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ABSTRACT

This thesis presents the use of nanoscale device to combine with the network base
sensing application, which can be fulfilled the specific requirement of sensing applications,
especially in the nanoscale resolution regime. Firstly, a new system of multi function sensors
using dark and bright solitons in a Mach Zhender interferometer (MZI) is proposed. In this
concept, the coincidence dark and bright soliton pair within the MZI can be arranged by using
the phase controller. We assume that both solitons are input into the MZI ports simultaneously
(coincidently). The randomly input dark and bright soliton states into the MZI ports can perform
the change in phase after propagating through a phase shifter/sensing unit, in which the phase
change recovery using the phase related measurement device can be provided. Secondly, we
propose a new system of microring sensing transducer using a PANDA ring resonator type, in
which the sensing unit is consisted of an optical add/drop filter and two nanoring resonators,
where one ring is placed as a transducer (sensing unit), the other ring is set as a reference ring.
In operation, the external force is assumed to exert on the sensing ring resonator. The obtained
results have shown that the change in wavelength due to the change in sensing ring
circumference is seen, in which the wavelength shift of 1 nm resolution is achieved. Finally, the
distributed sensors presented via the multi wavelength router is generated by dark soliton pulses
propagating within the ring resonator, which are allowed to form in the multi sensors (sensing
transducers), which are formed by the sensing ring devices. The sensing system is suitable to
perform the multi sensing measurements in the nano scale regime such as force, stress and

temperature.

II



ACKNOWLEDGEMENTS

I am greatly indebted to the people who have helped me make one of my lifetime dreams
come true. This dream could have never become reality without the endless support and guidance of
my advisor Assoc.Prof.Dr. Somsak Mitatha and Assoc.Prof.Dr. Ouen Pingern. I am grateful to
Assoc.Prof.Dr. Preecha P. Yupapin for introducing me the research topics. I thank him for his
unshaken belief in me and motivating me to reach to my goal. His tireless effort and inspiration has
helped be immensely to be where I am today and to achieve what I have today.

Many thanks to every young members of the Advanced Research Center of Photonic
Laboratory (ARCP) of the Department of Applied Physices, Faculty of Science, KMITL and every
young members of the Hybrid Computing Research Laboratory (HCRL) of the Department of
Computer Engineering, Faculty of Engineering, KMITL; whose support has created a friendly
environment and the countless discussions we had kept me focused and always gave a different
perspective to my work which helped me resolve many issues on the way.

It is my honor to have Assoc.Prof.Dr. Suvepon Sittichivapak, Asst.Prof.Dr. Suthichai
Noppanakeepong and Asst.Prof.Dr. Phaophak Sirisuk in the committee.

The author is pleased to acknowledge the support from the Commission on Higher Education
of Thailand, Computer Science and Information Technology, Faculty of Science, Naresuan
University, Phitsanulok, Thailand

I am very grateful to my parents for their persistent encouragement to pursue higher
studies. Finally, I would like to thank my beautiful wife and my beloved son for always keeping my

spirits high, and encouraged me to go forward during difficult times.

Kreangsak Tamee

I



CONTENTS

ABSTRACT (TRhai). ..t eeeinieiee ettt e et e st e tra s rne e
ABSTRACT (EnglLish).....cceeeeenieiie et et et s sre e s a s
ACKNOWLEDGEMENTS. ...ttt ettt et intt et s s st aine e
CONTENT S ..ottt ittt rie et et sr ettt e ettt a e e es et s e s e h e e s naar s e s e s
LIST OF FIGURES . ... ittt iiret ettt ree et st s s e e e e e e
CHAPTER 1 INTRODUCTION. ...ttt ittt aree e cree e
O Y (011N T « T PP
1.2 AImS of This WOTK....oviuereiiiiii ittt e
1.3 Structure of The Thesis.....ocoverriiiiieiiii i
1.4 Optical SENSOIS......vuiuiiiiiii i
1.4.1 Fiber and Integrated Optics: Fundamentals of Waveguiding........
1.4.2 Waveguide Sensors: Basic Working Principle........................

1.4.3 Interferometric Fiber Optical.............ccoooiiiiiiiiiin,

CHAPTER 2 THEORETICAL BACKGROUND..........ccoooviiiiiiiiee
2.1 Ring RESONAIOTS. .. .uvueniniiiiieiiiiiiiiiii i aiee e

2.2 The ring resonator —the used model ..............oocovii

2.2.1 Single Coupler Ring Resonator Filter (SCRR)............ccoovennnn.

2.2.2 Double Coupler Ring Resonator Filter (DCRR)...........c.oeeveee

2.3 Pulse Propagating within Micro Ring Resonator......................coonnn.

2.3.1 Gaussian Pulse..........coooiiiiiiiiiii

2.3.2 Dark and Bright Solitons.............cooooiiiiii

CHAPTER 3 SENSING MODEL USING COINCIDENCE DARK-BRIGHT
SOLITON PAIR.....ooiuiiiiiiiitiie ettt
3.1 Introduction. .. .ooveeeii e
3.2 Coincidence Dark-Bright Soliton in MZI..............c.coiiiiinnn

3.3 Multi FUNCHON SEISOIS. .ottt i ittt tneraaereeereereraainnaeereeanens



CONTENTS (cont.)

Pages
CHAPTER 4 PANDA RING RESONATOR SENSOR..........c.ocoviiiiiiiiiininn 38
4.1 INtroduction.......ccocuiuiuirieri it 38
4.2 Principle and Method...........cooiiiiiiiiniiii 39
4.3 Sensor based on a PANDA ring resonator...........o.ocvvviiieeenenininerenenn 43
CHAPTER 5 SENSOR VIA WAVELENGTH ROUTER ROUTERS.................. 50
5.1 INtroQUCHON. ....veiei it e e 50
5.2 Principle and Method. ..ot 51
5.3 Distributed Sensing MechanisSm.............ccveiiieiiiiiiiiiiiiiiee 54

CHAPTER 6 CONCLUSIONS AND FUTURE WORK................ccoiviivivecnee,. 99

6.1 Sensors using Coincidence Dark-Bright Soliton Pair............................ 59
6.2 Sensors Using PANDA Ring Resonator...........c..cocovvierinininiiienencnnnnn. 60
6.3 Sensor via Wavelength Router..............c.coooiiiiiiiiiiiiiiiince e, 60
6.4 Future Work. ... ..o e 60
REFERENCES ... e e 62
APPENDIX ... e 67



LIST OF FIGURES

Figures Pages

1.1 Reflection and refraction at the interface between two transparent media: the Snell

50 N 4
1.2 Ray propagation in the optical fiber.................o i 5
1.3 The waveguide sensor: general working principle..........c.ooveveviiiiniiineninennennn 5

1.4 Interferometric fiber optic Michelson, Fabry-Perot, Mach-Zenhder, Sagnac, and ring

resonator SeNSOr CONTIZUIAIONS. .. .uuueut it ettt et ettt et et et e e e 7
1.5 Mach-Zenhder Interferometer..............ccooiiiiiiiiiii e 8
1.6 Mach-Zehnder Interferometer QUtpUL..........c..oiuiiiiiiiiiiie e 10

1.7 Schematic, of a waveguide coupled micro-ring resonator and the effect of strain on

134T o ) 1 PR 11
2.1 Schematic diagram for a ring resonator coupled to a single waveguide.................. 13
2.2 Scanning electron microscope pictures of horizontally coupled (a) and vertically

coupled (b) real life ring reSONAtOr. .. ......iuueiniinrineieiniieie e ir e e neaeeeannen 14

2.3 Simulated response off resonance state(a) and resonance state(b) of a ring resonator

Also shown is the wavelength dependent response of the ring resonator (c)............. 15
2.4 Schematic diagram for a ring resonator coupled to a single waveguide.................. 16
2.5 The single ring resonator with two adjacent waveguides..................c.cooviiniiiin 18

2.6 A schematic of a Gaussian soliton generation system, where R: ring radii, K

coupling coefficients, R,: an add/drop ring radius, A : Effective areas................. 21
2.7 Result of the spatial pulses with center wavelength at 1.3 pm.........c..cooevenienninn 23
2.8 A schematic of the amplified dark-bright soliton conversion system, where R : ring

radii and K: coupling coefficients, where MRR: Micro ring resonator, NRR:Nano-

191012 (11071 2110 S S S 26
2.9 Results obtained when a bring soliton pulse is input into a micro ring resonator

system for within NRR. ... .ottt it e et e e e eeee s 26
2.10 Results obtained when a drak soliton pulse is input into a micro ring resonator

system for within NRR.......o e 27
2.11 A schematic of a dark-bright soliton conversion system, where R_: ring radii, K

coupling coefficients, K,, and K, are the add/drop coupling coefficients.............. 28



LIST OF FIGURES (cont.)

Figures Pages
2.12 Results of the soliton signals within the ring resonator system, where (a) in ring R,
(b)inring Ryand (¢) inring Ry, 29
2.13 Results of the optical solitons, where (a) the signals in R3, (b) a dark soliton and
(c) a bright soliton.the input dark soliton poweris 1 W, K, =0.5,R,=10 llm......... 30
3.1 A schematic of 2 multi fUNCHON SENMSOTS. .. .viiriveiie i eiie e i e eineeaeerneeaneanees 32
3.2 Simulation results of dark and bright solitons when the input signals are (a) lDD) ,
() | DB),(c) | BD),and (d) | BB) .......oecveveiiiiiiicniiccceccee 35
3.3 Simulation signals for calibration when the soliton inputs are (a) lDD) , (b) I DB) ,
() | BD),and (d) | BB) ......cocoriiiieiniiiieet e 36
3.4 Simulation signals in term of wavelengths for calibration when the soliton inputs are
(a) | DD), (b) | DB), () |BD),and (d) | BB) .......cccovaverciiicncricnia 37
4.1 Schematic diagram of a nano-scale sensing transducer using a PANDA ring
DT 0 11 {0 ) o N 40
4.2 Shows the relationship between intensity and wavelength of sensing ( E,, ), dot red
line, and reference signals ( E,, ), solid blue line, with AL = 0, obtained by (a)
MATLARB and (b) Opti-wave programming...........eeeeueeenrninenenenerereerrneeneenens 44
4.3 Shows the relationship between intensity and wavelength of sensing (Ej,), dot red
line, and reference signals (E,,), solid blue line, with the Ring Circumstance-shift, .
(@ AL =0.01257 lm, (b) AL=0.02514 Llm, (¢) AL =0.03771 lm, and (d) AL
= 0.05028 LU ...ttt ettt ee ettt ettt n et 45
4.4 Shows the relationship between intensity and wavelength of sensing (E,) and
reference signals (E,,), with the Ring Circumstance-shift, (a) AL =0.01257 [lm,
(b) AL=0.02514 Llm, (c) AL =0.03771 llm, and (d) AL =0.05028 Llm........... 46
4.5 Graph of the linear relationship between Ring Circumstance-shift (AL ) and the
Wavelength-shift (AL ).....ooiiii e 48
4.6 Graph of the linear relationship between Force and the Wavelength-shift (A1 )...... 48
5.1 Schematic of dark soliton array generation, where E, : Soliton inputs, R: Ring radii,
K,: Coupling coefficients, MUX: Optical multiplexer, R: Add/drop radius, MRR:

MICTOTING TESOMATOT. .. ...\ttt et e 52



LIST OF FIGURES (cont.)

Figures Pages
5.2 Simulation result of the dark solitons within the series microring resonators when

the dark soliton input wavelength is 1.5 pm, where (a) dark soliton input, (b) and (c)

dark solitons in Rings R, and R,,(d), (¢) and (f) are drop port signals.................... 55
5.3 Simulation result of the dark soliton array when the dark soliton input wavelengths

are 1.5, 1.52 and 1.54 pm, where (a) dark soliton array, (b) and (c), (d) and (e), (f)

and (g) are the drop port signals, respectively..............coooiiiiviiiiiiiiiiieieiin 56
5.4 Simulation result of the dark soliton array when the dark soliton input wavelengths

are 1.56, 1.58 and 1.60 pm, where (a) dark soliton array, (b) and (c), (d) and (e), (f)

and (g) are the drop port signals, respectively...............cooeiuiiieiiiniiieiiinneinnn, 57

5.5 Schematic of a distributed network sensors system via wavelength router............... 58



CHAPTER 1

INTRODUCTION

This chapter includes motivation of work, aim of work, structure of thesis and providing
some fundamentals in subject of sensors. Optical sensors are presented in a relatively simple and
straightforward way to give a tour through the subject by minimizing theoretical explanations and

showing outstanding examples of what guided wave technology is able to offer for sensing.

1.1 Motivation

Optical Soliton has been recognized as a nonlinear solitary wave for years [1, 2]. Since then, it
has been widely investigated in several subjects such as in physics, mathematics and communication,
especially, in optical communication. Generally, the common property of a soliton known as self-
phase modulation (SPM) and cross phase modulation(CPM) are the challenged behaviors.
Furthermore, the non-dispersion behavior of the soliton is the key advantageous. This is capable the
use in long-haul communication, where the long distance link without a repeater can be employed.
Recently, several research works have shown that use of dark and bright soliton in various
applications can be realized [3-8]. One has shown that the secured signals in the communication link
can be retrieved by using a suitable add/drop filter that is connected into the transmission line. To date,
there are many techniques that can be used to perform the nano-scale measurement resolutions and
standards [9-11]. Recently, the use of a new form of a ring resonator called a PANDA ring resonator
has shown the interesting aspect of applications [12, 13]. One of the interesting results is the use of a
specific model of a ring resonator known as a PANDA ring resonator [14], which can be a good
candidate for nanoscale sensing applications. For research and visitation there for in this thesis, we use
of nanoscale device to combine with the network base sensing application, which can be fulfilled the
specific requirement of sensing applications, especially in the nanoscale resolution regime and self-

calibrations and more efficiency.



1.2 Aims of This Work

The aims and objectives of this work were:

(a)

(b)

(©)

(d)

To investigates the simulation nonlinear micro and nano ring resonators and application,
especially dark-bright signal amplification system, the concept of the dark-bright soliton
conversion within add/drop optical filter system and soliton communication via a
wavelength router

To develop a new system of sensors using dark and bright solitons in a Mach Zhender
interferometer (MZ1). The advantage of the proposed system is that the multi functions
in terms of phase shift sensor, orthogonal soliton (entangled photon) sensor, single
photon sensor and self calibration measurement can be provided.

To develop a new system of microring sensing transducer using a PANDA ring resonator
type, in which the sensing unit is consisted of an optical add/drop filter and two nanoring
resonators, where one ring is placed as a transducer (sensing unit), the other ring is set as
a reference ring. The sensing and the reference signals are analyzed, simulated and
compared.

To show the multi wavelength router is generated by dark soliton pulses propagating
within the resonator, which are allowed to form in the multi sensors (sensing
transducers), which are formed by the sensing ring devices. The distributed sensing

system is designed, which is available for network sensing applications.

1.3 Structure of the Thesis

The structure of the thesis is as follows.

(a)

(b)

The current chapter gives an introduction to the subject of the thesis in term of optical
Sensors.

Chapter 2 describe the theoretical background starts with general considerations of ring
resonator and the used model for single coupler ring resonator filter (SCRR) and double
coupler ring resonator filter (DCRR). Then, presents a very fascinating simulation of
light pulses traveling within a ring resonator system that have revealed unexpected

results for various applications, especially, in optical communication.



(c) Chapter 3 design a new system of sensors using dark and bright solitons in a Mach
Zhender interferometer (MZI).

(d) Chapter 4 designs a new system of microring sensing transducer using a PANDA ring
resonator type.

(¢) Chapter 5 describe the use of multi dark solitons generated by using the multi light
sources, which is also available for the distributed sensing system using the multi
wavelength router.

(0 Finally, Chapter 6 presents a conclusion of the thesis and future work.

1.4 Optical Sensors

Optical sensors are essentially a means whereby light guided within an optical fiber or an
optical waveguide can be modified in response to an external physical, chemical, biological or similar
influence. Light from an optical source whose relevant optical properties, with respect to the sensing
mechanism remains constant, is launched into an optical fiber and guided at a point at which
measurement is to be made. At this point the light from the fiber is launched into a device which is
specially designed in order to measure a specific measurand: a physical, chemical or biological
quantity that needs to be sensed. The important advantage that fiber-optic sensors have over
electronic sensors is the relative ease with which arrays for distributed sensing can be formed, and
also the fact that there is a considerable potential for multiplexed fiber sensor systems in which the
tremendous information carrying capacity of the optical fiber can be exploited.

The guided wave sensors that have been proposed to solve problems in industrial, automotive,
avionic, military, geophysical, environmental and biomedical applications are countless. Sensors are
presented in a relatively simple and straightforward way to give a tour through the subject by
minimizing theoretical explanations and showing outstanding examples of what guided wave
technology is able to offer for sensing. References to the extensive literature in this area are provided,

where the interested reader can find more details. An increasing number of textbooks is also available
[15-17].
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1.4.1 Fiber and Integrated Optics: Fundamentals of Waveguiding
In accordance with the ray theory of light propagation, when light impinges at the interface
between two transparent media, it is partially reflected and partially refracted. The Snell’s law

describes the refraction phenomena as (Fig. 1.1):
n,siné, = n, sin6, (1.1m

When n, > n,, any ray impinging at the interface with an incident angle greater than 6, is totally

reflected inside the first medium.

0, =sin" 2 (12)
R

An optical fiber consists of layered cylinders of glass or plastic, as shown in Fig.1.2. Inner
and outer cylinders, namely ‘core’ and ‘cladding’, have refractive indices n, and n, , respectively.
Any ray impinging at the core cladding interface with an incident angle greater than 0, is undergoing

multiple reflections within the core, in which it results trapped and propagates.

Incident Wave Reflected Wave
‘e,/’ 9, e,
n,<n,
0,29, Incident Wave Reflected Wave
n|
b n, Transition Boundary ec <er\‘
.= 6,
. . o n1 c r
n, sin g, =n, sin 6, 6, n, Transhion Boundary
Transmitted Wave n>n,

Fig. 1.1 Reflection and refraction at the interface between two transparent media: the Snell law.
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In accordance to the optical parameter, which is modulated by the measurand, waveguide
sensors can be divided into three basic categories:
H Phase-modulation,
0 Wavelength-modulation,
U Intensity-modulation.
Waveguide sensors are further subdivided as intrinsic, extrinsic, or evanescent-wave sensors.
In intrinsic fiber optic sensors, as showﬁ in Fig. 1.3, the measurand interacts directly with the light in
the fiber. Phase, polarization, and intensity may all be modulated within the fiber in an appropriate
way. In the extrinsic fiber optic sensors, as shown in Fig. 1.3, the fiber may be used strictly as
information carriers that lead up to a black box to impress information on a light beam that
propagates to a remote receiver through a second or, in some cases, the same fiber. The black box
may contains mirrors, a gas or liquid cell, a cantilevered arm, or dozens of other mechanisms that
may generate, modulate, or transform a light beam. Evanescent-wave sensors are hybrid
intrinsic/extrinsic sensors, since measurand-induced modulation occurs in the waveguide itself, in

most cases because of the presence of a measurand-sensitive cladding section.

1.4.3 Interferometric Fiber Optic

A large and important subclass of intrinsic or all-fiber sensors are the interferometric fiber
optic sensors, which have intrinsically highest sensitivity to environmental modulation, so that very
high resolution measurements are feasible. Interferometric fiber optic sensors are the most promising
among all the fiber optic sensors under study.

Interferometric fiber optic sensors evolve from traditional optical fiber interferometers. A
range of optical fiber versions of classical interferometer configurations, such as the two-beam Mach
Zehnder, Michelson, and Sagnac interferometers, and the multiple beam fiber Fabry-Perot and ring
resonator configurations have been proposed. Fig. 1.4 shows these various implementations. In all the
configurations, fiber directional couplers (DC) play a very important role. Fiber optic couplers, which
have been well developed, can be used as beam splitters and reflectors to avoid diffraction losses

associated with bulk optic elements and to offer greater flexibility and reliability.
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Fig. 1.4 Interferometric fiber optic Michelson, Fabry-Perot, Mach-Zenhder, Sagnac, and ring

resonator sensor configurations.

Generally speaking, fiber optic sensors based on two beam interference are less sensitive than
fiber optic sensors based on multiple beam interference. On the other hand, although fiber optic
sensors based on multiple beam interference have high sensitivity and may get rid of the "downlead
sensitivity" problem, they must use highly coherent light source. Any phase noise, intensity noise,
and frequency shift of light source will inevitably degrade the performance of the fiber optic sensors.
Another disadvantage associated with fiber optic sensors based on Sagnac and multiple beam
interferometers is that their unambiguous operating range is limited within a phase change of less
than 70/2. It should also be noted that in the fiber optic sensors based on Michelson, Sagnac, and

Fabry-Perot interferometers there is a considerable amount of light feedback towards the light source,



which causes the light source unstable, especially when laser is used. A Farady isolator is most often
needed to avoid the feedback.

In this thesis, we will be mostly concentrating on the two-beam Mach Zehnder
Interferometers and the multiple beams Ring Resonator Interferometers. So we will describes the
principle of operation of Mach Zehnder Interferometers and a micro-ring resonator for sensors

application.

Mach-Zehnder Interferometer for Sensor Applications

The Mach-Zehnder configuration (Fig 1.5) is an intrinsic sensor based on the interference
between a sensing and a reference wave. The two-beam interferometer uses a laser diode as the
source of coherent light, which is coupled into a single mode fiber. The light is then split equally into
two fibers by a 3-dB coupler. One arm of the Mach-Zehnder interferometer is the sensing arm while
the other is the reference. The reference fiber is kept protected from the desired perturbation to be
measured and light passes through this arm normally. The sensing fiber is used to monitor the

perturbation. Two complementary outputs are available for signal processing.

Perturbation

Laser Diode * * **

Sensing Arm

Detector

Coupler Coupler

Detector

Reference Arm

Fig. 1.5 Mach-Zenhder Interferometer

The electric fields of the two light waves can be expressed as

E = E.e" and E, = Eoei(m"HM) (1.3)



Where E, is the reference wave, E; is the sensing wave, and A¢ is the phase difference induced

by the sensing fiber. At the photo detector, the intensity is given by [15]
1=(E?)+(E2)+2(EE,) (1.4)
Where( )represents the time integration performed by the photo detector. This equation reduces to
I=Io(l+cosAq‘>) (1.5)

Where [ 0 E2 and we have assumed in the ideal conditions of equal splitting ratios, no coherence or

polarization effects, and no losses.

The information is contained in the phase difference between the two waves. The phase

corresponding to a length of fiber L is

Where k = 27t/ A is the propogtion constant in air, A is the laser diode-emitting wavelength, and
N ¢ is the fiber's effective refractive index. if the desired measured is X, then the change in ¢ may

be represented by

dn g dL

Ad=kL—LAX +kn s —AX .
¢ dX eff dXx (1 7)

If the coefficients d:;)"'(ff and % for the sensing fiber are known, AXcan be found from the output

signal, expressed by Eq. (1.5).
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In this configuration, quantities such as strain, force, pressure, and temperature can be
measured directly. Other quantities such as magnetic field, acoustic pressure, electric field, and
current can be measured indirectly by attaching the sensing fiber to materials that respond to these

parameters.

The output of the sensor, Eq. (1.8), is sinusoidal and is shown in Fig. 1.6. The signal goes

through one period for every 27 shift in A . This period is referred to as one fringe.

Intensity
L

L/2

/2 7T 32 27 5n/2 3w T2 4w

Fig. 1.6 Mach-Zehnder Interferometer Output.

Ring Resonator for Sensor Applications

A ring resonator is simply a waveguide shaped into a ring structure as shown in Fig. 1.4(e).
Consider, a waveguide coupled to a single micro-ring resonator. If there is an external force applied
along the direction of the straight waveguide, the ring will distort, due to the effect of strain, €, as

shown in fig.1.7. The resonant wavelength of the ring resonator, ﬂ'...’ is given by

2 =t (1.8)
m

Here, m is integer, n is the refractive index of the guiding material, and L is the circumference of the

ring resonator.
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If the substrate upon which the polymer micro-resonator is fabricated is strained, the shape of
the ring will be distorted which changes L by AL and due to the strain-optic effect, changes the

refractive index, n by An.

Fig. 1.7 Schematic of a waveguide coupled micro-ring resonator and the effect of strain on the ring.

This shifts the resonant wavelength, /lm, by A/lm as

m

A‘m

(1.9)

AL An AL
._._+—_
n L

The first contribution for the shift in resonance is the change in n which actually changes
when the refractive index on the surface of the ring is modified by the interaction of analytes with
sensing layer. Any mechanical effect leading to the change in the size of the ring structure could also

modify the optical mode in the resonator and hence leading to a shift in the resonance wavelength.



CHAPTER 2

THEORETICAL BACKGROUND

Nonlinear fiber optics has continued to grow during the decade of 1990s, perhaps even more
dramatically than anticipated. This growth is motivated by several recent advances in lightwave
technology, the most important being the advent of high-capacity fiber-optic communication systems.
A variety of nonlinear optical signal processing functions in micro ring resonator can be realized in
many applications. For examples, the Kerr effect, four wave mixing (FWM) can be used to
communication high microwave frequency (THz), the add/drop multiplexing can be used cancellation
chaotic signal and the chaos of nonlinear system can be chaotic coding. In this chapter, we will
describe the theoretical background of ring resonator starts with general considerations of ring
resonator and the used model for single coupler ring resonator filter (SCRR) and double coupler ring
resonator filter (DCRR). Then we will present a very fascinating simulation of light pulses traveling
within a ring resonator system that have revealed unexpected results for various applications,
especially, in optical communication. The design system consists of a nonlinear micro ring/nano ring
resonator system incorporating an add/drop filter. Three different forms of input light pulses are
Gaussian pulse, dark, and bright soliton, whereas the suitable simulation parameters are input power,

pulse width, ring radii, and the material refractive indices.

2.1 Ring Resonators

A ring resonator is simply a waveguide shaped into a ring structure as shown in Fig. 2.1.
When an input electric field, E,, is coupled to the ring waveguide through an external bus waveguide,
a positive feedback is induced and the field inside the ring resonator E _, starts to build up. Coupling
between the straight and the ring waveguide is achieved through the evanescent wave. Therefore, the
gap and coupling length between them determine how much power is coupled from the straight

waveguide to the ring waveguide and vise versa. In such configuration, only certain wavelengths will
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be allowed to resonate inside the ring waveguide, thus frequency selectivity is obtained. A resonant

mode will have a wavelength that satisfies.

mA_ =nL, m =integer 2.1

Here, m is the longitudinal mode number, A, is the resonant mode wavelength, # is the refractive

index of the guiding material, and L is the circumference of the ring resonator.

Fig. 2.1 Schematic diagram for a ring resonator coupled to a single waveguide.

A ring resonator device is promising candidates for wavelength filtering,
multiplexing/demultiplexing, conversion and network routing application. Two typical settings of
ring resonator are shown in Fig. 2.2. A ring or a disk shaped dielectric cavity is placed between two
parallel dielectric straight waveguides. In real life (3-D) devices, the straight waveguides can be
positioned either in the same plane (Fig. 2.2(a): horizontal coupling scheme) or below (Fig. 2.2(b):
vertical coupling scheme) the cavity plane. These two straight waveguides form four ports for the
external connections, the two input ports named “In-port” And “Add-port”, and the two output ports
named “Through-port” and “Drop-port”. To understand the functioning of the ring resonator, for the
sake of simplicity, let's consider only unidirectional fields (clockwise propagating), where only the
In-port is illuminated, while there is no incoming signal at the Add-port.

Conventionally, the functioning of ring resonator is described by the interaction of harmonic

optical waves propagating along the straight waveguide and the cavity, and the interferometric
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resonances of the waves inside the cavity. A single frequency optical wave is launched at the In port
of the resonator. As this signal propagates along the upper straight waveguide, that connects the In-
port and Through-port, part of it is evanescently coupled to the cavity. While propagating along the
cavity, part of this signal is coupled to the lower straight waveguide and appears at the Drop-port. The
remaining part of the signal propagates along the cavity, and interferes with the newly in-coupled
signal in the upper interaction region. Depending upon the specific configuration, these two fields

undergo constructive or destructive interference.

In

Through
In
Through

Drop
Add
Drop
Add

Fig. 2.2 Scanning electron microscope pictures of horizontally coupled (a)

and vertically coupled (b) real life ring resonator.

If the cavity field is out of phase with the newly entering field, then destructive interference
takes place inside the cavity and as a result, there is only a small amount of power inside the cavity.
Under so-called off resonance conditions, as shown in Fig. 2.3(a), most of the input power is directly
transmitted to the Through-port, and there is comparably low power at the Drop-port.

On the other hand, if the field inside the cavity is in phase with the newly in-coupled signal,
then due to constructive interference, energy builds up inside the cavity. This field gets coupled to the
Drop-port waveguide. Under so-called resonance conditions, there is a signi_cant power observed at
the Drop-port, while less power appears at the Through-port. This situation is shown in Fig. 2.3(b).

A typical spectral response of a ring resonator device is shown in Fig. 2.3(c). Resonance
appears as dips in the Through-port power curve and peaks in the Drop-port power curve. In other

words, the wavelength for which ring resonator is on resonance, will be “dropped” at the Drop port.
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2.2 The ring resonator — the used model

A single ring resonator is transferred into a box like filter shape using a single coupler or a double |

coupler configuration as shown in Figs 2.4 and 2.5. A calculation model is derived and all essential

parameters describing the transmission characteristic are extracted in this section.

2.2.1 Single Coupler Ring Resonator Filter (SCRR)

Ei P

Fig. 2.4 Schematic diagram for a ring resonator coupled to a single waveguide

The transfer function of this configuration is derived using Z-transform analysis. The
circumference of the ring is L (L = 27 R, the radius is R ), the coupling coefficient of the coupler is

— Jk L

_ 27 :
x . The Z-transform parameter is represented by z ! =exp where k, =7neﬂ i1s the

propagation constant and n,; is the effective index of the waveguide. The one round trip loss

—-all2

isa =exp , & is the intensity attenuation coefficient inside the waveguide [unit/ength™']. The

transmitted or throughput field at the output of the straight waveguide, E, and inserted electric field,

E, relations can be derived as followed:
E =(-p)Vix|E Tk +j E x ). 2.2)

b=l 8, )
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E,=E, az". (2.4)

Using these equations, E, / E, can be calculated:

E, n | Y-k =(1=y)"-az”
Zr=(1- . .5
E, (-7)"x 1-(1-9)" V1-x-az” )

The transfer function in Eq. (2.5) indicates that a ring resonator is very similar to a Fabry-
Perot cavity. In the particular case shown in Fig. 2.4, the corresponding Fabry-Perot cavity would
have an input mirror with a field reflectivity and a fully reflecting output mirror. However, the field
propagating inside the ring cavity is a traveling wave in contrast to the Fabry-Perot cavity which
resonates a standing wave.

In the following, new parameter will be used for simplification:

D = (1_7)1/2
x= D exp ™/

y=AJl-k
¢p=k,-L

(2.6)

The intensity relation for the output port is given by:

2=D2- - (=x)(1-5*) . @.7)
(l—x-y)2 +4.x-y-sin’ %

I, _ 5
T30

71933
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2.2.2  Double Coupler Ring Resonator Filter (DCRR)
Consider the architectures of double coupler ring resonator which sometime called add/drop

filters as illustrated in Fig. 2.5, which are constructed by 2x2 optical couplers.

Eu - > Etl
Input Port Throughput Port
Drop Port Add Port
E: & < )

1/l—zr2

Fig. 2.5 The single ring resonator with two adjacent waveguides

For simplification, the calculation of the intensity relation does not take into account

coupling losses (D =1).

Lal L
E =E,j\, +E - e 222 2.8)

jkn
l-x, e 2272 (2.9)

(2.10)

E, = ' Ik, e 222 @.11)
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_al .k
E,=E, j\i. e 22 2 +E, /-« 2.12)
1 b 1 i 1

_E_li_jkni
E,=E, jJk, e 22 2 at E, =0 (2.13)
12 a 2 i2

Where E,, is the input field, £, is the throughput field, E,, is the dropped field, E,;, E, and E, are
the fields in the ring, k;is thefield coupling coefficient between the input bus and the ring, K,is the
field coupling coefficient between the ring and the input bus, L is the circumference of the ring,

By using the upper equations, the transfer function for throughput port and drop port in Fig.

2.5 can thus be expressed as

Throughput port:

LY gy Ll
E, -myflor e 4flor —(-x)l-re?

Za (2.14)
E ~Z L,
4 1-41-K 1=K, 2
L1 jiml.
ﬂ___—dl—fcze 2 + ll—K1 @.15)
Ey I-fTmlex,e 2
1 2
Drop port:
_ﬁﬁ_ﬂmﬁ
E, —/K,Kze” 2
Lo _ . (2.16)
E, = L-jimL

1-Jl1-x41-K,e?

The intensity relations for the throughput and drop port can be obtained by normalizing the

transfer functions in Eqgs. (2.17) and (2.18) which are given by

Ef  1-x—21-x l-x, ¢ * cosknL) + (1= K,)e™™

Lo _|Ea| . (2.17)
Iy |E”| 1+ (1-x)(-Ky)e™ = 2\1-K {1~ K, e—;L cos(knL)
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|2 Ly

2
E, K K,e

E B _a
"\ 1+ (-1 )% —21—x, 1=K, e ZLcos(knL)

(2.18)

2.3 Pulse Propagating within Micro Ring Resonator

Three different forms of input light pulses are Gaussian pulse, dark, and bright soliton.

2.3.1  Gaussian Pulse

Light from a monochromatic light source is launched into a ring resonator with constant light
field amplitude (E;) and random phase modulation as shown in Fig 2.6. The combination of terms in
attenuation (OL) and phase(f,) constants results in a temporal coherence degradation. Hence, the time

dependent input light field (E, ), without pumping term [18], can be expressed as
E, (t) = E,e /%0 (2.19)

where L is a propagation distance(waveguide length).
We assume that the nonlinearity of the optical ring resonator is of the Kerr-type, i.e., the

refractive index is given by

n
n=n, +n,I =n, +(—2)P, (2.20)
o

where n, and n, are the linear and nonlinear refractive indexes, respectively. / and P are the
optical intensity and optical power, respectively. The effective mode core area of the device is given
by 4, . For the micro ring and nano ring resonators, the effective mode core areas range from 0.10 to
0.50 Lim’ [19, 20]

When a Gaussian pulse is input and propagated within a fiber ring resonator, the resonant
output is formed, thus, the normalized output of the light field is the ratio between the output and

input fields (£, () and E,, (#)) in each roundtrip [21], which can be expressed as
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B (—x)-241=x fI=rpe * cos(k,L)+ (1=, )™ 222)

lE’" | 1+ (- M- Ky )e ™ =241k, - \/T—_rf:e—%L cos(k,L)
and
2 —%L
-EEL = Kl » (2.23)
AT B (S (S P 21-k, -/1-rKye * cos(k,L)

where E, and E, represents the optical fields of the throughput and drop ports, respectively. The
transmitted output can be controlled and obtained by choosing the suitable coupling ratio of the ring
resonator, which is well derived and described by [21]. Where f = kn ; represents the propagation
constant, 7 is the effective refractive index of the waveguide, and the circumference of the ring
is L=27R, here R is the radius of the ring. In the following, new parameters will be used for
simplification, where ¢ = fL is the phase constant. The chaotic noise cancellation can be managed
by using the specific parameters of the add/drop device, which the required signals at the specific
wavelength band can be filtered and retrieved. K,and K, are coupling coefficient of add/drop filters,
k,=2m/A is the wave propagation number for in a vacuum, and the waveguide (ring resonator)
loss is OL = 0.5 dBmm . The fractional coupler intensity loss is ¥ = 0.1. In the case of an add/drop
device, the nonlinear refractive index is neglected.

From Fig. 2.6, in principle, light pulse is sliced to be the discrete signal and amplified within
the first ring, where more signal amplification can be obtained by using the smaller ring device
(second and third ring). Finally, the required signals can be obtained via a drop port of the add/drop
filter. In operation, an optical field in the form of Gaussian pulse from a laser source at the specified
center wavelength is input into the system.

From Fig. 2.7, the Gaussian pulse with center wavelength 0\‘0) at 1.30 Llm, pulse width of 20
ns, peak power at 2 W is input into the system as shown in Fig. 2.7(a). The large bandwidth signals
can be seen within the first, second microring and third nanoring device, and shown in Fig. 2.7(b),
2.7(c) and 2.7(d)., respectively. The suitable ring parameters are used, for instance, ring radii R, =
15.0 llm, R, = 10.0 [lm, R,=5.0 llm, and R, = 155.0 llm. Result of the spatial pulses with center

wavelength at 1.30 pm, Fig. 2.7(e), the large bandwidth signals, Fig. 2.7(f), the filtering and
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amplifying signals from the drop port. The smallest free spectrum range (FSR) and spectral width
(A)\.) of 535 and 20 pm are generated respectively. The maximum output power is 40 W which is

available for high capacity and long distance communication link.

5 2 . . .
S 15t@
B L . . . 1
1.2 1.25 1.3 1.35 1.4
g Wavelength (pm)
T=7T5um. = (.
2 10 ®) R um.” kT=05
g 5
B q
=
6 12 1.25 1.3 1.35 1.4
g Wavelength (jun)
T ' =7 . 2=07
82 () RZ="T0um ]
g q
g 1.2 1.25 1.3 1.35 1.4
g Wavelength (pm)
i ’ RI=%Bum. &3=U0.7
9 20 @ |
B 0
g‘ 12 125 13 135 14
Wavelength (pun)
g 40 (o) j Rd = 155um. x4T=0.T 7= 0.1
E 20
=]
B 12 1.25 13 1.35 14
=} Wavelength (jun)
g 40F (t) i‘T-; ! FWHM T
£ 20t J\ 0.000535 A 0%
A A s .
g 132 1.32067 1.321205 1.3215 1.322
1) Wavelength (jun)

Fig.2.7. Result of the spatial pulses with center wavelength at 1.3 pm

By using the propose design, the extended light source wavelengths can be used for DWDM,
which can be used with the existed public networks, the higher channel capacity can also be obtained
by using FSR modification and more available wavelength bands, for instance, from near to far
infrared wavelength bands. The smallest FSR obtained is about 500 pm as shown in Fig.2.7.
Furthermore, the non-dispersive wavelength (1.30 pm) can be extended and used to increase the
communication capacity, moreover, the Gaussian pulse output power can be amplified, which can
provide the power budget for long distance link, which can be used with the existed public network

installation, the pumping is not required in such a system [22].
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2.3.2  Dark and Bright Solitons

A Gaussian pulse has been recognized as a laser pulse which can be used in both theoretical
and experimental investigation for many subjects. However, in some ways, the limit of laser power
can cause a problem, especially, when the high output power or long distance link is required. Optical
soliton becomes a powerful tool that can overcome such a problem, i.e., a high power laser source.
Furthermore, the non-dispersion of soliton in medium is the other advantage. Optical solitons can
naturally be divided into classes of dark and bright solitons, whereas a dark soliton exhibits an
interesting and remarkable behavior, when it is transmitted into an optical transmission system. It has
the advantage of the signal detection difficulty, when the ambiguity of signal detection becomes a
problem for the un-wanted users. In principle, the soliton generations and their behaviors in media are
well analyzed and described by Agarwal [23]. Many earlier theoretical and experimental works on
soliton applications can be found in the soliton application book by Hasegawa [24]. However, to
make such a tool more useful, the problems of soliton-soliton interactions [25], collision [26],
rectification [1], and dispersion management [2] must be solved and addressed. Therefore, in this
work, we are looking for a powerful laser source with a broad spectrum that can be used in many
applications.

Bright and dark soliton pulses are introduced into the multi-stage nano ring resonators as
shown in Fig. 2.8, the input optical field (E,) of the bright and dark soliton pulses input are given by
an Egs. (2.24) and (2.25) [23], respectively.

—T_ z
E (t)=Asech| — |exp|| — |—iw,t 2.24
)= s Lo [ 52 o 020
and
E (t)—Atanh—l—ex 2 | iwt (2.25)
in LTOA P 21, o .

where A4 and z are the optical field amplitude and propagation distance, respectively. T is a soliton
pulse propagation time in a frame moving at the group velocity, T=t— ﬁlz, where ﬁ, and ﬁz are the
coefficients of the linear and second-order terms of Taylor expansion of the propagation constant.

L= T02 /| ,32| is the dispersion length of the soliton pulse. T, in equation is a soliton pulse propagation
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time at initial input (or soliton pulse width), where ¢ is the soliton phase shift time, and the frequency
shift of the soliton is (),. This solution describes a pulse that keeps its temporal width invariance as it
propagates, and thus is called a temporal soliton. When a soliton peak intensity (| Jix /1"7;’|) is given,
then 7, is known. For the soliton pulse in the micro ring device, a balance should be achieved
between the dispersion length (L) and the nonlinear length (LNL=1/1_' ¢NL), where [ - =n,k,, is the
length scale over which dispersive or nonlinear effects makes the beam become wider or narrower.
For a soliton pulse, there is a balance between dispersion and nonlinear lengths, hence L, = L,,.
Similarly, the output soliton of the system can be calculated by using Gaussian equations as given in

the previous case.

2.3.2.1 Soliton Amplification

The dark and bright signal amplification system is shown in Fig. 2.8. Firstly, when the bright
soliton system is operated, the large bandwidth within the micro ring device can be generated by
using a bright soliton pulse input into the nonlinear micro ring resonator as shown in Fig. 2.9.
Similarly, the input dark soliton pulse is chopped (sliced) into a smaller signal spreading over the
spectrum as shown in Fig. 2.10, which is shown that the large bandwidth signal is generated within
the first ring device. A soliton pulse with 50 ns pulse width, and maximum power at 0.65 W is input
into the system. The results are obtained when a bright soliton pulse is input into the ring resonator
system, whereas the parameters used are R= 10 llm, A, = 0.50 },Lmz, R,=7 lm, A, =0.25 j.Lmz,
Ry=5 HUm, A =0.10 j.Lmz and K, = 0.2 and K, =K, = 0.05. The continuous spectra output which is
25 times larger than the input, it is obtained and seen in Fig. 2.9(c), secondly, a dark soliton pulse is
input into a microring resonator system within NRR, where the parameters used are R =10 [im, A ¢,
=0.50 Pim’, R,= 7 pm, A, = 0.25 Pm’, R;= 5 Jm, A, = 0.10 im” and K, = 0.2 and K,= K, =
0.05, then a dark soliton pulse is sliced into the smaller signals as shown in Fig. 2.10(a). Figs 2.10 (b)
and 2.10 (c) are the output signals of the filtering signals within the rings R, and R;. Results obtained
when a dark soliton pulse is input into a micro and nanoring resonator system as shown in Fig. 2.10
(b). The continuous spectra output with 25 times larger than the input is obtained and seen in Fig.

2.10 (c). The coupling coefficients are given as shown in the figures.
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CHAPTER 3

SENSING MODEL USING COINCIDENCE DARK-

BRIGHT SOLITON PAIR

In this chapter, we present the novel concept of the interesting results by using the dark and
bright solitons in a Mach Zhender interferometer (MZI), in which the coincidence dark and bright
soliton pulses can establish the phase shift after entering into the MZI ports, which they are affected
by the external disturbance (i.e. applied physical parameters), whereas the measurement can be
performed by the signals between sensing and reference units, which can be provided the required
measurements. The advantage of the proposed system is that the multi functions in terms of phase
shift sensor, orthogonal soliton (entangled photon) sensor, single photon sensor and self calibration

measurement can be provided, which will be discussed in the following section.

3.1 Introduction

Optical sensors have been implemented and widely used in various applications, for
instance, in medicine, microbiology, communication, particle physics, automotive, environmental
safety and defense [27-30]. Till date, the searching of new techniques of sensing devices and
systems remains. Recently, the use of micro device known as a microring resonator has shown the
potential applications in many area of applications [24,31], in which one of the interesting behaviors
is that the use of dark-bright soliton conversion within the microring device has been proposed {3,
32]. The key interpretation is that the random output of both solitons can be separated and observed
when the dark-bright soliton pair is propagated through a (70/2) phase retarder, for instance, an
optical coupler or beam splitter. Hence, the dark and bright solitons are the orthogonal pulses and
can be recognized as an entangled photon pair, in which the change in phase between dark and
bright solitons can be recovered by using the phase shifter/controller, therefore, the measurement of

the shift in phase of soliton pair can recover and perform the measurement.
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3.2 Coincidence Dark-Bright Soliton in MZI

Dark and bright solitons are the short optical pulses that can propagate into the optical
medium for long period of time with constant amplitude due to their nonlinear properties, for
instance, self phase and cross phase modulations [33]. The lack of phase with (T0/2) between dark
and bright solitons can be used to form the orthogonal photon components (entangled photon).
More details of dark and bright soliton generation and behaviors can be found in either theory or

experiment in the references [34-36].

Phase shifter

Sensing arm,

Eln
Emy
Ref. arm,
Ecrr; —gmmmd Eprop

Sensing unit

Fig. 3.1. A schematic of a multi function sensors.

When the dark and bright soliton pulses are generated and input into the system, the optical

fields propagate through the MZI are expressed by Egs. (3.1) —(3.3).

E, =lln+le
2 2
1 : 3.1)
E,,=—A+j—In
u=5 .12
E,= 11e_j¢
@ e (3.2)
Ey=E)e?
1 B!
Th =§E12 +]EE22
3.3)

1 1
Drop =‘2"E22 +]EE12
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where E,_is an input field, E 5, (E,4) is an added field (control), E,, and E,, are fields split into two
arms of MZI passing through the first coupler as shown in Fig. 3.1. E, and E,, are optical fields
before merging into the second coupler. Throughput and drop are the output field signals. The MZI
dimension can be ranged from micrometer to few meters.

We are looking for the stationary dark and bright soliton pulses, which are introduced into
the MZI ports as shown in Fig. 3.1. The input optical fields, E, and E,,,, of the dark and bright

solitons, respectively, are given by [33, 36]

T z .
E, ()= Atanh[;o} exp[(ZLD J— ja)ot},
T z .
E ()= Asec h{?o} exp|:( 2L, J - ]a)ot],

where A and z are the optical field amplitude and propagation distance, respectively. T is a

(3.4)

soliton pulse propagation time in a frame moving at the group velocity, T=t—Blz, where Bl and Bz
are the coefficients of the linear and second-order terms of Taylor expansion of the propagation
constant. L= To2 / l ,le is the dispersion length of the soliton pulse. T, in equation is a soliton pulse
propagation time at initial input (or soliton pulse width), where t is the soliton phase shift time, and
the frequency shift of the soliton is (©,. This solution describes a pulse that keeps its temporal width
invariance as it propagates, and thus is called a temporal soliton. When a soliton peak intensity

' ,32 / FTOZ‘ is given, then T, is known. For the soliton pulse in the MZI device, a balance should be

achieved between the dispersion length (L) and the nonlinear length (LNL=1/FCDNL), where
r=n2k0, is the length scale over which dispersive or nonlinear effects makes the beam become

wider or narrower. For a soliton pulse, there is a balance between dispersion and nonlinear lengths,

hence L, = L.
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3.3 Multi Function Sensors

Here, the coincident dark and bright solitons are randomly input into the MZI ports as
shown in Fig. 3.1. The soliton pair is split into each branches of a MZI, where one arm is placed as
a sensing unit, where the other is a phase shifter. The change in phase of both signals (solitons) is
affected to the coincident dark-bright soliton pair before reaching the second coupler, in which the
phase shift recovery can be employed to compensate and bring back the signals at the throughput
and drop ports to the reference position. By using this proposal, a single photon sensor is also
available when the soliton power is reduced to be a single photon. Moreover, the lack in phase of
both solitons(7T/2) can establish the orthogonal solitons (entangled photons) sensor. Eventually, the
shift in phase of dark and bright soliton can be compared and measured, where in addition the self
calibration of phase shift between throughput and drop port signals can be operated.

In this simulation, dark and bright soliton with the center wavelength at 1.55 um is
randomly input into the MZI ports. The attenuated soliton peak power at the input coupler is 1 mW,
20 ns pulse width, and the waveguide loss of 1dBmm " is included in the system (simulation).

In operation, the input field of dark soliton |D> or bright soliton| B > are input into the MZI
input ports, the input fields are combined and split into two parts with the same amount via a 3dB
coupler (50:50), which they are E,, and E,,. The field E,, is the output field of E,, after propagating

into the controlled phase shifted device.
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Fig. 3.2. Simulation results of dark and bright solitons when the input signals are

(a) | DD), (v) | DB), () | BD), and (d) | BB).

The first dark-bright soliton conversion pulses (E,, and E,,) are formed at the first coupler

DB)—|DB), |BD) —|BD)

in the MZI, for instance, the obtained signals are lDD) - lDD) ,
and IBB) - |BB> , as shown in Fig. 3.2(a)-(d), respectively. Finally, the fields are combined again
at the second 3dB coupler after the phase controlled device, in which the random combination of the
orthogonal pulses (dark and bright soliton pulses) can be obtained via the MZI ports. The
Throughput port output result is as shown in Fig. 3.3. From Fig. 3.3(a)-(d), the obtained signals
from the throughput port are |DD> — IBD) , !DB) — |BB> , IBD> - | DD> and
]BB) - | DB> ,srespectively. However, the dark soliton |D> or bright soliton 'B) states are
required to control the phase shift by using the input fields and the phase shifter. When the phase
shift device is introduced, the desired measurement of the sensing unit can be operated, in which the

shift in phase of soliton pair can be compensated and brought back to the reference position.



36

-6
5 X 10 i}
,; ________________ R Th H
g 0 RV Eeinininls Drop
g A
g _5 O(a) 1
= P 0.2 0.4 0.6 0.8 1
E 5 X 10
ﬁ R Th
B Al e ran" e e | Drop
5 0 A
O . .
0
6 0.2 0.4 0.6 0.8 1
_ 5 X 10
[~ I e e S n, emm——— Th K
é/ 0 \/ """ Drop
% v
g 5@ : . .
E‘ 0 0.2 04 06 08 1
-6
< 5X 10
E ’,\ Th
& o e Lo
@R
L@ . . .
0 0.2 0.4 0.6 0.8 1
Time (ps)

Fig.3.3. Simulation signals for calibration when the soliton inputs are

(2) | DD), (b) | DB), () | BD) , and (d) | BB).

Similarly, the obtained result in terms of wavelength is as shown in Fig. 3.4, the induced
change in wavelength(phase) can be compared to the reference signals, the required measurement
information can be obtained, where finally the measurement compensation of dark-bright soliton
phase shift, orthogonal solitons, single photon can be provided. Furthermore, the self calibration
between the measurement (throughput port) and reference (drop port) arms of the MZI can be

functioned, which is more useful for sensing application.
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Fig. 3.4. Simulation signals in term of wavelengths for calibration when the soliton inputs are (a)

|DD), (b) | DB), (c) | BD), and (d) | BB).

The novelty of the work is that the use of dark-bright soliton conversion to form the

measurement system has never presented elsewhere. In this work, the simulation result is based on

the use of practical device parameters, whereas the device fabrication to form the realistic device

and application is plausible.



CHAPTER 4

PANDA RING RESONATOR SENSOR

In this chapter, we propose a new sensors of microring sensing transducer using a PANDA
ring resonator type, in which the sensing unit is consisted of an optical add/drop filter and two
nanoring resonators, where one ring is placed as a transducer (sensing unit), the other ring is set as a
reference ring. In operation, the external force is assumed to exert on the sensing ring resonator. The
obtained results have shown that the change in wavelength due to the change in sensing ring radii is
seen, in which the wavelength shift of 1 nm resolution is achieved. The distributed sensing system is

designed, which is available for network sensing applications, which are discussed in the next chapter.

4.1 Introduction

In the recent years, optical sensors have been implemented and widely used in various
applications, for instance, in medicine, microbiology, communication, particle physics, automotive,
environmental safety and defense [2,27,29]. Particularly, the integrated nonlinear optical device using
a microring resonator has been widely investigated in both theory and experiment [37-39]. One of the
interesting results is the use of a specific model of a ring resonator known as a PANDA ring resonator
[14], which can be a good candidate for nanoscale sensing applications. The use of nanoscale
measurement with more efficiency systems has been reported by several research groups [40, 41].
However, the searching system has been presented by Yupapin et al [30, 42], in which the interesting
results are the self-calibration sensor base on ring resonator. Recently, the use of a new form of a ring
resonator called a PANDA ring resonator has shown the interesting aspect of applications [12, 13].
The authors have shown that such a proposed form of a ring resonator can establish the new concept
of dark-bright soliton collision, whereas the use of random encoding, optical vortices (tweezers) and
optical/quantum gate can be generated. In this chapter, we propose the other aspect of a PANDA ring

resonator, in which the system of a nano-scale sensing transducer based on a PANDA ring resonator
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type is proposed. In practical the sensing ring should be free-standing. Usually, if force is applied to a
free-standing structure, it is bent. Hence, the shapes of the sensing ring are deformed into an ellipse
and then induce the ring circumference-shift AL . The sensing system is functioned by mean of the
change of a ring radius due to a load cell or other physical parameters, where the change in optical
path length of light is caused by the same way of an interferometer [43, 44), while the other ring
radius is remain constant(reference). The sensing and the reference signals are analyzed, simulated
and compared. Simulation resuits obtained have shown that the system can be employed to be the
nano-scale sensing transducer. However, the measurement limitation is occurred due to wavelength
meter resolution, in which the measurement resolution of 1 nm is noted in this work. Lastly, the
distributed or multiplexed sensing application is also available using the nano-scale sensing

transducer via the multi wavelength router, which is discussed in details.

4.2 Principle and Method

To form the simulation sensing performance, the microring material used is InGaAsP/InP,
with the refractive index is 7,= 3.34 [45-47]. The schematic diagram of a sensing transducer using a
PANDA ring resonator is as shown in Fig.4.1. The system consisted of three microring resonators,
where the first ring is position as a reference ring, with radius R, = 1.550 [im. The second ring R,
is the sensing ring, the radius is varied by mean of the deformation of ring radius due to an applied
force or load cell, and the third ring is used to form the interference signal between reference and
sensing rings, with the radius R; = 3.10 Hm. In operation, the change in sensing ring radius is
caused the change in the shift in signals circulated in the interferometer ring (R,), in which the
interference signals are seen. The change in optical path length which is related to the change of the

external parameters is measured.
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The optical output of ring resonator add/drop filter for the through and drop ports can be
given by Egs. (4.4) and (4.5), respectively [14]

E,| (1-x)-2y1-K 41—k, * cos(k, L) (l—Kz)e""L w
B 1+ (-5 Nl -1, )™ =241k, /1 - Kz (,os

Ep| et 4.5)
Ein .

+(1-x Nl n,)e ™ =21k 11— K, 2 cosk, L)

Where E, and E, represent the optical fields of the through and drop ports, respectively.
x=exp(‘ a%) is a roundtrip loss coefficient, k, =2% is the wave propagation number in
vacuum, 1, is an effective refractive index, ¢ =kn,; L is the phase constant, y is the fractional
coupler intensity loss, ¥ is the coupling coefficient, and g is a complex coefficient, The signals of
both rings R, and R, are observed at the point Ref.1 (£, ) and Sen.1 (E,, ) respectively as shown in

Fig. 4.1, and the mathematical form of those signals are also analyzed, which can be expressed as

Eil_z:— _(I_VS)KS j'ZB‘V(I_}’C)KC(I'*'ZSZIBH/(I_"}’C 1-x¢ )TZ (4.6)
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Where g and E, represent the sensing and reference signal respectively, 7 = ¥, and y, =y, are

the fractional coupler intensity loss in sensing and reference unit, kg = k3 and K, =K, are the

coupling coefficient in  sensing and reference umit, Z, =exp(_—?a__l§_ J "—l:'z‘—) ,

—a L L _
Z,= exp[—sq——zi—— Jjk, 72-) and Z, =exp(—8£%3_ jk, %’-) are loss coefficients, and g is a

complex coefficient, which they are described by

~aly_,
\/(1—735(1—’(35“'(1_73)"3 s
Ty 48)
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B =

—al, .
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The power output P at all ports is expressed by
P=|g (4.10)

For common sensing applications such as bio/chemical sensing, the interaction between
molecules and sensing layer leads to change in refractive index in the layer. Consequently, the light
mode supported by the ring resonator experiences this change through its evanescent field, leading to
change in effective index [44]. This, in turn, results in shift in resonance wavelength of the mode.
Employing Egs. (4.11), in general, the shift in resonant wavelength with effective index and physical

dimension change is given by:
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The first contribution for the shift in resonance is the change in n which actually changes
when the refractive index on the surface of the ring is modified by the interaction of analytes with
sensing layer. Any mechanical effect leading to the change in the size of the ring structure could also
modify the optical mode in the resonator and hence leading to a shift in the resonance wavelength.
However, first contribution does not apply to our structure, thus the first term on the right side of the

above equation can be ignored.

4.3 Sensor based on a PANDA Ring Resonator

In simulation, the sensing ring circumference L, is varied, in which the optical path length is
also changed, and an interferometer system is formed [43, 48). In practical if the sensing unit is
coupling with other surrounding things such as DNA or molecule, so the external force was applied to
the sensing unit, then the sensing unit will be deform, say in ellipse or oval shape, and then it is also

cause the changed in circumference, which the ellipse circumference can be explained by Eq. (4.12).

Lonpee = %[3(a+b)—\[(3a+b)(a+3b)] @.12)
Where a and b are semi-major and semi-minor axis respectively.

To compare the reference and sensing signals, we sety, =¥3, Ky = K3 SO B, = f, and
then set ¥ = yp, where finally £, and g, are both identical, if £, = L, . Then £, is varied while ,
is changed by mean of varying g, with respect to £,,, in which g, remains constant. The change in
optical path length between sensing and reference signals are compared by the use of MATLAB
programming, in which the induced change by the external parameters is measured. To confirm the
results the finite difference time domain method (FDTD), is also used to analyze the signal via the
computer programming called Opti-wave, whereas all the parameters are simulated based on the
practical parameters. The simulation steps are 40,000 iterations and the peak spectrum at reference

point and sensing point are shown Fig.4. 2.
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Fig.4.2. Shows the relationship between intensity and wavelength of sensing ( £, ), dot red line, and

reference signals ( E,, ), solid blue line, with AL =0, obtained by (a) MATLAB and (b)

Opti-wave programming.

This measurement is formed by the comparison of the shift in wavelength (optical path

length), which is called self-calibration, and the difference between center peak wavelengths (A)L)

is obtained by

AM=2, -4 (4.13)

where >\‘x and XZ are the peak wavelengths of Ref.] and Sen.l, respectively. The relationships
between intensity and wavelength-shift are plots as shown in Fig.4.3 by MATLAB programming and

Fig.4.4 by Opti-wave computer program , which is set as a self-calibration sensing transducer.
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Fig.4.4. Shows the relationship between intensity and wavelength of sensing (E,,) and reference
signals (E,,), with the Ring Circumstance-shift, (a) AL =0.01257 [lm, (b) AL=

0.02514 Jim, (c) AL =0.03771 [Am, and (d) AL =0.05028 Llm.
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Both signals, i,e, sensing and reference signals are observed and compared, and the self-
calibration transducer is performed [40, 41]. We assume that the load cell or others sensing
parameters is applied on the second ring R,, whereas stress and strain are introduced on the sensing
unit by mean of the elastic modulus of the materials. This is caused the difference in peak spectrum of

both signals, which is described by the Egs. (4.14).

F
Y, =_/A_ Stre‘sjs @.14)

and the relationship between force and the difference length is described by

F= (Y—OA—OJ.AL (4.15)
0

Where F is the applied force, v,is the Young Modulus, 4, is the initial cross-section area, L is the
initial length and ALis the difference in length. According to the properties of InGaAsP/InP material
[45-47]

By using Eq. (4.6-4.15) the relationship between intensity and wavelength of the sensing
signals, which calculated and simulated by MATLAB and Opti-wave programming respectively are
show in Figs.4.3-4.4 and the results showed that they are corresponding in the same analogous. And
the relationship between the ring circumstance-shift AL and wavelength shift, for both MATAB and
Opti-wave programming are plotted as shown in Fig. 4.5, the linearity relationship between the
AL and wavelength shift with R’ = 0.653 is formed, which is shown in good linearity for sensing
application. We found that a sensing range in terms of wavelength-shift (AA) within the resolution
of 1 nm is achieved. By using the least square curve fitting, the linearity relationship between the
applied force and AL with R2 = 1.00 is formed, which is shown in the Fig. 4.6. In this case study, the

applied micro/nano force ranges were given between 0.00 and 8.00 nN.
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The system have the measuring regions with in the range of 1 nm, in which the self-
calibration of the measurement of two sensing and reference signal can be compared without any
additional optical part or other addition unit. The calibration is allowed by using the change in
wavelength between sensing and reference signals, which is existed within the system. The other
advantage is that available foe network sensing applications due to the use of the integrated optic

device, which has shown in the next chapter.



CHAPTER 5

SENSOR VIA WAVELENGTH ROUTERS

In this chapter, we propose a new system of distributed network sensors, which is available
for network sensing applications. In principle, the multi wavelength router is generated by dark
soliton pulses propagating within the resonator, which are allowed to form in the multi sensors
(sensing transducers), which are formed by the sensing ring devices. The sensing system is suitable to
perform the multi sensing measurements in the nano scale regime such as force, stress and
temperature. Moreover, the distributed or multiplexed sensing applications are also available using
the nano-waveguide sensing devices incorporating the array waveguide, which are discussed in

details.

5.1 Introduction

Soliton communication has been a successful system for long distance optical communication
link, where the required minimum repeater is the advantage, which becomes the key advantage of the
system performance. However, in practice, the problem of soliton-soliton interaction, soliton collision
and dispersion management is required to solve [49-51]. To date, several papers have investigated the
dark soliton behaviors [52-56] and one of them shows an interesting result that the dark soliton can be
converted into a bright soliton and finally detected. This means that the dark soliton penalty can be
used as a communication security so that it can be retrieved by the dark-bright soliton conversion [8,
57]. Recently, a soliton pulse has been used to produce fast switching [4] localized within a nano-
waveguide [7, 58] and it was reported that they have designed a system which consists of micro and
nanoring resonators. !

Since, the dark soliton behavior has become the promising application when the transmission
dark soliton can be converted into bright soliton after passing through into the specific add/drop filter
[8], which means that the transmission signals can be transmitted in the form of dark soliton, which is

difficult to detect, whereas the specific end user that connects to the link via the specific add/drop
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filter can obtain the signals. Although, the dark soliton applications have been widely investigated in
various applications [34,59-61], the searching for new techniques that can be performed more

available applications remains.

5.2 Multi Dark Solitons Generation

In this case, the multi dark solitons are required to form the dark soliton array in the system.
To describe the multiplexed dark soliton pulses, a stationary multi dark soliton pulses are introduced
into the microring resonator system as shown in Fig.5.1. Each of input optical fields (E,) of the dark

soliton pulses input is given by [62]

E,(t)= Atanh[%]exp{(i} - icoot} (5.1)

Where A and z are the optical field amplitude and propagation distance, respectively. T is a soliton
pulse propagation time in a frame moving at the group velocity, T =t — B,*z, where Bl and B2 are
the coefficients of the linear and second-order terms of Taylor expansion of the propagation constant.
L,= T02/|B2| is the dispersion length of the soliton pulse. T, in equation is a soliton pulse propagation
time at initial input (or soliton pulse width), where t is the soliton phase shift time, and the frequency
shift of the soliton is (0,. This solution describes a pulse that keeps its temporal width invariance as it
propagates, and thus is called a temporal soliton. When a soliton peak intensity (le/ I XTOZI) is given,
then T, is known. For the soliton pulse in the microring device, a balance should be achieved
between the dispersion length (L) and the nonlinear length (L, = v (I)NL), where I = n,*k,, is the
length scale over which dispersive or nonlinear effects makes the beam become wider or narrower.

For a soliton pulse, there is a balance between dispersion and nonlinear lengths, hence Lp=Ly.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

A study of an optical pulse in fiber optic ring resonator have demonstrated that some
interesting results can be obtained when the laser pulse is propagated within the nonlinear optical ring
resonator, this can be used to perform many applications, especially, in optical communication. The
propagating dark soliton in the optical media can be converted to be a bright soliton by using the ring
resonator system incorporating the add/drop multiplexer. By using the reasonable dark soliton input
power, the output bright soliton power obtained can be used to perform the common soliton for long
distance link. The advantage is that the detection of the dark soliton along the through port
(transmission line) is difficult, while the detection of the bright one (by the specific user) can be
performed by the standard form. This means the use of dark soliton to form the signal security or
communication security is plausible, which is also available for network security application. The
dark-bright signal amplification can also be used to use in long distance communication link with
security applications.

In this chapter we will conclusions the all sensors that have been proposed. In section 6.1 the
new technique of multi function sensors using dark and bright solitons in a MZI. Section 6.2 the
system of a nano-scale sensing transducer using PANDA ring resonator. Section 6.3 network sensor is
also available due to the use of the integrated optic device via multi wavelength router. Finally,

section 6.4 present recommendations for further research.

6.1 Sensors using Coincidence Dark-Bright Soliton Pair

We have proposed the new technique of multi function sensors using dark and bright solitons
in a MZI. By using two coincidence signals of soliton pulses (Dark and Bright solitons), the
orthogonal states between dark and bright soliton can establish within the system, in which the soliton
states can be randomly detected at the output coupler. The change in phase of the dark and bright

soliton pair away from the coincidence position, which is induced by the external disturbance can be
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compensated by the phase shifter, and finally the required data is measured. The novelty of the work
is that the use of dark-bright soliton conversion to form the measurement system has never presented
elsewhere. In this work, the simulation result is based on the use of practical device parameters,
whereas the device fabrication to form the realistic device and application is plausible. The obtained

output power of nW to pW is seen, which is available for single photon sensing application.

6.2 Sensors Using PANDA Ring Resonator

We have proposed the system of a nano-scale sensing transducer using PANDA ring
resonator to make the benefit of the accuracy of measurements in nano-scale range, in which the
sensing unit is consisted of an optical add/drop filter and two nanoring resonators, where one ring is
placed as a transducer (sensing unit), the other ring is set as a reference ring. The system can provide
the measuring region.s with in the range of 1 nm, in which the self-calibration of the measurement of
two sensing and reference signal can be compared without any additional optical part or other
addition unit. The calibration is allowed by using the change in wavelength between sensing and

reference signals, which is existed within the system.

6.3 Sensor via Wavelength Router

We propose a novel system of the dark soliton array generation using the multiplexed dark
soliton pulses. The multi dark solitons are input into the series microring resonators where
multiplexed and the filtering signals within add/drop ring system can be generated and obtained,
which can be used to perform the large channel capacity in the secure communication link. In
principle, dark soliton is one of the soliton properties where the soliton amplitude vanishes during the
propagation in transmission line, which becomes an advantage over the bright soliton. Hence, the
main difference between bright soliton and dark soliton properties is the dark soliton detection is
extremely difficult, which is suitable for communication security applications. Thus, the channel
spacing of the communication signals within a wavelength router can be provided by using the

suitable free spectrum range. The other advantage is that the remote measurement and network sensor
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are also available due to the use of the integrated optic device via multi wavelength router, which has

shown the potential of broad applications in the near future.

6.4 Future Work

Optical tweezers are now widely used and they are particularly powerful in the field of
microbiology to study cellcell interactions, manipulate organelles without breaking the cell
membrane and to measure adhesion forces between cells. In the next research we will describe a new
concept of developing an optical tweezers source using a dark soliton pulse, which mean that the
dynamic optical tweezers is plausible, therefore, the transportation of atoms/molecules in the optical
network via a dark soliton being realized in the near future. In application, the trapped
molecules/atoms by dynamic tweezers can be formed by using the tweezers array (multi tweezers),
which is available for transportation in the routers [64] or optical wireless link [65]. The induced
changes due to the surrounded environments can be measured and formed the molecules/atoms

distributed sensors.
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