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ABSTRACT

This thesis presents a study of the nano-scale measurements based on fiber optics.
Initially, a new concept of nano-strain monitoring using p-strain perturbation is
proposed, the a system consists of a fiber Bragg grating and a standard vibration
source. The measurement resolution is increased from p-strain to n-strain regime,
using the second order perturbation method on the fiber grating stretching length. The
change in Bragg wavelength due to the change in fiber stretching length is simulated.
Results obtained have shown the feasibility of using such a proposed system to
monitor small strain and vibration in the nano-scale range. Secondly, the nonlinear
effect in fiber grating to nano-scale measurement resolution is analyzed. The
simulation results obtained have shown the relations between the reflectivity and
Bragg wavelength, which is neglected. The last one, the self calibration of the nano-
scale measurement between fiber Bragg grating and New Generation Interferometry is
proposed and analyzed. The increasing in measurement resolution in term of optical

path difference (OPD).
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CHAPTER 1

INTRODUCTION

1.1 Statement and Significance of the Problems

Fiber grating has been widely used in broad areas of applications and very
important elements for both the optical fiber communications and sensor systems. As
tactile sensor using optical fiber sensor which capable of detecting contact force,
vibration, texture, and temperature [1]. Fiber grating are applied for health monitoring
of the oil production offshore platform which is located in the Bohal sea, East China
[2]. Optical fiber grating appears to be useful for a variety of applications. For instance,
in order to measure in both parameters, i.e. simultaneous measurements (strain and
temperature) at the same time and location, the techniques have been combined the use
of a pair of fiber grating for their applications [3]. The others use the fiber
interferometrically interrogated techniques [4,5], long period gratings [6], or a new
stress-sensing technique based upon measurement of light scattering produced by an
array of birefringent waveguides [7].

Vibration sensors using fiber optic have also been interested in various
applications such as study of the measurement flow-induced structural vibrations [8],
A broadband nanometer amplitude modulation fiber optic vibrometer with nanometric
accuracy is reported [9], The use of a fiber grating microphone has been developed
and tested in the audible frequency range [10]. The use of a fiber grating which is
configured as a Fabry-Perot interferometer in fiber-optic vibration sensing is also
investigated [11], especially, the capable performance in the small scale measurement,
i.e. nano-scale regime. This thesis presents the model of nano-scale vibration using
fiber grating stretching, where the small increment of grating length stretching is
simulated and discussed. The linear stretching of fiber grating is simulated relatively
to the charge in vibration frequency of the ceramic piezoelectric device, which is

changed respecting to the applied voltage. The potential of using such a device for



nano-scale sensor and vibration is studied and discussed. The feasibility of
simultaneous measurement of strain and temperature within the same range is
discussed.

Although most applications of fiber grating have focused on the linear
properties but some nonlinear properties becomes very importance for the
development of optical devices in present such as Hojoon Lee studied the optical
pulses transmitted though fiber grating using phase-shifted grating and nonlinear effect
to compare their performance in optical switching {12]. When high pump laser light is
launched into fiber grating, optical Kerr effects are induced and modified depending
on signal power. The results are optical switching of signal light by intense pump light
[13]. Pedro M. Ramos et al. studied the influence of the Kerr-like nonlinearity on the
pulse propagation in two types of fiber gratings which are uniform and raised-cosine
apodized gratings. H. Alatas et al. studied the result of solitons which propagated in
nonlinear Bragg grating, the result shown that the bifurcation is induced and soliton
energy is varied [14]. Yosia et al. shown the Cross Phase Modulation (XPM) effect
between CW probe and strong Gaussian pump in a fiber grating. The result appeared
three potential nonlinear switching applications as optical switching, optical inverter
and optical limiter [15]. For the fabrication of nonlinear fiber grating such as H. Liu et
al. proposed a novel and flexible method for controlling the chirp rate of a linearly
chirped fiber Bragg grating and nonlinearly chirped FBG by adhering a uniform FBG
onto a plastic plate with a pre-calculated curvature and applying an axial force on the
plate [16]. R.T. Zheng et al. reported a novel fabrication method to generate
continuous chirp in a fiber Bragg grating using a uniform phase mask. The result of
method has a nonlinear group delay response and an asymmetric bandpass spectrum
[17].

From previous paragraph shown widely used of fiber grating and its nonlinear

applications. Thus this thesis studies the nonlinear effect in fiber grating for the



improvement of the measurement resolution. The results will be shown the relation
between the characteristics of the fiber grating and the optical Kerr effects.

Nonlinear behaviors of light in a ring resonator have been widely investigated
by Yupapin et al [18]. While more details of nonlinear behaviors in fiber optic with
some benefits are also described by Ferreira [19]. They have shown that the nonlinear
penalties such as chaos, bifurcation and bistability which introduce the system
degradation become benefits. Yupapin and Suwancharoen [20, 21] have proposed the
use of nonlinear behavior where the information security using the chaotic signals in
the micro ring device can be made. In principle, the chaotic codes could be generated
and cancelled between the specific clients. By this technique, the capacity of the
transmission data can be secured and increased when the chaotic packet switching is
employed. They have also shown that the telephone networks can be included in the
secure communication unit within the system. Alternatively,Yupapin and Suchat [22,
23] have demonstrated that the use of nonlinear behavior known as four-wave mixing
(FWM) of light in a fiber optic ring resonator could be used to generate a pair of the
entangled photons. The advantage of such a system is that there is no optical pumping
part and component included in the system (i.e. an all fiber optic scheme), which is a
remarkably simple arrangement, and it is easy to implement in the practical
applications. However, the problem of the fiber optic property known as a fiber
birefringence could affect the optimum entangled state visibility after traveling within
a length of the fiber. Trojek et al [24] have analyzed the timing-walk off on the
entangled photons in fiber optic, which could be compensated by using the phase
retardation device. To shift the polarization orientation angle, therefore, the
polarization controller device is recommended to use for-adjusting and preserving the
entangled states along the fiber optic length. Moreover, Fietz and Shvets [25] have
reported that the polarized entangled photons can be generated by using a micro ring
device, which is associated with the practical devices which have been fabricated.

Recently, Yang et al. [26] have shown the promising results when the enhanced



second-harmonic generation in AlGaAs micro ring resonators is obtained. In Chapter 5,
we have shown that two ultra high resolution interferometers have been proposed,
which is a classical interferometer, the other is a quantum interferometer. The

increasing in measurement resolution in term of optical path difference (OPD).

1.2 Goal of the Thesis

The aim of this thesis is the study nano-scale measurements based on fiber
optics. The applications are the new concept of nano-strain monitoring using micro
strain perturbation and nonlinear effects in fiber grating to nano-scale measurement
resolution. The last one, it is to proposed a concept of a new generation interferometric

technique.

1.3 Scope of the Thesis

This thesis studies the nano-scale measurements based on fiber optics. It
focuses on the uniform fiber grating and nano measurements resolution. In this thesis
presents such system design that is a model of the nano-scale vibration measurement
system can be performed and simulated using mathematical modeling.

This thesis is formed by six chapters and began with a brief introduction to the
overall review of the research background in Chapter 1, including the goal and
objectives, scope and significance of the study. The literature review of fiber grating
fundamental, theory, properties, external characteristics of fiber grating and nonlinear
effects in the fiber grating are described subsequently in Chapter 2. In Chapter 3 will
show the result of simulation related to the modeling of the nano-strain monitoring
according to the properties and characteristics required. Chapter 4 will explain
mathematical modeling 'of nonlinear effect in the fiber grating and the numerical
results. Chapter 5, we firstly propose a concept of a new generation interferometric
technique. Finally, a summary of this thesis and future work will be presented in

Chapter 6.



CHAPTER 2

LITERATURE REVIEW

Fiber optics technology is finding increasing in the field of distributed and
sensors in applications. Much of the work in sensors has been in the development of
the fiber grating,

Over the years there have been several techniques developed to inscribe grating
into optical fiber. In 1978, at the Communication Research Centre, Department of
Communications, Ottawa, Ontario, Canada[27]. The grating in an optical fiber was
first demonstrated by Hill et al. They are launching intense Argon ion laser radiation
into Ge-doped core fiber and observed refractive index changes when UV light
launched into the fiber core. Three years later, Lam and Garside [28] showed the
relationship between the photo-induced refractive index and the power of the exposure
UV light. This discovery a new writing technology for fiber grating, side-writing
technique by Meltz et al. in 1989 [29]. Meltz’s technique demonstrated external
fabrication of fiber grating in Ge-doped core fiber. Fiber grating technology developed
rapidly after UV light side-writing technology was developed. The new techniques
have removed the complexity in the manufacturing process of fiber grating. Fiber
grating are the keys to modern optical fiber communications and sensor systems. The
commercial products of fiber grating have been available since early 1995.

Advances of fiber optic technologies are having a significant impact on the
development of optical instrumentation systems for sensor and telecommunication
applications , including their application in temperature sensing. An fiber grating
temperature sensor with a grating period of 1550 nm was designed and fabricated by
Ramesh and coworkers in 1999. Excellent linearity was observed in the range -60 °C

to + 150 °C between the shift in center wavelength and temperature.
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CHAPTER 3

NANO-STRAIN MONITORING USING

H -STRAIN PERTURBATION

We propose a new design of the nano-scale strain monitoring system, which
consists of a fiber Bragg grating and a standard vibration source. The measurement
resolution is increased from x -strain to nano-strain, Using the perturbation method on
the fiber grating stretching length. The change in Bragg wavelength due to the change
in fiber stretching Length is simulated. Results obtained have shown the feasibility of
using such a proposed system to monitor small strain and vibration in the nano-scale
range. The relationships between temperature and strain on the one hand, and Bragg
wavelength on the other hand are plotted. This is shown as it has a potential of being
used in simultaneous measurement.

This chapter presents the model of nano-scale vibration using fiber grating
stretching, where the small increment of grating length stretching is sinfulated and
discussed. The linear stretching of fiber grating is simulated relative to the change in
vibration frequency of the ceramic piezoectric device, which is changed with respect to
the applied voltage. The potential of using such a device for nono-scale sensor and
vibration is studied and discussed. The feasibility of simultaneous measurement of

strain and temperature within the same range is also discussed.



diffnnomyanens nazsouindinanIsiy

3.1 System Design of the Nano-Strain Monitoring

Piezoelectric Cylinder (PZC)

Broadband
Light Source

Fiber Grating

Isolator

18

Isolator PZC Driver

Tsolator

Figure 3.1 A schematic diagram of a nano-scale vibration monitoring system.

A model of the proposed nano-scale vibration measurement system is shown in
Figure 3.1 When broadband light source is launched into the fiber grating that is
wound around the piezoelectric cylinder (PZC) . The PZC is connected to its driver.
When the signal from PZC driver is supplied into the PZC. It expanded in the radius
direction that is given by Ar=Vd , where d~4.00x10"°m/V is piezoelectric
coefficient and V' is applied voltage. The amplitude of expansion can be adjusted by
the DC level from PZC driver. Since the fiber grating is wrapped and stretched to the
PZC. Its expansion to follows the expansion of PZC. The extension of fiber grating is
given by Al = 2zl Ar/t, where L is the length of the windings on the cylinder and ¢ is
the diameter of fiber core. It is about Al ~0.402m/Volt . Then the longitudinal strain
is given by Al/l Equation (3.1), We obtain the relation between AA, and applied
strains that can be changed by vibration of PZC. Normally the PZC can be vibrated in
nanometer scale. Such the system design can be used nano-scale vibrometer and the
amplitude of vibration can be detected by the shift of central Bragg wavelength from
OSA. The nano-scale relationship between strain (n-strain) and Bragg wavelength can
be formed. For sinusoidal variations of the index perturbation the coupling coefficient,

x is given by

08069
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An .
=20q_p- 3.1
K== (1-V7%) (3.1)

Where Vs the normalized frequency of the fiber, given by V = (27a/2))n? —n? ,

a is the core radius, n., and n,, are the core and cladding indices respectively.

Table 3.1 The parameters used in the proposed system design.

Parameter Variable Value
Refractive index of fiber core n, 1.461
Refractive index of fiber cladding n, 1.457
Core radius a 5 Um
Grating length / 150 UWm
Grating period A 334.69 nm
Central Bragg wavelength A, 977.30 nm
effective strain-optic constant p. 0.227

3.2 Numerical Results

Using equation (2.4), the simulation results of the reflectivity which is seen by
the optical spectrum analyzer, are shown in Figure 3.2. The central Bragg wavelength
shifts with the applied strain of the fiber grating wavelength at 977.30 nm. There are
eight peaks of the reflected signals at the corresponding Bragg wavelengths ,and this
the parameter of Table 3.1 are used. Shifts in Bragg wavelength from 977.30 nm to
1000 nm and they can be experimentally detected by using the optical spectrum

analyzer.
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Figure 3.2 The relation between central Bragg wavelength and the reflectivity of light
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The simulation data obtained by using the perturbation terms in Chapter 2.
Because the applied strain on the fiber grating that is wrapped and stretched to the PZC,
which can be changed by the applied voltage from the PZC driver, the relationship
between the central Bragg wavelength and applied strain can be monitored, which is
shown is Figure 3.3 Similarly, the thermal expansion is introduced, the relationship
between the change in Bragg wavelength and temperature .

The n-strain measurement in Figure 3.3 is obtained by using the perturbation
method, where the small increment can be formulated and simulated. The required data
can be obtained by a term truncation method (3 -order perturbation), and the good
linearity and resolution can be seen. Strain and temperature sensitivities for a 977.30
nm Bragg grating are plotted. In application, instrument resolution becomes the
measurement limitation, Applied strains and temperature are varied form 0 to1,000 ng
and from 0 to100 C, respectively. However, in practice, the practical ranges of strains

and temperature are to be specified.

3.3 Conclusion

According to the mathematical simulation results, the nano-scale strain
measurement system has been designed using the small perturbation of the micro strain,
which is based on fiber grating and standard PZC. The small vibration amplitude of
PZC is introduced by the applied voltage, which could introduced the small change in
Bragg wavelength. Thus the simulation results obtained have shown the feasibility of
using such a proposed system to make a measurement relationship between the strain
(small vibration) and Bragg wavelength in the nano-scale range. The plausible of
simultaneously measuring temperature and strain has been simulated and discussed.
However, the errors in the simulated data might have occurred because of the
difference in the presence wavelength at 1550nm. Further, the nonlinear effects on the
sensing unit investigated in the Chapter 4. The relationship between the change in

nano- strain and vibration will be the subjection of our future investigation.



CHAPTER 4

NONLINEAR EFFECTS IN FIBER GRATING
TO NONO-SCALE MEASUREMENT RESOLUTION

We propose the results of optical Kerr effects in fiber grating for the
measurement resolution. When the high power laser is launched into fiber grating,
optical Kerr effects are induced in grating region then the effective refractive index is
changed depending on the input power. The results that are given by the mathematical
simulation, have shown the relation between the reflectivity and Bragg wavelength.
All results can be used to analyze and improve the resolution of measurement system
for fiber grating sensors and its applications. This chapter 4 studies the nonlinear effect
in the fiber grating for the improvement of the measurement resolution. The results
will be shown the relation between the characteristics of the fiber grating and the

optical Kerr effects.

4.1 Mathematical Modeling of Nonlinear Effect in Fibre Grating
Consider a uniform fiber grating consists of an average refractive index n,and
a periodic modulation of refractive index in the fiber core. Thus the refractive index
profile can be given by equation (2.6). When the high power laser is launched into
fiber grating, the optical Kerr effect are induced in grating region and the refractive
index profile changed which is proportion to the intensity of light, thus equation (2.6)

can be rewritten as equation (2.13)
2n 2
n(z)=n, +An- cos[—A— z:] + nzl E(z)[ (2.13)

Equation (2.13) consists of the first term is average refractive index in fiber core, the

second term is the refractive index perturbation and the last term is nonlinear Kerr
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effect. The third term is the main parameter to effect the change of Bragg wavelength,

which is discussed.

4.2 Numerical Results

Consider the uniform fiber grating with Bragg wavelength at 1550 nm can be

plotted the spectrum reflectivity is as shown in Figure 4.1.

"

Reflectivity (AU |

VNS

1520 1530 15840 1550 1560 1570 1580
Wavelength (nm)

Figure 4.1 Spectrum reflectivity of the uniform fiber grating with Bragg wavelength

at 1550 nm.

From equation (2.3) shown the refractive index which consists of an average
refractive index (n,) and a refractive index perturbation ( An). Because of n, is

constant thus the refractive index is depending on An which is slowly varying.
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Figure 4.2 Spectrum reflectivity of the uniform fiber grating with Bragg wavelength

at 1550 nm. with the variation of the refractive index perturbations.

IEigure 4.2(A) shown the spectrum reflectivity of the uniform fiber grating with
the three refractive index perturbation. The Bragg wavelength is linear shifted with
An in Figure 4.2(B).

Normally, a fiber grating have a refractive index perturbation thus the effective
refractive index of fiber grating is constant, therefore a fiber grating have a Bragg
wavelength which is a specific characteristic of the fiber grating.

When the high power laser is launched into fiber grating, optical Kerr effects
are induced in grating region. This effect causes to change the effective refractive

index which is shown in equation (2.13) which is consisted of the refractive index and
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nonlinear Kerr effect term. Thus the relation between the variation of Bragg

wavelength and optical Kerr effects can be plotted in Figure 4.3.
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Figure 4.3 Spectrum reflectivity of the uniform fiber grating with Bragg wavelength

at 1550 nm changes due to optical pump power 0 kW, 50 kW, 100 kW

respectively.

Figure 4.3, Bragg wavelength shift when input power is increased because
nonlinear term in equation (2.13) is changed, thus the effective refractive index is

changed too. Besides Bragg wavelength is changed, the reflectivity of fiber grating is

decreased, can be shown in Figure 4.4.
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Figure 4.4, when input power is continually increased. Bragg wavelength is

nonlineary increased and reflectivity is nonlineary decreased. Therefore reflectivity

and Bragg wavelength is nonlineary changed when the optical Kerr effect is appeared.

However, in practice, the fiber grating sensors are required the linear measurement and

high accuracy so the nonlinear effects in fiber grating may be limited the measurement

resolution. In opposite, some optical communication systems are required the

nonlinear phenomenon such as optical switching required many state of switching

which can be created by nonlinear effect, nonlinear effect can be expanded optical

bandwidth etc.
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4.3 Conclusion

According to the simulation results, the measurement resolution for fiber
grating sensors are reduced by nonlinear effects. The simulation results obtained have
shown the relation of the characteristics fiber grating as reflectivity and Bragg
wavelength are nonlinear changed when Kerr effect is induced. All results can be used
to analyze and introduce the problems and factors are impacted to the resolution of

measurement system.



CHAPTER 5
THE CONCEPT OF A NEW GENERATION

INTERFEROMETRY

We firstly propose a concept of a new interferometric technique, where the
ultra narrow spectral width of light pulse generated by using the micro ring resonators
can be used to perform the ultra high resolution interferometer. The use of such
systems for quantum interferometer, high resolution interferometer and surface

characterization are described.

5.1 The Concept of A New Generation Interferometry.

When the entangled photons generate and enter into the fiber optic system, the
amount of the walk-off on the entangled photons depends on the location where the
photon pairs are within the fiber. This position is completely random due to the
coherent nature of light in fiber optic. To compensate the longitudinal timing-walk off
effect, a polarization controller is recommended to ensure that the polarization rotation
is the same on both photons from the entangled pair. Additionally the compensator
fiber is used to change the relative phase ¢ of the states of the polarized light. Because
of the change in birefringence, the tilting of the compensator allows to apply a phase

shift to the entangled states of the two photons, which are given by equation (5.1) [38].

! i
|W>|2-—EQH)|®|V)2+G‘IV)1®|H)2) .1
In applications, the walk-off entangled state parameters involving in the

measurement are related to the changes in the applied physical parameters such as

force, stress, strain, heat, pressure etc. However, the interested parameters in these
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proposed systems are concerned the fiber optic birefringence related parameters,

which can be given by

(5.2)

Where An =(n —n,) is the fiber optic birefringence, L, is named as the entangled
states walk-off length, and A is the light source wavelength.

We begin with the first proposed system which is as shown in Figure 5.1.
A pair of the entangled photons is formed after light pulses circulating in a fiber ring
resonator (EPR source), and the polarization controller applied. Such a system of an
optical fiber interferometer incorporating the entangled states generation setup is as
shown schematically. The entangled photons are generated by the first part of the
setup, which was well confirmed by Yupapin and Suchat[39]. This generates two pairs
of the entangled photons which one is entered into the sensing and the other into the
reference arm where both arms are coated to obtain the maximum reflected powers.
There are only the signal and idler photons entered into a 2x2 coupler with the 50/50
coupling ratio and detected by two detectors (D1 and D2). The difference between the
round-trip times of two arms is set at Ar. As a result, we can obtain the following

polarization entangled state, which is given by

|@) =|2,H) |2, H) +exp[ip, +:)]|2, V) |2, V). (5.3)

The subscript (s, i) identifies whether the state is the signal (s) or the idler (i)
state. The center wavelength of the signal is reflected and interfered being detected by
detectors D1 and D2 and seen by using the interferometric technique. The entangled
photons are interfered and recombined by a polarization combiner after reflected back
from the fiber ends of the same coupler. The applied physical parameter that performs

on the sensing arm will change the fiber birefringence, which will be recovered by
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rotating the Polarization Controllers.The change in rotation angle then can be related

to the change in fiber birefringence, i.e. physical parameter, which is given in equation

(5.2).
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Figure 5.1 Schematic diagram of the quantum interferometric system.
LD: Laser Diode, PCs: Polarization Controllers, Ds: Detectors,
PBC:Polarization Beam Combiner. S and L are stands for short and long

fiber lengths.

For example, the entangled photons probability is as shown in term of the
optical output intensity, i.e. entangled photon visibility. It was generated by using the
first part of the system, when the phase difference g = 0°is as shown in Figure 5.2(a)
[5]. This is the optimum entangled photon visibility. Figure 5.2(b) presents the optical
intensity at the output of the polarization output, when the phase difference of the
signal peak and the delay peak of the nonlinear fiber rinig resonator is¢ = 45°. The
interference signal of the center wavelength signal can be presented in the form of the
output intensity, i.e. visibility, when the PBC is replaced by a beam splitter and
visibility is plotted. This is named as a general interferometric technique. The

interference of the entangled photons is measured by the change in phase of the
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optimum entangled photon visibility, where the self calibration and simultaneous

measurement between the classical (optical visibility) and quantum (entangled photon

visibility) respecting to the same physical parameter can be realized.
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Figure 5.2 Graphs of the measured optical signals: (a) ¢ = 0° and (b) ¢ = 45° at room

temperature, where pulse 1 and pulse 2 were detected by D1 and D2

respectively.
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The entangled photons enter into a 90:10 fiber coupler, where more input
power (90 %) is entered into a sensing part (fiber Bragg grating). The Bragg grating
resonance, which is the center wavelength of light back reflected from a Bragg grating
depends on the effective index of refraction of the core and the periodicity of the
grating. The effective index of refraction, as well as the periodic spacing between the
grating planes, will be affected changes in strain and temperature. The shift in the

Bragg grating center wavelength due to strain and temperature changes is given by

M = 2(/\% + n%?JAI + 2(/\% +n %%)AT (5.4)

where T is temperature and 1 is length of strain effect and / is the periodicity of
the reflective index variation an n is the effective refractive index of the core. The first
term in equation (5.4) represents the strain effect on an optical fiber. This corresponds
to a change in the grating spacing and the strain optic induced change in the refractive
index. The second term in equation (5.4) represents the temperature effect on an
optical fiber. A shift in the Bragg wavelength due to thermal expansion changes the
grating spacing and changes the index of refraction. This fractional wavelength shift

for temperature change AT may be written as A1, = A,(a, +a,)AT equation (2.12)

on,,
Where —(# =n,o, and —g—?— =Aa,,

a, is the thermal expansion coefficient (approximately 0.55 x 10~ for silica)

a,, is the thermo-optic coefficient (approximately 8.6 x 10™° for silica).
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Figure 5.3 A schematic diagram of the simultaneous classical-quantum measurement
system. LD: Laser Diode, PCs: Polarization Controllers, Ds: Detectors,
OSA: Optical Spectrum Analyzer, PBC: Polarization Beam Combiner.

S and L are stands for short and long fiber lengths.

In operation, the measurement of the change in the entangled states can be
formed by the change in the optimum entangled state visibility, and the changed in
walk-off length or phase, i.e. birefringence is measured. Then the fiber optic sensing
self calibration system using the entangled photon in fiber optic ring resonator is
realized, where the applied physical parameters can be simultaneously measured and
the self calibration applied. In the system, a pair of the entangled photons (signal and
idler) is randomly generated via a fiber ring resonator, which is now easy to generate.
Then the optical signals with the entangled photons enter into the system and sensing
unit, i.e. fiber grating. The center wavelength signal is blocked by the fiber grating
property and reflected back and detected by the OSA. The change in Bragg
wavelength and the entangled photon states walk-off are measured relatively to the
change in physical parameter on the sensing unit. Which means, the simultaneous

measurement and the self calibration between the change in the entangled photon
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states walk-off, and Bragg wavelength are simultaneously self calibration. The change
in phase i.e. birefringence of the entangled photon visibility is obtained. For instance,
the entangled states of a pair of photon with and without the thermal effects are shown
in Figure 5.1 and 5.3 respectively. When the sensing unit is put into a thermal control
environment, the physical parameters such as pressure, strain or force and the thermal
sensitivity can be measured both by using equation (2.12), the sensitivity of
temperature and the change in the optimum entangled photon visibility respecting to
temperature is as shown in Figure 5.3 where the applied temperatures were ranged
from 30 °C to 80 °C.

To obtain the optimum measurement performance with the weak coupled into
a reference arm. The resonant signal in fiber grating (sensing unit) is reflected back to
the same coupler with the coupling ratio 90:10 to the optical spectrum analyzer. The
optical isolator is also recommended to protect the optical feedback into the operating
source. The signal and idler (quantum signal) are entered into a fiber grating and then
entering into a polarization combiner and though the detectors. The simultaneous
measurement is performed respecting to the same applied physical parameter.
The measurement resolution is one of the advantages of these schemes. For example,
if we set the parameters of Equation (2.12) as followings. Given light source

wavelength is 800 nm, then we have the relation which is expressed by
Agp =3.92x10°(n,-n,)L, (5.5)

We set L, is a constant value, the linear relationship between the fiber
birefringence and the entangled photons phase shift is measured. To obtain the
maximum entangled photon visibility as the initial states before the measurement, then
the polarization device is rotated to obtain the optimum photon visibility. The
resolution of measurement depends on the angle rotation device resolution that can be

retried by the change in sensing birefringence, i.e. An. When one of the physical
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parameters such as strain or heat is applied on the fiber grating, then the measurement
between the entangled states walk-off length and Bragg wavelength can be made
simultaneously, the self calibration of the system between the interested physical

parameter, Bragg wavelength and walk-off phase shift is also validity.

5.2 Conclusion

In practice, a fiber ring resonator as shown in Figure 5.1 and Figure 5.3 can be
replaced by a micro ring device. The same principle can be operated to form the ultra
high resolution interferometer. The advantage is that the device is now smaller and
more compact system, while the ultra narrow spectral width is introduced the
increasing in measurement resolution. For instance, the pulse spectral width within the
range of nm and beyond is plausible. In conclusion, we have proposed the new
concept of the interferometer, where the ultra high measurement using the very short
pulse generated by the micro ring device has shown the promising application. The
potential applications for quantum interferometer and simultaneous measurement

sensing systems are proposed.



CHAPTER 6

SUMMARY

This thesis is the study nano-scale measurements based on fiber optics. The
applications are the new concept of nano-strain monitoring using micro-strain
perturbation and nonlinear effects in fiber grating to nano-scale measurement
resolution. Finally, a concept of a new generation interferometic technique.

The first, a new design of the nano-scale strain monitoring system, which
consists of a fiber Bragg grating and a standard vibration source. The measurement
resolution is increased from micro-strain to nano-strain. Using the perturbation method
on the fiber grating stretching length. The change in Bragg wavelength due to the
change in fiber stretching length is simulated. Results obtained have shown in the
Figure 3.2 and Figure 3.3. The proposed system to monitor small strain and vibration
in the nano-scale range. The plausibility of simultaneously measuring temperature and
strain has been simulated and discussed. However, errors in simulated data might have
occurred because of the difference in the presented wavelength at 1550nm.

The second, the results of optical Kerr effects in fiber grating for the
measurement resolution. When the high power laser is launched into fiber grating,
optical Kerr effects are induced in grating region then the effective refractive index is
changed depending on the input power. The results that are given by the mathematical
simulation, have shown the relation between the reflectivity and Bragg wavelength.
All results can be used to analyze and improve the resolution of measurement system
for fiber grating sensors and its applications. According to the simulation results, the
measurement resolution for fiber grating sensors are reduced by nonlinear effects. The
simulation results obtained have shown the relation of the characteristics fiber grating
as reflectivity and Bragg wavelength are nonlinear changed when Kerr effect is

induced. All results can be used to analyze and introduce the problems and factors are
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impacted to the resolution of measurement system. However, the error from simulated
data may be occurred by the determination of fiber grating parameters but the trend
isn’t difference. Further, the nonlinear effects on the optical switching by fiber grating
will be investigated in the future work.

The finally, we firstly propose a concept of a new interferometric technique,
where the ultra narrow spectral width of light pulse generated by using the micro ring
resonators can be used to perform the ultra high resolution interferometer. The use of
such systems for quantum interferometer, high resolution interferometer and surface
characterization are described. The concept of a new interferometric technique as
shown in Figure 5.1 and Figure 5.3 can be replaced by a micro ring device. The same
principle can be operated to form the ultra high resolution interferometer. The
advantage is the device that is now smaller and more compact system, while the ultra
narrow spectral width is introduced the increasing in measurement resolution. In
conclusion, we have proposed the new concept of the interferometer, where the ultra
high measurement using the very short pulse generated by the micro ring device has
shown the promising application. The potential applications for quantum

interferometer and simultaneous measurement sensing systems are proposed.
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