuation caused by the birefringence fluctuation,
the sensitivity of the sensing system was nearly doubled by virtue of the double-pass
monitoring. By using an optical pulse correlation unit with 20 ps time delay bias, the

temperature change outside of lab was successfully measured.
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Chapter 5 theoretically and experimentally investigates the performance of the optical
pulse correlation sensing system in long-range measurement. According to the
theoretical analysis, the length of monitoring fiber is mainly limited by the loss,
dispersion and nonlinear effect. It is fortunate that the dispersion effect can be
compensated by using a DSF, the nonlinear effect can be minimized by reducing the
injection power into the monitoring fiber, and the corresponding loss compensation by
using an EDFA is available. Therefore, a long-range monitoring as long as 66 km is
estimated in theory. Since the dispersion can not be completely reduced due to the
unavailability of absolute monochromatic light source. Thus the reduced dispersion will
give some impact on the performance of the correlation sensor. So the dispersion effect
on the sensitivity was investigated by numerical simulation, which indicated that the
sensitivity will be degraded if the pulse was broadened much. This result is much
helpful for determining the related parameters of the monitoring fiber, especially in the
case of single-mode fiber without dispersion shifting. Finally, the time drift sensitivity
of the optical pulse correlation sensing system with long monitoring fiber was
investigated in theory by using an EDFA with 25 dB gain, 20 dB S/N at input power -20
dBm to compensate the loss impact in a DSF. The result confirms the available
monitoring length of the optical pulse correlation sensor is as long as 60 km.

The work in this research successfully developed an optical pulse correlation sensing
system based on the optical pulse correlation concept which is completely different
from the conventional sensors. The experimental results confirmed the performance of
the correlation sensor in the real-time, high-sensitivity measurement with long-range

sensing ability.
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Appendix A

Abbreviations and Symbols

OTDR: Optical time domain reflectometer

BOTDR: Brillouin optical time domain reflectometer

MZI: Mach-Zehnder interferometer
FOG: Fiber optic gyroscope

FPI: Fabry-Perot interferometer
WLI: White light interferometer
EFPI: Extrinsic Fabry-Perot interferometer
FBC: Fiber Bragg grating (FBG)
SHG: Second-harmonic generation
TPF: Two-photon fluorescence
CCD: Charge-coupled device
ML-LD: Mode-locked laser diode
EA: Electric absorption

EDFA: Erbium-doped fiber amplifier
RF: Ratio frequency

PBS: Polarization beam splitter

HM: Half mirror

PC: Polarization controller

KTP:Potassium Titany Phosphate
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APD: Avalanche photon diode
FRM:Faraday rotator mirror

SOP: State of polarization
SMA:Simple moving average

NLS: Nonlinear Schrodinger

GVD: Group-velocity dispersion
NZ-DSF:Non-zero dispersion-shifted fiber
DSF: Dispersion-shifted fiber
FWHM: Full width at half-maximum
SPM: Self-phase modulation

XPM: Cross-phase modulation
FWM: Four-wave mixing

SRS: Stimulated Raman scattering

SBS: Stimulated Brillouin scattering
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Appendix B

Signal propagation in fibers

In chapter 5, we just give the conclusions about the nonlinear Schrodinger (NLS)
equation. The derivation in detail shown in the following originates from “Light
wave ]technology telecommunication systems” by Govind P. Agrawal in chapter 3:
Signal propagation in fibers, published by A JOHN WILEY and SONS, Inc., 66-104,
2005.

When an optical signal from the transmitter is launched into a single-mode fiber, it
excites the fundamental HE;; mode of the fiber, and its transverse spatial distribution
does not change during propagation. Thus the electric field associated with the optical

bit stream can be written as
E(F,t) =Re[e F(x, Y)A(z,t)exp(i,2 —imyt)] (1)

Where e is the polarization unit vector, F(x,y) is the spatial distribution of the
fundamental fiber mode, A(z,t) is the complex amplitude of the field envelope at a

distance z inside the fiber, and /% is the mode-propagation constant at the carrier

N

frequency ayp. The polarization unit vector e changes in a random fashion along the

fiber because of a small but fluctuation birefringence. Here, such birefringence effects

will be ignored and treat e as a constant. Since F(x,y) does not depend on z, the only
quantity that changes with propagation in Eq.(1) is the complex amplitude A(z,t)

associated with the optical signal shown.
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As the frequency component of the optical field propagates in a single-mode fiber with
a slightly different propagation constant, it is useful to work in the spectral domain. The

Fourier transform of A(z,t) is

A(z,t) = % [" Az, ) exp(-inat)d (Aw) @)

Consider a specific spectral component A(£, ) . It propagates inside the optical fiber

with the propagation constant f,(w) that is different from /£ appearing in Eq.(1). Thus

the phase shift can be written as
Az, w) = A0, w) explip, (@) z - if5,1] ©)

Where A(O,a)) is the Fourier transform of the input signal A(0,t) at z=0.The
propagation constant /4 is, in general, complex and can be written in the form

By (@) =[N(@) + S, (@)@ €) +ia(w) /2 (4)

Where n is the effective mode index and a is the attenuation constant responsible for
fiber losses. The nonlinear effects are included through ohy. that represents a small
power-dependent change in the effective mode index.

Pulse broadening results from yes frequency dependence of the mode index n. Since
the exact functional form of this dependence is not known in general, it is useful to

write the propagation constant £, as

By(@) = (@) + By (@) +1a(ew,) [ 2 ()

Where S () =ﬁ(a>)a)/c is its linear part, BNL is the nonlinear part and a is the fiber-

loss parameter. Usually o and Sy can be treated as frequency-in dependent over the
signal bandwidth and expand f.(w) in a Taylor series around ax. If we retain terms up

to third order, we obtain
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(@)= iy + B,(A) +%(Aw>2 +%<Aw)3 (6)

The three dispersion parameters appearing in this equation are known in practice for any
fiber used for signal transmission.

Physically, the parameter 3 is related inversely to the group velocity vy of the pulse as

B, =1lv,. B and B are known as the second- and third-order dispersion parameters

and are responsible for pulse broadening in optical fibers. More specifically, £, is

related to the dispersion parameter D as

_ 4y 2
VAR U

This parameter is expressed in unit of ps/(km-nm). It varies with wavelength for the
fiber and vanishes at a wavelength known as the zero-dispersion wavelength and

denoted as Azp. The parameter f; is related to the dispersion slope S as

S =(21c/ 2)4,.

Substitute Eq.(5) and (5.6) in Eq.(3), calculate the derivative aA/az and convert the
resulting equation into the time domain by replacing A® with the differential operator

i(0/ot) . The resulting time-domain equation can be written as

A, LA BOA B OA

Ay} =if A-ZA 8)
0z

a2 6 2

This is the basic propagation equation governing pulse evolution inside a single-mode
fiber. Before using it, we need to write the nonlinear term in its explicit form. From Eg.
(4), the nonlinear part of the propagation constant is given by g, =9, (@/c). For
optical fiber, the nonlinear change in the refractive index has the form

O =N, I (similar to a Kerr medium), where n; is a constant parameter with values

around 2.6x10-20 m2/W and | represents the optical intensity. The intensity is related to
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optical power at any distance z as 1(z,t) =P(z,t)/ A, where A is the effective core

area of the fiber and is generally different than the physical core area because a part of

the optical mode propagation outside of the core. It is common to normalize the

amplitude A in Eq.(8) such that |A|2 represents optical power. With this identification

and using a, = 2zc/ A,, where A0 is the carrier wavelength, we obtain

- 2m,
Ao A

Where the parameter v, takes into account various nonlinear effects occurring within the

B :7|A|27 9

fiber. the values of this parameter can be tailored to some extent by controlling the
effective core area of an optical fiber.
We simplify Eq.(8) somewhat by noting that the f term simply corresponds to a
constant delay experienced by the optical signal as it propagates through the fiber. Since
this delay does not affect the signal quality in any way, it is useful to work in a
reference frame moving with the signal. This can be accomplished by introducing the
new variables t” and z’ as

t=t-pz 7=1 (10)
And rewriting Eq.(8) in terms of them as

PO A PO N A-% A 11
o 2 ol s=iA A= (1)

Where we also used Eq.(5-9). For simplicity of notation, we drop the primes over z’ and
t” whenever no confusion is likely to arise. Also the third-order dispersive effects are
negligible in practice as long as 2 is not too close to zero, or pulses are not short than 5

ps. Setting /5 =0, Eq.(11) reduces to

oA B, °A . 2. «
AL B OA AP A-ZE A 12
5t e s AASS (12)
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This equation is known as the nonlinear Schrodinger (NLS) equation. The three
parameters, «, £ and v, take into account three distinct kinds of degradations that can

occur when an optical signal propagate through optical fibers.
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