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ABSTRACT

This thesis presents the interesting results for application of the nonlinear device known
as a nonlinear micro ring resonator to process the optical signal processing which can be applied
to the secured data transmission and wireless communication applications.

We propose four topics. Firstly, propose a design of the secured packet switching using
the nonlinear behaviors of soliton in a micro ring resonator. The chaotic signals are generated by
a Kerr effects nonlinear type, where the control input power or device parameters can be used to
specify the output signals. Results obtained have shown the potential of using such a proposed
device for the tunable band-pass and band-stop filters, in which the packet switching data can be
performed and secured. Secondly, propose the nonlinear behavior of light known as bifurcation
which can be generated to form the start-stop bits of secure digital codes for optical packet
switching data. Thi‘rdly, propose digital encoding of chaotic signals in nonlinear micro ring
resonator, The generated chaotic signals can be formed as the logical pulses “1” or “0” using the
signal quantizing method. Finally, propose a system of the simultaneous fast and slow light
generation using a soliton pulse propagating within the nonlinear micro ring resonators. Results
show the selected down-link and up-link frequency bands are 500 MHz and 2 GHz, respectively.

Such small device system can be implemented within the mobile telephone hand set.
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CHAPTER 1

INTRODUCTION

i1 The Optical Communication Network

The use of light for communication purposes dates back to the use of smoke and fire to
convey a piece of information. There are many reasons that makes photons popular in information
processing. Photons can accomplish certain functions better than electrons by virtue of their
special properties. The very large bandwidth, ~1015 Hz, gives optics a potential speed for signal
processing which is well beyond any electronics. The shortest optical pulses of <10 fs give light
three order of magnitude advantage over the shortest electrical pulse [1]. When it comes to
interconnects on a chip, the wiring capacitance will set the speed limits of integrated circuits.
Besides, photons can pass through each others unperturbed in the absence of a nonlinear
interaction, whereas electrons interact with each other even at a distance. In Table 1.1, we

summarize the potential advantages and disadvantages of using optics in signal processing.

Table 1.1: Advantage and disadvantage of optics in signal processing.

Advantage of optics Disadvantage of optics
- Large bandwidth ~ 10” Hz - High power requirement ~ 1 W peak power
- Low propagation loss - Interfacing with electronics
- Low cross talk - Wave front distortions

- High degree of parallelism
- Small dimension

- Ultra short pulses < 10 {5

- Coherence properties




The turn of new millennium witnessed an explosion in data-traffic volume, due to the
ongoing increasing demand on the Internet. Therefore, all-optical switching devices have been
looked at as key components for future high-speed optical communication systems. Such devices
would enable highly parallel logic operations as well as ultrafast switching because of the
instantaneous nature of virtual optical transitions [2]. With the recent advances in semiconductor
fabrication, there has been a noticeable effort to bring those devices on semiconductor platforms
to the real world. An ideal zll-optical switch is the one that poses the following characteristics. It
would only require as little as sub picojoule(p]) of energy to switch with at least 20dB switching
contrast. Beside compactness, it is desirable to integrate such a device with already established
optoelectronics devices on a planar integrated photonic circuit. One category of devices that has a

great potential to meet those requirements is microring resonators.

1.2 Signal Processing in Optical Networks

Networking applications such as data browsing, large file transfer, multimedia-on-
demand, and videoconferencing require high quality transfer of data streams of different lengths
and initial formats, Optical fiber provides a svitable medium in which it is possible to reach
tremendous transmission rates over long distances [3]. The maximum information carrying
capacity was estimated to be around 100 THz [4]. Very high data rates can be achieved using a
combination of wavelength and time division multiplexing techniques (WDM and TDM). WDM
involves sending many signals in parallel at closcly spaced wavelengths along the same fiber,
while TDM allows close spacing in time of bits in a single channel.

While there exist means to produce, transfer, and detect information at a very high
bandwidth, there is a need for more agility in photonic networks. The agility of present-day
optical networks is limited by the electronic nature of a very important function: the processing of
data signals. Signal processing is responsible for switching and routing traffic, establishing links,
restoring broken links, testing, and managing the network.

At present, important and functionally complex signal processing operations of switching
and routing are carried out electronically. Electronic signal processing imposes two significant
limitations on the functionality of optical networks: cost and opacity. Today, signal switching and
routing requires converting the optical information into electrical signals, processing in the
electronic domain, and converting back to the optical domain before retransmission. Such an.

operation requires detection, retiming, reshaping, and regeneration at each switching and routing



point. This necessitates complex and expensive electronic and electro-optical hardware at each
routing and switching node.

The use of electronic signal processing places strict requirements on the format of data
streams transferred and processed, thus making the signal processing opaque. Repetition rates of
optical signals, power levels, and packet lengths have to be standardized before they can be
processed electronically. In addition, since modern electronics can process information at
repetition rates far below the fundamental limits of the optical transmission, electronics imposes
limits on the ultimate transmission rate of a network.

The ability to perform signal processing operations entirely within the optical domain
would eliminate the requirement of optical-clectrical-optical conversions, while providing the
agility and speed inherent to optical elements. Provisioning of services with a vast diversity of
rates and duration of connections could be enabled. All-optical switching solutions would be
transparent to bit rate and protocols. The speed of electronic devices would no longer limit
network throughput: optical signal processing, in contrast with electronics, may provide ultrafast

sub picoseconds switching times [5].

1.3  Optical Signal Processing using Nonlinear Optics

In contrast to the optical signal processing solutions discussed in the previous section,
nonlinear optics can potentially support transparent and fast self-processing of signals. A vériety
of nonlinear optical signal processing functions can be realized with similar fundamental building
blocks [6-8]. Nonlinear optical elements and devices can be either integrated in photonic circuits
[9] or used in a free-standing configuration [10].

Nonlinear optics can enable signal pr,ocessing without the requirement of external
electrical, mechanical, or thermal control [11]. The response time of properly designed nonlinear
optical devices is limited fundamentally only by the nonlinear response time of the constituent
materials [5, 12-14]. Photons do not interact with each other in vacuum. In drder to perform
non]ineal.' optical signal processing operation the properties of a medium through which the light
travels must be modified by the light itself, Optical signals then propagate differently as a result
of their influence on the medium.

Nonlinear optical signal processing elements utilize the illumination-dependent real and
imaginary parts of the index of refraction [11]. Depending on the material and spectral position,

the refractive index and absorption of 2 given nonlinear material can either increase or decrease



with increasing illumination. A wide range of broadband and wavelength-selective nonlinear
optical signal processing devices has been proposed and demonstrated.

The most commonly studied nonlinear optical switching elements are nonlinear Fabry-
Perot interferometers, nonlinear Mach-Zehnder modulators, nonlinear directional couplers,
optical limiters, and nonlinear periodic structures. A nonlinear Fabry-Perot interferometer consists
of two mirrors separated by a nonlinear material. As the refractive index of the nonlinear material
changes with an increased level of illumination, the effective path length of the resonator is
altered. A nonlinear Fabry-Perot interferometer can be tuned out of, or into, its transmission
resonance. When illuminated with the continuous-wave light, a nonlinear Fabry-Perot
interferometer can exhibit optical bistability. Optical bistability is a phenomenon in which the
instantancous transmittance of the device depends both on the level of incident illumination and
on the prior transmittance of the device. Such an element enables all-optical memory.

In a nonlinear Mach-Zehnder modulator and a nonlinear directional coupler, a part of the
waveguide is made out of a nonlinear material, Changing the intensity of the incident light
changes the effective path length experienced by the light. This, in turn, through phase
interference, results in an illumination-dependent transmittance in a Mach Zehnder modulator,
and an illumination-dependent coupling in a nonlinear directional coupler.

A number of techniques use nonlinear properties of materials to obtain power limiting,
and associated with it, on-off switching. Such devices are based on total internal reflection [15],
self-focusing [16], seif-defocusing, or two photon absorption [17]. Nonlinear periodic structures
combine the phenomena of nonlinear index change and distributed Bragg reflection. The
intensity-dependent transmission and reflection properties of nonlinear periodic structures can be
harnessed to yield various signal processing functions. Prior to this work it has been demonstrated
that nonlinear periodic structures can support optical switching, optical bistability, and solitonic
propagation of pulses. Nonlinear periodic structures offer many structural and material degrees of

freedom allowing modification of the general character and specifics of their optical response.

1.4 Goal of the Thesis
A variety of nonlinear optical signal processing functions in microring 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), bistability can be implemented for the



switching, bifurcation can be start bit for data communication, the add/drop multiplexing can be
used cancellation chaotic signal and the chaos of nonlinear system can be chaotic coding.

Microring resonators with these applications are thus need careful and exact design for
their correct operation. A direct result of the progress in fabrication techniques is the increased
need of the accurate models for characterizing the nonlinear devices. For very simple devices,
analytical tools provide a framework for quick low cost feasibility studies and allow for design
optimization before devil:es are fabricated.

The primary goal of this thesis investigates the design and simulation nonlinear
characteristics of ring resonator architecturcs, The discrete-time signal processing (DSP)
approach is systematic and intuitive for the design of nonlinear optical devices and also found that
very useful for deriving an algorithm transfer functions in Z-domain for modeling ring resonator
filters. Second goal is to design of the secured packet switching using the Kerr effects nonlinear
type of soliton in a microring resonator for communication security application, Third goal is to
generate start-stop bits as the secured codes using bifurcation nonlinear in a microring resonator
for optical packet switching application. Another objective is to generate the logical pulses “1” or
“0” from chaotic signals using the signal quantizing method for -optical digital encoding
application. Finally, is ;fo generate the simultaneous fast and slow light using a soliton pulse

propagating within the nonlinear micro ring resonators.

1.5 Scope of the Thesis

With the growing importance of microring resonators for a variety of applications, it
becomes necessary to devise a model which is directly interpretable in physical terms, and which
is essentially free of any fit parameters. In this thesis, we restrict ourselves to the design of 2-D a
multiple ring resonator filters and analyze the nonlinear characteristics in general. In this thesis,
we employ the discrete-time signal processing (DSP) approach to design and analyze nonlinear
optical filters. DSP is employed here for the analytical derivation of the optical transfer functions
in Z-domain of filters. The present analysis is restricted to directional couplers and waveguides
characterized by various parameters, the power coupling coefficient, power coupling loss, the

radius of the ring waveguide and attenuation coefficient.



1.6  Organization of the Thesis

This thesis presents a novel design and simulated characteristics for characterizing

nonlinear optical ring resonator filters. The organization is as follows:

The current chapter gives an introduction to the subject of the thesis and generalized
signal processing in optical networks.

Chapter 2 describes some of phenomena of nonlinear optic.

Chapter 3 discusses analytical approach of signal processing which is used to
characterize nonlinear devices, theoretical background and ¢nhanced nonlinearity in
microring resonator.

Design noniinear devices by using nonlinear behavior in microring resonator filters
and all essential parameters describing the nonlinear characteristics are extracted in
chapter 4 and 5.

Finally, Chapter 6 presents a summary of the results of the thesis and a discussion of

future research.



CHAPTER 2

PHENOMENA OF NONLINEAR OPTIC

The use of semiconductor materials as nonlinear optical elements bridges the gap
between optics and electronics. Jt opens the possibility for integrating the laser sources, signal
processing elements, and detectors on the same platform. In this regard, the III-V binary
semiconductors, such as GaAs and InP, have acquired great attention in the last few decades
because they are direct bandgap materials and possess higher nonlinear coefficients than their
competing materials. Another aftractive feature of binary semiconductors is that they can be
combined or alloyed to form ternary or quaternary compounds. Doing so, makes it possible to
vary the bandgap of the material continuously together with its band structure, electronic, and
optical properties. As an example, the bandgap energy of the ternary compound Al Ga _ As
depends on the mole fraction x. Another important quaternary compound that we will consider is
In,~ Ga As P . Therefore, one can design ternary and quaternary compounds to be transparent
for optical channel waveguides or active for lasers and amplifiers at the 1550 nm communication
window.

In this chapter, we will discuss different nonlinear processes that affect the performance

of semiconductor microring resonators as all-optical signal processing tools.

2.1  Nonlinear Susceptibility

Nonlinear optics is the study of phenomena that occur as a consequence of the
modification optical properties of a material under intense illumination. Typically, only laser light
is sufficiently intense to modify the optical properties of a material. Nonlinear optical phenomena
are nonkinear in the sense that the induced material polarization is nonlinear in the electric field
[18]. The general equation that describes the optical field evolution in a dielectric material is

given by

_12E__ o)
Far M

V2E 2.1)



whete the polarization P characterizes the medium and it is a function of the electric field. In the
case of weak nonlinear behavior of the medium, the polarization can be expressed by a Taylor

polynomial as

13=30E+30;((’) :E+gyx? ::E-E+soz(3) E-E-E+..., (2.2)

-

linear P nonlinear Py
where dielectric dispersion is ignored. ;'(( ) is the linear susceptibility, :represents the inner tensor

product and the second and the third-order tensor x(z) and 1(3} are responsible for the second

harmonic generation, and the third-order harmonic generation, respectively.

2.2 Nonlinear Refraction (Optical Kerr Effect)

The optical Kerr effect (Le. nonlinear refraction index) results from the third order
nonlinear susceptibility 1(3) , which is a fourth rank tensor.

An optical wave is a real quantity and usually expressed as
B(r) =Re{Bexp j(k -7 + a)t)} (2.3)
| or similarly as
E(H) = %E exp j (i-c. -FHot)+ec. 4

where c.c. represents the complex conjugate of the preceding term. Thus, an x-polarized optical

wave, propagating in the z-direction in an isotropic medium, is represented mathematically as
— 1 . .
E(H)= EE"X exp jlkz + o) +cc. (2.5)

The third order polarization (mediated by ZG)) in a material leads to a nonlinear intensity
dependent contribution to its refractive index; i.e., the refractive index of the material changes as

the incident intensity on the material changes. The susceptibility tensors in isotropic material can



be further simplified as ;'{(2) =0, due to inversion symmetry; the third order nonlinear
susceptibility will only have one contributing term ¥, since the light is x-polarized and there
are no means for sourcing additional polarization components.

The linear and nonlinear induced polarizations are -

P, =51+ yO)E, (2.6)

Py, =P ®
= 84X e (@5 —0, 0, W) E"EE

+ Eg ¥ oy (@5 0, — 0, W) EE"E

+ 8 X wrue (0 0, @, —0) EEE” (2.7)

= 380X vorx IEIZE

g
- ZEOZM |Ex|2E
respectively. Hence,
P=F + Py =& [1“"2.’(1) +%£Oxxxn lExP]E

The total dielectric constant is

g =g, +As,

r

3
where &, =1+ 'V =n? and Ag= 2 X xocx IEx|2 after comparing with the expression for P .

The refractive index is related to the dieleciric constant as:

n=.\[e,+ Az, ~ e, + ZA\/&;_, =1, +§‘;Cn—"’;“|Ex|2 (2.8)
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The intensity dependent refractive index for a nonlinear material is given by
| 2
n=ny+n ik 2.9

Comparing Eq.(2.8) and Eq.(2.9), the nonlinear refractive index is directly determined by the

third-order susceptibility as

3 e 32Y

2.10
8, 8n, 2.19)

"y

which characterizes the strength of the optical nonlinearity. The intensity I of an optical wave is

1
proportional to ]E |2 as [= E_IEIZ where 77 is the impedance of the medium. When comparing
1

the optical response in the same medium, [ = !E | is taken for simplification.

2.3 Four Wave Mixing

When the signal at difference frequencies propagates through the medium, besides Cross-
Phase Modulation (XPM), another important effect occurs: four-wave mixing (FWM) [21].

Four-wave mixing is a nonlinear‘ effect arising from a third-order optical nonlinearity, as
is described with a Xm coefficient. It can occur if at least two different frequency components
propagate together in a nonlinear medium such as an optical fiber. Assuming just two input
frequency components (0, and () (with 0,>@),), a refractive index modulation at the
difference frequency occurs, which creates as additional frequency components (Fig 2.1). In
effect, two new frequency components are generated: (D3= 0)1—( Oy— (D1)=2 0= O
and®Wg = Oz -+ ( y— (01) =2 ®r—m

@ @ @y

Fig. 2.1 Generation of new frequency components via four-wave-mixing



11

Four-wave mixing (FWM) is a parametric interaction among waves satisfying a given
phase relationship called phase matching. Different phenomena may be originated by FWM
process depending on the relation ‘among interaction frequencies. If three optical fields with
carrier frequencies @, ( = 1, 2, 3) propagate inside the medium simultaneously, it appears that
the third-order polarization vector has several components: three components have the

frequencies of the input fields, the others have an angular frequency @, given by
W =0+, T o, (2.11)

If no field is present in the medium at the frequency @, , a new field component is created
at this frequency. If a field at the frequency @, is already present in the medium, it will be
affected by the nonlinear interaction between the fields atw;, which causes crosstalk in multi-
channel communication systems.

The phase-mismatch among all for waves is given by

AB = Blwy) + B(w,) - flay) - fey) (2.12)

where (@) is the propagation constant for an optical field with frequency @. Assuming that
the frequencies to be closely and equally spaced (ie,my=®,-Aw, ©;=0,- 2Aw,
@, = ®,—A®) and by applying Tayler series expansion of all S s about the frequency @,,

gives

AB =28, (Aw) (2.13)

where 3, =0°5/ dw? is the group velocity dispersion {GVD). When f8,=0 we set perfect
shave phase matching and thus an efficient FWM. This situation is desirable for applications such
as all-optical signal processing, wavelength conversion, pulse compression, etc. FWM in optical
materials can also be used for generating spectrally inverted signal through the process of optical
phase conjugation (OPC), which is useful for dispersion compensation. However, in the WDM
systems FWM causes a transfer of power from each channel to its neighbors. Such the power

transfer not only results in the power loss for the channel but also induces inters channel crosstalk
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that degrades the system performance severely. This problem can be minimized using the

technique of dispersion management, in which the dispersion is kept locally high even though it is

fow on average.

2.4  Optical Chaos

Optical Chaos is observed in many nonlinear optical systems. One of the most common
examples is a ring resonator. One of the most seminal works is published by Tkeda (Physical
Review Letters, 1982) where chaotic behavior in a ring resonmator was proposed and
experimentally confirmed. Optical Chaos was an exciting field of research in the mid-1980s and
was expected at that time to lead to production of all optical devices including all optical
computers, Rescarchers realized later the inherent limitation of the optical systems due to the non-
localized nature of photons coxhpared to highly localized nature of electrons. Research in Optical
Chaos has seen a recent resurgence in the context of studying synchronization phenomena, and in

developing techniques for secure optical communications [22-23].

2,5  Optical Bistability

The phenomenon of Optical Bistability (OB) arises from a combination of the
nonlinearity in the radiation-matter interaction and of a feedback mechanism [24-26]. Generally,
there are two classes of OB: absorptive and dispersive OB. Absorptive OB occurs whenever the
input wavelength is close to the atomic resonance of the material. An increase in the input power
produces an increasé in saturation, i.e., in the degree of transparency of the medium. This allows
the internal field of the cavity to increase, which in return increases the saturation. Such positive
feedback loop causes the switch-up process. When the input power is decreased, the internal field
is intense enough to maintain the saturation. As a consequence, the transmitted power is held
“ON” and one obtains a hysteresis curve. Typically, InGaAsP can be designed to have the band
edge around 1.45 {m and thus show absorptive OB when pumped at 1.55 L4m. On the other hand,
dispersive OB occurs whenever the input wavelength is tuned far away from the atomic resonance
and hence the material is transparent. The frequency of the incident field is kept near one of the
cavity frequencies, but detuned enough so that the transmission is low. An increase in the input
intensity produces an increase in the intensity of the internal field. Because the refractive index is

a function of intensity, this changes the optical length of the medium in such a way that the cavity
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resonance is driven closer to the input frequency. In return, it increases the internal field intensity.
Thus, again, we have a positive feedback loop which produces up-switching. When the incident
power is decreased, the internal field is intense enough to maintain resonance between the cavity
and the input frequency, and therefore one again obtains a hysteresis. An example of this
phenomena is shown in Fig. 2.2 where the input wavelength is at 1.55 {{m. The characteristic of

bistability hystéresis can be implemented as optical switching.

[y} a3
[ o
T i

Output Power (W)
e
a

)
)
T

I L 1

L
36 30 40 42 44 48 48
Input Power (W)

Fig. 2.2 The output power versus the input power showing the bistability hystercsis used as

switch *on” and “off”,

2.6 Optical Bifurcation

Bifurcation theory is the mathematical study of how and when the solution of a problem
changes from only being one possible solution to be two, which is called a bifurcation. Most
commonly used in the mathematical study of dynamical systems, a bifurcation occurs when a
small smooth change made to the parameter values (the bifurcation parameters) of a system
causes a sudden 'qualitative’ or topological change in its long-term dynamical behavior.
Bifurcations occur in both continuous systems and discrete systems [27, 28].

The study 6f how the character of fixed points change as parameters of the system
change is called bifurcation theory. (Recall that the term bifurcation is used to  describe any
sudden changes in the dynamics of the systemn. When a fixed point changes character as
parameter values changé, the behavior of trajectories in the neighborhood of that fixed point will
change. Hence the term bifurcation is appropriate here.) Being able to classify and understand the

various possible bifurcations is an important part of the study of nonlinear dynamics.
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2.7  Optical Soliton

How can we make beams that maintain their shape and size along propagation? As
explained in the previons section, the phase between the different plane waves constructing the
beamn should be invariant along propagation. In a linear medium, the phase between the different
plane waves depends solely on the propagation angle. It is clear then, that if all the plane wave
components have the same angles; they will also have the same phase velocity and no phase
different will be acquired during propagation. If we represent the propagation direction of these
plane waves by arrows, these arrows will creates a cone in space. The associated beam will
propagale in this linear medium with no broadening while maintains it’s shape and dimensions.
This type of beams is called “Bessel beams” since their field is described by Bessel function.

In a nonlinear medium, however, each plane wave is influenced by all the others. This is
because the index change is a function of the total intensity. For some nonlinearities it is possible
to find an ensemble of plane waves which will delay the phase velocity of the on axis components
(in comparison with the of axis components) Consequently, the phase delay between the different
propagating plane waves (explained in the previous section) will be compensated by the other
waves via the medium nonlinearity.

If the nonlinearity is. such that the index at the beam center is higher than in the dark
regions, then the plane wave that propagates on axis will experience the highest index and will
propagate slower from those off axis. This high index experienced by the on axis wave can
compensate for it’s linear tendency to propagate faster (because it is on axis). One example in
which the index of refraction fully compensates for the shorter trajectory is a hyperbolic secant
solution in a Kerr type medium. The plane waves that construct the hyperbolic secant index
profile (induced by the beam via the nonlinearity) have all the same phase velocity along
propagation, and hence their interference (the hyperbolic secant shape) also maintains its shape
and size as it propagates.

To look on solitons from the mathematical perspective, one has to find a stationary wave
solution of governing nonlinear wave equation. The mathematical aspects of solitons are out of
the scope of this thesis. Hence at this point, I will give just the final solution. For the exact

mathematical derivation, the reader may refer to [29-31].

13
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We start from the Maxwell equations with the following assumptions:
» The electric field in the propagation direction is negligible in comparison with the transverse
electric field (paraxial approximation).
« The electro-magnetic wave is monochromatic and its frequency is @ .
« The transverse electric field is E(x,y,z,t) =w(x,y,z)exp| f(wt — kz)] where the slowly
varying field ¥ (x, ¥,z) changes much slower than exp[ j{w? - kz)] .
« The change in the refractive index is much smaller than 1.
For beams in Kerr-type medium (for which the index of refraction is the following function of the

intensity: n(I) = ny + 1,1 , one can start from the Maxwell equations and derive the nonlincar

Schridinger equation:

3 TR 0% . S 2
E!,i/(x,}—f,z)={E(3x2 + 8y2)+ n02 11//(x,y,z)| v(x,¥,2) (2.14)

Here, z is the propagation direction, & is the wave vector, and ¥ is the slowly-varying amplitude
of the electric field. Among all solutions for Equation (2.14) there is one family of particular

interest:

X o Z
v =y sec H-1explj(; ] (2.15)

2my 1 kW E
Where W, = - and Z, = 9. We can see that the intensity of this subfamily
n, Ky, 2

(I(x,y)= |y/[2) is z iridependent. For any chosen peak power, i/, , we can find a sech solution
with appropriate width (the width, ¥, is a function of the peak intensity and is wider for lower
peak intensities). All solutions of this sub-family (equation (2.15)) will keep their shape and size
invariant along propagation. Yet, in order to observe such solitons in ﬁature, it is not enough to
have a steady state mathematical solution in hand: one should also check for the stability of this
steady state solution to noise and to deviations from ideal initial condition. If the solution

exemplifies a state of stationary propagation - only then it can be considered as a soliton.
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2.8  Summary

This chapter introduced the fundamental concepts of different nonlinear behaviors
include soliton signal which used as input for launching into micro ring resonator. Consequently,
we understand of the behaviors and enable design for the nonlinear devices as mention in chaptér
4 and 5. The next chapter discusses theoretical background and also detailed of enhanced

nonlinearity in both single and double ring resonators.



dulnodyana nazsoundimanizii
CHAPTER 3

THEORETICAL BACKGROUND

This chapter, I will describe the theoretical background of this thesis. To begin, the
meaning, the advantage and the history of ring resonator involve the material system that was
used for the planar waveguide are discussed in section 3.1, 3.2 and 3.3, respectively. Section 3.4
discusses the basic concept of optical add/drop filter. Section 3.5 discusses the key to analyzing

optical filters using Z-transforms. In section 3.6 and 3.7 discuss enhanced nonlincarity in ring

resonators.

3.1 What is a Ring Resonator?

A ring resonator is simply a waveguide shaped into a ring structure as shown in Fig. 3.1.
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. The feedback
mechanism is simply induced by the ring waveguide and therefore there is no need for any Bragg
gratings, mirrors, or distributed feedback waveguides which are more difficult to fabricate. In
such configuration, only certain wavelengths will be allowed to resonate inside the ring

waveguide, thus frequency selectivity is obtained.

Fig. 3.1 Schematic diagram for a ring resonator coupled to a single waveguide.

58067
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3.2  Why Micro Ring Resonators?

Now we can summarize the advantages attained by microring resonators over other

conventional optical cavities:

. Geometry:'

The ring geometry by itself is unique. The ring waveguide supports a traveling wave
rather than a standing wave. Heﬁce, coupling can be at any point on the ring circumference.
Furthermore, it allows more than one wavegnide to be coupled to the ring. Therefore,

multiplexing, demultiplexing, and routing can be achieved with no need for external circulators.
* Simplicity:
Fabrication of microring resonators is straightforward. There is no need for any mirrors,

Bragg gratings, or distributed feedback waveguides to achieve the positive feedback.

» Materials:

There is no need for any exotic materials to fabricate microring resonators.
Semiconductors fabrications are well developed and their high refractive indices allow smaller
radii bends to be feasible. Bending losses decrease exponentially with increasing core-cladding
refractive index contrast. This made high index contrast a fundamental requirement for very large
scale integration (VLSI) photonics [32]. A 2 £fm microring resonator with a finesse of 100 will
have a cavity lifetime of 10 ps. Therefore, ldO GHz data can be processed by such a device.

Semiconductors also allow micro rings to be integrated with other optoelectronics devices such as

micro lasers, amplifiers, and detectors.

3.3  The Ring Resonator — History

The proposal to use an integrated ring resonator for a bandpass filter has been made in
1969 by E. A. Marcatili [32]. The layout of the channel dropping filter is shown in Fig. 3.2. The
transmission properties of the used guide consisting of a dielectric rod with rectangular cross
section, surrounded by several dielectrics of smaller refractive indices have been described by E.

A. Marcatili [33].
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Fig. 3.2 Ring resonator channel dropping filter.

A general architecture for an autoregressive planar waveguide optical filter was
demonstrated for the first time in 1996 [34]. The autoregressive lattice filters which were
designed and fabricated consisted of one and two stages using Ge-doped silica waveguides.

A signal flow chart transformation for evaluating the filter transfer functions was
demonstrated. Purely passive single ring resonator filters shown in Fig. 3.1 have been realized in
the material system AlGaAs-GaAs [35, 36] and Si-8i0, [37] and Si;N,- 8i0, [38]. The radius of
the used ring resonators is between 5 gm and 30 um and the free spectral range (FSR) achieved
is between 20 nm and 30 am. Passive ring resonators in the form of a racetrack have been realized
in the material system GaInAsP [39] and AlGaAs-GaAs [40]. The filter performance is limited by
bending and scattering losses in the resonator. These losses could be compensated by using or

adding an active material.

3.4  Optical Add/Drop Ring Resonator Filter

A ring resonator consists of a wavegnide in a closed loop. The loop can be any closed
shape, such as a circle, ellipse, racetrack, etc. The ring is placed near one or two bus waveguides
(Fig. 3.3). Typically, the input signal consists of one or more WDM channels. Signals on the
input bus couple evanescently to the resonator. If a channel wavelength is resonant in the
resonator, i.e., it encounters an integral multiple of 277 in phase over a round-frip, the signal
intensity builds up in the ring, it couples to the output bus, and is “dropped.” At the same time, a
signal on the same wavelength can be added via the add port. The resonator thus functions as an

add/drop multiplexer.
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Fig. 3.3 Schematic diagram for a ring resonator coupled to two waveguides as an add/drop filter.

An incident optical signal composed of multiple wavelengths (AfseeesApsennsdy ) at the
input port coupled into the ring and for a resonant wavélength (), the energy builds up in the
resonator despite the small coupling and eventually the signal is coupled into the drop port.
Symmetrically, a new signal at resonant wavelength (25 ) at the add port couples to the output
port through the ring. As a result, such a configuration constitutes a very compact add/drop filter
where a channel can be dropped from the WDM spectrum and replaced by a new signal on the
same channel, Note that waves with a wavelength away from resonamce will not repeat
themselves in the ring and the coupled field interferes destructively with the wave in the resonator
leading to little energy in the resonator and little dropped power. Residual dropped power at non-
resonant wavelengths is possible due to imperfections and can induce inter-band crosstalk that is
detrimental to WDM applications. Moreover, if the input channel at Ap is not completely
extinguished, will result in intra-band crosstalk. These issues will be studied and can be
theoretically overcome by varying coupling parameters, inducing loss/gain in the ring and

inserting additional rings between the two waveguides.

3.5  The Z-Transform Description

The filter functions arise from the interference of two or more waves that are delayed
relative to each other, The incoming signal is split into multiple paths by a division of the wave
front or the amplitude. Diffraction gratings are an example of wave front division, while
directional couplers and partial reflectors are examples of amplitude division. After traveling
along different paths, the fields are combined and interference occurs. For interference, the optical
waves must have the same polarization, the same frequency and be temporally coherent over the
longest delay .length. When signals are recombined, their relative phases determine whether they

interfere constructively or destructively. The phase @ for each path is the product of the distance
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traveled, L and the propagation constant, § i.e., ® = AL where f=2xn,/ 1, which is expressed
in terms of the refractive index » for a diffraction-based delay line or an effective index n, fora
waveguide delay line [40].

The individual optical path lengths are typically integer multiples of the smallest path
length difference. The unit delay is defined as T = L,nlcwhere L, is the smallest path length and
is called the unit delay length. The refractive index is assumed to be independent of wavelength,
The key to analyzing optical filters using Z-transforms is that each delay be an integer multiple of
a unit delay lengthL,. The phase for each path is then expressed as a multiple of fL,,
so®, = pfL,, where p is an integer. The total transverse electric field for N paths is the sum

over each optical path length given by
E .= Eoe_j(b" + Ele"jq)‘ + }'32e"j¢’2 +...+ EN_le‘chN-‘ . (3.1)

To obtain a Z-transform of E,,, , we express the phase as a multiple of the unit delay 7. Using

QO =2nv where c=vi

_2mnlL, 2mvnl, QLn

” BL = QT
AL A ¢ ¢
This gives @, = pSL, = pQT . Therefore Eq. 3.1 becomes,
E, =Ee 4+ Ee Y + B2 4. +Ey e/ (3.2)

For dispersion-less linc, unit delay T is a constant and using z = /%" in Eq. 3.2, we get
E, =E,+ Elz_] + Ezz_2 +...t+ EN_iz‘(N'l) . (3.3)

Because the delays are discrete multiples of the unit delay, the frequency response is
periodic. One period is defined as the Free Spectral Range (FSR) and is given by FSR=1/T . The
normalized frequency f=w@/27x is related to the optical frequency by f=(v-v)T

or f =(Q-Q)T/2z . The center frequency v, =c¢/4, is defined so that the product of refractive
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index and unit length is equal to an integer number of center wavelengths, i.e., m A, =nL, where
m is an integer. Propagation loss of a delay line is accounted for by multiplying 77 by x=eL/2
where « is the average loss per unit length and L is the delay path length.

For a more realistic case for a delay line with dispersion, the FSR is given as:

c

FSR=1/T= , (3.4)

ngu

where 71, =myy + ﬁ(dneﬁr/df ) =Ty +zl,(dneﬂr/dl)ﬂn is called the group refractive index
evaluated at either center frequency f, or center wavelength 4,.

The optical circuits are assumed to be linear and time invariant. They can be analyzed
with Z-transforms using waveguide delays and directional couplers for splitting and combining
signals. A schematic diagram of a directional coupler is shown in Fig. 3.4. The lincs in the figure
indicate waveguides of finite width and height. Two waveguides are brought ¢lose together so
that their evanescent fields overlap. A power coupling ratio x is associated with each directional
coupler. For an input on one port, the power coupled to the cross-port is x times the input power.
The length of the region where the waveguides are coupled determines the coupling ratio. The
input/output relation can be expressed using a 2x2 transfer matrix @, (x) as shown in Eq. 3.5,
where « is the power coupling ratio, and E, and Ey , for n = 1, 2 represent the coupler input and
output fields respectively.

The coupling ratio is assumed to be wavelength independent and hence the matrix
elements are constants. The through and the cross-port transmission terms are given by
¢ =cos@=(1-y)(1-k) and— js=—jsin@=—j,/(1-y)x , respectively, where y is the coupling
loss and@ is equal to the coupling strength integrated over the coupling length. A complex

number —; representsa —(x/ 2) phase shift for the cross coupled light fields.

E? E ¢ —Js
10 = (Dcplr (K) 11 » @ cp[r(K) :[ . } . (3.5)
ES El —js ¢
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Fig. 3.4 Directional coupler and I/O relations.

The basic filter structures require at least two paths for interference. The output is then
the sum of each optical path. The transfer function from any input port to any output port can be
written by inépection using the transmission of each path segment. The directional coupler
transmission is given by —js for the cross port and ¢ for the through port. The transmission for
each delay path is expressed in terms of the unit delay. A filter's transmission is then written by

summing all paths between a particular input and output port.

3.5.1 Single Coupler Ring Resonator Filter (SCRR)

A ring resonator is simply a waveguide shaped into a ring structure as shown in Fig. 3.5.
To determine optical filter transfer function in Z-domain, the requirements of optical filters are
considered to be satisfied are:
1) Linearity of all optical components.
2) Time invariance of all optical components.
3) Optical components must be lumped (i.e. not distributed).

The effects such as backscatter of light along the length of an optical fiber or waveguide,
or saturation of an optical amplifier are therefore not considered here (the former is a distributed

phenomenon; the latter is a nonlinear effect).
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Fig. 3.5 Schematic diagram for SCRR filter.

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

w jpL

is . The Z-transform parameter is represented by 27 =ex where £, =2—ﬂn is the
p Xp 7

propagation constant and n,; is the effective index of the waveguide. The one round trip loss
isa=exp™®¥'?, o is the intensity attenuation cocfficient inside the waveguide [unit length™ .
The transmitted or throughput ficld at the output of the straight waveguide, E, and inserted

electric field, E; relations can be derived as followed:

E, =(1—y)% x[Ei-\ll—K+j-Er2\[1;]. (3.6)

!
E,,l=(1—y)A><[j-Ei-\/E+Er2-\/1—zc:|. (3.7)
Erz = E!‘] ) Z—'l . (38)
Using three equations above E,/ E; can be calculated:

5=(1—7f)l/2>< \/1—_1“(1“?’)1/2 az”!
E,' 1_(1_7/)1/2 ‘\/]_-——]{'.az“l

(3.9
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The transfer function in Eq. (3.9) indicates that a ring resonator is very similar fo a
Fabry-Perot cavity. In the particular case shown in Fig. 3.5, 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_}/)1/2
— 7. —-all2
x=D-exp (3.10)
c=+1l-x
p=tk, L
The intensity relation for the output port is given by:
2 2 2
I E (l—x )-(l—c )
T=2L(g)=|=4 =D*1- (3.11)
} (4) lE,.

(1—x-6)2+4-x-c~sin2(%]

3.5.2 Double Coupler Ring Resonator Filter (DCRR)

Consider the architectures of double coupler ring resonator which sometime called

add/drop filters as illustrated in Fig. 3.6, which are constructed by 2x2 optical couplers.
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Fig. 3.6 The architecture of DCRR or add/drop filter.

Similarly, the optical transfer functions of the ring resonator filters at the throughput port

and drop port for an input port E ; can be derived as followed. For the first coupler (K1), we

have
Eq=\1=7 | JJm s+ 1= r By | (3.12)

By =T p [ i By + 1=Ky | (3.13)

where ¥ and &, are the loss and the coupling coefficients, respectively. The incoming light of
E . and E, are coupled through the first coupler to the output light E, and E| and the
output light £ is transmitted through the ring becomes output light £, . According to light

transmission theory in linear optical systems, we obtain the following relation between E, and

E,

E,=Ee 22 "2 : (3.14)

where the fransmission line length is 5 . The second coupler ( X, ) have the following relations:

al L
“EE k= .
E,=Ee 22 "2 jfl-p\Ji, atEyp =0 (3.15)
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Using the transmission theory, we obtain £, in terms of E,

_ Eyj1-n
[ .
l—ﬂfl— yiA 1= % 1/1—_;/21/1 —Kze_EL_jk"L

E

27

(3.16)

(3.17)

(3.18)

. & N
B, - Eilf\/l_yl\[’a ,/l—yzx/l—xze_EL_Jk"L (3.19)
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1= fI=p /1= fl=pp 1~ Kze 2

L-jk,L

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

Fig. 3.6 can thus be expressed as

Throughput port:
L L jk,L
~(1=5) Kt -Kye 2 + 1=y 1=
“Zr-jk, L
By ~(1=7)(-m) =7 i-rpe 2 y
E; ~Z Lkl
: lm\/l—yl\/l—-fcl\/l—yz l-rye 2
o, .
_—,fl—-;fzqfl—xze_zL Jk"L+1/1—y,,}1—K]
= P
I—Jl—y,\/l—fcl\fl—yz\/l—KQe_2Lnjk"L
Drop port:

alL , L

Eo _ "\h‘?’lxﬁ‘?’z\/gl"fze 22
Lk, L

Er'
] I_ﬁ‘YI\ﬁ"fl\ﬁ—h\ﬁ_’fze 2

(3.20)

(3.21)
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The intensity relations for the throughput and drop port can be obtained by normalizing
the transfer functions in Egs. (3.20) and (3.21) which are given by

@
1-{1- 1 )iy = 21- 1 /15 1= 721 -:cze_ELcos (k,L)

n JE 1 _+(1“?’2)(1—K2)‘3_M
B

(3.22)
| 1+(l_7’l)(1"’f1)'(1“?’2)(1"f2)e_aL
~21-n1-K -\/l—szl—Kze_ELcos(knL)
2 ‘%L
In _ Ey| y (1=7)(L=72)-Kikpe (3.23)
Iy Eill 1"'(1‘7’1)(1_’C1)'(l—yz)(l“KZ)e—aL

o
2J1-p\1-x J1- yzﬁllﬂcze_chos(knL)

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

coupling losses (¥ = 0) and the following parameters:

C] :-\}1""(] (324)

The intensity relations Egs. (3.22) and (3.23) are then given by

(1~-c1 ) (1 cix )
(1- c,czx)2 +deycyxsin’ [%)

:1 ( §)= %E,, (3.25)

r2(¢) IEr2l (1 cl)(l cz)x

Ea|

(3.26)
(i- c-lczx) +4¢ coxsin®| =
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3.6  Enhanced Nonlinearity in Single Ring Resonator
In section 3.6 and 3.7, we will carefully study such enhancement and its projection on the
dynamic performance of the microring resonator for all-optical switching applications. We will

concentrate on the reduction achievable in the switching power of a microring due to the resonant

condition.

z K,C z

i
Fig. 3.7 The waveguide layout of SCRR.

For a small range of detuning, i.c., much smaller than the 3-dB bandwidih of the
microring resonance, a small signal analysis approach is enough to understand the dynamic
behavior of the resonator and to determine its switching enhancement. In such analysis, we will
assume that the linear parameters of the microring resonator are constants with respect to time.
Without loss of generality, we will consider the SCRR filter case in Fig. 3.7 that we have

introduced in section 3.5.1. At the steady state, the field transmittance of the filter is given by

L_<_dgt (3.27
E 1-cae'® 2D

i

where a=exp(-alL/ 2) is the round trip field attenvation of the microring, ¢ is the field
transmittance coefficient, and @y = SL is linear phase shift in the ring. S is the wave
propagation constant associated with the fund_amenta] mode supported by the ring waveguide, and
L is the circumference of the ring. One uscful feature of a ring resonator is that the original
power gets to build up in the ring and keeps circulating inside the ring. The buildup factor B,

which is defined as the ratio of the power circulating inside the ring to the input power, is given

by [41]
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P, 1-¢?

B=1f= (3.28)
P 1+c*a* —2cacosg,

where P, is the input power, P, is the average power inside the ring. Under conditions that the
incident light is on resonance with the ring and the loss is negligible (@ =1), the maximum value
of the buildup factor B, =(1+¢)/(1-c). Thus, when ¢ is very close to unity, the power
circulating inside the fiber ring becomes very high. This power buildup can induce nonlinear
effects if the ring possesses an intensity-dependent nonlinear refractive index n, that results from
the third-order susceptibility ( 1(3)) of the waveguide material [41]. The nonlinear refractive

index 7, can be included in the single-pass phase shift as

=g+, = BLryL T, (3.29)

where L, =[1- exp(—a L)}/ ¢, is the effective interaction length due to the loss and y is the
rionlinearity coefficient (related to 1, by ¥ =271,/ AA,y , where A is the input wavelength
and A, is the effective core area of the waveguide). ¢, and @, are the single-pass linear and
nonlinear phase shifts, respectively, In such a nonlinear case, ¢ in Eq. (3.28) should now be
replaced by ¢. Thus, by substituting Eq. (3.29) into Eq. (3.28), we obtain a transcendental

equation for the single-pass phase shift as

1-¢*
R, u= + Le R
¢( i ¢L) ¢L /4 2/ 1+c2a2—2c0008¢(f‘}=¢f,)

(3.30)

The rionlinear response of switching device can be evaluated by the derivative of phase shift ¢

with respect to input power F; . This derivative can be expressed as

dg _ d¢ deg, dr, - 8Ln, 2
dP. d¢, dP, dF, JrlAeﬂ

(3.31)

where F is resonator finesse [41].
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3.7  Enhanced Nonlinearity in Add/Drop Ring Resonator

The transmission equation from input port to drop port for the DCRR as shown in Fig.

3.6 is given by

Ey 518554 7"-’%

- (3.32)
Ey 1-ceyel®
where ¢;,5, and C,,5, are the coupling coefficients for the two couplers respectively. Critical

coupling condition for the DCRR is defined to be |E,2 / Eil|2 =1, i.e. all light goes through the

drop port, which gives 5,, =41 - cte ™" | Sinces,, = sy, symmetric DCRR (with two identical

‘ couplers) will operate at noncritical coupling. The phase shift of the drop port field (E,)is

(3.33)

. 44
¢ =7 + ¢, +arctan [—-cﬂ—%—:\

1-c’ycosd,

Similar to SCRR, the nonlinear effect can be included by applying equation (3.29) to the

computation of ¢ as follow.

27n, £P2 27rn2§P4
$=¢,+ + _ (3.34)
AA, gz Ad,

where P, and F, are circulating powers, respectively.

3.8 Summary

The main goal of this chapter suggests nonlinear enhancement in micro ring resonator
and we then can get the nonlinear transfer functions which used to characterize the nonlinear
behaviors such as chaos, bifurcation, and bistability. Each behavior can be implemented for

design of many applications as describe in chapter 4.



CHAPTER 4

THEORETICAL RESULTS

In this chapter, we design the optical devices result from nonlinear behaviors such as
chaos, bistability, and bifurcation based microring resonator. The results of nonlinear device
design can be applied for optical communication network including secured information
transmission in optical link and data coding using chaotic signal, secured codes as start-stop bits

using bifurcation.

4.1  High Capacity Packet Switching Using Soliton Pulse

Soliton has been the popular subject of study for years, where many subjects such as
mathematics, physics and engineering have been used to study and investigate [42-44], where one
of the most popular behaviors is called the “optical soliton”, The advantage of using optical
soliton in optical communication is that the power is gained and also used for non-disperéion
propagation in long distance communication link. Apart from long distance link, we still need the
transformation security, where the combination between the long distance link and security are
required in the practical communication networks. Recently, the chaotic signal generated by using
light pulse traveling in a nonlinear microring resonator can be performed the secured transmission
in optical link have proposed [45]. In this section, the combination behaviors between chaos and
soliton are employed to implement the secured information in the communication system.
Initially, the information can be secured by the use of chaotic signals, where the long distance link
can also be employed by the soliton property.

Fig. 4.1(a} shows the diagram of nonlinear microring resonator used for -gencrating
chaotic signals. The chaotic signals generated due to Kerr effects nonlinear type which the input
signal of soliton is launched in a microring resonator. Since the nonlinearity of the micro ring is

of the Kerr-type, which the refractive index is given by

(2
eff

)P @4.1)
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where 7, and n, are the linear and nonlincar refractive indexes, respectively. [and P are the
optical intensity and optical field power, respectively. The effective mode core area of the fiber is
Ay . Here, the input optical field is set in the form of soliton pulse which has expression as Eq. .
Meanwhile, the obtained signals will be selected as secured chanmels for optical
communication networks. Fig. 4.1(b) shows the design microring resonator via an add/drop filter
device used for the multi-users. When the input signal is launched into the communication
systems, the multi-users can retrieve the required signals by the drop ports while those that pass

through unaffected.

in out
F
Input K Output
(a)
Add Drrop
Owpui
K - -
:."
., Inpm >
OO
9
Drop  ———— Add Drop

(b)
Fig. 4.1 The diagram of microring resonator (a) with single coupler, (b} with multi-user via an

add/drop devices used in the optical network.
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The wave form of the soliton pulse used as input signal, having pulse width of 50 ps is
shown in Fig. 4.2(a), which is input into nonlinear microring as Fig. 4.1(a). While Fig. 4.2(b)
shows the output signal generated from the microring resonator due to Kerr effect, where the

chaotic wave form is realized. Here, the radius of the ring is set equal 10 tm.
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Fig. 4.2 The soliton pulée input and the chaotic signal output generated from microring resonator.

The characteristics of the chaotic signal output by varying the intense of input powers are
shown in Fig. 4.3. The input powers (A) in Fig. 4.3(a)-(d) are set equal 2, 3, 4, and 5 W,
respectively. We found thaf in Fig. 4(a), the chaotic soliton behavior is seen when the roundtrips
of input soliton are in the range of 9,000-11,000. Similarly, in Figs. 4(b)-{d), with the input peak
powers 3-5 W, the chaotic signals are occurred when the soliton circulated within the ring
between £,000-12,500 roundtrips. In this work, we choose input power of 2 W for our

investigation.
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Fig 4.3 The generation of chaotic signal by varying input peak powers (A), (@2W, () 3W, ()
4 W, and (d) 5 W.

Fig. 4.4 shows generation of chaotic signal with different ring radii. Fig. 4.4(a), the
soliton chaotic behavior is occurred with mostly constant output intensity, when the roundtrips
are in the range of 6,000-14,000, and the ring radius is 7 im. When the ring radius is adjusted to
10 f4m, we found that the soliton chaotic is realized with the roundtrips between 7,800-12,800 as
shown in the Fig. 4.4(b). In Fig.4.4(c) and (d), the results of the different ring radii of 12 }{m and

15 [im have shown that the soliton behaviors are neglected, which means only chaotic oscillation

is seen.
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Fig 4.4 The generation of chaotic signal by varying ring radii of ring resonator, {a) 7 fm, (b} 10
Hm, (c) 12 Ym, and (d) 15 Hm.

Results of the different coupling coefficients from 0.1-0.4 are shown in Fig. 4.5. Fig.

45(a) and Fig. 4.5(b) shows that the soliton chaotic behaviors are seen with the roundtrips

between 4,500-15,500 and 6,100-14,000 with the coupling coefficients are 0.1 and 0.2,

respectively. While the chaotic soliton is not properly occurred in Fig. 4.5(c) and Fig 4.5(d), with

the coupling coefficient X = 0.3 and K = 0.4, respectively.
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Nonlinear behaviors of light in optical ring resonator such as chaos, bistability and

bifurcation become benefits in several aspects which have been proposed [46]. There are more

useful applications investigated and confirmed by Yupapin [45, 47], where the chaotic behavior

of light in fiber optic/microring device could be used to process the information security. They

have also shown that such a device could be implemented within the mobile telephone device and

system, where the telephone conversation security is plausible. In this section, the bifurcation

behavior of light in a microring device is investigated, where the bifurcation is generated to form

the secured codes for information security use.
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R=10 um

|
T

Output Power (W)

Roundirips »1at
Fig. 4.6 Graph of the input power (solid line) and the output power (nonlinear signals) of the ring

resonator.

Nonlinear behavior of light traveling in a single microring resonator is described in
section 4.1, Here, the system parameters for generating bifurcation were set as /10 = 1.55 fim, n,
=3.34, A,y =30 Um’, 0= 0.02 dBkm”, ¥=0.1, and R, = 10-13 J4m. The coupling coefficients
of coupler are varied from K= 0.0225-0.030. The nonlinear refractive index of ring resonator is
n,=22x 10" mZW", and plot 20,000 iterations of round-trips within the ring.

The input signal is input into the device, which is the continuous wave (CW) known as
Gaussian wave form. Fig. 4.6 shows the chaotic signal gencration within a microring device,
which is shown the basic behaviors such as bifurcation, chaos and bistability. Generally, the
nonlinear signals generated within ‘a microring resonator are characterized and described as
following details. Initially, two routes of the chaotic signals afe split by the behavior called
bifurcation, where sometime the bistability behavior is occurred between bifurcation and chaos.
To perform the security bits in this technique, firstly, the start bit is formed as state “0” or “1” by
the first two bifurcation values where one bit is formed by one route of the bifurcation. Then the
security bit is followed by chaotic codes, which is formed after the chaotic signals. Where the

chaotic signals/codes between the start and stop bits (i.e. bifurcation) can be several codes or

packet of codes,
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Figs. 4.7 and 4.8 show theoretical results of the nonlinear behaviors with some different
parameters, for instance, the input power, ring radii and coupling coefficients. We found that '
from both Figures, the starting points for realizing nonlinear behaviors such as chaos, bistability,
and bifurcation are different. Fig. 4.9 shows several set of data which is formed as start and stop
bits due to the bifurcation behaviors. The 1* period generates the start and stop bits to use as
switching for packet signals at the 7,000-7,400 roundtrips of circulating light. The i period
realizes the start and stop bits of the packet signals at the 7,500-7,800 roundtrips. While the 3"
and 4" periods generates the start and stop bits at the 7,900-8,000 and 8,400-9,000 roundtrips,
respectively. The one royndtrip time is calculated equal to 2.9x10"* second. These characteristics

could be designed as the deviee for security purpose. Where the start and stop bits could be

performed and used incorporating the required packet of data in the transmission line or network.

28~
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Fig. 4.9 The 4" order of start and stop bits generation obtained from bifurcation of microring

resonator, when R= 10 {{m, K = 0.0225.

4.3 Chaotic Signal Generation and Coding

Chaotic behavior has been studied as a nonlinear property in the areas such as
mathematics, physics electronics, and communications. The benefit of such a property can be
accepted, for instance, the chaotic communication has recently attracted great interest because of
its potential applications in secure and confidential communications, where it uses a noise-like
broadband chaotic waveform as a carrier. The message coding, and the nonlinear effect of the

coding process and control chaotic signal encoding will study in this section.
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The chaotic encoding methods are processed by sampling, quantizing, and chaotic
synchronization. The selected input signals can be used to control the required chaotic encoding,
which can be distributed into the optical transmission link. The most important advantage of the
proposed system is the casy implementation comparing to the well known secure communication
technique called quantum cryptography, which will be extremely difficult in the realistic system,
while the requirement in term of security is acceptable. Eventually, the required information can
be retrieved when the decode technique and the tunable filters are employed by the required
clients, The basic theory of a microring resonator is reviewed, the chaotic quantizing and coding
and control are presented in details.

The chaotic signal can be generated using nonlinear single ring resonator as in Fig.
4.1(a). When the parameters of the system are set to A, =1.55 Hm, ng=1.54, and A ;=30 ,lez,
where the waveguide riﬁg resonator loss (£X) is 0.5 dBmm'i, and ring radins R = 10 {dm. The
coupling coefficient of the coupler is fixed to K = 0.0225. The nonlinear refractive index is set
equal ton, = 2.2 x ot msz, and the data of 10,000 iterations of roundtripé inside the optical
microring is plotted. We assume that ¢L = 0 for simplicity; however, the change in phase is
slightly altered by the optical output, which means the dispersion can be neglected when the
resonant output is occurred. The chaotic signals can be electronically formed by the digital codes

as the following details. The quantitatively present logic coding can be expressed by

u(v)z{o ........ v{3.5mW

l..v=3.5mW

Furthermore, when #(y) represents the logic states, v is the signal power. The quantizaﬁon and
re-quantization can be processed by similar transfer characteristics. We assume that the
quantizing involved is infinite, which means that the system input signal is never clipped by
saturation of the quantizing. In this case, the corresponding transfer functions of the quantizing
output to its input can be expressed analytically in terms of the quantizing step size as details in
references [48)]. The chaotic signals mentioned below can be used to form the digital codes. Fig.
4.10 illustrates a flow chart of the chaotic encoding procedures. When the program is operated,
i.e. “START,” then the program logical coding begins. Firstly, the reduction of the threshold and
maximum powers is required, which are ranged from 3.5 mW to 4 mW. Secondly, “Yes” and

“NO” form the logics “1” and “0”, respectively. Lastly, “END” is the process of the final step. In
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practice, the design microring resonator with its suitable parameters can be used to generate the

chaotic signals, which can be electronically coded.

' | START '
h J

Lagicsl Coding

Threshold
G.IEmW

Logic "0 Legic ™™

EMD

Fig. 4.10 Flow chart of a chaotic coding algorithm,

The signal quantization can be further understood by using the approximation method in
which the chaotic signal can be encoded. The guantizing plots of the various input powers are
ranged from 1.8 to 1.82 mW as shown in Fig. 4.11. These plots show the improvement of the
approximation method as shown in Fig. 4.11{a)-(c), and deterioration until or the least-square
method in Fig, 4.11(d) is introduced, Where (a) shows the relationship between the input and
output signals; (b) the red line (solid line) is the power reduction with the threshold power of 3.5
mW; (¢) the signal after threshold power condition uses; and (d) the output signal of when the
approximation method is employed. The logical code with the logic state “1” or “0” is generated
from the previous description, after the chaotic behaviors of the device is characterized; the next
step is that the random coding can be generated by controlling the input optical power, which then

enters into the microring device. The required chaotic codes can be electronically generated.
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Fig. 4.12 Chaotic codes: [011110101010110101111010111010110101010101011110101}.

The chaotic coding generation can be processed as following. Firstly, the chaotic signals

can be generated within the microring resonator by controlling the optical input power, which can

be specified by the roundtrip numbers, i.e. circulation time. Secondly, the electronically encoding
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processes are performed by the following steps: (i) the chaotic coding with the threshold power is
marked by using the least-square method; (ii) the clipping signals is introduced; and (i) the
chaotic code generation is completed by using the approximation and sampling methods. The first
chaotic code gencration is as shown in Fig. 4.12, where Fig. 4.12(a) shows the relationship
between the output signals and the roundirips, in which the chaotic behavior occurs when the
roundtrip is 10,000, and the optical power is 0.5 mW. In Fig. 4.12(b) the threshold power is 3.5
mW, and the encoding roundtrips are ranged between 9000 and 9050.

Fig, 4.12(c)-(¢) Show the clipping signals using the least-square method and the chaotic
codes using the approximation method. The logic codes are [01111010101011010111101011101
0110101010101011110101], which are 50 logic codes, and a roundtrip time is found to be 29 x
10" sec, i.c. is in order of ps.

Similarly, Fig. 4.13 is the result which is described as the following figure captions. Fig.
4.13 (a), the optical output power is 0.5 mW, with 10,000 roundtrips, where the threshold power
is 0.40 mW with the encoding roundrips that range between 9000 and 9050 as shown in Fig. 4.13
(b); where 4.13(c) shows the clipping signals, and the least-squares method is applied as shown in
Fig. 4.13(d). There are 50 logic codes obtained with a bit time of 29 x 10" s as shown in Fig.
4.13(e).

Fig. 4.14, the chaotic signals are generated using the microring part, while the chaotic
codes (digital codes) are electronically performed by the encryption data. The signals are
multiplexed and transmitted via either wire or wireless links to the required receivers. The
transmitted signals are received and then de-multiplexed, where the synchronously decryption to
the encryption data is processed before the chaotic codes being intercepted by the specific users

via the design chaotic filters.
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Fig. 4.14 Schematic diagram of the synchronous encryption and the encryption system.

4.4 Summary

In section 4.1, I have proposed the use of a microring resonator to design the optical
packet switching, which is useful, easy to design and implemented. Where the chaotic signals can
be generated using nonlinear effect and used as the high capacity and secured packet of data by
using the chaotic encoding signals; for examples, such device can be applied into the mobile

telephone hand set, computing system, telecommunication networks, cte.
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In section 4.2, I have demonstrated the use of a microring resonator as the device for
security purpose. Where the start and stop bits result from bifurcation effect could be performed
and used incorporating the required packet of secured data in the transmission line or network.

Finally, section 4.3 describes the use of a microring resonator to generate the chaotic
codes, where the advantages of such a device are the signals randomly encoded, easy to design
and implement, the control optical power could be selected, and finally, the tunable filters can be
employed. In an application, such a proposed device can be fabricated and implemented in the
communication, for example, a mobile telephone hand set, a computing system,

telecommunication networks, etc.



CHAPTER 5

FAST AND SLOW LIGHT GENERATIONS

In this chapter, we propose a new system of the simultancous fast and slow light
generation using a soliton pulse propagating within the nonlinear microring resonators result from
Kerr effect. This proposed system can be implemented for the mobile telephone hand set, where
the harmonic waves of the frequency bands can be selected to form the up-down-link converters,

which means the frequency converter can be performed a single system.

5.1 Introduction

Mobile telephone has been brought to the world for two decades, where there are some
technologies involved in many areas of research. Up to date, the searching for new devices and
technologies are still needed. For instance, Yupapin and Suwancharoen have reported the use of
chaotic signals generated by microring resonator for communication security [49], where the
transmission signals could be secured by using the analog or digital methods. The increasing in
the channel capacity could be achieved by the technique called the chaotic encoding and packet
switching [50], where the information could be secured with highly capacity [51, 52]. Recently,
Chaiyasoonthorn et al [53] have reported the interesting results when the ultra fast pulse with
pulse width of as could be casily generated by using a soliton pulse traveling in the nonlinear
microring resonators. The interesting idea is that the system is very small which is capable to
implement within the mobile telephone hand set, whereas the required applications can be
employed. This chapter, we present the other application, where the. technique of up-link and
down-liﬁk can be integrated within a small device called the microring devices. Several systems
of optical wireless up-down-link converters have been reported [54, 55], however, there is no
such a system that can be performed the link within a single system. Our proposed system can be
implemented within the mobile telephone handset, where the links can be performed using the
frequency bands generated by the technique called chaotic filtering, where the required frequency
bands can be selected and used.

Optical soliton is recognized as a powerful laser pulse, which is used to generate the
chaotic filter characteristics, especially, when it propagates within the nonlinear microring

resonators [53]. When the soliton pulse is input into the multi-stage microring resonators as
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shown in Fig. 5.1, the input optical field ( E;,) in the form of soliton pulse is expressed by an

Eq. (5.1).

E, = ASect{i] exp[(——z—ﬂ (5.1)
T 2L,

where A and z are the optical field amplitude and propagation direction, respectively.
L,= T02 / lﬁzli is the dispersion length of the soliton pulse. This solution describes a pulse that

keeps its temporal width invariant as it propagates and thus is called a temporal soliton. T, is

12|

known, once we can find the proper peak intensity (?J that will make this pulse a soliton.
Yo
For example, when the microring resonator is at the 1550 nm wavelength, with the 12 W peak

power, then 7j is 50 nm long, which is a pulse of about 2 millimeter long (in z). For the soliton

pulse in the microring device, a balance should be achieved between the dispersion lengths
) /

Lp= [TL| and the nonlinear length Ly, = !, which are the length scales over which dispersive

25 ¥¥o

or nonlinear effects make the beam become wider or narrower. For a soliton pulse, there is

balance between the two and hence L, = L, .

n
n=ny+n,d =ny +(—L)P (5.2)
eff

Where n, and n, are the linear and nonlinear refractive indexes, respectively. J and P are the
optical intensity and optical field power, respectively. The effective mode core area of the device

is 4,5 . Thus, the normalized output of the light field can be expressed as,

2
E out

E.

i

a2l K[l-—(l-—-}/)z’l'z.l
=4-7 [l 1+(1—y)2(1—x)r—2(1—y)\/1—mcos¢} G2

The close form of equation (5.3) indicates that a ring resonator in the particular case to
very similar to a Fabry-Perot cavity, which has an input and output mirror with a field reflectivity,

1-x, and a fully reflecting mirror. Where ny and n, are the linear and nonlinear refractive
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al

indices respectively and the coupling coefficientis k., X = €Xp 2 represents the one roundtrip

losses coefficient, Where @y = kLn, and @, = kanlEm ? are the linear and nonlinear phase

shifts respectively and k =27/ A is the wave propagation number in a vacuum.

Rl R2 R3 R4

i

Detector

A

Fig. 5.1 Schematic diagram of a simultaneous fast and slow light generation. R;_4 and x)_4are

ring radii and coupling coefficients respectively.

The basic proposed system of the simultaneous fast and slow light generation is shown in
Fig. 5.1. The single mode soliton pulse becomes various modes (noisy signals) after circulating
within the first microring device due to the Kerr nonlinear effects of light in the microring
resonator. The chaotic filtering characteristics of the signals are formed by the other rings. By
using the material parameters (InGaAsP/InP), the specified frequency bands can be obtained
using the appropriate ring parameters; finally, we ended up with the following details. The soliton
waveform with the center frequency at 2 GHz is input into the first microring resonator {R)). The
optical power is fixed to be 550 mW, £, =2 GHz, n, =334, n, =22 x 10" m'W", A = 0.50
Hm L O=05 dBmm']? and Y = 0.1, with 20,000 roundtrips. The chaotic signals are generated
within the first ring (R ), where the broad frequency band is observed in ring R,. The clearer

filtering signals are seen in ring R, and R,.

5.2  Theoretical Results and Discussion

Fig. 5.2 shows graph of the simultaneous fast and slow light generation for up-down-link
converters. Where the parameters are R, = 10 um, x; = 09713, R, = 10 um, i, = 0.9718,
R, = 10 um, k3 = 09718, R, =15 um, and k, = 0.9728. The down-link and up-link
converters are shown in Fig. 5.3 and 5.4, respectively. Fig. 5.3 shows graph of fast ;md slow light

generation for down-link converter. The used parameters are Ry, = 10 um, K = 0.9713,
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R,=10 um, k, =0.9718,R,=10 um, k3 =09718,R,=15 um,and x, =0.9728. Fig. 5.4
shows graph of fast and slow light generation for up-link converter. The parameters used are
R, =10 um, k; = 09713, R, =10 um, k, =0973, R, =10 um, k3 = 09732, R, =15
pm,and K, =0.9777.

In application, the upstream and downstream communication information can be linked
via a single system of devices as shown in Fig. 5.1, for the up-down-link converters. In principle,
the communication signals are formed by the signal interchanging devices known as Electrical to
Optical (E/O) and Optical to Electrical (O/E) converters. In the system the up-link and down-link
frequency bands can be simultaneously generated, therefore, the next step is that the specified
frequency band will be selected (filtered) to form the required link converters. By using the
proposed system, the wide range of the spread wavelength domain can also be generated and
available, which means that the wavelength multiplexing, especially, dense wavelength division

multiplexing (DWDM) via optical wireless link is plausible.
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53 Summary

In this section, the very interesting results that the simultaneous fast and slow light could
be generated by using the nonlinear microring devices. The system is consisted of a series of four
nonlinear microring devices. We have shown that the two different frequency bands could be
selected, and normally used in the up-down-link converters in optical wireless link system. The
key advantages of the system are the simultaneous generation of up and down link frequency

bands, and the frequency band generation can be formed in the single system.



CHAPTER 6

CONCLUSIONS

® High Capacity Packet Switching

We proposed a new design of the secured packet switching using the nonlinear behaviors
of soliton in a micro ring resonator, where the nonlinear penalty of light traveling in the device
becomes benefit, The chaotic signals are generated by a Kerr effects nonlinear type of soliton in a
micro ring resonator, where the control input power can be used to specify the output filtering
signals. Some device parameters are chosen and simulated using the Z-transform model. The
potential of using such a (ievice for communication security is performed and discussed. Results
obtained have shown the potential of using such a proposed device for the tunable band-pass and

band-stop filters, in which the packet switching data can be performed and secured.

@ Packet Switching Start-Stop Bits Generation

The use of a microring resonator performed as the device for security purpose has been
demonstrated. Where the start and stop bits could be performed and used incorporating the
required packet of data in the transmission line or network. In practice, the microring device, light
source and nonlinear materials are available and realized in commercial market. Which means
this technique is one of our choices for communication security that could be plausible in realistic

applications that will be implemented and used in the near future.

@ Chaotic Signal Generation and Coding

The use of a microring resonator to generate the chaotic codes, where the advantages of
such a device are (i) the signals randomly encoded, (i) easy to design and implement, (iii) the
control optical power could be selected, and finally, (iv) the tunable filters can be employed. In'an
application, such a proposed device can be fabricated and implemented in the communication.
For example, a mobile telephone hand set, a computing system, telecommunication networks, etc.
The chaotic signals can be encoded by using the electronically synchronized technique, where the
required message can be successfully decoded by subtracting the chaotic oscillation. This is

operated by the receiver on the transmitted signal using the least-squares method. We have
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demonstrated that the chaotic signal is logically encoded using the waveforms of the transmitter
and chaotic signal of the receiver output. Thus, we can conduct a secure transmission of a
message by logical coding using the electronic quantizing, and coding by using the microring
incorporating in the communication transmission. In either case, the completed or generalized
chaotic quantizing control and chaotic signals encoding can be applied to the systems for chaotic
communications for a long distance communication when the loss in the optical power is the issue
of implementation. Therefore, such a proposed technique can overcome the problem of signal
degradation because of the digital signal that can be recovered easier than the analog ones. In
practice, the optical repeater is required into the system, where the signal recovery and noise
reduction are required to be taken into account. For further applications, the more advantage

method, called quantum chaos, may be the new area of investigation in the near future.

@ Fast and Slow Light Generation

The very interesting results that the simultaneous fast and slow light could be generated
using the nonlinear microring devices has been proposed. The system is consisted by series of
four nonlinear microring devices, We have shown that the two different frequency bands could
be selected, which are normally used in the up-down-link converters in optical wireless link
system. The key advantages of the system are the simultaneous generation of up and down link
frequency bands, and the frequency band generation can be formed in the single system. Further
more, there are more frequency bands available, which will be suitable to implement more
applications as well.

In conclusions, the future trend of using such present work is discussed, where the
application such as quaﬁtum encoding and super high channel capacity for wavelength division

multiplexing (WDM) will also be discussed as well.
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Abstract

We propose a new design of gecured packel switching generated by using nonlinear behaviers of light in a micro ring
resonator. The use of chaotic signals generated by the micro ring resonator to form the filtering and packet switching
characteristics is Jdescribed, where the high-capacity and security switching using such form is presented. The key
advantage is that the high capacity of communication data can be secured in the transmission link, where the nonlinear
penalty of light traveling in the device js beneficial. For instance, the required information can be transmitted and
retrieved by using the proposed packet switching scheme. In principle, the chaotic signals are generated by a Kerr
effects nonlinear type of light In a micro ring resonator, where the contro! input power can be specified by the required
output filtering signals, The ring radii used range between 10 and 20pm, k= 0.0225, 2 =0.5dB and

Q my = 2.2 x 107 m%W. Simulation results obtained have been described based on the practical device paramcters.
Three models of the proposed devices have been simulated, the potential of using for the tunable band, puss and band
Qz stop filters, in which high-capacity packet switching data can be performed, and the fs swilching time is plausible.

© 2008 Elsevier GmbH. All rights reserved.

Keywords: Packet switching; Chaotic filter; Tunable filler; Micro ring rescnator

1. Introduction

Recently, Yupapin and Suwancharoen [1] have shown
that the secured communication message in the present
technology via the micro ring resonator device jias
promising realistic applications, Broad areas of research
works in cither theoretical or experimental works have

*Coresponding avthor. Tel: +23264339; fax; +23264354.
Evunail address: kypreech@kmitl.ac.th (PP, Yupapin).

0030-4026/S - see front matter £ 2008 Elsevier GmbH. Al rights reserved.
doi: 10,1036 ijle0.2008.05.032

been reporled. One of the applications of the practical
device using a micro ring radius of 10um has been
reporied [2,3]. The design of an add/drop device has also
been recently proposed. The nonlinear behaviors of light
in a micre ring resonator have been investigated and
used for communication security [4,5). Moreover, the
frequency characteristics of the ring resonator:based
filters in some way ase complementary with respecl to
finite impulse response (FIR) filters, such as cascaded
Mach-Zehnder or arrayed waveguide gratings, ; and bave
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‘bezn studied [6], where,Qnscaded resonators have shown
freqiency response with high réjetctions and narrow
band pass. This feature can be advantageously com-
bined with those of FIR fillers to obtain very intercsting
transfer functions. A simple technique for the synthesis
of band pass filters realized by cascading Fabyy Pérot
cavities or micro ring resonators has been reported [73.
The structure is called a direct coupled;tesonators filter,
because each resonmator is directly coupled to the
adjacent resonators. One of these applications is the
so-called add/drop Glter, using a four-port device
capable of separating andjor combining communication
channels in wide-band telecommunication systems.
Furthermore, some niethods have been described to
obtain a wide pass band, large free spectral range gnd
high finesse, where the series-coupled, and others to
parallel-coupled have been applied [§,9]. A simple but
very efficient single micro ring resonator and two-seres-
ring to paralle}-coupled device is described [16], where it
displays large finesse and high stop band attenuation.
In recent years, semiconductor micro ring resonators
have received great interest as potential building blocks
for optoelecironic integrated circuits due to their wltra
compactness and small size, which can lead to high
device integration densities. Moreover, the field buildup
inside the ring cavity can be used for alf optical signal-
processing functions based on enhanced nonlinear
effects [11]. In practice, the stop band filter can be
created by a single waveguide ring resonator, where
ultra-compac!. resonant siliconi on insulator structures
based on a 3-um-diameter micra disk coupled to one or
wo wavegusdes have already been presented [2]. ,{hc
micro rmg resonator for an addfdrop filter bad 2 ring
radivs in the order of 10 50um. The apphcauon and
design of an optical ﬂxp-ﬂop device js an integrated InP]
InGaAsP with a twogstate coupled laser device. It is
fabricated on an InP,'InGaAsP material wafer, which
contains active areas with 1550 nm emission wavelength,
and gn InGaAsP for semicondnctor optical amplifiers,
Another essential building block of an all-optical packet
switch is optical fip-fAop memories, which are used to
store the switch decision information. An integrated
-optical flip-flop can conirol a wavelength converter io
switch a 10 Gby/s data packet {12}. In this paper, we will
present a different integrated optical flip-flop and its
performance for 30 Gb/s all-optical packet switching has
been presented by Liua et al. [13]. To date, the photonic
approaches of packet switching have been motivated by
the need for high-capacilty optically transparent drop

] (l [ =]

However, electronic components and circuits remain
attractive alternatives to photonic devices in Rincticns
such as address processing, switch coitrol, and buffer
control and the chaotic quantum control, However, the
filter response of the micro ring resonator can be
synthesized by the combination of coupled and cascaded
topologies. In addition, since the vertically coupled
micro rng resonator i§ advantageous for dense integra-
tion dve to its very compact element and crosggrid
topology, it is easy to form the coupled and cascaded
topologies without deteriorating the compactness [14].

In this paper, we report the design of packet switching
and application for the band pass and band stop flters
using the nonlinear behaviors of light in the micro ring
resonators, where three forms of applications for chaotic
signal filtering, encoding, and packet switching are
proposed and discussed. These can be applied into the
optical networks 1o encrypt and filter, and the required
communication data can be retrieved. The ring para-
meters used are based on the praciical device parameters
as shown in references [2,3). Simulation resnlts obtained
have shown the potential of application for secure
communication }inks in the optical networks, where the
high capacity of gecure commuaication data can be
performed.

2. Chaoetic behaviors

Consider & mitro ring resonator confignration as
shown in Fig. [, which is constructed by a single ring
resonator (SRR} and a 2x 2 optical coupler [1,4], the
circumnference of the micro ring is L. For the conve-
nience of analysis, we assume that the complex electric
field at each port as shown in Fig. 1(a} is E(#), where

E.{t)is the incoming light field of an iaput port and the
transmitied fight field to the cutput port is Eqy(). While
the rest of the fields Ei{f) and Ex(f) are the circalated
fiekis inside the micro-ring, Fig. 1(b) shows the series p-
ring resonator for design of the filtering device, and Fig.
1(c) shows the multi-users via the micro ring resonators
in an optical network, where packet switching and
filtering can be performed.

Here, the input light into the system is assaumed to be
monochromatic with constant amplitude and random
phase modulation, which results in temporal coherence
degradation. Hence, the input light field can be
expressed. as

switches for ring and bus networks. The switching andf  Ej{f) = Egexp/t®? (2.1
or routing fabric in recent demonstrations of photonic i
packet switching has generally been optical components. Ka- (22 s given By 2]
] wOf 0 _ah -0 - @2
Ei(t}  f T/ T = K + 45/ T = 74/ — e sin’{/2)
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Fig. 1. A schematic of the micro ring resonators, (3) a micre
ring resasator, (b) the sevial micto ring resonators, and () the
micro ring resonators in a network,

A dlose examination of Eq. (2.2) indicates that a ring
resonator in the particular case js very similar to a
Fabry, Pérot cavity, which has an input and cutput
mirror with a field reflectivity, 1—x, and a fuily reflecting
mirror, where ng and ny are the linear and nanlinear
refractive indices, and the coupling coefiicient is .

(T miE-Im 3

were fixed (o dp== 15Sum, mp =334, Aer = 30pm?,
& = 0.5dB, where the practical bendiag loss of the
waveguide fabricated by InGaAsP/InP is confirmed by
reference [15], where the propagation loss is as low as
1.34.02dB/mm at 1.55pm [16), y=40&1, and
R, = 10pm. The coupling coefficient of the micro ring
resonator coupler was fixed in this investigation to
x=0.0225. The nonlinear refractive index was
ny = 2210 m?(W [B), and the 20,000 iterations of
roundirips inside the optical fiber ring were plotied. We
assume that ¢ = 0 for simplicity.

To design the nonlincar micro ring resonator, firstly,
the nonfinear fehavior of light in the ring geeds to be
charactetized. The nonlinear behavior of the micro ring
resonator with the roundtrips of 10,000 is as shown in
Fig. 2. When the ring radius is 10pm, the nonlinear
effect sloes not occurred as shown in Fig. 2(a). It pecurs
when the ring radius is 20pm as shown in Fip. 2(b),
where the filler characteristics are also shown.

In Fig. 3, the nonlinear effects and nonlinear
behaviors of signal in the ring can be simultaneously
generated, and the band pass and band stop flters can
be peformed. Fig. 3(a) shows the nonlinear effect of
band siop filter where the roundirips fange between
9090 and 11,000. Thete are two side bands of band pass
filters with roundirips jp the range of 7500 8800 and
11,500 12,509, respectively. In Fig. 3(b), with the
Toundirips jp. the rnges of 8500 11,500, 8600 8800
and 11,500 12,000, the two band pass and band siop
filters are seen. Similarly in Fig. 4(a) and (b), the band
pass and band stop filters are shown, when the round-
trips are in the ranges 8500 10,500, 7504 8200,
11,800 12,500  and 9,000 12,000, 7500 8000,
8500 8700, 19,500 10,700, 12,000 12,500, respectively.
A roundtrip time i 1075, when the ring radins is
10 pm,

From Fig. 1(b), Eq. (2.3) is obtained by using Eq.
{2.2), which is given by

Equn = (Eml)\l (r-n [1 b

When Eout = Einz and k) = K

Eonld) = (Ehz)d a-» [1 N

x = exp~ "L represents the one roundyrip losses coeffi-
cient, o = kLnp and dup = kLol E1} are the linear and
nonlinear phase shifls, and k=2nfl is the wave
propagation number in a vacuum,

This nonlinear behavior of !iigﬁ? traveling in an SRR
was investigated, where the parameters of the systeny

{0 — (1 — ) 23

(1 = %/T =y 1 = K + 4x/T= /T — resin’($/2) '
(1= =% @4

(1 = /T F/1 — B + 4x /T — /1 — wesin’(¢/2) .

A close examination of Eq. (2.4) indicates that a ring
resonator in the particular case s very similar 1o 2
Fabry, Pérot cavity, which has an input and output
mirror with a field reflectivity, 1~x, and a fully reflecting
mirror. where ng and np are the linear and nonlincar
refraclive indices, the coupling coefficient is w. Hefe
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Fig. 3. The nenlinear behnvio;gharac{erisﬂcs ofband pass (a) and band stop (b} filters in the micro: ring Tesonator, {g) R-=12pm
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= exp 52 represents the one rou.ndinp losses coeffi- Using Eqs. {2.3) and (24); the simulation results
cxenl, do=klnpand dyr = kL) EyJ are the linear and obtained are shown in Fig: 5(a ¢), Fig. 5(a) shows the
nonlinear phase shifts, mspeuu ely, and x = 2nfd’s the behaviors of the band stop and band pags flters with a
wave propagation nimber i in yacuurt, ring radivs of 12pm, ,Qnd raundtrips of 9050 11,500, In
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Fig- 4. The nonlinear behaviors characteristics of band pass {2) and band stop (b} filters in the micro ring resonator, {a) R = 16 pm

and (b) R = 17pm.

Fig. 5(b) and (c), the band pass and band stop filters
characteristics are shown, respectively. The serial ring
output is shown in Fig. 5(c), which is obtained by using
a device configured in Flg 1(t). Similarly, the muiti-
filter characteristics can be seén in Fig. 6. However, the
low level of signal to noise ratio may cause the problem
in real applications.

3, Chaotic encoding and packet switching

The chaotic signals are generated by using Eq. (2.4),
which can be used 1o form the digital codes as follows.
The quantitatively present logic coding can be expressed
by,

0,
ufv) = {1

For instance, when u(v) represents the logic states, pis
the signal power, The quantizasion and re-guantization
can process the similar transfer characteristics. We
assume that the quantizing involved is infinite, which
means that the system input signal is never clipped by
saturation of the gquantizing. In this case, the corre-
sponding transfer functions of the quantizing eutput to

p<3.5mW

02 3.5mW -(2'5)

its input can be expressed analyticaliy in terns of the
quantizing siep size as Act:u]ed in reference [17}

In practice, the design micro ting resonator with its
snitable parameters can be used to generate the chaotic
behaviors, which are being characterized, and the
chaotic codés implemented. For instance, we ghose the
chaotic signals with.the optical power rangfitg from 1.8
to 1.82, 1.84 to 1.86 and 1.88 to 1.99mW as shown in
Fig. 7. The signal quantization can be further under-
stood by using the approximation plots in which the
chaotic signal can be encoded. These quantizieg plots
for varicus input powers range from 1.8 to 1.82mW.
These plots show the unprcwcment of the approximation
method as shown in Fig. 7(2) (c), and the deterioration
uatil or the least-squares method as in Fig. 7(d) is
introduced. The signal processing of the oulpuis using
the’ approximation method is plotted, where (a) shows
the. relationship between the input and outpwi signals,
(b) the red fine is the power reduction to be the threshold
power of 3.5mW, {c) the signal after threshold power
condition uses, and (d) the output signal when the
approximation method is applied, which the logical code
with the logic state 1" or “0" )Eenerates From the
previous destription, after the chaotic behaviors of the
device : are characterized, the next step is that the random’
code can be generated by controlling the input optical
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in series with R = [3pm.

power Lhat enters the micro ring device. Then the
reqmrcd chaotic codes can be generated, Howeéver, in’
application, the consideration of the fiber ring resona-
tors and the reliable aptical source has become the key
conditions. The chaotic coding creation can be pro-
cessed as follows: (i) the chaotic signals can be generated
within a fiber ring resonator by controlling the optical
input power, which can be specified by the roundtrip
number, i.e. time, (ii} to start the chaotic coding with the
threshold power, where it is marked before averaging
using the least-square meshod, (i} the clipping sxgna!s
are introduced, (iv) the chaotic code generation is
completed by using the approximation and sampling
methods.

The first chaotic codes generation is as shown in Fig.
8. The relationship between the output signals and
roundirips is as shown in Fig, §(a), the chaotic behavior
occurs when the roundtrips number is 10,000. Fig. 8(b)
showsthe threshold power is 3.5mW, with the-encoding

roundtnps{‘i_aemg from 9000 to 9050, Fig. 8(c) shows the -

clipping. signals, 8(d) shows the clipping signals are
performed by using the least-squares method, and i €)
shows, the chaotic codes art: obtained using the

approxunalion method, where the logic code obtained
is ,LUI!I 1010141011010111101013101011010103010101
1150101], ,Ql'x:re Jpeing 50 logic codes,and a roundtrip
time 01107 *s. In general, the packct switching consists
of l.hc analog to digital converier (ADC) and photonic
sampled and quantized ADC. The input signal is the
analog signal, which is obtained from the chaotic signal,
thic output :ugnal is the dipital approximation {i.c. codes)
{16}, The concepts of packet switching are scheduled as
follows: first. step: choosing the ring resonator filter band
pass filter and band stop filier; second step: setting the
range of the chaotic code; tlnrd step: choosing fo the
threshold power by samphngikand final step: quantizing
the analog to digital approximation.

Fig. 9 shows the packe! switching performed by the
band pass fillez, which geenrred with the Jonndtrip
ranges 9500 10,500, asshown in Fig. 9(a). To Obtain the
104 bits, the selected roundtnps are 9500 10,000 to form
the required. digital oodes [17] as shown in Fig. 9(b). The
threshold power of 4.5mW is used to perform the
quantmng signals as shown in Fig. 9(¢). The clipping
signal using the least-squares method is apphed in Fig.
9(d). The chaotic codés using the approximation method
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is obtained in Fig. 9(c), where the logic code obtained is
{00G1000001010000101000000900000100000108000000-
10010011 0001001000001 0010000010101001010000001-
00L00010). There are 100 logic codes, with a packet
switching fime of 107"2s (a single bit time is 107'%5).
Similarly, the digital codes can be pexformed using the
band stop filter characteristics as shown in Fig. 10. The
digital code obtained s [010101011110008100101001
1000000101001010161001 1011010100010 18610610160-
010101110103 0001016100101 16003). There are 100 logic
codes.

In operation, the generated chaotic codes can be
formed by quantizing the chaotic signals, which can be
switched (OnjOff) via the band pass or band stop filters
to the specific users. This means the high-capacity and
secured communication data can be performed in the
optical networks. The simulation results dbtained have
shown that there are two schemes of the chaotic codes,
which can be generated to obtain the 100 logical codes.

The jandom process occurs when the random input is
pracessed. to control the optical chaotic signals, and the
selected threshold powers./l‘his means this scheme can
be used to randomly process the chaotic codes. Further,
the control function can also be implemented, which will
be interesting for data encryption applications. This
means the decryption will be allowed when the decryp-
tion codes aee being given to the subscriptions chients
only. To make mere secure, the random, control input
power can be included in the design. Results obtained
have shown that the ultra-fast switching time, ie. bit
time in the range of 10745 (fs), is achieved, which is fast
compared with the electronic scheme.
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Fig. 9, The packet switching codes: [000100000) 010000!310000000000001000001000000005UUEEI()[10005000]00000100100000]01

GL0GH0 30000001001 D4010].1

4. Conclusion

We have proposed the use of a micro ring resonator o
design the optical packet switching, which js useful, casy
to design and 1o implemeni. Heze the use of chaotic
codes and packet switches can be performed and
realized. The advantage of such a system is that the
communication signals can be randomly chactic en-
coded and. swilched for the specified users. The chaotic
signals can be encoded nsing the synchronized 1echni-
que, where the required message can be successfully
decoded by subtracting the chaotic oscillation. This is
operated by the teceiver in the transmitted signal by
using the least-squares method. We have demonstrated
that the chaotic signal is lopically encoded by using the
waveforms of the transmifter and chaotic signals of the
receiver output. Thus, we can conducl a secure
transmission of a message and logical coding using

chaotic quantizing and coding. In cither case, the
completed or peneralized. chaotic quantizing control
and chaotic signals encoding can be applied to the
systemns for chaotic commusications. However, the
longdistance communication when the loss in optical
power is the issue of implementation, then the optical
repeater is required in the system, where the signal
recovery and noise reduction are required to be taken
into account. Fn practice, such a proposed device can be
fabricated and implemented in the communication
nétworks, which can form the highzcapacity and secured
packet of daia using the chaotic encoding signals; for
example, such a device can be applied to the mobile
telephone hand set, compuling system and ielecemmu-
nication networks. For further application, the more
advaniagecus method, called quantum chaotic encod-
ing, may be the new area of investigation in the near
future.
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Abstract

We prapose a new digital encoding method using light pulses tracing in a micro ring resonator, where the randomly
digitat cedes can be performed. The chaotic signals can be generated and formed by the logical pulses 1" or “0™ by
using the signal quantizing methed, which can be randomly coded by controlling the specific optical input coupling
powers. i.e. coupling voefficient (k) and ring radii. Simulation results when the ring radius used is 10.0pm, and the
other selceted parameters are closg to the practical device values that are presented and discussed. The random codes
can be generated by the randony control of coupling powers, which can be (ransmitted and retrieved via the design
filters by the specific clients. For instance, the controlled input power used is between 2.0 and 3.5mW, wheregs the
quantizing threshold powers and the traveling roundirips we 0.3:0.4mW and §000-10,000, respectively. In
application, the required information can be generated, and the information can be securely transmitted in the public
link.

& 2008 Published by Elsevier Gmbll.

Kegwords: Nonlinear optica] communication: Chaofic encoding: Chaotic communication

1. Introduction benefit of such a property can also be accepted, for
instance. ihe chaeclic communicalion has recently
altracted greal interest because of its petential applica-

lions in secure and conlidential communications, where

Chaotic behavior has been studied as a nonlinear
properly in areas such as mathematics [1]. physics

electronics, and communications [2). They have reported
thai the nonlinear behaviors can be accorded when the
concerned parameters are svitable in similar cases,
which is commonly known as 1 non-periodic behavior
and become the penalty of the system. However, the

*Corresponding author. Tel: +23264339; fax: +23264354,
E-mail address: ypreech@lmitlacth (P Yupaping.

0030-4026/$ - see [ront matter &5 2008 Published by Elsevier GmbH.
doi] 0.10164.ijlc0.2008.05.025

it uses a noise-like broadband chaotic waveform as a
carrier. Furthermore, the chaotic noise has been found
useful in several areas of applications such as electronic
commonication [3], switching and control [4], and
optical communications [3]. Where the present use of
the benefit of such & nonlinear behavior. especiafly, in
the military purpose for when the infermation is
required to be kept confidential. In general,

the Q1
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nonlinearity of the system involves hehaviors such as
chaos, bistability, and bifurcation, which can be
generated in the electronic circuit and optical fiber
[6,7, taser system [8]. and optical waveguide [9]. One
applieation is the use of the device known as a micro
ring resonator, which can be formed by a waveguide ora
fiber optic that has shown a very promising appfication.
Moreover, when such a device is fabricated within the
range of a micrometer scale [19,11], it can be used
incorporating a system such.as a mobile telephone hand
set, computing system, and tclecommunication net-
works. The secire communication systems based on
chaos in z micro ring resonator were proposed by
references {12.13]. The message coding and the nonlinear
effect of the coding process and conirel chaotic signal
encoding were stedied. They consist of three methods,
such ag_(1) coatrol input power (W), (2) control
threshold power (mW); and (3) timing control.

The chaotic encoding methods are processed by
sampling, quantizing, and chaotic synchronization.
The chaotic signal genesation and cancellation using a
micro ring resonator have been recensty reported [7). In
this paper, we have proposed the extended delails of our
previous wark, wheye the other point of view from its
applications is the chaotic switching of the optical
output which can be formed by the digilal codes. The
selected input sipnals can be used to control the required
chaotic encoding, which can be distributed into the
optical transmission link. The most imporiant advan-
tage of the proposed system is the easy implementation
compared 1o the well:known secure commmnication
technigue called quantum cryplography [i4], which. will
be extremely dificult in the realistic system, while the
requirement in jerms of security is acceptable. Even-
tually, the required information can be retrjeved when
the decode technique and the tunable filters are
employed by the required clients. The basic theory of
a micro ring resonator is reviewed, the chaotic quantiz-
ing and coding and control are presenied in detail,

2. Operating principles

A simple device schematic diagram is as shown in Fig.
1. when the light from a monochromatic light sonrce is
launched into a ring resonator with a constant light field
amplitede (Fy) and random phase modulation (o),
which results in a chronological coherence degradation.

E, Eom

T ¥ Datput

Fig. 1./{\. schemnatic diagram of the micto ring resonater.

Hence forth, the input light field (Es) can be expressed
as

Ein(f) = Eqexpietd @1
JEa. {2.2) is given by [7]

ol _
——{E:(,) ={l-7
- Aol ool )
(- xe T o1 - kR #8131 —x:in’(éjl)j i

In addition, the optical fields Ey and E represent the
right and left hand circulations in a ring resonator,
respectively. A close examination of Bg. (2.2) indicates
that a ring resonator in the particular case is very simifar
to a Fabry, Perot cavity, which has an input and output
mirror with a field reflectivity, §—x, and a fully refleciing
mirror. Where ng and n, are the linear and noanlinear
refractive indices, and the coupling coefficient is j.
Where x = exp(—«L{2) represents 3 roundtrip losses
coafficient, ¢p=kLny and ¢dny = klnglEy* are the
tingar and noulincar phases that shifi, respectively:
k = 2nf1 is the wave propagation pumber in yacmnn.

This nonlinear behavior of light traveling in a single
ring resonator js-déscribed. When the parameters of the
system are fixed to A =155pm, mp= 1.3,
A =30pm?, the wavegiide ring resanator loss (o) is
0.5dB/mm, The practical bending loss of the waveguide
fabricated by InGaAsP/InP is confirmed by refersnee
{15), where the propagation loss is os low as 1.3+ .02dB/
mm at. 1.53um [16), the fractional coupler intensity loss
(%) is 0.1, and Ry = 10um. The coupling coefficient of
the fiber coupler is fixed to & = 0.0225. The nonlinear
refractive index used js my = 2.2x 1075 m?W 7, and
the data of 10,000 iterations of roundtrips insile the
optical micro ring are plotted. We assume that ¢n =0
for simplicity; however, the change in phase is slightly
altered by the optical output [9], which means the
dispersion can be neglected when the resopant output
has occurred. The chaotic signals are generated by using
Eq. (2.2), which can be electronically formed by the
digita} codes as the following defails. The quantitatively
present logic coding can be expressed by,

0. 1<35mW 23
M=y ee3smw 23)

Furthermore, when 1) represents the logic states, vis
the signal power. The quantization and re-quantization
can be processed by similar transfer characteristics. We
assume that the quantizing involved is infinite, which
means that the system input signal is never clipped by
saturation of the quantizing, In this case, the corre-
sponding transier fimetions of the quantizing oulput to
its input can be expressed analytically in terms of the
quantizing step size asdetailed in references [17,18). The
chaotic signals mentioned below can be used to form the
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digital codes. Fig. 2 iilustrates a flow chart of the chaotic
encoding pracedures. When the program is operated, ie.
“START,” then the program logical coding begins.
Firstly, the reduction of the threshold and maxinmm
powers is required, which are ranged between 3.5 and
3mW, Secondly, “Yes” and *NO" form the logics “17
and “07, respectively. Lastly, “END” is the process of
the final step. In practice, the design micro ring
resonator with its suitable paramelers can be nsed to
gengrate the chaotic signals, which can be electronically
coded. For example, the chaotic signals with the optical

Logical Coding

Threshold
0:35mW
N

(e )

Fip. 2, A diagram of a chaotic coding algorithrm.

Loglc 1" l

|

S. Milallia et af. f Optk

power ranges are 1.§.1.82, 1.84.1.86 and 1.88.1.90mW
as shown in Fig. 3.

The signal quantization can be further understaod by
vsing the approximation method in which the chaotic
signal can be encoded. The quantizing plots of the
various input powers are ranged from 1.8 o 1.82mW as
shown in Fig. 3. These plots show the improvement of
the approximation method as shown in Fig. 3(a c), and
deterioration until or the least-square method in Fig.
3{d) is introduced. The signal processing of the ontput
using the approximation method is plotted. Where {a)
shows the relationship between the input and output
signals; (b) the red line (straight lin€} is the power
reduction with the threshoid power of 3.5mW; (c) the
signal after threshold power coadition uses; and (d) the
output signal of when the approximation method is
emploved. The logical code with the logic state *17 ar
“0" is generated from the previous description, after the
chaotic behaviors of the device mre characierized; the
next step is that random coding can be generated by
controlling the input aptical power, which then enters
into the micro ring device. The required chaotic codes
can bz electronically geperated. However, in application,
the Rber ring resonator parameters and the reliable
optical source have become the key conditions.

3. Chaotic eoding and contrel

The chaotic coding generation can be processed as the
following, Firstly, the chaotic signals can be generated
within the fiber ring resonator by controlling the optical
input power into a ring resonator, which ¢an be specified

NCUPUTSUCERSSUPESNIYOREEVSELSCE (1
ZE' :1 4 1 (;D IB:II I}ITI II.ICB 1IE| 1 l:ﬂ H;“ lBIlE 1.8I|B 182
" AAMAAAAAAAAA va\Mxv\N\N AN
;]nnnrmﬂnnnnnnnnnnﬁgnng}nnnﬁmﬂgﬁn@n g

Enput pawer (M%)

Fig. 3. The chaotic signal and coding nsing the approsimation method.
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by the roundtrip numbers, ie. circulation time. Sec-
ongdly, the electronically entoding processes are per-
formed by the following steps: (i) ghaolic coding with
the threshold power is marked by using the least-square
method; (ii) the clipping sigaals is introduced; and {iii)
the chaotic code generation is completed by using the
approximation and sampling methods, The first chaotic
code generation is as shown in Fig. 4, where Fig. 4(a)
shows the relationship between the eutput signals and
roundtrips, in which the chactic behavior occurs when
the roundtrips are 10,000, and the optical power is
0.5mW. In Fip. 4 (5) the threshold power is 3.5mW,
and the encoding roundtrips are ranged between 9000
and 9050,

The *he’ clipping signals shown in Fig. 4 (¢ e) are the
clipping sipnals using the leagt-square method and the
chaotic codes using the approximation method. The
logic codes are
[0111101016101101011116101110161101010101010111-
10101], which are 50 logic codes, and a roundtrip time-is
found to be 29 x 107" %, i.e. ps.

Similarly, Figs. 3 § are the resulis which are described
as the following figure captions. Fig. 5{a). the optical
output power i 0.5mW, with 10,000 roundtrips, where
the threshold power is 0.40mW with the eacoding
roundtrips that range between 9000 and 9050 as shown
in Fig. 5(b); Fig. 5(c) shows the clipping signals, and the
least-squares method is applied as shown in Fig. 5(d).

\JLEO : 50612

i

There are 50 logic codes obtained with a bit time of
20 x 1025 us shown in Fig, 5(€). I Fig. 6(a) the input
optical power is 2mW with 10,000 roundtrips, and the
output power is .5mW (b}, The red line is the threshold
power, which is 0.30mW within the encoding ranges
and that range between 9000 and 90235 roundtrips. {c)
The clipping signal using the threshold power without
the least-squares method, (d) the clipping signals using
the threshold power with the least-squares method; (e)
the chaotic codes oblained using the approximation
methed 1n which there are25 logic codes. The roundirip
time is 29 x 10725, In Fig. a) the input power is
2.001W within 10,000 roundtrips, the output power is
0.5mW, In Fig. 7(b) the threshold power is 0,30 mW,
within the encoding ranges bitween S000 and 9025
roundtrips. Fig. 7 {c) and {d) shows the clipping signals
withoul and with least-squares metheds. The chaatic
codes using the approximation method is as shown in
Fig. (). There are 25 logic codes; morcover, the
roundtrip fime is 29 10”23, In Fig. 8(n) the input
power is 2.00mW within 10,000 rouadtrips, and the
ouiput power is 0.5 mW. In Fig. &) the red line is the
threshold power (0.3mW), which is shown, within the
encoding ranges between 8975 and 9000 roundirips. The
clipping gignals withowt and with the least-squares
methods are shown in Fig. §(c €), which show that the
chaotic codes using the approximation method, thers
are 28 logic codes, and the rowndyrip time i 29 x 1012,

'
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Fig. 4. Chaotic codes: [D11110101010110£0711101011101011010101010101 1110t01].
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4. Discussion and conclision

From Fig. 9, 1he chaotic signals are generated by
uising the micto ring part, while the chaotic codes (digital
codes) are electronically performed by the encryption
data. The signals are multiplexed and transmitied via
gither wire or wireless links to the required receivers.
The transmitted signals are received and de-multiplexed,
where the synchronously decryption to the encryption
data is processed before the chavtic codes being
intercepted by the specific users via the design chaotic

S, Milaths st al. { Optik E{HH) 22555

Wirzar Wirses Lisk

Synthevylouton

filters. Finally, the required signals can be retrieved by o1

the previous scheme, i.2. chaotic cancellation [7]. Using
Egq. (2.2), the simulation results obtained are shown in
Fiz- 10, where Fig. 10(a@) shows the behaviors of the
band stop and band pass filters with 2 ring radivs of
12 pm, roundtrips of 9450 11,500. In Fig. 10(b) and {c},
the band stops and band pass filters’ characteristics of
the different ring radii, and the serial rings configuration
are shown. Similarly, the muiti-filter characteristics can
be seen in Fig. 11. However, the low level of the upper
and lower side bands of the signals may cause a problem

-
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of low;level signal o noise ratio in real applications, The
serial rings results have shown better S/N than the single
ring confignrations.

We have proposed the use of & rpicro ring resonator to
generate the chaotic codes, where the advantages of such
a device ate (i) the signals are randemly encoded, (i)
gasy 1o design and fmplement, (iii) the control optical
power could be selected, and finally, (iv) the tunable
filters can be employed. In an application, such a
proposed device can be fabricated and implemented in
the communication. For example, a mobile telephone
hand set, a compuling system, and telecommunication
networks. The chaotic signals can be encoded by using
the electronically synchronized technique, whers the
required message can be successfully decoded by
subtracting the chaotic oscillation. This is operated by
the receiver on the transmitted signal by using the least-
squares methiod. We have demonsirated that the chrotic
signal is logically encodeit by using the waveforms of the
transmilter and chaotic signal of the receiver output.
Thus, we can conduct a secure iransmission of a
message by logical coding using the electronic quantiz-
ing, and coding by using the micro ring incorporating in
the communication transmission. In either case. the

completed or generalized chaotic quantizing coatrol and
chaotic signals encoding can be applied to the systems
for chaotic communications for a long distance com-
munication when the Joss in the optical power is the
issue of implementafion. Therefore, such a proposed
techaique can overcome the problem of signal degrada-
tion because the digital signal gan be recovered more
casily than {he analog ones. In practice, the optical
repeater is required into the system, where the signal
recovery and noise reduction are required to be taken

into account. For further application, the more advan- Q3

tageous method, called quantum chaos, mmay be the new
area of investigation in the near future.
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Abstract:

We firstly propose a rew sysiem of the simultaneous fast and slow light generation using 2 sofiton pulse
propagating within the nonlinear micro ring resonators. The nonfinear Kerr effect induces the spreading
frequency bands within the micro ring devies, where the chaalic filtering characteristics can be employed by
using the appropriate microTing parameters. Results obtained have-shown that the wide sprenading of frequency
bands can be generated &nd selected 1o form the optical wireless communication links. In this work, Lhe
selected down-link and up-link fréquency bands are 500 MHz and 2 GHz, respectively. The proposed system
can be implemented within the mobile telephone hand set, where the wo different: carlers In the same
frequeacy bands can be selected to form the up-down-link convesters, which means that the frequency
converter can be performed within a single system.

Keywords: Harmonic generation, Fastand slow lights, Frequency. converter, Cpiical wireless Tink

Mobile telephone has been brought to the world for two decades, where there are some technologies
mvolved in many areas of research. Up to date, the-searching for new devices and technalogies are siill needed.
For instance, Yupapin and Suwancharoen have-feporled the use of chactic signals generated by micro ring
resonator for communication secerily [1], where the transmission signals could be secured by using lhe 2naleg
or digital metheds. The increasing in the chanmel éapacity could be achieved by the lechnique called the
chaolic encoding and packet switching [21, where the informsition could be secured with highly capacity [3, 4).
Recently, Chaiyasoonthorn et al [S] have reported the inferesting resuits when the ultrafast pulse with pulse
width of as could be casily generated by nsing a soliton puls trivelling in the nonlinear micro ring resonalors.
The interesting idea is that the system is very small which is capable lo implemieat within the mobile ielephone
hard set, whereas the required applications can be empleyed. In thig work, we present the olher application,
where the technique of up-link and down-link can be integrated within a small device called the micro ring
devices. Several systems of optical wireless up-down-link converters ‘have been repotted [6, 7], however, there
is no such a system hat can be performed the link within a singls system. Ouy proposed system can be
implemented within the mobile telephone handset, where the Jinks carite performed by using the [requency
bands generated by the technique called chaotic filtering, where the required frequency bands can be sclected
and used. Resilts oblained have shown the good patential application for mabile telephone up-link and down-
link device. .

Qptical soliton is recognized as a powerful laser puise, which is used to generate the chaotic filter
characleristics, especially, when it propagates within the nonlinear micro ring resonators [5]. When the solilen
pulse is input into the multi-stage micro ring resonators as shown in Fig. 1, the aput optical field (B} in the
form of soliton pulse is expressed by an Eg. (1)

{;‘[, E,= ASec}{I-] exp[[—z-)] 6}
52 ' T, T

P
4
4
[

4
2
3
N
G

}
]

[ R T

o
Sk

o5

24

5] Where A and z are the optical ficld amplitude and propagation direction, respectively. Lp = T;,z /Iﬁzll is the
g(_‘ dispersion Jength of the solilon pulse. This solution describes n pulse that keeps its lemporal width invariant a5
5 it propagates and thus is called-a temporal soliton. T, is known, once we can find the proper peak inlensity
&4

Ga

(el

T that will make this pulse a soliton. For example, when the micto ring resomator at the 1550 nm
Mo
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wavelength, with a 12 W peak power, then T, = 50hs long, which is-a pulse of about 2 millimeter long (in
2). For the soliton pulse in the micro Ting device, a balance should be achieved berween the dispersion kngths

=T_ﬂz and the nonlinear lengthy  — 1, which are the length scales.over which dispersive or nonlinear
r‘fl I‘NL

2 @
effects make the beam become wider or narrower. For a soliton pulse, Ihere is the balance between [he two and
hence Ly, = Ly

n
: n =71y +nad =ng +{(—2)P, @
Agp
where mg and nmp are the linear and nonlincar refractive indexes, respectively. 7 and P are the aplical
intensity and optical field power, tespeclivety. The effeciive mode core area of the device is Ay .
Thus, the normalized cuiput of the light field can be expressed as,

Eput : :(1—?)2 1- x%—G_Y)QIZ] .
1+ 0= 73 (L= )e- 20t~ =51 cos

3

in

The close form of cqualion {3) indicates that a ring resonator in the particular case Lo very similar to a Fabry-
Perot cavity, which has an input and outpus miror with a fickd reflectiviey, 1-x, and a fully reflecting mirrer,
Where ng and 2y ere the linear and ronlinear refractive indices, the coupling coefficient is k. Where

B 2
x=exp ? represenis the ene roundtip losses cosfficient, ¢y = klng and §y, = kLn:lEh| are the linear
and nonlinear phase shifls, & =22/ isthe Wave propagation number in a vicuum, respectively.

In this work, the key point is that the twoldifferent [requencies can be simubtaneously generated, where
ihe up-down-link converters can be simultanecusly bperaled within a single system. The proposed system of
Ihe simultaneous fast and slow light generation is as shown in Fig. 1. The single mode solilon pulse is become
many modes (noisy signa's) after circulating within the first inicfo ring device due ta the nonlincar Kerr effects
of light within the micro ring resonator. The chaotic fillering, characteristics of the signals are formed by the
other ring resonators within the system. However, in praclice;. the evidence of such 2 device in realistic
application is required and found in reference [8]. By using the material parameters of InGaAsPiInP, the
specified frequency bands ean be oblained by using the approfiiate ¥ing pararneters, finally, we ended up wilh
the following details. The saliton waveform with the cenler frequencyal-2 GHz is input into the first micro
ring resonator {R1). The optical power s fixed to 550 mW, f5=2 GHzng=3.34, 0, 52.2x 107 MW, A=
0.50 um?, o = 0.5 dBmm™, y = 0.1, with 20,000 roundirips. The chadti¢ signals are generated withia the first
ring (R1), whese the broad frequency band is chserved in fing R2. The clearer filtesing signals are seen in ring
R35 and R4. Fig. 2 shows praph of the simultaneous fast and slow light generation for up-down-link converters.
Where the parameters are R = 10pm, 1 = 0.9713, R2= 10 um, k2= 0.5718, R3:= 10 pm, x3 = 0.9718, Ré =
15 pm, x4 = 0.9728. The down-link and up-tink converters are shown in Figs. 3 and 4, respectively. Fig. 3
shows graph of fast and slow light genetation for down-link converter. Where the paramelers used are Rt =10
pm, k1.=0.9713, R2 = 10 pm, k2= 0.9718,R3 = 10 um, x3 = 0.9718,R4 = 15 um, k4 = 0.9728. Fig. 4 shows
graph of fast and slow Tight generation for up-link converter. ‘When the parameters used are R =10 pm, k1l =
09713, R2 = 10 pm, €2 = 0.973, R3 = 10 pm, k3 = 09732, R4 = 15 pm, xd = 0.9777. In application, the
upstreatz and downstream tommunication information can be linked via & singte system of devices as shown
in Fig. 1, for the up-down-link converters. In principle; the communication signals are formed by the signal
interchanging devices-known as Electrical to Optical (EAQ) aid Optical.to Electrical (O/E) converters. In the
system the up-link and down-link frequency bands can be simultancously generated, therefore, the next-step is
that the specified frequency band will be selected (filtered) to form the required link converters. By using lhe
proposed system, the wide range of the spread wavelength domsin can alsc be generated and available, which
means that the wavelengih mulliplexing, especially, dense wavelength division multiplexing (DWDM) via
optical wireless link is plausible. Moreover, the use of the quantum key distribution via optical wireless link is
confirmed by Suchat et al [9]. However, thiey have proposed the system of fiber optic ring resonator. By using
our proposed system, the quantum key disiribution ¢an be generated within the micro ring device which will be
able to use with the mobile telephone, therefore, the message can be kept in secret via quantom cryplogeaphy.
This is sliown I indication that the perfect security via mobile telephonie network is plausible.
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Detector

v

Fig. 1. The schematic diagram of a simuftaneous fast and slow light generation, Rs: ring radii,
and ks: coupling coefficients.
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In conclasion, we have proposed the very interesting resulls that the simultaneous fast and slow light
could be generated by using fhe nonlinear micro ring devices. The system is consisted by a series of four
nenlinear micro ring devices, We have shown that the two different frequency bands could be generated and
selecled, which they are normally used in the up-down-link converters in optical wirless link system. The key
advantages of the system are the simuflaneous generation of wp and down link frequency bands, ardd the
frequency band geneyation can be formed i the single system. The optical power in the system is generaled by
using a sofiton pulse within the nonlinear Kerr type micro ring devices. Therefore, the remaining eptical power
is able to perform the link. Further, there are mere frequency bands availabie, which is suitable to implement
more applications.
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