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ABSTRACT

This thesis proposes a new concept of birefringence based sensor using the entangled
photon walk-off compensation. The superposition of nonlinear light known as four-wave mixing
of the chaotic signals within a micro ring device is introduced by the Kerr nonlinear effects type.
The possible two entangled photoil pairs arc randomly generated by using the external
polarization control unit. Results obtained have shown that the entangled state walk-off of the
pulse polarized photon within the ring device can be compensated. This means the changes in
walk-off parameters, i.e. birefringence, of the ring resonator (sensing device) can be relatively
measured to the changes in the applied physical parameters such as temperature, pressure, etc.
The potential of using such a proposed system for birefringence based sensing application is

plausible and discussed.
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CHAPTER 1

INTRODUCTION

1.1 Statement and Significance of the Problems

Yupapin [1] has shown a concept of an ultra high measurement resolution method using
polarized photon in a fiber optic ring resonator. He has concluded that the shift in optimum
entangled photon visibility can be compensated by the appropriate walk-off length, where the
measurement resolution is increased by the order of the change in material birefringence.
However, the structure of fiber optic system becomes a problem due to the external environment
suffering. Alternatively, an optical micro ring resonator has been widely investigated both
theoretical and experimental works. It is found that the device scale is dramatically decreased,
where the device scale of few microns is fabricated and available [2]. One of the promising
application aspects is that it can be fabricated to process the signal processing within the small
device, where the secure message, i.e. security, can be performed. For instance, the techniques
such as chaos [3,4], quantum entanglement [5,6] and chaotic quantum [7] have shown the
potential of applications. Recently, Fietz and Shvets [8] 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. Yupapin [9] have shown that the entangled photon recovery
i.e. regeneration using fiber optic ring resonator incorporating an EDFA which is useful for long
distance link. However, the problem of polarization dispersion causes the entangled photon a
problem called timing walk-off, which is become a problem in the recovery process. In this
paper, we design the micro ring device to generate the polarized entangled photons for sensing
applications. The entangled photon generation and behaviors within the proposed device is
analyzed and discussed. The device parameters are simulated associating to the practical device.
Results obtained have shown that it is a good potential of using such a device for birefringence
based sensing applications, where the measurement of physical parameters such as temperature,
pressure, moisture is plausible. The ultra high resolution in term of walk-off length and material

birefringence is described.



1.2 Goal and Objective

The objectives of thesis are a study of the generation and sensing applications of
polarization entangled photon by using nonlinear micro ring resonator. This polarization
entangled photon is used for birefringence based sensing applications. The used principle is the
changes of birefringence of polarization entangled photon by the applied physical parameters
such as strain, temperature, force, pressure, etc. Then the relationship between the applied
physical parameter and the occurred birefringence are used for the sensing applications based on

birefringence.

1.3 Scope of the Thesis

The pulse polarization entangled photon is generated by a nonlinear micro ring resonator.
The nonlinear effects within a micro ring resonator are optical Kerr effect and four wave mixing.
The orthogonal polarization of entangled photon are measured by using the rotatable polarizer,
polarization beam splitter, and two detectors. The applied physical parameter is the external strain
perturbation, causing the birefringence to occur. The relationship between the applied physical
parameter and birefringence are used for birefringence based sensing applications. All results

have shown in this thesis, using the mathematical model and the simulation.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Wave Equation in Optical Fibers

From Maxwell’s equations, these equations can be used to derive the wave equation that
describes light propagation in optical fibers. In general, the wave equations can be written in
favor of electric field (E ) and induced polarization (P ) as

1 0°E 0%
VxVxE=——2—2—p,0———2- 2.1)
ce ot ot
Where C is the speed of light in vacuum and pggy = 1/C2. In general, the evaluation of P
requires a quantum-mechanical approach. The interesting case of light propagation in optical

fibers is the study of nonlinear effects. If we include only the third-order nonlinear effects

governed by x(3) , the induced polarization consists of two parts such that

Where the linear part P, and the nonlinear part Py, are related to the electric field by

PL(r,t) = g5 [x®(t-t)-E(r,t')dt’ 23)

Pu(r,t) =& [ [xP(t-t,,t—t,, t—t3) - E(r, £, )E(r, &)ECr, t;)dt,dt,dt,  (2.4)

Eq. (2.1)-(2.4) provide a general formalism for studying the third-order nonlinear effects
in optical fibers. In a major simplification, the nonlinear polarization Py, in Eq. (2.2) is treated as
a small perturbation to the total induced polarization. This is justified because the nonlinear
effects are relatively weak in silica fibers. Therefore Eq. (2.1) with PNL =0 can be rewritten in

the frequency domain and the refractive index (N of optical fibers as



2 2 ®? _
VE+n“(0) E=0 (2.5)
C

2.2 Nonlinear Pulse Propagation Equation

The study of most nonlinear effects in optical fibers involves the use of short pulses with
widths ranging from about 10 ns to 10 fs. When optical pulses propagate inside a optical fibers,
both dispersive and nonlinear effects influence their shape and wavelength. A basic equation that

governs propagation of optical pulses in nonlinear dispersive fibers, it can be written in the form

1 8°E 0P o%P
VZE______ = il 8 + NL

To solve of Eq. (2.4), firstly Py, is treated as a small perturbation to P, . This is justified
because nonlinear changes in the refractive index are less than 107 in practice. Second, the
optical field is assumed to maintain its polarization along the fiber length so that a scalar approach
is valid. Third, the optical field is assumed to be quasi-monochromatic that the centered pulse
spectrum is @ and a spectral width A® such that Aw [y << 1. Since 0y = 1057, the
last assumption is valid for pulses as short as 0.1 ps. In the slowly varying envelope
approximation adopted here, it is useful to separate the rapidly varying part of the electric field by

writing it in the form
E(r,t) = %f([E(r,t) exp(—im,t) +c.c.] @.7)

Where X is the unit vector of polarization, and E(r, t) is a slowly varying function of time. The

polarization components P, and Py, can be expressed in a similar way by

P.(r,t) = -;-f([PL(r, £) exp(-iogt) + ¢.C. 2.8)

P (1) = %f([PNL (r, ) exp(-iogt) + cc] 2.9)



The linear component P, is given by
P.(r,t) = aolx(l)(t —t')-E(r, t') expliog (t — t')]dt" (2.10)
Or, to rewrite in the frequency domain is
P.(r,t) = ;—:’t :[x(l) (o) -E(r, 0 — 0g) exp[-i(o - o) t]ldo (2.11)

If the nonlinear response is assumed to be instantaneous so that the time dependence of x(3) in

Eq. (2.4) is given by

Pa(r,t) = g0x® -E(r, t) -E(r, t) -E(r, 1) (2.12)
From Egq. (2.7) and Eq. (2.12), Py, is found to have a term oscillating at g and another term
oscillating at the third-harmonic frequency 3@ . The latter term requires phase matching and is
generally negligible in optical fibers. Thus, Py, is given by

Pu (r, t) = goen E(r, t) (2.13)

Where the nonlinear contribution to the dielectric constant is defined as
3 2
EnL = me [E(r,t) | (2.14)

Thus, the general dielectric constant with nonlinear effects is given by
g(@) =1+ xD(0) +&y (2.15)

The dielectric constant can be used to define the refractive index N and N become intensity

dependent because of gy by



Nn=ny+n, |EJ (2.16)
Where N, is the nonlinear index coefficient that is given by

3 .
n, =an (3) 2.17)

The general form of the nonlinear wave propagation equation A(r,t) for the slowly varying
amplitude E(r,t) and all the perturbation effects, such as the nonlinear effects, optical fiber

losses, and dispersion, can be given by

oA OA ip, %A a, . 2
—+B—+-2—+=A=iy|APA 2.18

Where the nonlinear parameter y is defined as

Ny,09
(2.19)
CAeff

'Y:

Where A is the effective core area. From Eq. (2.18), the pulse amplitude A is assumed to be
normalized such that |A|2 represents the optical power. The quantity yIAIZ is then measured in
units of M1 if N, is expressed in units of m? /W . Clearly A depends on fiber parameters
such as the core radius and the core-cladding index difference. Typically, Ao can vary in the
range 20-100 umz in the 1.5 pm region depending on the fiber design. As a result, y takes
values in the range 1-10 W~ /km if N, ~2.6x107°m? /W. In a large effective area
fiber, A is increased intentionally to reduce the impact of fiber nonlinearity. From Eq. (2.18)
describes propagation of optical pulse in single mode fibers. It is called the nonlinear Schrodinger
(NLS) equation. In the equation, it includes the effects of fiber losses through o, chromatic
dispersion through B, and P, , and fiber nonlinearity throught 7y . The physical significance of
By and B, has been described that the pulse envelope moves at the group velocity V e =1/B;
while the effects of group-velocity dispersion (GVD) are governed by B, . The GVD parameter
B, can be positive or negative depending on the wavelength A is below or above the zero-

dispersion wavelength Ap of the fiber. In the anomalous-dispersion regime (A > Ap), B, is



negative, and the fiber can support optical solitons. In standard silica fibers, B, ~50 ps? /km

in the visible region but becomes close ~20 ps? /kim near wavelength ~ 1.5 pm, the change
in sign occurring in the vicinity of 1.3 pm.

2.3 Nonlinear Refraction

The lowest-order nonlinear effects in optical fibers originate from the third-order
susceptibility x(3) , which is responsible form phenomena such as third-harmonic generation,
four-wave mixing, and nonlinear refraction. Unless special efforts are made to achieve phase
matching, the nonlinear processes that involve generation of hew frequencies (e.g. third-harmonic
generation and four-wave mixing) are not efficient in optical fibers. Most of the nonlinear effects
in optical fibers therefore originate from nonlinear refraction, a phenomenon referring to the

intensity dependence of the refractive index that can be written as
n=n(e)+n, | E|? (2.20)

Where N(®) is the linear part that is the refractive index of the medium resonances, in general,
depends on the optical frequency (®). The second term, | E |2 is the optical intensity inside the

optical fibers, and N, is the nonlinear index coefficient related to x(3) by

_3 . ®
n, = 8n, (2.21)

Where the optical filed is assumed to be linearly polarized so that only one component x(3)
contributes to the refractive index. The nature of x(3) ;:an affect the polarization properties of
optical filed through nonlinear birefringence. ,

The intensity dependence of the refractive index leads to the two most widely studied of
interesting nonlinear effects that are self-phase modulation (SPM) and cross-phase modulation
(XPM). Self-phase modulation refers to the self-induced phase shift experienced by an optical

field during its propagation in optical fibers. Its magnitude can be obtained by

¢ =nkoL = (n+n, [E [*)k,L (2.22)



Where Ky =2n /A and L is the fiber length. The intensity dependent nonlinear phase shift
o = NKoL | E |2 is due to SPM. SPM is responsible for spectral broadening of ultrashort
pulses and formation of optical solitons in the anomalous dispersion regime of optical fibers.
Cross-phase modulation refers to the nonlinear phase shift of an optical field induced by
another field having a different wavelength, direction, or state of polarization. If the electric field

is given by
E = %)‘([E1 exp(-io;t) + E, exp(-io,t) + c.c] (2.23)

When two optical fields at frequencies ®; and ®,, polarized along the x-axis, propagate
simultaneously inside the optical fibers (the abbreviation c.c. stands for complex conjugate). The

nonlinear phase shift for the field at @, is given by
2 2
O = NoKol(1 Ey |© +21E; [7) (2.24)

Where we have neglected all terms that generate polarization at frequencies other than ®; and
®, because of their non-phase matched character. The two terms on the right hand are SPM and
XPM, respectively. An important feature of XPM is that, for equally intense optical fields of
different wavelengths, the contribution of XPM to the nonlinear phase shift is twice that of SPM

and XPM is responsible for asymmetric spectral broadening of co-propagating optical pulses.

2.4 Optical Kerr Effect

The optical Kerr effect is a change in the refractive index of a material, depending on an
electric field. The changes of refractive index is directly proportional to the square of the electric

field. For a nonlinear material, the electric polarization field P depends on the electric field E by
P = eoxE + (o PE -E+ 80P -E-E+...)= P +Py (2.25)
Where € is the vacuum permittivity and x(") is the N order component of the electric

susceptibility of the medium. For a linear medium, only the first term of this equation is significant

and the linear polarization (P, ) varies linearly with the electric field. The second and higher order



terms are represented the nonlinear polarization (PN,_ ). For the second-order susceptibility x(z)
vanishes for an isotropic medium such as silica (SiO,) that is a symmetric molecule, resulting the
second order susceptibility is approximately equal to zero. Thus all nonlinear effects in optical
fibers are determined by the third order susceptibility x(3) .

To consider, the equation of electric field in a medium is E = Ey COS(wt) where E; is

3
the amplitude. Thus the equation of polarization with the nonlinear terms sox(3) lEol is given by
W, 3 @2
Pago|x™ + X [Eol” [Eo cos(wt) (2.26)
The linear susceptibility with an additional nonlinear term can be assigned by

3 2
=+ =x + 2%Vl @27)

And

1/2 1/2 1
n=1+x" =(1+XL+XNL)/ ~Nol 1+ ——= (2.28)
: 2n,
Where Ng = (1 + x,_)llz is the linear refractive index of the material. Using a Taylor expansion

and approximation ¥y << 1+ XL ), thus the refractive index depends on the intensity is

3 2
n=ng+ §——X(3) lEol =Ny +N,1I (2.29)
Mo

Where I is the intensity of light. N, is the nonlinear refractive index known as the Kerr
coefficient, it has very small value for most materials, N, ~ 3.2 x 107" m*/W for silica fibers.
- Thus the refractive index change is directly proportional to the intensity of light travelling through
the medium. The value of intensity can be produced the significant variations of nonlinear
refractive index about 1 GW cm™2.,

For a single-mode silica fiber, the nonlinear refractive index can be rewritten into the

input power (P ) that is given by



n=n0+

(2.30)
eff

Where A =50 |m’ is an effective area of single-mode fiber core.

2.5 Four-Wave Mixing

Four-wave mixing (FWM) is a process which light at frequencies (0, and (3, interact in
a nonlinear material that means the nonlinear susceptibility x(3) to create an output light at
frequency (0, and (0, satisfying a phase relationship that is called “phase matching condition”.
Because of the second order susceptibility x(z) is neglected for the silica fiber. The third order
susceptibility is considered for FWM.

In quantum mechanic representation that different photons annihilate to generate new
ones at different frequency such that the net energy and momentum are conserved during the
parametric interaction. The different kinds of FWM are possible. The case in which three photons
annihilate to give rise to a new one (®; + ®, + W3 = M4), is called “totally degenerate FWM”.
The case of two photons annihilate to give rise to two photons different frequency
(07 + ®; = 03 +®y4), is called “partially degenerate FWM”. Finally the ‘“non-degenerate
FWM” is presented when all frequencies are difference.

The equations constitutes the phase matching condition and frequency matching

condition for FWM are shown in Eq. (2.31) and (2.32), respectively.
k1 +k2 = k3 +k4 (2.31)
g + 0, = (03 + 0)4 (2.32)

Where 0, and (0, are the frequencies of two input photons; (9, and (), are the frequencies of
two output photons from the annihilation of FWM process. For the partially degenerate case the

phase matching condition for all photons is satisfied by

10



Where k() is the propagation constant for the light with frequency (. It’s easy to satisfy
AK = 0 in the specific case @, = (0, that called partially FWM. This case is most relevant for
optical fibers. Physically, a pump photons at frequency (D, creates two sidebands located

symmetrically at frequencies ), and (0, with a frequency shift (2g)
QS = (01 - (03 = (04 —0.)1 (2.34)

The pﬁase matching depends on the dopant, the doping concentration, the refractive index
difference, and the diameter of fiber core.

In the partially FWM, two photons at a pump frequency ((0,) are absorbed by the optical
fiber and two photons are created. One photon has a higher frequency ((®,y) than the pump
frequency and one photon at a lower frequency (). Usually high frequency and low frequency
are referred as anti-Stokes and Stokes photon, respectively. Normally, the Stokes and anti-Stokes

are called the signal and idler photons. Sometime this case is call Three-wave mixing.
CDP + (Dp = (DS + (DAS (2.35)
For single mode fiber both the material and waveguide dispersions contribute by

Ak = 2B, (AoY (2.36)

Where B, = 8"B /0" is the group velocity dispersion (GVD). When B, =0, it’s a perfect
phase matching and an efficient FWM. This situation is desirable for applications such as all-
optical signal processing, wavelength conversion, pulse compression , etc. FWM in optical fibers
can be used for generating spectrally inverted signal through the process of optical phase
conjugation (OPC), which is useful for dispersion compensation. However, in WDM systems

FWM causes a transfer of power from each channel to its neighbors. Such a power transfer not
only results in the power loss for the channel but also induces interchannel crosstalk that degrades
the system performance severely. This problem can be minimized using the technique of

dispersion management, in which the fiber dispersion is kept locally high even though it is low on

11



average. Non-zero dispersion shifted fibers have been developed with a finite but small dispersion

(~ 2 to 8 ps/km) in order to reduce FWM effects in actual fiber optic communication systems.

2.6 Principle of Nonlinear Birefringence

Normally, a single-mode fiber supports two orthogonally polarized mode with the same
spatial distribution and this two modes are degenerated in an ideal fiber that their effective
refractive indices, N, and N, are identical. In practice, all fibers exhibit some modal
birefringence (N, *# ny) because of unintentional variations in the core shape and anisotropic
stresses along the fiber length. If nearly constant birefringence along their entire length, this kind
of birefringence is call “linear birefringence”. However, if a sufficiently intense light are launched
into optical fiber, the nonlinear birefringence can be induced where amplitude is intensity
dependent.

An optical fiber with constant modal birefringence has two principal axes which the fiber
is capable of maintaining the state of linear polarization of the incident light. Two principle axes
are called slow and fast axes based on the speed of light that travels inside the fiber. If Ny >Ny,
thus N, is the mode along fast axis. When low-power light is launched with its polarization
direction oriented at an angle with respect to the fast or slow axes, the polarization state changes
along the fiber axes from linear to elliptic, elliptic to circular, and finally back to linear in a
period. The distance satisfies with a periodic of polarization change, called beat length.

Considering the electric field with arbitrary polarization along the principal axes, can be

written as
E(F,t) = (XE, + VE,) exp(-iogt) (2.37)
Where Ex and Ey are the amplitudes of the polarization components along the x-axis and y-axis,

respectively. @ is the carrier frequency. From third order susceptibility (x(3) ), the nonlinear

polarization (Py, ) can be written as
‘SNL(F, t) = ()A(Px + VPY) eXp(—i(OOt) (238)

Where

12
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Py = —f}gx“’ (lExlz + §|Ev|2)Ex + §(ExEy)Ev (2.39)
And
) LT
P, = _3_Zg @ UEvlz . % lExIZJEv + E(EYE" E, (2.40)

The last term in Eq. (2.39) and (2.40) leads to degenerate four-wave mixing. The
nonlinear contribution AN, to the refractive index is governed by the term proportional to E,

and otherwise. Then the nonlinear contributions An, and An, are given by

An, = nz([Ex|2 +%lEy|2) (2.41)
And

An, = nz(lEy|2 +%|Ex|2) (2.42)

Where N, is the nonlinear refractive index or Kerr coefficient. From Eq. (2.41) and (2.42), the
first term is responsible for self-phase modulation (SPM) and the second term result in cross-
phase modulation (XPM) because the nonlinear phase shift acquired by one polarization
component depends on the intensity of the other polarization component. The nonlinear
contributions An, and Any are in general unequal and create nonlinear birefringence whose
amplitude depends on the intensity and the polarization state of the incident light. In the case of
light propagating inside a optical fiber, nonlinear birefringence manifests as a rotation of the

polarization ellipse.

13



2.7 Conclusion

First, this chapter describes the wave equation in optical fibers by using Maxwell's
equation. Second, describes the nonlinear effects in optical fibers for the nonlinear pulse
propagation equation. This part describes the third-order susceptibility, nonlinear refractive index
and nonlinear Schrodinger equation (NLS). Then, shows the nonlinear refraction depending on
the light intensity and referred to SPM and XPM. Third, describes the optical Kerr effect occurred
from the intensity of electric field. After that, explains the FWM creating an output light at
frequency (0, and 0, from input light at frequency D, and (), by using nonlinear susceptibility
x(3). Finally, describes the nonlinear birefringence that is occurred from the unequal of the
effective refractive indices, Ny and N, along the principal axes of the optical fibers. This is
caused the slow and fast axes of the speed of light that travels inside the fiber. Besides, if a
sufficiently intense light are launched into optical fiber, the nonlinear birefringence can be

induced where amplitude is intensity dependent.
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CHAPTER 3

NONLINEAR MICRO RING RESONATOR

3.1 Fiber Optic Ring Resonator (FORR)

A fiber optic ring resonators (FORR) is a closed loop waveguide that consists of a input
port and a output port associated with a directional coupler through a piece of fiber to form a ring.
The most feature of FORR is a two-ports device and light propagates only in the forward
direction. When light of the appropriate wavelength is launched into a ring resonator, it builds up
the intensity over multiple round trips due to constructive and destructive interference and stores
the light at the resonance frequencies that determined by its specifications. From the properties of
resonator, only some wavelengths is resonated in a loop, it is the functions of filter. The simple

model of a FORR with radius R and circumference L, is shown in Fig. 3.1.

in —P »p— Eout

Fig. 3.1 The schematic diagram of a single ring resonator with a directional coupler.

Where « is the coupling coefficient, o is the intensity attenuation coefficient, and y is the
intensity insertion loss coefficient of the directional coupler. When the monochromatic light is
launched into a single ring resonator, the normalized output intensity from a output port can be

derived as follows

Eowe = V1= EnvI—x +iE;vx) (3.1)
E, = VI y([Envx +E,v1—x) (32) .

E, =E, exp(—%L - ikL) (3.3)



Where K = 270/ A is the wave propagation constant, Nl is the refractive index of fiber core. To

used Egs. (3.1) to (3.3) derived the normalized output intensity that is given by

qut—z = (1-y)1- K(l—(l—y)e'“")
Epn f-et2 A—DA-0) ] +4e /2 [T 7)) sin%($/2)

(3.4)

Where ¢ = KL is linear phase shift. The normalized output intensity of a single ring resonator is

shown in Fig. 3.2.
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Fig. 3.2 The relationship between the normalized output intensity and the phase shift.

The parameters of the numerical results in Fig. 3.2 are A =155 Hm,n=145K=0.1,
Y =0.15, O = 0.02 dB/km, and R = 100 [lm. From Eq. (3.4) and Fig. 3.2, a FORR can be used
for the sensing applications by using the relationship between the phase shift and the applied
physical parameters that are applied on a FORR. The applied parameters such as strain,
temperature, force and pressure etc. Besides that the phase shift n;ay be depends on the refractive

index of fiber core, the wavelength of light, and the radius of a FORR.
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3.2 Nonlinear Micro Ring Resonator (NMRR)

A schematic diagram of nonlinear micro ring resonator (NMRR) is shown in Fig. 3.1,
when the monochromatic light with amplitude EO and a random phase ¢ are launched into a

NMRR. The input light (E;;, ) can be expressed as

Because the refractive index depends on the intensity of light, the phase shift of light during its

propagation in optical fibers can be obtained by

¢ =¢_ +dy =nkL (3.6)

Where ¢, =NgKL is the linear phase shift, ¢y, = N,KL | E |* is the nonlinear phase shift
depending on the intensity, L is the fiber length, and K = 2% /A is the wave propagation
constant. If we assume that the only considered nonlinear is a Kerr effect, the refractive index of

NMRR is given by

Aeff

where Ny and N, are the linear and the nonlinear refractive indices, respectively. I and P are
the optical intensity and the optical power, respectively. The effective core area of a micro ring
resonator is A ¢, which is in the range 0.12-0.50 |.1n12.

From Eq. (3.4)-(3.7), the general equation of normalized output intensity of NMRR can

be expressed by
Eout 2 K - k(1 —y)x?
= 1-y)[1- (3.8)
n (L-xJA-NA-0) | +4xJT-7)A-x) sin®(¢/2)

71870
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Where X = €Xp(—aL /2) represents a round-trip losses coefficient, k is the coupling

coefficient, o is the intensity attenuation coefficient, ¥ is the intensity insertion loss coefficient.

3.3 Optical Bistability, Bifurcation, and Chaos

The optical bistability is the nonlinear phenomenon that occurred in optical devices
where two resonant transmissions states are possible and stable, dependent on the input power or
light intensity. This phenomenon is found in the optical devices with a feedback mechanism such
as laser cavity, optical resonator, etc., providing two methods of achieving bistability. First,
Absorptive bistability utilizes an absorber to block light inversely dependent on the intensity of
the source light. The first bistable state resides at a given intensity where no absorber is used. The
second state resides at the point where the light intensity overcomes the absorbér's ability to block
light. Second, refractive bistability utilizes an optical mechanism that changes its refractive index
inversely dependent on the intensity of the source light. The first bistable state resides at a given
intensity where no optical mechanism is used. The second state resides at the point where a
certain light intensity causes the light to resonate to the corresponding refractive index. This
effect is caused by two factors that are nonlinear atom-field interaction and feedback effect of
mirror. The Applications of this phenomenon include its use in optical transmitters, memory
elements and pulse shapers.

The optical bistability has been studied in non-fiber resonators since 1976 by placing the
nonlinear medium inside a cavity formed by using multiple mirrors [11-13]. The single mode
fiber is used in 1983 by using nonlinear medium inside a ring cavity [14]. Egs. (3.5)-(3.8) are
mathematical relations used for characterizing nonlinear effects such as optical bifurcation,
optical bistability, and optical chaos.

From Eq. (3.8), the parameters is used to simulate the nonlinear phenomenons in the
NMRR are A, = 1.55 lim, n, = 3.37,n,=2.69 x 10" m"W", O = 0.2 dB/km, ¥ = 0.01, R = 100
Hm, K = 0.2, ([)0 = 0 for simplicity, and the data of 10,000 iterations of round trips inside the
NMRR is plotted. The results-of mathematical method are shown in Fig. (3.2).
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4.2 Conclusion

This chapter has demonstrated the polarization entangled photon generation by using a
nonlinear effects inducing within a micro ring resonator. The results of demonstration shows two
pairs of the orthogonal polarized modes can be formed and detected by using the system in Fig.
4.1 and 4.2. Beside that, the chapter describes the polarization state of entangled photon that
propagated along the nonlinear micro ring resonator and used a rotatable polarizer and a

polarization beam splitter to detect it.
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CHAPTER 5

BIREFRINGENCE BASED SENSING APPLICATIONS

5.1 Birefringence Based Sensor

A simple schematic of a nonlinear micro ring resonator (NMRR) for birefringence based

sensing applications is shown in Fig. 5.1.

N b PRS
y |
—p- < | >
Y, K '

Polarizer

Fig. 5.1 A schematic of a nonlinear micro ring resonator for birefringence based sensor ;

PBS : Polarization beam splitter.

The system consisted of a nonlinear micro ring resonator based on birefringence. When
the polarized light is propagated into a nonlinear micro ring resonator that is stress-induced
material birefringences, thus the polarization mode dispersion (PMD) is occurred. PMD is a
modal dispersion when two orthogonal polarizations of light are propageted into an ideal optical
fiber, which normally propagated at the same speed. Because of the stress-induced material
birefringences, causing the two orthogonal polarizations propagated with different speeds.
Birefringence effect can be formalised by assigning two different refractive indices correspond to
the different speeds. The birefringence magnitude is defined as the difference between the
refractive index in two axises, as AN= N, — N, where Ny and N, are the refractive index of
the polarized light along the fast and slow axis respectively. The PMD compensation can be used

many process such as using a polarization controller to compensate for PMD in optical fiber,



using a polarization maintaining fiber (PM fiber), and projecting the output light into a
polarization beam splitter then found the phase difference. The relationship between ph‘ase

difference and birefringence can be given by

_2n{n, -n, )L

Ad n

(5.1)

From Fig. 5.1, the parameters of the system are A =155 Hm,n=145K=0.1,7 =
0.15, & = 0.02 dB/km, R = 100 LLm. First, no birefringence AN =n, —N, =0 or no stress-
induced, the polarized lights from a NMRR is separated into vertical polarized light and
horizontal polarized light by using PBS. The two orthogonal polarized lights have a same phase
(phase difference equal zero). When a NMRR is induced by external stress, the birefringence
occurs. The two orthogonal polarized light have the different phase. The phase difference can be
found by using the rotatable polarizer adjusting of the polarization angle from 0° to 360° (or 0 -
270). From Eq. 3.8 and Eq. 5.1, the relationship between the normalized output intensity and the

phase shift is shown in Fig. 5.2. The numerical result obtained show that the phase shift is 0.35
radian or 20.05 degree.
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Fig. 5.2 The two orthogonal polarizations propagated with phase difference 0.35 radian,
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From a system, it can be used to the sensing applications based using birefringence
concepts such as the micro gyroscope sensor based a nonlinear micro ring resonator. The benefit
of a micro ring resonator that can be reduced the device scale in the micron regime to measure

more possible application.

5.2 Walk-off Compensation

When polarized light propagates in fiber optic, the change in birefringence is introduced.
This means the changed in phase of the entangled photon pair is occurred. Where the transversal
walk-off produces a shift between the ordinary and extraordinary, while the longitudinal walk-off
introduces a time delay between horizontally and vertically polarized photons. The amount of the
walk-off depends on the location where the photon-pairs are created 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 entangled photons, which is given by Eq. (5.2).
= - (H) V), +eVY [H).)
W)y - )iIV), +e*|V),[H), (5.2)

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, and
pressure etc and the fiber optic properties. However, the interested parameters in this proposed

systems are concerned the fiber optic birefringence parameters, which can be given by

_ 2n(n, —n, )L,

53
: (.3)

Ad

Where AN =N, — Ny is the fiber optic birefringence, L., is the entangled states walk-off length,

and A is the light source wavelength.



5.3 Conclusion

This chapter shows a simple model of a nonlinear micro ring resonator (NMRR) for
birefringence based sensing applications. The system consists of a NMRR inducing by external
stress. The results is the polarization mode dispersion (PMD) causing the birefringence. The
birefringence magnitude is given by the difference between the refractive index in two axises, as
An=n, - Ny . The birefringence compensation can be used the many process such as using a
polarization controller to compensate for PMD in optical fiber, using a polarization maintaining
fiber (PM fiber), projecting the output light into a polarization beam splitter then found the phase

difference, and the walk-off compensation.
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CHAPTER 6

CONCLUSION

This thesis proposes a concept of pulse polarization entangled photon that is generated by
using the nonlinear micro ring resonator. The application of this system is the birefringence based
sensor using the entangled photon walk-off compensation. First, to study the nonlinear effects in
micro ring resonator such as optical Kerr effect, nonlinear refraction, four-wave mixing, and
nonlinear birefringence. Then, to assign the appropriate parameters of the micro ring resonator for
using generated polarization entangled photon. The possible entangled photon pairs can be
detected by using the external polarizer, polarization beam splitter, and photodetector (APD). The
designed system can be used to the birefringence sensing by finding the relation between the
applied physical parameters such as temperature, pressure, etc., and the changed birefringence.
Results obtained have shown that the possible system can be generated the pulse polarization
entangled photon by using the nonlinear micro ring resonator and using for birefringence based
sensing application.

First, we describe the light propagation equation in optical fibers by using Maxwell's
equation and describes the nonlinear effects that are occurred in optical fibers, such as the third-
order susceptibility, nonlinear refractive index and nonlinear Kerr effects. Then, shows the
nonlinear refraction depending on the light intensity and referred to SPM and XPM. Third,
describes the optical Kerr effect occurred from the intensity of electric field. After that, explains
the FWM creating an output light at frequency (0, and (), from input light at frequency (®, and
(0, by using nonlinear susceptibility x(3) . Finally, describes the nonlinear birefringence that is
occurred from the unequal of the effective refractive indices, N, and Ny along the principal axes
of the optical fibers. This is caused the slow and fast axes of the speed of light that travels inside
the fiber. Beside that, if a sufficiently intense light are launched into optical fiber, the nonlinear
birefringence can be induced where amplitude is intensity dependent.

Second, we show the important characteristics of fiber optic ring resonator (FORR) and
nonlinear micro ring resonator (NMRR) including the nonlinear phenomena such as the nonlinear
refractive index depending on the intensity or the input power, the optical bistability, optical

bifurcation and optical chaos. Traveling of light in the NMRR is analyzed numerically by various



characterizing of the ring radius, nonlinear refractive index, linear i)hase shift, and the other
important parameters of NMRR.

Third, we have demonstrated the polarization entangled photon generation by using a
nonlinear effects inducing within a NMRR. The results of demonstration shows two pairs of the
orthogonal polarized modes can be formed and detected by using the system in Fig. 4.1 and 4.2.
Beside that, the chapter describes the polarization state of entangled photon that propagated along
the NMRR and used a rotatable polarizer and a polarization beam splitter to detect it.

Finally, we show a simple model of a NMRR for birefringence based sensing
applications. The system consists of a NMRR inducing by external stress. The nonlinear
birefringence is occurred. The birefringence magnitude is given by the difference between the
refractive index in two axises, as AN =N, — Ny . The birefringence compensation can be used
the many process such as using a polarization controller to compensate for PMD in optical fiber,
using a polarization maintaining fiber (PM fiber), projecting the output light into a polarization

beam splitter then found the phase difference, and timing walk-off compensation.
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