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ABSTRACT

Normal optical communication in fiber optic used soliton which has a good
characteristic in long range communication because it doesn’t effect by signal
dispersion, and used ring resonator device and add-drop filter to filter the desire
signal. But the commeonly used of soliton is bright soliton for ensuring the ability to
detect the signal by the detector at the end of the communication link. It has a
security problem that if any hacker can tap the link, they can detect and get the

data from the signal link.

This signal proposed the way to increase the security in fiber optic
communication using dark-soliton, which not allows the hacker that tap the link to
detect the data using normally detector. Then, we shown the ring resonator device
and add-drop filter used to convert bright soliton to the dark one and vice versa to
ensure the used of normal detector for the receiver at the end of communication
link. Furthermore, we shown the way to create the multiplexed dark soliton to
increase the bandwidth of communication within a link and even actually setup the

experiment to create it.
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CHAPTER 1

INTRODUCTION

This chapter includes of several parts of the thesis. Start with motivation of this
thesis then explain the aims of this work to clarify what is the focus of the research.
Next, the scopes of the thesis, which is the part that describe about the boundaries
of the work in this research, which is investigate and propose and which is not. The
final part of this chapter is to make clear of that what are in the rest chapters in this

work.

1.1 Motivation

The invention of the laser in 1960 is the most advance technology in digital
communication, it become the main source of carrier in high speed and high security
of optic communication today. The advantages of this kind of communication

compare to the original, radio frequency are,

- There is low loss in optic medium (fiber optic).

- No interference by electromagnetic nor electricity.

- High bandwidth in carrier, which mean high-capacity and -throughput of
data to be transfer

- Small size and light weight.

- Hard to tapping and steeling data.

In the most optic communication, the linear effect which have some drawbacks
in linear effect that hold down the speed of data, Such as loss and Group Velocity
Dispersion {(GVD). To overcome this problem, non-linear effect and soliton have been
use in fiber optic. Soliton has dispersion compensaﬁon that allow it to propagate
through fiber far more than the linear one. There are two types of solitons, Bright
and Dark soliton. Most of the communication today that uses the detector to detect
the signal within a fiber optic is using bright soliton. Bright soliton has a main

drawback that if the receiver can get the data by using the detector, so the hacker



that can tap onto the medium too. The question is how to increase the security in

the fiber optic that widely uses soliton and the detector.

1.2 Aims of this work

This research aims to study, investigate and propose a way to increase the
security within fiber optic communication using soliton. To complete that task, Dark
soliton has been selected as a problem solver on this thesis. Therefore, the aims and

objectives of this work were:

{(a) To investigates and simulate the microring resonator, theory and
application.

(b) To investigates and distinct the difference between Bright and Dark
soliton, the way to converse bright to dark soliton and vice versa.

(c) To propose a way to generate bright and dark soliton, with an
experiment in generate its.

(d) To propose a way to improve security and bandwidth in optic

communication using dark solitons.

1.3 Organization of the thesis

This thesis consists of 5 parts, which are as follow.

(a) Chapter 1 gave an introduction of this thesis which contain many topics
such as the motivation, aims of this work to organization of the thesis.

(b} Chapter 2 gave information of the literature review of the related work.
Then explain the improvement opportunity of the previous work.

(c) Chapter 3 proposed a system to improve the other work to make it
more secure using multi-ring and dark soliton method both theory and
experiment.

(d) Chapter 4 proposed a way to improve the bandwidth in optical

communication using multiplexed dark soliton’s technique.



(e) Finally, chapter 5 presented the conclusion of the result and
experiment of this thesis. It also give a roughly idea on PANDA ring

resonator and the possible way to use it in optical communication.

According to the motivation of this thesis, the old system has some drawback
in using bright soliton as a carrier. The bright soliton did not give an advantage in the
attack prevention. If someone attacks the communication by tapping technique, they
can easily detect the carrier and the data using normal photo detector. In case of

that, dark soliton has been proposed to overcome this problem.



CHAPTER 2
LITERATURE REVIEW AND IMPROVEMENT

OPPORTUNITY

In this chapter, we will investigate the other work that related to the generation
of soliton using pumping system. Then, we will analyze the old work to find a point
to improvement it in both security and capacity criteria’s. Final, we will summarize
the potential improvement opportunity of the old work and it’ll become the main

work of this thesis,

2.1 Literature review

In optical communication, Soliton is the most suitable signal for using as a
carrier in optical fiber, according to its advantage such as dispersion compensation in
the fiber optic. Many research were focus on the generation of soliton signal such as
S. Li and their team shown a way to generation triple-soliton in the paper named
“Reported the generation of triple-wavelength picosecond mode locked pulses using
a self-seeded Fabry-Perot laser diode with fiber Brage gratings” or J. Yao and his
members were generated multiple soliton using fiber Bragg grating in the paper name
“Multiwavelength actively mode-locked fiber lasers incorporating either a single

sampled fiber Bragg erating or biased semiconductor optical amplifier in cavity”. Even
S. Pan and the team on paper name “Simultaneous dual- and five-wavelength
actively mode-locked erbium-doped fiber tasers at 10 GHz by virtue of the nonlinear
polarization rotation (NPR) effect”. All of this paper shown the way to create soliton

signal using pumping system,

The other paper that shown a good example of the way to generated the
multiple soliton signal was the research named “Multi-wavelength dissipative soliton
operation of an erbium-doped fiber laser” by H. Zhang, D. Y. Tang, X. Wu and L. M.

Zhao from School of Electrical and Electronic Engineering, Nanyang Technological



University, Singapore. This research setup the experiment as in Figure 2.1 base on

this following parameters.

1480nm Pump Laser

WDM

SESAM

{irculatoN

Coupler

R bt e e e

3% Output

Figure 2.1 Schematic of the experimental setup. EDF: Erbium doped
fiber. WDM: wavelength division multiplexer. DCF: dispersion
compensation fiber. PC: polarization controllers,

The fiber cavity was long 13.5 M using normal dispersion fiber. The EDF-
fiber(Erbium-doped fiber) was 5 M long with 2,880 ppm erbium doped and -
32(ps/nm)/km of Group Velocity Dispersion(GVD). The DCF fiber(Dispersion
compensation fiber) has -4(ps/nmkm of Group Velocity Dispersion(GVD). The mode-
locking laser is Semiconductor Saturable Absorber Mirror(SESAM). The laser source
was using high power Raman pump model KPS-BT2-FRL-1480-60-FA with 1480 nm
center wavelength and 5W of maximum power. Polarization independent circulator

was use to force unidirectional operation of the ring.

The SESAM was made based on GalnNAs(Gallium Indium Nitrogen Arsenic)
guantum wells with 309% saturable absorption modulation depth. It has 90 w/cm’
saturation fluency and 10 ps recovery time with 0.5 DCF pigtailed. The output of the

experiment was monitor by Optical specirum analyzer(Ando AQ-6315B). The mode



locked pulse train were monitor by 350 MH, oscilloscope(Agilen 5461A) with a 2 GH,
photo-detector.

The result of the experiment may conclude on this following information.
Mode locking laser has been self-started only when the pump power is over the
mode locking threshold. The multiple soliton pulses were formed in the cavity.
When carefully decreased the pump power, the number of soliton pulses could be

reduced. Eventually a single soliton operation state can be produced.
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Figure 2.2 (a) Optical spectra of single wavelength GGS. Insert: the

oscilloscope trace. (b) The corresponding autocorrelation trace.

In Figure 2.2 is the typical single soliton operation state of the laser. In figure (a)
the generated soliton has a steep spectral edge (Dissipative soliton) with a center
wave length of 1576.2 nm. In figure (b) the autocorrelation trace has 28.8 ps soliton

pulse width in a sech’ shape.

The experimental result was confirmed that soliton pulse was linearly
polarized. When adjusting the orientations of the polarize contiroller (PC), Changing
the linear birefringence of the cavity. The center wavelength has varied from 1570 to
1590 nm. When the center wavelength was closed to 1570 or 1590 nm, the soliton

were less stabled.



A new soliton was formed in the cavity by given a stronger purmping power to
the system. The features of the new soliton were sensitively depended on the cavity
birefringence. In Figure 2.3 has shown the optical spectrum of dual wavelength
GGS{Gain-guided soliton). In figure (a), there were two steep-edge shaped spectrums
with different central wavelength. The two soliton have the central wavelength
1576.2 and 1579.6 nm respectively. Each soliton have different pulse energies,

propagated with different group velocities and in orthogonal polarizations.

d@

S5

e e

Intensity {dEm)

23

LAt YEHR 1878 5549 1543

Figure 2.3 (a) Optical spectrum of dual wavelength GGSs. Insert: the
normalized optical spectrum; (b) Oscilloscope trace of dual
wavelength GGSs.



In Figure 2.4 shown the oscilloscope trace of synchronized dual wave length
GGS. They have relative strength varied with the cavity birefringence. By slightly
tuning the PC, continuously changed the relative soliton pulse energy can be
achieved. The two solitons could even have the same group velocity, different

central wavelength.

20 . ; ' : :

o

H

= 15| i
=

-

€ 1ok

T

2

» 5|

c

c

= 0

300 -200 -100 O 100 200 300
Time (ns)

Figure 2.4 Oscilloscope trace of synchronized dual wavelength GGS.

Figure 2.5 (a) has shown the two soliton transformed into a vector soliton by

kept the fixed the pump strength and significantly changed the orientation of the PC.
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Figure 2.5 (a) Optical spectra of polarization locked gain guided vector
soliton and dual wavelength spectrum obtained through rotating PCs
but kept the pump strength fixed: normalized unit. (b) Oscilloscope
trace of polarization locked gain guided vector soliton after passing

through a polarizer.
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Figure 2.6 Single/dual/triple wavelength spectra obtained through
rotating PCs but kept the pump strength fixed.

The result of kept the pump strength fixed and rotated the PCs show the

single/dual and triple soliton with linearly polarized.
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2.2 The conclusion of the literature review

The conclusions on the literature review were, they have shown the way to
create multiple-soliton (up to triple scliton) by using the technique of pumping

power and rotate the PCs. All of the papers were

1. Focus on the layer 1 of OSI model, Physical layer.

2. The used of bright soliton as a carrier which is not secure.

3. Bright soliton was generated using pumping system was too big and cost so
much money.

4. Only three carriers were generated, Low capacity of the bandwidth of the

communication.

2.3 Improvement opportunity

From the conclusion on the literature review, we saw the opportunity to
improve the previous system which lead to more secure and more bandwidth than

the shown model. All of the improvement opportunities were

1. Still focus on the layer 1 of OSI model, Physical layer (No need to change
to upper layer of the system),

2. The used of dark soliton as a carrier which is More secure than bright.

3. Dark soliton was generated using Microring resonator was smaller and cost

effective way.

4. Multiplexed dark soliton were generated, higher capacity of the

bandwidth of the communication.

The improvement opportunity that proposed in this thesis has an advantage to
overcome the attacker problem, the tapping one. By using the dark soliton as a
carrier instead of bright soliton will give a better security parameter when the
communication line has been tap. This thesis will show a way to generate dark

soliton and convert it back to bright in the following chapter.
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CHAPTER 3

HIGHER SECURITY USING DARK-SOLITON

The disadvantage of the old system are security and costly, in order to
overcome this two problems this thesis proposed a way to make the communication
system more secure and more cost effective. In every communication, they always
have two parts, Transmitter (TX) and Receiver (RX). The transmitter is the one who
send out the information and the receiver is the one who use that information. In
typical optical communication system, the transmitter’s carrier is the bright soliton

which have a weak again the tapping type attack in fiber communication.

Tapping, one of four major attack types of the optical communication in
physical layer is the hardest type to overcome. The most system cannot detect the
tapping nor secure the communication data. Most of them did the security in the
upper laser by using encryption method. This thesis proposed a way to give more

security in physical layer by using Dark-soliton technigue.

The idea to use dark soliton in this thesis is use it as a carrier instead of bright
soliton. The advantage of dark soliton is even the attacker can tap the cable, they
cannot use normal detector to detect the carrier and the data of that fiber. The dark
soliton as a carrier make the carrier disappear for curtain center wavelength. In order
to restore the carrier and the data, the receiver has to convert to dark soliton to

bright soliton using dark-bright soliton conversion which will describe later in this

thesis.
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Detector

Transmitter{TX) Receiver{RX)

Figure 3.1 Proposed system that using dark soliton technique

3.1 Proposed system, TX

In mostly optical communication, bright soliton was used to be the carrier of
the signal. The soliton can be easily detected at the end of the communication line
using detector. If the communication line has been trapped, the hacker can get the
soliton signal using normally detector. In order to increase the security of the
communication link, we proposed the use of dark soliton instead of bricht. Dark
solitons are hardly detect by normally detect or even impossible to detect because

it’s lack of the signal in that frequency.

In this chapter, we proposed the way to increase security of the general optic
communication using microring resonator by using dark solitons. We explained the
theory of the generation of the dark soliton and yet setup the experiment to actually

generate to dark soliton as above.,

3.2 Dark Soliton Generation

The experimental configuration for the dual Brillouin fiber laser (DBFL) is shown
in Figure 3.2 The laser consists of a 7.7 km length Dispersion Compensate Fiber (DCF)
as the non-linear gain medium that produces the first Stokes, a Brillouin pump (BP)
that pumps a narrow signal with a power of 1.96 dBm and a wavelength of 1500 nm
into the cavity. The two optical circulators used are labeled as C1 and C2. The signal

from BP is injected into the cavity from port 3 of C and detected at port 1 of CI by
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the optical spectrum analyzer (OSA) with a resolution of 0.02nm. Port 3 and port 1 of
C2 which is placed at the end side of the configuration, is connected to form the
double pass configuration inside the linear cavity. This double pass configuration
allows the signal from BP and the first Stokes to re-circulate into the DCF and hence
producing a significant amplification with stable dual Brillouin peaks. The enhanced
DBFL is obtained after the insertion of Raman pump (RP} with a pump power of 296
mW at a wavelength of 1420 nm into the linear cavity (Figure 3.3). RP will pump the
DCF thus enhancing the non-linear interaction of BP signal. A 1420/1500nm
wavelength selective coupler (WSC) is used to combine the pump and laser

wavelength.

Figure 3.2 DBFL configuration



Figure 3.3 Enhanced DBFL configuration
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The stability of the dual Brillouin is shown in Figure 3.4 and Figure 3.5 shows

the stability of the enhanced dual Brillouin spectrum obtained by repeating the

experiments. The dark soliton valley depth, i.e. potential well, is changed when it

was modulated by the trapping energy as shown in Figure 3.5 The trapping of photon

within the dark well is occurred and seen, the recovery photon can be obtained by

using the dark-bright soliton conversion, which is well analyzed by reference [1],

where the trapped photon or molecule can be released an seen separately from the

dark soliton pulse, in practice, in this case the bright soliton is become alive and

seen.
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Figure 3.5 Enhanced DBFL spectrum train with Raman pumping

3.3 Dark soliton generation theory and experimental result

To describe the multiplexed dark soliton pulses which is introduced the dark
soliton array generation, a stationary dark soliton pulse that is introduced into the

nonlinear micro-ring resonator system as shown in

Figure 3.6 each of input optical fields (E;,) of the dark soliton pulses input is

(2.1)
E, (t)= A tanh 1, exp = —iw,t
T, 2L,

Where A and z are the optical field amplitude and propagation distance,

given by [2]

respectively. T is a soliton pulse propagation time in a frame moving at the group
velocity, T=t - 61*2, where Bl and Bz are the coefficients of the linear and second-
order terms of Taylor expansion of the propagation constant. Lp = Toz/{Bz| is the
dispersion length of the soliton pulse. T, in equation is a soliton pulse propagation
time at initial input (or soliton pulse width), where t is the soliton phase shift time, '
and the frequency shift of the soliton is W, This solution describes a pulse that

keeps its temporal width invariance as it propagates, and thus is called a temporal
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soliton. When a soliton peak intensity (|B2/ rxT02|) is given, then T is known. For the
soliton pulse in the microring device, a balance should be achieved between the
dispersion length (Lg) and the nonlinear length (Ly, = I/F(I)NL), where | = n %k, is the
length scale over which dispersive or nonlinear effects makes the beam become
wider or narrower. For a soliton pulse, there is a balance between dispersion and

nonlinear lengths, hence Ly = Ly.

When light propagates within the nonlinear material (medium), the refractive

index (n) of light within the medium is given by

(3.2)
E,_(t)= A tanh b exp = —im,t
T, 2L

where ng and nj are the linear and nonlinear refractive indexes, respectively. |

and P are the optical intensity and optical power, respectively. The effective mode
core area of the device is given by A.. For the series microring resonator (MRRs), the
effective mode core areas range from 0.50 to 0.10 pmz [3]. When a soliton pulse is

input and propagated within a MRR, as shown in

Figure 3.6, which consists of a series MRRs. The resonant output is formed, thus,
the normalized output of the light field is the ratio between the output and input
fields [Eqult) and Ei(t)] in each roundtrip, which is given by [4]

(3.3)
(1-(1-7)x*)x

Eo () _
(1=x/1=-y41-x) +4x,/1-y\}1;1csin2(§)

E, (%)

2
={l-y)1

The ctose form of Eq. (3.3) indicates that a ring resonator in this particular case is

very similar to a Fabry-Perot cavity, which has an input and output mirror with a field
reflectivity, (1-K), and a fully reflecting mirror. K is the coupling coefficient, and
x=exp(-0lL/2) represents a roundtrip loss coefficient, ¢0=kLn0 and (1)NL=kLn2|EEn|2 are
the linear and nonlinear phase shifts, k=270/A is the wave propagation numiber in a

vacuum, where L and OL are waveguide length and linear absorption coefficient,
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respectively. In this work, the iterative method is introduced to obtain the results as
shown in Eq. 33), and similarly, when the output field is connected and input into

the other ring resonators.

The input optical field as shown in Eq. (3.1), i.e. a dark soliton pulse, is input into
a nonlinear series microring resonator. By using the appropriate parameters, we
propose to use the add/drop device with the appropriate parameters. This is given in
details as followings. The optical outputs of a ring resonator add/drop filter can be

given by the Egs. (34) and (3.5), respectively [5].

(3.0)
0 /AN (1=(-x)x
Ex(0) (l—x.,flnwal‘K)l+4x,r’1ﬁy\/1—|«:sin3(§)
o (3.5)

J REE \

TH(l= (L e =21—%,» 1 -4Je, cos(k L)

where Eqand Ey represent the optical fields of the throughput and drop ports,
respectively. ﬁ = kN is the propagation constant, ney is the effective refractive index
of the waveguide, and'the circumference of the ringis L=27IR, with R as the radius of

the ring. In the following, new-parameters.is-used. for simplification with (1) = BL as
the phase constant. The chaotic noise cancellation can be managed by using the

specific parameters of the add/drop device, and the required signals can be retrieved
by the specific users. K; and K; are the coupling coefficient of the add/drop filters,
k,=270/A is the wave propagation number for in a vacuum, and where the waveguide

(ring resonator) loss is OL = 0.5 dBmm . The fractional coupler intensity loss is Y =

0.1. In the case of the add/drop device, the nonlinear refractive index is neglected.

N AD"™
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In simulation, the generated dark soliton pulse, for instance, with 50-ns pulse
width, and a maximum power of 0.5W is input into each of ring resonator systems

with different center wavelengths, as shown in

Figure 3.6 The suitable ring parameters are used, such as ring radii and ring
coupling coefficients, where Ry=15.0pm and R,=10.0pum. In order to make the system
associate with the practical device [17], ny=3.34 {InGaAsP/InP). The effective core
areas are A.x=0.50 and 0.25 pm2 for MRRs. The waveguide and coupling loses are O

=0.5 dBmm " and Y =0.1, respectively, and the coupling coefficients K, of the MRRs

are ranged from 0.03 to 0.1. The nonlinear refractive index is r\2:2.2><10_13 oW, In
this case, the waveguide loss used is 0.5 dBmm . However, more parameters are

used as shown in

Figure 3.6 The input dark soliton pulse is chopped (sliced) into the smaller
signals Ry, Ry, and the filtering signals within add/drop ring Ry are seen. We find that
the output signals from R, is larger than from R, due to the different core effective
areas of the rings in the system, however, the effective areas can be transferred from
0.50 and O.25pm2 with some losses. The soliton signals in Ry is entered in the
add/drop filter, where the dark soliton conversion can be performed by using Egs.
34) and (35). In application, the different dark soliton wavelength is input into the
series microring resonators system, wheres the parameters of system are set the

same. For instance, the dark solitons are input into the system at the center

wavelengths M= 15, 7&2 = 152 and A, = 1.54 pm, respectively. When a dark soliton
propagates into the MRRs system, the occurrence of dark soliton collision
(modulation) in multiplexer system and the filtering signats within add/drop ring (Rd)

is as shown in

Figure 3.6 The dark soliton generated by multi-light sources at the center
wavelength Ay = 1.5 pm. Simulation results obtained have shown that the band of

bright solitons is seen, whereas there is no signal at A, = 1.50 um. The free spectrum
range (FSR) and the amplified power of 2.1 nm and 20 W of the dark soliton are
obtained, where in this case, the spectral width(Full width at half maximum, FWHM)

of 0.1 nm is achieved.
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Figure 3.6 Schematic of generation trapping tool system, where
Eins: Soliton inputs, Rs: ring radii, Ks: coupling coefficients, MUX;
Optical multiplexer, Rd: Add/drop radius,
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Figure 3.7 Simulation result of the dark soliton array when the dark
soliton input wavelengths are 1.50, 1.52 and 1.54 pm, where (a)
dark soliton array, (b} and (c), (d) and (e), (f) and (g) are the drop
port signals, respectively.

Figure 3.8 shows the experimental setup for multi-wavelength Britlouin
Enhanced Fiber Laser (BEFL) in the forward pumping configuration, which can be
used to performed the dark soliton array by using nonlinear fiber optic setup system.
The setup consists of a Brillouin pump (BP) with a 9.4 dBm output power, a Raman
pump (RP) with a 296 mW output power that pumps the 7.7 km dispersion
compensated fiber (DCF) and two laser diodes (LD) with an output power of 48 mW
and 121 mW respectively. These LD’s was bi-directionally pumped a 30m length
depressed cladding fiber with a spooling diameter of 7cm. A linear resonator consists
of two optical circulators (OC), where both ends of the setup were used. These two

optical circulators also created a double pass configuration inside the cavity. Three
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wavelength division multiplexers (WSC) were used to combine the different
wavelength inside the cavity. A 3dB OC1 couples the signal from the BP into the
cavity. A 90:10 output coupler that is replaced at different locations as shown in
Figure 3.8 will tap 10% of this signal. This signal is directly observed using an optical

spectrum analyzer (OSA) with a resolution of 0.02 nm.

/
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Figure 3.8 Experimental set up for forward pumping, where OSA: Optical
Spectrum Analyzer, OCs: Optical Circulators, BP: Brillouin pumping, RP: Raman
pumping, WSC: Wavelength division multiplexing, DCF: Dispersion
compensated fiber, LDs: Laser diodes. DC-EDF: Depressed Cladding Erbium
Doped Fiber.
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Figure 3.9 Tunable multiple-Brillouin lasing at different
wavelengths of Brillouin pumping.
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Figure 3.10 Shows the multi-dark-bright soliton train at 1,500 nm
from 0 to 4.0 ns.

Figure 3.9 shows the tunable multiple-Brillouin lasing at different settings of
wavelengths at BP. Note that this multi-wavelength Brillouin lasing are obtained from
the experimental setup in Figure 3.8 The power setting of the BP is kept constant at
9.4 dBm but the wavelength of the signal is varied at 1,500 nm, 1,502 nm and 1,504
nm. From the spectrum obtained, 13, 12 and 11 peaks are obtained at 1,500 nm,
1,502 nm and 1,504 nm respectively. The lasing peaks at 1,500 nm are more stable
and fluctuates less as compared to 1,502nm and 1,504nm lasing. Due to the less
numbers of fluctuations of the lasing spectrum and the highest number of peaks
obtained at 1,500 nm, the multi-Brillouin lasing at this wavelength is chosen for close
scrutiny. Figure 3.10 shows the stability and evolution of the lasing spectrum of the
dark-bright soliton conversion pulses. It can be seen that the same spectrum is
almost reproducible. The time interval between two spectrums is 60 seconds. The
generation of multi-Brillouin lasing is much dependent on the pumping power that

interacts with the acoustic wave.

To increase the security of the channel, the dark soliton has been used instead
of bright. In previous parts, we have shown the way to generate multiplex dark
soliton as carrier signals of the data. The dark soliton as a carrier has travel to the
fiber cavity to the destination. In case of the ability of receiver detector to detect the
signal, dark soliton have to be converted back intc the bright. Therefore, The dark-

bright soliton conversion circuit have to be used and described as followed part.
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3.4 Conclusion on dark soliton generation using pumping system

When using the pumping system to create the dark soliton, we can summarize

the benefit of the system compare to the old cne as follow.

1. Still focus on the layer 1 of OSI model, Physical layer (No need to change
to upper layer of the system).

2. The used of dark soliton as a carrier which is More secure than bright.

3. Dark soliton was generated using pumping system was still too big and
much more money.

4. Multi-dark soliton were generated, more capacity of the bandwidth of the

communication.

3.5 The Micro Ring Resonator

Optical ring resonator has widely use in signal processing, laser application,
sensor, optical communication, etc. They can be constructed using many optical
elements such as mirror and beam splitter, fiber optic component or integrated
optics technology. Regarding their geometry there are not only in circular shape.
Integrated optical technologies are extreme miniaturization, for the fabrication of
rings with very perimeters, the dimensions related with the wavelengths used in hi-

speed communication systems.

In the past, smoke and fire are uses to communicate a piece of information,
such as a victory message in a war. But all of that method has many setbacks such as
speed or throughput. Electrons are the next media of transmitting a message. But it
still has some problem to use electrons such as noise and bandwidth to use.
Photons are more advantage and more popular in recently period. Photons are
better than electrons by virtue of their special properties. They has a very large
bandwidth, ~10" Hz, gives optics a potential speed of a signal far beyond any
electric method. Indeed, the shortest optical wavelength of <10fs give light three
order of magnitude advantage over the shortest electrical pulse [6]. When it comes

to interconnect on a chip, the wiring capacitance will set the speed limits of
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integrated circuits. Besides, photons can pass through each other’s unperturbed in

the absence of a nonlinear interaction, whereas electrons interact with each other

even at a distance.

In modern world, data-traffic volume is dramatically increased due to the
demand on the internet connectivity. 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
[7]). 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 all-optical switch is the one that poses the following characteristics. It
would only reqguire as little as sub Pico joule 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.

A ring resonator is simply a waveeuide shaped into a ring structure. When an
input electric field, £;, is coupled to the ring waveguide through an external bus
waveguide, a positive feedback is induced and the field inside the ring resonator £, ,
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 vice 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.
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Figure 3.11 Schematic diagram for a ring resonator coupled to a

single waveguide.

The proposal to use an integrated ring resonator for a band pass filter has been
made in 1969 by E. A. Marcatili [8]. 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 [9].
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Figure 3.12 Ring resonator channel dropping filter,

A general architecture for an autoregressive planar waveguide optical filter was
demonstrated for the first time in 1996 [10]. The autoregressive lattice filters which

were designed and fabricated consisted of one and two stages using Ge-doped silica
waveguides.
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A signal flow chart transformation for evaluating the filter transfer functions was
demonstrated. Purely passive single ring resonator filters have been realized in the
material system AlGaAs-GaAs [11, 12] and Si-Si0, [13] and SisNg- SiO, [14]. The radius
of the used ring resonators is between 5 um and 30 um and the free spectral range
(FSR) achieved is between 20 nm and 30 nm. Passive ring resonators in the form of a
racetrack have been realized in the material system GalnAsP [15] and AlGaAs-GaAs
(16). The ﬁlter performance is limited by bending and scattering losses in the

resonator. These losses could be compensated for by using or adding an active.

3.6 Optical Add/Drop Ring Resonator Filter

A ring resonator consists of a waveguide in a closed loop. The loop can be any
closed shape, such as a circle, ellipse, or racetrack. The ring is placed near one or
two bus waveguides. 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 resonatot, i.e,, it encounters an integral multiple of 27
in phase over a round-trip, 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.

Drap porl:ig Add port2y
« ] —=x
» > | | * >
Fupit port: 2,.., Agernes OUIPUL POFT: 2puns ARene 2o

Figure 3.13 Schematic diagram for a ring resonator coupled to two
waveguides as an add/drop filter.
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An incident optical signal composed of multiple wavelengths (4, ..., 4,...,4y ) at
the input port coupled into the ring and for a resonant wavelength (4,), 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 (A} )
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 resonance will not repeat
themselves in the ring and the coupled field interferes destructively with the wave in
the resonator leading tb 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 1, is not completely extinguished,
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.

3.7 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 traveled,L and the propagation constant,§ ie, ®=AL where
B=2mxn,/ A, which is expressed in terms of the refractive index n for a diffraction-

based delay line or an effective index n, for a waveguide delay line [10].
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The individual optical path lengths are typically integer multiples of the
smallest path tength difference. The unit delay is defined as T=L n/cwhere 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 lengthZ,. The

phase for each path is then expressed as a multiple of 8L, , so®, = pBL,, where p

is an integer. The total transverse electric field for N paths is the sum over each

optical path length given by

E ¢/ BT L E e ® 4 4+ ) e/ 5.6)

ont

E

o
To obtain a Z-transform of £,,, , we express the phase as a multiple of the unit
delay I'. Using Q=2zv where c=vi

_ 2znL, _2nvnl, QL n —or (3.7

pL,

A c (c

This gives @, = pAL, = pQT . Therefore Eq. (3.7} becomes,
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For a dispersion-less line, unit delay T is a constant and using z=¢/* in Eq.
(3.8), we get

E

ol

=E +Ez + Bz +. + By z” D 3.9)

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/2x is related to the optical

frequency by f=(-v)I' orf=(Q-Q,)r/2z. The center frequency v,=c/2, is
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defined so that the product of refractive index and unit length is equal to an integer

number of center wavelengths, i.e., mA, =nL, where m is an integer. Propagation loss
of a delay line is accounted for by multiplying z7' by x=¢*'? 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:

¢ (3.10)

FSR=1/T=

ng L,

where g =ny + fldng 1df), =ngg +A\dng1d2), is called as the group refractive

index evaluated at either center frequency £, or center wavelength 2, .

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. The
lines in the figure indicate waveguides of finite width and height. Two waveguides are
brought close 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,
(3.11). where & is the power coupling ratio, and £/ and E¢, 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 c:cosezm and—js:—jsin9=—jm, respectively, where
y is the coupling loss and@ is equal to the coupling strength integrated over the
coupling length. A complex number —; represents a —{z/2) phase shift for the cross

coupled light fields.
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Figure 3.14 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 inspection 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.

3.8 Single Coupler Ring Resonator Filter (SCRR)

A ring resonator is simply a waveguide shaped into a ring structure as shown in
Figure 3.15 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.
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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
wavesuide, or saturation of an optical amplifier are therefore not considered here

{the former is a distributed phenomenon; the latter is a nonlinear effect).

E i /1 K E t
- - o
Input port ><: K throughput port
E, E
rl

Figure 3.15 Schematic diagram for SCRR filter.

The transfer function of this configuration is derived using Z-transform analysis.
The circumference of the ring is L (L=2zR, the radius isR), the coupling
coefficient of the coupler is x. The Z-transform parameter is represented by

1 kL

- 2 . . . .
zZ =exp where k, =7En,_,f is the propagation constant and n,, is the effective

index of the waveguide. The one round trip loss isa=exp™®*'2, @ is the intensity
attenuation coefficient inside the waveguide [unitlength']. The transmitted or
throughput field at the output of the straight waveguide, E, and inserted eleciric

field, E; relations can be derived as followed:



E =(1 —y)% x[E,- -\/ﬂ+j-Er2\/EJ
E, = (1—;/)%{;-5,. Nic+ By V- |

_ -1
E’.z - E]‘l az

Using three equations E, / E; can be calculated:

E:( —7)1/2>< m_(l_?’)l/z-az"l
& 1“(1_}’)]/2“\/1?!;-512_1
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(3.12)

(3.13)

{3.19)

(3.15)

The transfer function in Eq. (3.15) indicates that a ring resonator is very similar

to a Fabry-Perot cavity. In the particular case shown in (3.17), 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-y)"?
x=D-exp®t'?
=k, L

The intensity relation for the output port is given by:

(3.16)
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(3.17)
T=1(y) ] - p2{1- (1) (1<)
7, E,

(l—x-C)2+4-x-c-Sinz(§]

3.9 Double Coupler Ring Resonator Filter (DCRR)

Consider the architectures of double coupler ring resonator which sometime
called add/drop filters as illustrated in Figure 3.16, which are constructed by 2x2

optical couplers.

iﬂ IR En
Input port P A K throughput port
Drop port ¥ dd
& k : Add port
% ==K, L.

E;y AT — K3 Epn

Figure 3.16 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 £ can be derived as followed. For

the first coupler (xy), we have

Ey=\l-n ':j\/_IEI—E4+ 1_,(151_11 (3.18)
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E =yl-n [j\/K_IEi1+‘\/i__’c1E4:| (3.19)

where ¥ and k; are the loss and the coupling coefficients, respectively. The
incoming light of £, and E, are coupled through the first coupler to the output
light £, and E| and the output light E, is transmitted through the ring becomes
output light £, . According to light transmission theory in tinear optical systems, we

obtain the following relation between E, and E,
al . L (3.20)

L
where the transmission line length is R The second coupler (k) have the

following relations:

-—Eé—jkné (3.21)
E,=Ee 22 2.7 /l-y, i 4 Eip =0

al jk£ {3.22)
Ey=Ee 22 72 fl-y,\1-x,

Using the transmission theory, we obtain E, in terms of E,

al . L (3.23)
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1—\/1—31[\/1—7(1\/1—;/2\/1—1(2@ 2

E. J ;1 —yNJK —EL—jknL (3.25)
E4 _ il 1 \/—1 _aL_jknL fl -5 Il —Kye 2

1—»\/1—?1\]1—16[\/1—}/2\/1-—1(26 2

By using the upper equations, the transfer function for throughput port and
drop port in Eq. (3.24) can thus be expressed as

Throughput port:

(3.26)

E kL
—(1-9 )iyl —Kye 2 ¢ +a/l=p 41— 5
“E kL
=_'(]._}/1)(1—’(1)-\/1_;/24,1_’(26’ g -

Xk L

: I—\/I—-yl\/l—fq.\/l—yz\/l—icze 5
o s
_ —,/l—yz,ll—fcze_EL_Jk"L +J1—yf1-K

“E kL

1= 1= 1=K J1=7sf1- e 2

E,

L

Drop port:
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(3.27)

ol L

jkn_

E,2= _\/1"71\,/1—}’2\/KI'K26 22772
E, L jk,L

I I—Jl—yl\/l—fcl\/l—yz\/l—fcze 2

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

normalizing the transfer functions in Egs. (3.26) and (3.27) which are given by

e, (3.28}
1-(1=p )5 —2J1-p 1~ & - Jl=pyafl=ie 2 cos{k,L)
Iy _|Eaf _#(0-7)(1-m)e®
I |Ey L (1= (1=} (1=, (1 -1 )
a
2= 1-1 1= 1-Ke chos(k,,L)
iy {3.25)

3
‘rr_?-:lErz v (1—?’1)(1_7’2)""1"23 2
Iy |E,.1 1+(1_9’1)(1"K1)'(1‘72)(1"’(2)@"&]'

o
—2\/1 - \/l — K -\/1 ~¥ \jl — Kze_ELcos(knL)

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

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

(3.30)
xX=exp (—%L]

NI

The intensity relations Egs. (3.28) and (3.29) are then given by
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fa(?}):‘gﬂ'z:l— (1_012)'(1—C§‘x2) (3.31)
I E. ; 77

il i (1—c1c2x) +4cicyxsin [—Z—J

L_2(¢)=|E:2|2= (1“012)'(1—6‘%)-35 (3.32)
L 7,

T (1= clczx)2 +de,cyxsin’ [g}

3.10 Enhanced Nonlinearity in Single Ring Resonator

This section will carefully study such enhancement and its projection on the
dynamic performance of the micro ring resonator for all-optical switching
applications. We witl concentrate on the reduction achievable in the switching power

of a micro ring due to the resonant condition.

Figure 3.17 The waveguide layout of SCRR.
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For a small range of detuning, i.e., much smaller than the 3-dB bandwidth of
the micro ring 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 micro ring
resonator are constants with respect to time. Without loss of generality, we will
consider the SCRR filter case that we have iniroduced. At steady state, the field

transmittance of the filter is given by

Ez c—% ejqbo (3.33)
E,  1-cael®

where a=exp(—aL/2) is the round trip field attenuation of the microring, ¢
is the field transmittance coefficient, and ¢, = AL is linear phase shift in the ring. 8
is the wave propagation constant associated with the fundamental mode supported
by the ring waveguide, and L is the circumference of the ring. One useful 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 (17]

Be B _ 1—c? (3.39)
B 1+c%a* ~2cacosd,

where F is the input power, F. is the average power inside the ring. Under

conditions that the incident light is on rescnance with the ring and the loss is

negligible (@ =1), the maximum value of the buildup factor B, =(1+c)/(1—c).
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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 resulis from the
third-order susceptibility ( 7‘®) of the waveguide material [17]. The nonlinear

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

¢=0y+oy = PL+yL P (3.35)

where L . =[I-exp(-al))/«, is the effective interaction length due to the
loss and ¥ is the nonlinearity coefficient (related to n, by y =27zn,/14,, , where
A s the input wavelength and 4 is the effective core area of the waveguide). g,
and ¢,, are the single-pass linear and nonlinear phase shifts, respectively. In such a
nonlinear case, ¢, in Eq. (3.35) should now be replaced by ¢. Thus, by substituting

Eg. 335) into Eq. (335), we get a transcendental equation for the single-pass phase

shift as

1-¢2 (3.36)

P, = + L R
O(E. ) =9, +y ef1+02a2—20a008¢(3=¢L)

The nonlinear response of switching device can be evaluated by the derivative

of phase shift ¢ with respect to input power P. This derivative can be expressed as

dp _dp dgydp, | 8Lm . (3.37)
dP. dg, dB. dP,  mid,

where F is resonator finesse {17].
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3.11 Enhanced Nonlinearity in Add/Drop Ring Resonator

The transmission equation from input port to drop port for the DCRR is given

oy

[ 33
Ep 55 }’em" 38

By I-aeye

i

where ¢,s and c,,s, are the coupling coefficients for the two couplers
respectively. Critical coupling condition for the DCRR is defined to be |E,2 /E“|2 =1,
i.e. all light goes through the drop port, which gives s,, =+/l—cfe " . Sinces,, =s,,

symmetric DCRR (with two identical couplers) will operate at noncritical coupling.

The phase shift of the drop port field (E,, ) is

2y sing, } (3.39)

= 7 + ¢, +arctan
¢ & [l—czycosgéo

Similar to SCRR, the nonlinear effect can be included by applying £g. (3.38) to

the computation of ¢ as follow.

(3.40)
2rn, £P2 2rn, EFQ
=t T A -
o of

Where P, and F, are circulating powers, respectively.
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The dark soliton generation system has an advantage than the bright soliton in
order to secure the transmission link. But the generation system using pumping
system is too big and highly cost. In order to maintain the advantage of this system
but use less cost, the Gaussian pulse input will be better. In the next section, will

propose a way to generate dark soliton using Gaussian pulse input.

3.12 Dark Soliton Generation using Gaussian pulse input

Optical soliton is recognized as the powerful light source for long distance link
in optical communication. However, the pumping system is required before the
soliton being generated. For simplicity, a Gaussian soliton is recommended to form
the soliton instead of the pumping soliton. Moreover, one interesting aspect of the
Gaussian soliton is that the non-dispersive soliton can be realized by using the 1,300
nm light source, which can be obtained by using the Gaussian soliton. Many research
works have reported in use of a Gaussian pulse in both theoretical and experimental
works [18, 19, 20, 21]. Recently, the interesting aspect of light pulse propagating
within a nonlinear microring device has been reported [22], where the transfer
function of the output at resonant condition is derived and studied. They found that
the broad spectrum of light pulse can be transformed to the discrete pulses. An
optical soliton is recognized as a powerful laser pulse, which can be used to enlarge
the optical bandwidth when propagating within the nonlinear microring resonator [23,
24]. Moreover, the superposition of self-phase modulation (SPM) soliton pulsés,
where either bright or dark [25] solitons can generate the large output power.
Therefore, in this work we are using a common laser source that can be used to
generate dark soliton, with the broad center wavelengths within the range from 400-
1,500 nm are used. One of the results has shown that by using the center
wavelength at 1,300 nm with suitable parameters, the Gaussian soliton generation is
plausible. By using the suitable microring parameters, most of the results have shown
that the optical signals, i.e. Gaussian pulse can be amplified within the nonlinear ring

resonator system.
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Light from a monochromatic light source is launched into a ring resonator with
constant light field amplitude (E,) and random phase modulation, which is the
combination of terms in attenuation (QL) and phase{¢ ) constants, which results in
temporal coherence degradation. Hence, the time dependent input light field (E;,),

without pumping term, can be expressed as

E, (1) = E,exp ob/h0 (3.41)

"

where L is a propagation distance{waveguide length).

We assume that the nonlinearity of the optical ring resonator is of the Kerr-

type, i.e,, the refractive index is given by

&) )P, (3.&2)
<l

n=ng+nd =n+(

where »y and n, are the linear and nonlinear refractive indexes, respectively.
I and P are the optical intensity and optical power, respectively. The effective

mode core area of the device is given by4,,. For the microring and nanoring

resonators, the effective mode core areas range from 0.10 to 0.50 ]J,m2 (26]

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

ratio between the output and input fields (£, () andE, (1) in each roundtrip, which

can be expressed as [27]

: . (3.43)
‘Ed.;.(rl gl -0-7a')x
£, -l =y i Tpfirsin &)

Eq. (343) indicates that a ring resonator in the particular case is very similar to a

Fabry-Perot cavity, which has an input and output mirror with a field reflectivity, (1-
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K), and a fully reflecting mirror. x is the coupling coefficient, and  x = exp(- L /2)

represents a roundtrip loss coefficient, @, =kLn, and % =kl(:—;)1’ are the linear and

nonlinear phase shifts, t=2z/1 is the wave propagation number in a vacuum.
Where L and aare a waveguide length and linear absorption coefficient,
respectively. In this work, the iterative method is introduced to obtain the results as
shown in Eqg. (343), similarly, when the output field is connected and input into the

other ring resonators.

The input optical field as shown in Eq. (3.41), i.e. a Gaussian pulse, is input into a
nonlinear microring resonator. By using the appropriate parameters, the chaoctic signal
is obtained by using Eq. (343) To retrieve the signals from the chaotic noise, we
propose to use the add/drop device with the appropriate parameters. This is given in
details as followings. The optical outputs of a ring resonator add/drop filter can be

given by the Egs (3.44) and (3.45)

‘E,r (R Y (PP Ae’ cos£L+(l Ky Je (3.44)
la{l—m 1 -y e =21 -, - Jf1-1, 2t cos(k, L)

‘E.‘n

and

= (3.45)

E,I E K K0

1+(1-k 1 -k = 21—k, Tk, cosAL

where E; and E4 represents the optical fields of the throughput and drop ports
respectively. The transmitted output can be controlled and obtained by choosing
the suitable coupling ratio of the ring resonator, which is well derived and described
by reference. [28] Where f=kng represents the propagation constant, Ny 1S the
effective refractive index of the waveguide, and the circumference of the ring is
L=2zR, here R is the radius of the ring. In the following, new parameters will be
used for simplification, where ¢=gL is the phase constant. The chaotic noise

cancellation can be managed by using the specific parameters of the add/drop
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device, which the required signals at the specific wavelength band can be filtered
and retrieved. Kiand K, are coupling coefficient of add/drop filters, k, =27/4 is
the wave propagation number for in a vacuum, and the waveguide (ring resonator)
loss is O = 0.5 dBmm . The fractional coupler intensity loss is Y = 0.1. In the case of

add/drop device, the nonlinear refractive index is neglected.

4 J—— — h

UL

Throughput port

Input
Gaussian pulse

E M ------------ E

Drop port Add pont

. J

Figure 3.18 A schematic of a Gaussian soliton generation systemn,
where Rs: ring radii, x s: coupling coefficients, Rd: an add/drop ring
radius, Aeffs: Effective areas.

From Figure 3.18, in principle, light pulse is sliced to be the discrete
signal and amplified within the first ring, where more signal amplification can be
obtained by using the smaller ring device (second ring).Finally, the required signals
can be obtained via a drop port of the add/drop filter. In operation, an optical field
in the form of Gaussian pulse from a laser source at the specified center wavelength

is input into the system.
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Figure 3.19 Resuit of the spatial pulses with center wavelength at

0.40 pm, where (a) the Gaussian pulse, (b) large bandwidth signals,

(c) large ampilified signals, (d) filtering and amplifying signals from
the drop port.

From Figure 3.19, the Gaussian pulse with center wavelength (g) at
0.40 Hm, pulse width (Full Width at Half Maximum, FWHM) of 20 ns, peak power at
2 W is input into the system as shown in Figure 3.19(a). The large bandwidth signals
can be seen within the first microring device, and shown in Figure 3.19(b). The
suitable ring parameters are used, for instance, ring radii Ry= 16.0 Jim, Ry= 5.0 hIm,

and Ry= 25.0 [m. In order to make the system associate with the practical devicels,
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the selected parameters of the system are fixed to ng = 3.34 (InGaAsP/InP), A =
0.50 ],Lm2 and 0.25 ].Lmz for a microring and add/drop ring resonator, respectively, Ol
=05 dBmm‘], Y = 0.1. In this investigation, the coupling coefficient (kappa, x) of the
microring resonator is ranged from 0.55 to 0.90. The nonlinear refractive index of the
microring used is n,=2.2 X 10 mz/W. In this case, the attenuation of light propagates
within the system (i.e. wave guided) used is 0.5dBmm . After light is input into the
system, the Gaussian pulse is chopped (sliced) into a smaller signal spreading over
the spectrum due to the nonlinear effec’css, which is shown in Figure 3.19(a). The

large bandwidth signal is generated within the first ring device. In applications,

the specific input or out wavelengths can be used and generated. However, the

amplified power is required to control to keep the device being realistic

The dark soliton can be used in optical communication in order to fulfill a
higher security of it carrier signal, however a dark soliton can be used as a carrier of
one channel in light communication. If we wish to increase the throughput of data,
the multiplexed dark solitons have to be used as carriers of multiple channels of the
communication. In the next part, we described the theory and experimental result of

multiplexed dark solitons generation.
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CHAPTER 4
HIGHER BANDWIDTH USING MULTIPLEXED

DARK SOLITON

In chapter 3, we have described the way to increase security of fiber
communication: using dark soliton. We even showed the theory and the experiment
of the dark soliton generation system. Next in this chapter, we showed the way to
generate multiplexed dark soliton and the result of multiplexed dark soliton
generation using Matlab by simulation using the math model. We showed the result
of multiplex dark soliton generation to ensure the higher bandwidth of the link using

multiplex dark soliton as proposed.

4.1 Generation of multiplexed dark soliton

To create a system by which multiplexed dark soliton pulses can be used to
generate a dark soliton array, stationary dark soliton pulses are introduced into the
microring resonator system shown in Figure 4.1 Each of input optical fields (E;,) of the

dark soliton pulses is given by [29]

{d.1)
E, (t)= A tanh == exp 2 —im,t
T, 2L,

Where A and z are the optical field amplitude and propagation distance,

respectively; T is a soliton pulse propagation time in a frame moving at the group
velocity, T =t - 512, where [31 and [3, are the coefficients of the linear and second-
order terms of Taylor expansion of the propagation constant; Lp = T02/|[32| is the
dispersion length of the soliton pulse; Ty is the soliton pulse propagation time at
initial input (or soliton pulse width), t is the soliton phase shift time; and the

frequency shift of the soliton is Wy, This solution describes a pulse that keeps its
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temporal width invariant as it propagates, and thus is called a temporal soliton.
When the soliton peak intensity (|Bz/ rxTozl) is given, then Ty is known. For the
soliton pulse in the microring device, a balance should be achieved between the
dispersion length (Lp} and the nonlinear length (Ly, = 1/|_¢NL), where [ = NyKg, is the
length scale over which dispersive or nonlinear effects makes the beam become
wider or narrower. For a soliton pulse, there is a balance between dispersion and

nonlinear lengths; hence Lp = Ly

When light propagates within the nonlinear material (medium), the refractive

index (n) of light within the medium is given by

n, p (4.2)

n=n,+n,l=n,+
ell

where ny and n; are the linear and nonlinear refractive indices, respectively,
and | and P are the optical intensity and optical power, respectively. The effective
mode core area of the device is given by Ag For the series microring resonator
(MRRs), the effective mode core areas range from 0.50 to 0.10 umz (30]. When a
soliton pulse is input and propagated within a MRR, (as shown in Figure 4.1, which
consists of a series MRRs), a resonant output is formed. Thus, the normalized output
light field is the ratio between the output and input fields [E,.(t) and E(t)] in each
roundtrip, which is given by [22]

{4.3)
(1=(1-7x’)x

(15 TR +4xfTaTsint(D)

Euul(t)

2
E, () -

The close form of Eq. (4.3} indicates that a ring resonator in this particULar case is

very similar to a Fabry—Perot cavity, which has an input and output mirror with a field
reflectivity 1-K, and a fully reflecting mirror. Here K is the coupling coefficient,
x=exp(-0lL/2) represents a round-trip loss coefficient, (1)0=kLn0 and (i)NL:kan[Emlz are
the linear and nonlinear phase shifts, and k=27T/A is the wave propagation number

in a vacuum, where L and 0L are waveguide length and linear absorption coefficient,
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respectively. In this work, the iterative method is introduced to obtain the results as
shown in Eq. (.3), and similarly when the output field is connected and input into

the other ring resonators.

The input optical field as shown in Eq. (a.1), i.e., a dark soliton pulse, is input
into a nonlinear series microring resonator. We propose to use and add-drop device
with the appropriate parameters. This is given in details as follows. The optical

outputs of a ring- resonator add-drop filter can be given by [27).

e (4.9)
B[ (-x)-21=% fIoxe 2 cos(k,L)+(1-x,)e*"
Es 1+ (1-x)(1-x,)e " = 2,/1—x, -,{l—Kze_chos(knL)
And
2 L (4.5)
E, K K€ ¢

1+(1-%,) (1=K, )e™ 24T, -J/I-Kze ? cos(k,L)

in

where E, and Eq4 represent the optical fields of the throughput and drop ports,
respectively, B = knes is the propagation constant, nes is the effective refractive
index of the waveguide, and the circumference of the ring is L=2TTR, with R the
radius of the ring. In the following, new parameters are used for simplification, with (E)

= BL as the phase constant. The chaotic noise cancellation can be managed by

using the specific parameters of the add-drop device, and the required signals can be
retrieved by the specific users. In Egs. (4) and ®.5), K; and K; are the coupling
coefficient of the add-drop filters, k,=2T/A is the wave propagation number in a
vacuum, and the waveguide (ring resonator) loss is OL = 0.5 dBmm™". The fractional

coupler intensity loss is Y = 0.1. In the case of the add-drop device, the nonlinear

refractive index is neglected.
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Figure 4.1 Schematic of generation trapping tool system, where

Eins, soliton inputs; Rs, ring radii; Ks, coupling coefficients; MUX,
optical multiplexer; Rd, add-drop radius.

In simulation, the generated dark soliton pulse, for instance, with 50-ns pulse
width and a maximum power of 0.5W, is input into each of ring resonator systems
with different center wavelengths, as shown in Figure 4.1 Suitable ring parameters are
used, such as ring radii (R;=15.0um and R,=10.0um) and ring coupling coefficients. In
order to make the system correspond to a practical device [20], we set ny=3.34

(INGaAsP/InP). The effective core areas are A.s =0.50 and 0.25 pmz for MRRs. The
waveguide and coupling loses are ¢ =0.5 dB mm* and Y =0.1, respectively, and the
coupling coefficients K, of the MRRs ranged from 0.03 to 0.1. The nonlinear refractive

index is n2=2.2><10_13 AW, In this case, the waveeguide loss used is 0.5 dBmm .
Other parameters used are shown in Figure 4.1 The input dark-soliton pulse is
chopped (sliced) into the smaller signals Ry, R,, and the filtering signals within add-
drop ring Ry are seen. We find that the output signals from R, is larger than from R;,
due to the different effective core areas (0.50 and O.25pm2)of the rings in the system;

however, the effective areas can be change with some (osses. The soliton signals in



51

Ry are fed to the add-drop filter, where the dark-soliton conversion can be

performed according to Egs. (4) and (5).

In application, the different dark-soliton wavelengths are input into the series
microring resonators system, whereas the parameters of the system are set the same.
For instance, the dark solitons are input into the system at the center wavelengths’
Ay =15 Km, Kz = 1.52 um, and 7\,3 = 1.54 pm. When a dark soliton propagates intc
the MRRs system, the occurrence of dark-soliton collision (modulation) in the
multiplexer system and the filtering signals within add-drop ring (Rd) is as shown in
Figure 4.1 The dark solitons are generated by multiple light sources at the center

wavelength A, = 1.5 um; the filtering signals are as shown in Figure 4.2
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Figure 4.2 Simulation results for the dark solitons within the series

microring resonators when the dark-soliton input wavelength is 1.5

um: (a) dark-soliton input; (b), (c), dark solitons in rings R, and Ry,
(d), (&), (f), are drop-port signals.
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Simulation results have shown that a band of bright solitons is seen, whereas
there is no signal at A; = 1.5um. A free spectrum range (FSR) of 2.1 nm and amplified
power of and 20 W for the dark solitons are obtained, where in this case a spectral
width (Full width at half maximum, FWHM) of 0.1 nm is achieved. In Figure 4.3, the
dark-soliton array generated by multiple light sources at the center wavelength Ay =
1.5 pm, Ay = 1.52 um, and As = 1.54 pm and the corresponding filtered signals are
shown. Similarly, the dark-soliton array generated by mulﬁple lisht sources at the
center wavelength }\,1 = 1.56 um, Ay, = 1.58 um , and 7\.3 = 1.60 um, and the
corresponding filtered signals are shown in Figure 4.4, where the optical-ring radii

used are 15, 10 um and Ry = 50 pm.
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4.2 Proposed system on receiver (RX)
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In the transceiver part, we showed a way to create multiplexed dark soliton

using Gaussian pulse input. In the receiver part, we will show a way to convert dark

soliton to bright soliton in order that the detector on the end of receiver can detect

the carrier and the data.
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Detector

Transmitter{TX) Receiver{RX}

Figure 4.5 Proposed system on receiver (RX)

4.3 Dark - Bright soliton conversion

Detector Drop port Add port

Figure 4.6 Schematic of a dark-bright soliton conversion system,
where R; is the ring radii, K; is the coupling coefficient, and K,; and
K> are the add/drop coupling coefficients.

Dark-bright soliton control has been investigated clearly by the authors in
reference [31], where one of the advantages is that the dark soliton peak signal is
always low level, which can be useful for secured signal communication in the
transmission link. The other is formed when the high optical field is configured as an
optical tweezer or potential well, which is available for atom/molecule trapping.

Optical tweezers technique has become a powerful tool for manipulation of
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micrometer-sized particles in three spatial dimensions [32]. Initially, the useful static
tweezer is recognized, and the dynamic tweezer is now realized in practical work.
Typically, by using the continuous-wave (cw) lasers, the spatial control of atoms,
beyond their trapping in stationary potentials, has been continuously gaining
importance in investigations of ultra-cold gases and in the application of atomic
ensembles and single atoms for cavity quantum electrodynamics (QED) and quantum
information studies. Recent progress includes the trapping and control of single
atoms in dynamic potentials [33, 34], the sub-micron positioning of individual atoms
with standing-wave potentials [35, 36], micro-structured and dynamic traps for Bose-
Einstein condensates [37, 38, 39] and, as another example, the realization of chaotic
dynamics in atom-optics “billiards” [40, 41, 42] Schulz et al. [43] have shown that
the transfer of trapped atoms between two optical potentials could be performed. In
this chapter, we present a novel system of the optical tweezers storage using a dark-
bright soliton pulse propagating within an add/drop optical filter. The multiplexing
signals with different wavelengths of the dark solitons are controlled and amplified
within the system. The dynamic behaviors of dark bright soliton interaction are
analyzed and described. The storage signals are controlled and tuned to be an
optical probe which is known as the optical tweezers. The optical tweezers storages
are obtained by using the embedded nanoring resonators within the add/drop
optical filter system. The controlled light pulses are added into the add port of the
add/drop filter. By using the bright soliton input, the different in time of the first two
dynamic wells of 1 ns is noted, while the potential well stability is seen when the
Gaussian pulse is input into the add port. In application, the optical tweezers can be
stored and trapped light/atom, which can be formed the dynamic tweezers and

fweezers memory.
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Figure 4.7 Results of the soliton signals within the ring resonator
system, where (@) Ry, (b) R, (c) Rs;, and (d) - (e) dark - bright
solitons conversion at the add/drop filter. The input dark soliton
power is 2W.

Experimentally, the generated dark soliton pulse, for instance, with 50ns putse
width, and a maximum power of 0.65W is input into the dark-bright soliton
conversion system, as shown in Figure 4.6 The suitable ring parameters are used,
such as ring radii where R;=10.0{dm, R,=7.0fdm, and R;=5.0lim. In order to make the
system associate with the pfactical device [19], whereas the selected parameters of

the system are fixed to Ag=1.504m, ny=3.34 (INGaAsP/InP). The effective core areas
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are A=0.50, 0.25 and 0.10 [sz for a MRR and NRR, respectively. The waveguide and
coupling loses are =0.5d8mm”" and Y =0.1, respectively, and the coupling

coefficients Ks of the MRR are ranged from 0.05 to 0.90. However, more parameters

are used as shown in Figure 4.6 The nonlinear refractive index is n2:2.2><10_13 m/W.

in this case, the waveguide loss used is 0.5 dBmm™’. The input dark soliton pulse is
chopped (sliced) into the smaller signals, where the filtering signals within the rings R,
and R; are seen. We find that the output signals from Rs; are smaller than from R;,
which is more difficult to detect when it is used in the link. In fact, the multistage ring
system is proposed due to the different core effective areas of the rings in the
system, where the effective areas can be transferred from 0.50 to 0.10[.1m2 with
some losses, The soliton signals in R is entered in the add/drop filter, where the
dark-bright soliton conversion can be performed. Results obtained when a dark
soliton pulse is nput into a MRR and NRR system as shown in Figure 4.6 The
add/drop filter is formed by using two couplers and a ring with radius (Ry) of 10lm,
the coupling constants (Ky; and K} are the same values (0.50). When the add/drop
filter is connected to the third ring (Rs), the dark-bright soliton conversion can be
seen. The bright and dark solitons are detected by the through (throughput) and

drop ports as shown in Figure 4.7 (a}(e), respectively.

4.4 Dark-Bright Soliton Conversion in Add/Drop Filter

In operation, dark-bright soliton conversion using a ring resonator optical
channel dropping filter (OCDF) is composed of two sets of coupled waveguides, as
shown in Figure 4.8 The relative phase of the two output light signals after coupling
into the optical coupler is z/2 before coupling into the ring and the input bus,
respectively. This means that the signals coupled into the drop and through ports are
acquired a phase of = with respect to the input port signal. In application, if we
engineer the coupling coefficients appropriately, the field coupled into the through
port on resonance would completely extinguish the resonant wavelength, and all
power would be coupled into the drop port. We will show that this is possible later

in this section.



E =-jxE +1.E,, (4.6)

E,, =exp(joT/2)exp(-a L/4)E,, .7
E,. =0k, - j&E, (4.8)

E, =exp( joT[2)exp(-aL/4)E,, (4.9)
E =1& - JKE,, (4.10)

E, =n,B. — jk,E,, @11)

where £ is the input field, E; is the add(control) field, £ is the through field,
£s is the drop field, EoEy are the fields in the ring at points @4, %1 is the field

K

coupling coefficient between the input bus and ring, *2 is the field coupling

coefficient between the ring and output bus, L is the circumference of the ring, T

is the time taken for one round trip(roundtrip time), and & is the power loss in the

ring per unit length. We assume that this is the lossless coupling, i.e., %2 =41-&7s .
T= Lneﬁ,/c
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Figure 4.8 A schematic of dark-bright soliton conversion using a ring
resonator optical channel dropping filter (OCDF).

The output power/intensities at the drop and through ports are given by

IEd 2 =’_K:K2A1/2(D1/z E + T, =T, AD a -. (412
| 1- 77,40 1- 1,7, AD
IEr 2 _ |7 AD E + -k Ky 4,0, ﬂ ". (a.13)
|l-—rlrzA(D 1-7,7,AD
. =expl—al/4 . . A=A
where Ay p( /%) (the  halfround-trip  amplitude), Aps

®y, =exp(jeT [2) (the half-round-trip phase contribution), and cI):cD]-/:.
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Figure 4.9 Dark-bright soliton conversion results using a ring
resonator optical channel dropping filter (OCDF)

The input and control fields at the input and add ports are formed by the dark-

bright optical soliton as shown in eqs (a.14) and (2.15),

E (t)=E, tanh[

0

i

(4.14)
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{8.15)
E, (t)=E,sech I exp Z —imyt
]2,

where £; and z are the optical field amplitude and propagation distance,
respectively. T=t-#;z, where g; and g, are the coefficients of the linear and second-
order terms of Taylor expansion of the propagation constant. Lp=T /I8 is the
dispersion length of the soliton pulse. 7 in equation is a soliton pulse propagation
time at initial input (or soliton pulse width), where t is the soliton phase shift time,
and the frequency shift of the soliton is W, When the optical field is entered into
the nanoring resonator as shown in Figure Figure 4.9, where the coupling coefficient
ratio & xp are 50:50, 90:10, 10: 90. By using (a) dark soliton is input into input and
control ports, (b) dark and bright soliton are used for input and control signals, (c)
bright and dark soliton are used for input and control signals, and (d) bright soliton is
used for input and control signals. The ring radii R,y = 5um, Ay = 0‘25ym2, Nef =
3.14{for InGaAsP/InP), a = 5dB/mm, y= 0.1, iy = 1.51 um.

In application, the dynamic optical tweezers occurs, when we added bright
soliton input at the add port with shown in Figure 4.8, the parameters of system are
set the same as the previous section. The bright soliton was generated at the central
wavelength A, = 1.5Um, when the bright soliton propagating into the add/drop
system, the occurrence of dark-bright soliton collision in add/drop system is shown

in Figure 4.10 (a){(d) and Figure 4.11 (a) - (d).
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Figure 4.10 ~The dynamic optical tweezers output within the
add/drop filter, when the bright soliton input with the central

wavelength Ao = 1.5 m, where (a) add/drop signal, (b} dark - bright
soliton collision, (¢) optical tweezers at throughput port, and (d)
optical tweezers at drop port.

The optical tweezers probe can be trapped/confined atom/light by using the
appropriate probe, which can be tuned to meet the specific requirement. The
stability of the dual Brillouin is shown in Figure 4.7 The dark soliton valley dept, ie.
potential well, is changed when it was modulated by the trapping energy (dark-bright
solitons interaction) as shown in Figure 4.11 (a) - (d). The trapping of photon within
the dark well occurs and is seen, the recovery photon can be obtained by using the
dark-bright soliton conversion, which is well analyzed by Sarapat et al. [31], where
the trapped photon or molecule can be released an seen separately from the dark

soliton pulse, in practice, in this case the bright soliton is become alive and seen.
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The more results of the dynamic dark-bright solitons conversion are shown in Figure

4.12 and Figure 4.13
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Figure 4.11 The tuned dynamic optical tweezers output within the
add/drop filter, when the bright soliton input with the central
wavelength 7\.0 = 1.5ldm, where (a) the add/drop signal, (b) dark -
bright soliton collision, (c) optical tweezers at throughput port, and
(d) optical tweezers at drop port.
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4.5 Proposed system TX & RX

Detector

Transmitter(TX) Receiver{RX}

Figure 4.14 Proposed system both TX and RX

In this thesis we proposed a way to use the dark soliton instead of bright in
fiber optic communication. The dark soliton has an advantage over bright that the
specific center wavelength has been vanished. So, The detector of attacker that has

tapped the transmission line cannot detect the carrier.

Light source

Light source

Figure 4.15 The multiplex dark soliton generation system

In order to generate multiplex dark soliton, we propose a better system which
cost is reduced and the input laser diode is not needed. By using multi-ring

resonator, the low cost and light weight multiplex dark soliton has been proposed.
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Figure 4.16 Multiplex dark-soliton generation system using multi-ring resonator

When we combined all the parts of the propose system, we will have a system
look liked this.

Detector

TX RX

Figure 4.17 Overall of the proposed system
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4.6 Insertion loss & Cross talk

In operation, because this router is made up of add-drop filters its performance
depends on that of add-drop filters. At the time of writing, the micro- and Nano
. waveguides are gaining prominence. Filters offer good stability and isolation between

channels at moderate cost.

The add-drop filters’ capability will limit the size of network. The maximum of
nodes of a network depend on the maximum number of add-drop filter channels.
The popular dense wavelength division multiplexing (DWDM) component with many
channels has been achieved in both theoretical and laboratory works [44, 45). Thus
in future is should be possible to build multivariable routers with many ports. At
present, absolutely secure communication is not as popular as the internet, but this

proposed system may be able to cover a big city.

Secondly, the insertion loss will reduce the efficient transmission distance,
since signals will pass through an add-drop filter when they pass the router. The
insertion loss of popular device is 5 dB. According to the performance of present
point-to- point transmission system, we can build a network over 50 km at least.
That will still meet the reguirement of a big city. With the progress of DWDM
technology, the insertion loss will be less than 1 dB in future [46], and then the

multivariable network will cover more than 100 km with high capacity.

The third problem is crosstalk, which will be considered here in terms of
channel separability. For a network, crosstalk will produce bit errors, so it must be
made as low as possible. We think it can be estimated as follows: The insertion loss

(IL) and crosstalk (FC) are

{4.18)

“_ = 10 X log (Pin/Pout)s

(6.17)

FC(A) = 10 x loglP; (AYP(A].
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Here Py, and P, are input and output of solitons, Pﬂ\.i) is the output of solitons
with wavelength A, exported from port j. and P(A,) is the output of solitons with
wavelength A; exported from port i. Since P{A) in Eq. (7) equal to Poy in Eq. (4.16), we

have

{8.18)

|Dout/Pin = 10-1L/10,

(4.19)

[FG(AD-ILI/10

PAAY/P)=[P; (AP XIPou/Pinl= 10

We first assume that the total input of photons from any user is the same
when they enter the router. Since one soliton will pass through two add-drop filters

when it passes a router, the radio of crosstalk to correct the signals is

(.20

Pj(k’i)/Pin]z/[Pout/Pin]Z = 1OZXFCJ(?\'i)/10.

Now we consider the situation that the inputs of photons are not the same.
The worst case is that input photons that produce correct signals pass through a
device that has X-dB insertion loss before passing through the router, but those
solitons that produce crosstalk do not. The ratio in Eq. (420y then become

¥ ?"
1P FAAIIO e there are many inputs that produce crosstalk, the ratio must be

N-l N+ FG(4 ] 3 i .
Y10 ™ where j # i here N is the amount of channels. For popular product we

have N = 40; FC(A) < -25dB (when j = i = 1), FC{A) < ~30dB (when j # i + 1), and X
< 10. The ratio is less than 0.056%. So the errors brought about by crosstalk are less
than other affects and can be ignored. With further development of DWDM
technology, crosstalk will be still smaller and the performance of the router will
improve. [n that case, we should easily be able to build a multivariable network

operating over 50 km with 40 users.
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We proposed system for dark-soliton array generation using multiplexed dark-
soliton pulses. The dark-solitons are input into the series microring resonators, where
they are multiplexed, and signals filtered within an add-drop ring system can be
generated and can be used to obtain large channel capacity in a secure

communication link.

In principle, a dark soliton is one whose amplitude vanishes during propagation
in a transmission line, which gives it an advantage over a bright soliton. The main
difference between bright solitons and dark solitons is that detection of dark solitons
is extremely difficult, which makes them suitable for communication security
applications. Moreover, stable dark solitons can be generated; they have been

reported by Hanim et al. and confirmed by Sama.

Finally, the use of dark solitons to provide large channel capacity within a
wavelength router has been analyzed. A FSR of 2.5 nm and an amplified power of 30
W can be achieved for a dark soliton with wavelength 1.60 um, respectively. Thus,
the channel spacing of the communication signals within a wavelength router can be
provided by using a suitable FSR, which can be determined by using crosstalk effect
analysis. One example has shown that a multivariable network over 50 km with 40

users can be achieved,
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CHAPTER 5.

CONCLUSION

In this chapter, we showed the conclusion of the main idea of this thesis in the
way to increase the security of the optical communication. Then, we showed the
future work of the next step of this thesis, in order to get more easily control the
dark-bright soliton conversion and increase the bandwidth of the communication

link.

5.1 Conclusion

We have shown that the dark soliton can be used in optical communication in
order to increase the security of the link. The sender sent the signal in the form of
dark soliton, lack of center frequency carrier. The only designator receiver with the
circuit of dark-bright soliton conversion can convert the dark soliton back into the
bright one, then the detector can detector the signal and get the information.
Furthermore, to increase the bandwidth of communication, the multiplexed dark
soliton has been use. More center frequency means more channel of

communication.
In conclusion, we summarized the mainly idea of this thesis were.

1. To ensure the security of the signal in optical fiber and prevent the middle
man attack to trap the fiber, dark soliton technique has been proposed.
2. To maximize the using and bandwidth of communication link, multiplexed

(dark) soliton has been proposed.

5.2 Future work

In the previous part of this thesis, we demonstrate the security improvement in

optical communication with dark soliton’s technique using add/drop filters. In this
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section we propose a better way to use PANDA ring resonator to convert bright-dark

soliton.

5.2.1 PANDA Ring resonator

In this part, we have derived and presented the dynamic behavior of dark-
bright soliton collision within the modified add/drop filter, which it is known as
PANDA ring resonator. By using the dark-bright soliton conversion control, the
obtained outputs of the dynamic states can be used to form the random binary
codes, which can be available for communication security application. Results
obtained have shown that the random binary codes can be formed by using the
polarized light components. The retrieved (decoded) codes can be obtained by using

the dark-bright soliton conversion signals.

In|put Through

Figure 5,1 A schematic of single-PANDA ring resonator
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5.2.1.1 Theory and Modeling

The proposed system consists of an add/drop filter and double nanoring
resonators known as a PANDA ring resonator as shown in Figure 5.1 and Figure 5.2 To
perform the dark-bright soliton conversion, dark and bright solitons are input into the
add/drop optical filter system. the input optical fleld (£;) and the control port
optical field (£, of the dark-bright solitons pulses are given by [29]

E,(f)= AtanhI:Ti:lexp[{%J_fgﬁ(t):l’ (5.1)

D

E,, (1)= Asech [Tz} exp Hi] ~i( ,)} (5.2)

[

in which A and z are the optical field amplitude and propagation distance,

2mn, L

7 (r)f s the random phase term related to the
of

respectively. ¢(t)=d, + ¢y, =d, +

temporal coherence function of the input light, ¢, is the linear phase shift, g,, is the
nonlinear phase shift, », is the nonlinear refractive index of InGaAsP/InP waveguide.
The effective mode core area of the device is given by A, L=2zR,, R, is the
radius of device, 4 is the input wavelength light field and E,(¢) is the circulated
field within nanoring coupled to the right and left add/drop optical filter system as
shown in Figure 5.1 T is a soliton pulse propagation time in a frame moving at the
group velocity, th—ﬁzz, where ﬁ1 and ,@ are the coefficients of the linear and
second-order terms of Taytor expansion of the propagation constant. Ly=r? /|2 1s the
dispersion length of the soliton pulse. 7y in equation is a soliton pulse propagation
time at initial input (or soliton pulse width), where t is the soliton phase shift time,

and the frequency shift of the soliton is Wy, This solution describes a pulse that
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keeps its temporal width invariance as it propagates, and is thus called a temporal

soliton. When a soliton peak intensity (

ﬁz/l“i‘;’[) is given, Ty is known. For the soliton

pulse in the microring device, a balance should be achieved between the dispersion
length (Lp) and the nonlinear length (LNL=1/F¢NL). L =nk,, is the length scale over
which dispersive or nonlinear effects makes the beam become wider or narrower. For
a soliton pulse, there is a balance between dispersion and nonlinear lengths, hence

LD = ‘,—NL'

When light propagates within the nonlinear medium, the refractive index (n) of

light within the medium is given by

7, (5.3)
n=n,+ml =n,+—=P,
o

with ng and n; as the linear and nonlinear refractive indexes, respectively. /
and P are the optical intensity and the power, respectively. The effective mode core
area of the device is given by A« For the add/drop optical filter design, the effective
mode core areas range from 0.50 to 0.10 umz. Parameters were obtained by using
the related practical material parameters (InGaAsP/InP) [47, 48, 30]. When a dark
soliton pulse is input and propagated within a add/drop optical filter as shown in

Figure 5.1, the resonant output is formed

Figure 5.1, consists of add/drop optical multiptexing used for generated random
binary coded light pulse and add/drop optical filter device for decoded binary code
signal. The resonator output field, E, and E, consists of the transmitted and
circulated components within the add/drop optical multiplexing system, which can

perform the driven force to photon/molecule/atom.
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When the input light pulse 4passes through the first coupling device of the
add/drop optical multiplexing system, the transmitted and circulated components

can be written as

E, =l-» |:\/1—qu}]+j\/EEJ (5.4)

E=yl-n [\/l—in4+j\/;]E:.]:| (5.5)

where «, and y, are the intensity coupling coefficient and the fractional

coupler intensity loss of the add/drop optical filter, respectively. & is the attenuation
coefficient, k, =2x/2 is the wave propagation number, i is the input wavelength

light field and L=2zR,, R, is the radius of add/drop device.

For the second coupler of the add/drop optical multiplexing system,

By =\1=7,[I= 5B, + j\f1 5, 57

E=yl-1, [Vl"KzEz"'j\/K_zE}zJ 8

al L
Lyt (59
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where «, is the intensity coupling coefficient, », is the fractional coupler
intensity loss. The circulated light fields, E, and E,, are the light field circulated
components of the nanoring radii, B and R, which coupled into the left and right
sides of the add/drop optical multiplexing system, respectively. The light field

transmitted and circulated components in the right nanoring, R,, are given by

Figure 5.2 A schematic of PANDA ring, where (a) the left
nanoring and (b) the right nanoring.

Ep=yl=1 I:*“_’%EI + 7 KSEﬂ] (5.10)

Erl=1/1—}/3|:4/1—K3Er2+j,\/](_3_€1:| (5.11)

S a-jhala (5.12)
Erz = Erle
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where &, and y, are the intensity coupling coefficient and the fractional
coupler intensity loss of the right nanoring, respectively. & is the attenuation
coefficient, &, =2z/4 is the wave propagatioh number, A is the input wavelength

light field and L, =2#R,, R, is the radius of right nanoring.

From Eq. (5.10} - (5.12), the circulated roundtrip light fields of the right nanoring

radii, R,, are given in Eq. (5.13) and (5.15), respectively.

E = j\"]‘_ys‘\}KJEl (5.13)
rl = "
1 _ ’1 _ }/3 fl _ K3 '_2!"_ ~Jhylo

-S Ll (5.14)

% [ Ifl=7aJas e 2
o
1= 1= 71— %, =

Thus, the output circulated light field, E,,, for the right nanoring is given by

{5.15)

S A
BN JA=p)1—x;) —(1=y;)e 2 '

Iy WA

1=J(=p)i-x)e *

Similarly, the output circulated light field, E,,, for the left nanoring at the left

side of the add/drop optical multiplexing system is given by
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(5.16)

E (l_yS)(l_xs) —(1—},3 )e'ELz-f'fr,,L,
IENIIES N IES e‘?'-:-fk.f.,

where x, is the intensity coupling coefficient, y, is the fractional coupler

intensity loss, & is the attenuation coefficient, &, =2z/1 is the wave propagation
number, A is the input wavelength light field and L =228, R, is the radius of left

nanoring.

From Eq. (5.4) - (5.16), the circulated light fields, £, £ and £+ are defined by
given ™ =(1_},])1/z‘ Xy =(1—7’z)uz, 3 =(l—fq)'/2, and 72 ==k

. . Sl (5.17)
JXANEE F jrx, Yk, By Ese 47
—-—I. -Jk,L

L=xx. 9B Epre ?

E =

!

al £
"2

E =x,p,E Ee it

(5.18)
+ jx, K, E,

Ty -__-- ,L {5.19)
E =xy,EpEpEe 2 h +Jx, \/_E Ene? "

Thus, from Eq. (5.4), (5.6), (5.17) - (5.15), the output optical field of the through port

(E

‘

, ) is expressed by
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LRk 5.20)
E, =xyE, (]Axy \/_E KIK:ExlE,-Z)644 oy (
The power output of the through port (P, ) is written by
. _al_, L] (5.20)
£ =( :1)'(Ea1) =4 E (Jxlqu\/_E ELE ~ K]KIER]E!.Z)e A

Similarly, from Eq. (5.6), (5.7), (5.17) - (5.19), the output optical field of the drop port

(E,) is given by

/ —%— &, % {5.22)
Ep =X, + oK B Ee

The power output of the drop port (B, ) is expressed by

al_ L (5.23)
RQ:(EJZ)‘(EIJ) _x"y2E +-]x\/— Ee44 4 y

In order to retrieve the required signals, we propose to use the add/drop
optical multiplexing device with the appropriate parameters. This is given in the
following details. The optical circuits of a PANDA ring resonator for the through port
and drop port can be given by Eq. (5.21) and (5.23), respectively. The chaotic noise
cancellation can be managed by using the specific parameters of the add/drop
multiplexing device. The required signals can be retrieved by the specific users. K;
and K; are the coupling coefficients of the add/drop filters, k.=270A is the wave
propagation number for in a vacuum, and the waveguide (ring resonator) loss is & =
5%10” dBmm . The fractional coupler intensity loss is ¥ = 0.01. In the case of the

add/drop multiplexing device, the nonlinear refractive index is neglected. Figure 5.3
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A schematic of single-PANDA ring with a 10 x 12um2 size, which is drawn by using the
OptiFDTD commercial software shows the schematic diagram of single-PANDA ring by
using OptiFDTD commercial software. The dynamic pulse train is generated in z-
direction of InGaAsP/InP waveguide with ng = 3.34 by using OptiFDTD. As shown in
Figure 5.4 Dynamic pulse in z-direction of PANDA ring size 10 x 12 um2 by using
OptiFDTD, where (a) z = 0, (b) z = 0.88um, (c) z = 1.62um, (d) z = 2.7dum, (e) z =
3.30um, () z = 3.44pm, () z = 5.72um, (h) z = 8.10um, and () z = 9.06um, (j) z = 10.7
um, (k} z = 10.0pm, and () z = 11.0pm., (@) z = 0, (b) z = 0.88um, (c) z = 1.62um, (d) z
= 2.74um, (e) z = 3.30um, (f) z = 3.44um, {g) z = 5.72um, (h) z = 8.10um, and (i) z =
9.06pm, (j) z = 10.7 pm, {k) z = 10.0um, and () z = 11.0um. The results are obtained
by the through (Th) and drop (Dr) ports as shown in Figure 5.5 The simulation results
obtained at through port (Th) and drop port (Dr). We we found that the output
power at the drop port is higher than the through port, which means that the
required and the transmitted signals are obtained, in which the delay signals within
left and right nanoring are seen as shown in Figure 5.6 The simulation results

generated at ringl {(MRR1) and ring2 (MRR2).

12.000

Figure 5.3 A schematic of single-PANDA ring with a 10 x
12pm2 size, which is drawn by using the OptiFDTD commaercial
software
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Figure 5.4 Dynamic pulse in z-direction of PANDA ring size 10 x 12
HmM2 by using OptiFDTD, where (a) z = 0, (b) z = 0.88um, {(c) z =
1.62um, (d) z = 2.74pm, (&) z = 3.30um, () z = 3.44um, (g) z =
5.72um, (h) z = 8.10um, and (i) z = 9.06pm, (j) z = 10.7 pm, (k) z =
10.0um, and () z = 11.0um.
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UMTS. IMT2000, Wibro, WIMAX2350, and WLANZ400 bands,
the anlenna gain is varied from 1.0 10 3.8 dBi, and the simuiated
ragiation efficiency is above 756 in the most of frequency band,

4, CONCLUSIONS

We designed and suceessfully implemented a planar monepole
antenni with & meander strueture, Leshaped slots in the ground
plane and tapered feeding line to cover eighl conununicalion
bands:  GSMYOD. DCSIRDD, PCSIOG0, UMTS, IMT-2000,
Wibro, WiMAX2350, and WLAN2400. A dual-frequency opera-
tion with brogd impedance bandwidth is achieved, We observed
4 good agreement between simudated and measured results, as
weli as the relatively pood madiation characteristics, The pro-
posed antenna has wide and potential applications as an internal
multiband amenna for wireless communication terminals.
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ABSTRACT: We present the Juscinating results of dark soliton pulse
array genereiion wsing the maltifight sources via an opiival sudiipleser,
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The dark soliton uveay with different center wavelengths cun be
nenevated, The experimental setup was sperated by wsing the brillonin.
entanced fiber luser scheme, whereas the cxperimenrad resuls of the
dark soliton array are generaed and achieved. In application, the dark
sofiton array can be wved o form the melecules’alow irapping array,
swhich can be wsed to form the molecifesiatoms menwry array for
mplecrlor compuier and communication. Morcover, 1y transmission
welecadesicioms can be securid by using the dirk-bright sofiton
conversion behovivrs. Results obiained have showa thar the free
spectriun range and the amplificd power of 2.0 am and 20 Woof the
bright soliten afier davk-Dright soliten comversion with wavelength
crnter ar 150 jon can be achipved, respecively, © 2010 Wiley
Pasiodicals, Inc, Microwave Opt Techno! Lot $2:2397-2400, 2tHix
View this article cating st wileyonlivelibrzry.com, DOT 51602/

mop 23514

Koy words: dork sofiten array; nudtidard solitons; dark<hright seliton
coRversion: miolecular toupartation

1. INTRODUCTION

Soliton communication has been a suecessful system for fong
distance optical communicaton link, whereas the required mini-
mun: vepeater is the advartage, which becomes the key advant-
age of the required system performance. However, in practice,
seliton collision and dispersion manzgesnent s sequired o solve
the problem of soliton—solilen interaction [[-3]. Generally, there
are twe types of soliton known as bright and dark solitons [4].
where the soliton behaviors and applications are well analyzed
und described by Asarwal [5]. In pringipie. the detection of dark
solion s exiremely difficutt. To date, seversl articles have
investigated the dark soliton behaviors [6-10] and one of them
shows an ingeresting resudt that the dask sofiton ¢an be converted
into o bright soliton and finally detected. This means that the
dark soliton penalty can be used as a communication security so
that i1 can be retieved by the dark-bright soliton conversion
{F4, 121, A solin pulse has been used o produce fast switcling
i3] localized within a nanowsveguide [Id, 15] and it was
reported  thae shey have desiencd a swvsiem, which consists of
miicro- ard nanoring resonstors. Therefore, in this article, we
present the results of dark selilons gencrated by using the malti-
fight sources/iunuble source to form the multidark sofiton malt-
plexing system, where the muitiplexed sofitons can be transmil-
ted into the link via an optical multiplexer (MUX). The dark
soliton array. that is, wavelength division multiplexing of dak
soliton 15 formed, which may be vsed w0 form the multiwave-
length soliton bands for hizh capacity modeculesfatoms trapping
ane) teansportation [16). Resufts olained have shown that skight
difference of sofiton center wavelepgths can be generaed ang
used for mudtichnnnels applications. By wsing the dark-bright
conversion, e mnltibright solitons can be obtained, which
means that the large number of moleculesfatoms can be kept in
the sccured communication link, that is, o wavelength router,
which is also avaifable Tor molecular communication wnd large
memory applications.

2. DARK SOLITON ARRAY GENERATION AND CONVERSION
To describe the mubtipiexed dark soliton pulses. a stationary
dark soliten pulse tha is introduced im0 the nondincar
microring resonator sysiem as shown in Figure | Each of
input optical fickds (E,) of the dark soliton pulses inpui is
given by 15]

MICROWAVE AND CPTICAL TECHNOLOGY LETTERS 7 Vol 52, No. 11. November 2010 2387
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Where A and = are the optical field splitude and propagation
distance, vespectivety. 7 is a sofiton pulse propagation time in a
frame moving at the group velocity, T = ¢ — fiio where i, and
fiy are the coefficients of the Jincar and sceond-order terms of
Taylor expansion of the propagation constant, Ly, = TaAflyl is
the dispersion length of the soliton pulse. T, in equation is 1 sol-
iton pulse propagation time ot initinl ingan (or soliton pulse
width), where ¢ is the soliton phase shift time, and the frequency
shift of the soliton is ¢, This solution describes a pulse thal
keeps its temporal width invariance as it propagates, and thus is
calted 2 winporal soliton. When a sofiton peak imtensity (If./1
x T&l) is given. ther T, is known. For the soliton pulse in the
nicroring gevice, & balance should be achicved between the dis-
persion length (L) and the nondinear length (L = 1/Tdg)
where T = a.%k. is the Tength scale over which dispersive or
nonlinear effects makes the beam become wider or narrower.
For a soliton pulse. there is a balance between dispersion and
nondinear lengths. hence L), = Ly, .

Einlr) = Aldnh["r ’L:\p[(——-—-) - ;‘wu;] (h When Jight propagates within the nonfinear materiul (mgdmm}
T 2n the refractive index () of light within the medinm is ghven by
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where Ng and a; are the livear and nonlinear refractive indexes,
respectively, T and £ are the optical intensity and optical power,
respectively, The effective mode core area of the device is given
by Agr For the series microring resonator {(MRRs), the effective
mixle core areas range from 0.30 o 0.10 ;tm"‘ [£7]. When a soli-
1on puise is inpui and propagated within 2 MRR, as shown in
Figure 1. which consists of a series MRRs, The resonant outpm
is formed, thus, the normalized outpul of the Tight fie)d is the sa-
tio hetween the output and input fields [£,,(0 and E 1) ia
each roundurip, which is given by [I8]

Emll("}
Ei"[l)

a

(L=l = 717w
(1= TR +40T = 99/ 1= ksin’(5)
3

The close form of Eq. {3) indicotes that a ring resonstor in
this particutar case is very similar o a Fabry-Perot cavity,
which has an input and output mirrer with a field reflectivity, (1
- &), and a fudky reflecting inirmor. K is the coupling cocfiicicnt.
ad & = exp(—al/2) represents a roundirip loss coelficient, dy
= Loy and gy, = KLnJE" acc the lingar and nonlinesr phase
shilis, k¥ = 2m/7 is the wave propagalion nember tn 3 vacnum,
where L and o wre waveguide length and linesr absorption coef-
ficient, respectively. In this work. the tertive method s intvo-
duced to obtain the results ax shown in Eq. (3}, and similarly,
when (e omtpus tield s connecled und inpa? into the other ring
FeSOnAtors.

The input optical field as shown in Eq, (1), that is. a dark soli-
ton pulse, is input inlo 4 nondinear seriex microring resonator. By
using the approprinte parimeters. we propose 10 use the addfdrop
device with the appropriate parameters. This is given in delails as
followings. The eptical outpus of  ring resonator add/drop filter
can be piven by the Bys., (3) and (5), respectively |19}

=0 -]

f
iE
{1 =5 )= 23 /T8 ~ T Rae Heos(d L) + {1 =Ry )
T l—m (- ke 2 T g - 7 F = Rz Thvos{k,L)
(4)
and
Eaf?
Eini
_ winpe
TNk (- rademt =2 T =1y - T = Koo Bcts(h,L
{5}
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where £, and £, represent the opticad fields of the throughpint and
drop ports, respectively, [} = kngy is the propagation constant, ney
is the eifective refractive index of the waveguide, ad the cicum-
ference of the ring is L = 2R, with K as the radius of the ring.
In the following. new patameters is used Tor simplificuion with ¢
= 7l as the phase constant, The chaotic noise cancellation can be
managed by using the speeific parameters of the addfdmop device,
ad the required signals can be retrieved by the specific users. &
and sy are the coupling coefficiem of the add/drop fliers, &, =
2zf/, s the wave propagation number for in a vacuum, and where
the waveguide {ring sesonator) loss is @ = 0.5 dB mm™", The
fractional coupler intensity loss is 3 = 0.1, In the case of the add/
drop device, the noafinear refractive index is neglected.

En simudation, the genered dark soliton pulse, for instance, with
30-ns pulse width, and a maximum power of 0.5 W is input into each
of ring resonor systems with different center wavelengtis, as shown
in Figure 1. The suitable ving parameters are used, such as rng radil
and ring coupling coefficients, where Ky = 15.0 am ond Ry = 100
pm. Te moke the sysiem associate with the practical device [17], ay
= 334 {InGaAskEnP). The effective core areas are A.y; = 0,50 and
0.25 am® for MRRs. The waveguide and coupling loses are 2 = 0.5
dB mm ™} and ; =0.1, respectively, and the coupling coefficients k,
of the MRRs are maged from 0.03 o 0.1 Fhe nonlinear refraciive
index is 1 = 2.2 x 107" mPAW, In this case. the waveguide loss
used is 0.5 B mm ™7, However, mon: partmeters ane gsed as shown
i Fipure 1, The fuput dark soliton pulse is chopped (sliced) into the
smulier signals Ry, Ra. and the filtering signals within add/drop ring
Ra wre seen. We find that the output signals from Ry is larger than
from &) because of the different core effective areas of the rings in
e systeo, however, the effeciive arcas ens be transferred from 0,50
and 0.25 gm® with some Josses. The soliton sigrals in By is enwered in
the addfdrop filter, where the dark soliton conversion cim be per-
formed by wsing Eqgs. {4y und (5). In application, the different dark
soliton wavelength is inpul into the serfes microring resopators sys-
tem, whereas the parameters of system ane set the same, For instance,
the dark solitons are input into the sysicm at the center wavelengibs
A= LB ke = 182, and Jg = 54 um, respectively. When a dork
solilon propagates inte the MRRs system, the oceurrence of dark soli-
ton callision (modalation) in MUX sysiem and the filtering sigals
wighin addfdrop ring (#,) is as shown in Figure 2. The dark solion
generated by multitight sources at the center wavelength /) = 15
am. Simulation results oblained have shown that the band of bright
solitons is seen, whereas drere 3 no sipeal wt 2y = 130 gm. The free
spectrum range (FSR) and the amplified power of 2.1 am and 20 W
of the dark soliton are obtained, where in ihis case, the spectral width
(Full widdl at half maxiinum, FWHM) of (1] nm is achieved.

3. EXPERIMENTAL RESULTS

Figure 3 shows the experimental sewp for multiwavelength bril-
louin-enhanced fiber laser in the forward pumping configurition,
which can be used to performed the dugk soliton array by using non-
Tinear diber optic setup system, The setep consisis of o Brillouin

WMIGROWAVE AND OPTICAL TECHNCLOGY LETTERS / Val. 52, No. 11. November 2010 2389
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pumip (BI) with & 9.4 dBm oulpus power, a Raman pump with a
296 mW output power tht pumps the 7.7 km dispersion compen-
sazed fiber and two laser diodes (LD) with an cutput power of 48
mW and L2 mW, respectively. These LI's was bidisectionally
punsped ino a 30-m length depressed cladding fiber with a spooling
dizmseter of 7 om. A lnear resonator consists of Lwe optical circuls-
tors (QC), where both ends of the setup were used. These two OC
also created a douhle pass configuration inside she cavity, Three
wavelength division MUXs (WSC) were used to combine the difter-
ent wavelength inside the cavity, A 3-dB GCJ couples the signal
from the BP into the cavity. A 90010 output coupier that is replaced
at different locations as shown in Figure 3 will tap 104 of this sig-
mal. This signal is directly observed using an optical specteum ama-
fvzer with a resolufion of .02 nm.

Figure 4 shows the tunable nusltiple-Briliowin Iusing at diffes-
ent settings of wavelenpths at BP. Note that this multiwavelenath
Brilleuin lasing are obtained from the experimentat setup in Fig-
ure 3. The power setting of the BP is kept constant at 9.4 dBm but
the wavelength of the signal is varied &t E500, 1502, and 1504
nm. From the spectrum obtained, {5, 12, and 11 peaks are
oblatned at 1500, 1502, and 1504 nm, respectively. The lasing
peaks at 1500 an are more stable and fluctuates less when com-
pared with 1302 nm and 1504 nm lasing. Due to the less numbers
of fluctustions of the lasing spectrum and the highest number of
peaks oblained w1 1500 mm, the multi-Brillovin Jasing at this
wavelength is chosen for close seratiny. Figure 5 shows the stabil-
ity and evolution of the lasing speciruny of e dark-bright soliton
conversion pulses, It can be seen that the same spectrum is almost
reproducible. The time interval hetween 1wo spectea is 60 s The
generation of multi-Britlouin lasing is much dependent on the
pumping power that inferavts with the secustic wave.

4. DISCUSSION AND CONCLUSIONS
We propose a novel system of the dark soliton array generation
using the multiplexed dark soliton pulse. The mulidark solitons

= -
=
g
1 ¥
‘é”dsm
£ 5
£
E %2
S )
1439.£0m 1500, S 1504 5anm 0.20mD
Wavelength (nm)

Figure § Shows the multidark-bright soliton train at 1300 nm from 0
10 4.0 ns
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are inpwt into the serics microring resonutors, where the multi-
plexed and the filtering signals within add/drop ring system cun
be generated and obtained, which con be used to perform the
Jarge channel copacity i the secure communication link, The
wse of dark sofitons to form the large channel capacity within
the wavelength router is analyzed, The FSR mnd the amplified
power of .1 nm and 20 W of the dark soliten with wavelength
at 1.50 pm ocan be achieved, respectively, The experimental
results ave shown that the dark soliton array can be generated.
The dark-bright soliton conversion is also Tormed, which is in
good agreement with theoredical simulation results, kowever, the
slightly differem of cemer wavelengths of both resulis are noted.
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1 Introduction

Sofiton communication has been a successful systiem for

Abstract. We propose a novel system for generating multiplexed dark-
sofiton pulses using multiple light scurces via an optical multiplexer,
whereby dark solitons with different center wavelengths can be gener-
ated. The multiplexed signals can be transmitted into the communication
link and fittered by using an optical add-drop filter. By using suitable
simulation parameters, we have shown that dark solitons with different
center wavelengths can in fact be obtained. In apphication, the commu-
nication capacity can be increased by using the multiplexed dark soli-
tons; moreover, the transmission signals can be secured by utilizing the
behavior of dark solitons. A {ree spectrum range (FSR) 2.5 nm and an
amplified power of 30 W of dark solitons with wavelength 1.60 um can
be achieved. Channe! spacing of the communication signals within a
wavelength router can be provided by using a suitable FSR, which can
be managed by using crosslalk effect analysis. & 2010 Socialy of Photo-Oplical
instrumentation Enginsers. [DOh 10, 1117H,3425658]

Subject terms: wavelongth router; dark-soliton array; muitiplexed dark solitons;
communication security.

Paper 700D4UR recaived Jan. 24, 2010; revised manuscript received Mar, 9,
2010; acceptad for publication Mar. 9, 2010; published online May 11, 2810.

. . 3 sy
used  to  produce  fast switching”  within @
nanowaveguide,' ' und Mithata et al."® reported that they
have designed & system that consists of micro- snd nano-

long-distance optical communication links. where minini-
zation of the required number of repeaters is a key 1o sys-
tem performance. In practice. however, the problems of
soliton-soliton interaction, soliten collision, and dispersion
munagement have 10 be solved.”™ Generally, there are two
types of soliton, known as bright and dark solitons.” whose
hehavior and applications are well anaiyzed and described
by Agarwal.” In principle, the detection of dark solitons is
extremely difficult. To date. several papers bave investi-
gated their behavior,® ' and one of them shows the inter-
esting result that a cark soliton can be converted into a
bright soliton and finally detected. This means that the un-
detectability of dark solitons ean be used for communica-
tion security, the information heing retrieved by dark-bright

soliton conversion.'"'? Recently, » soliton pulse has been

0091-3286:2010/525.00 © 2010 SPIE
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ring resonators.

Since then, the application of dark solitons has become
promising in that a wansmitted dark soliton can be con-
veried into a bright soliton after passing through a specific
add-drop filter."” which means that signals can be transmit-
ted in the form of dask solitens, which are difficuht to de-
tect, whereas the end user who conaects 10 the lnk vin the
add-drop filter can obtain the signals. Althou&h durk-soliton
applicutions have been widely investipated, = the search
for new technigues with wider applications continues.

in this paper, we propose the use of multiple dark sofi-
tons generated by using multiple light sources and/or ton-
uble sonrces to form a dark-soliton muktiplexing system,
where the multiplexed solitons cin be transmitted inio the
Hank via an optical multiplexer (MUX). A dwrk-soliton airay
is formed throngh wauvelength division muhtiplexing

May 2010/Vol, 49(5)
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(WDM) of dark solitons, asd muy be used o form the
muliiwavelength soliton bands for high-capacity communi-
cativn. Simutation results have shown that slightly different
soliton center wavelengths can be generated and used for
multichanne] applications. By wsing the dark-bright conver-
sion, multiple bright solitons can be obtained, which means
that a large number of channels can be kept in a secured
communication link, wiich is thus available for communi-
cation security with high capucity over long distances.

2 Generation of Multiplexed Dark Solitons
Toe create @ system by which multiplexed dark soliton
pulses can be used 1o generate a dark-soliton array, stition-
ary dark soliton pulses are introduced into the microring
resonator systern shown in Fig. 1. Each of input optical
fields {£,;) of the dark soliton pulses is given by

E =4 tanh(%)cxp[(i}) - f(ﬂg]f] . (1)
where A and z are the optical fieid amplitude and propaga-
tion distance, respectively; T 15 the soliton pulse propaga-
tion time in a frame moving at the group velocity, Tt
= Bz, where 8y and 8, are the coefficients of the linear and
second-order terms of the Taylor expansion of the propuge-
tion constant; Ly =To/|By] is the dispetsion length of the
soliton pulse; T, is the soliton pulse propagation time at
initial inpw (the sokiton pulse widith); 1 is the soliton phage-
shift time; and the frequency shift of the soliton is w,. This

Hﬂut (’ )

ok [1-(1 - 9xx

solution describes a pulse that keeps its temporst width
invariant as il propagates, and thus is cafled a temporal
soliton. When the soliton pesk intensity (87 1'75)) is
given. then Ty is known, For the soliton pulse in the mi-
croring device, a balance should be achieved between the
dispersion length {Lp) and the sonlinearity length (L
=1/ iy ), where P=naky is the length scale over which
dispersive or nenlinear effects make the heam bhecome
wider or narrower, For a soliton pulse, there is a balance
between dispersion and nonlinear lengths; hence Ly=Ly;.

When light propagates within the nonlincas material
tmediumj, the refractive index (#) of light within the me-
dium is given by

s .
n=ng+ sl =0+ —P. 2)
A:n’

where ny and a5 are the Hoear and nonkinear refractive in-
dices, respectively, and 1 and P are the opiical intensity and
optical power, respectively. The effective mode core area of
the device is given by A,y For the series of microring
resonators (MRRS), the elfective mode core areas range
from 050 to 0.10 gm”.2° When a soliton pulse is input and
propagated within a MRR {as shown in Fig. 1, which con-
sists of a serics of MRRS), o resonunt output is formed.
Thus, the normalized output light field is the ratio between
the output and input Gelds [E,, (1) and Ei,tr3] in each round
trip. which is given by

E'm“)

The closed form of Eq. (3) indicates thit a ring resonator in
this particular case is very similar 1o a Fabry-Perol cavity,
which has an input and outpul mirror with a field reflectiv-
ity 1-x, and 2 fully reflecting mirror. Here & is the cou-
pling coefficient, x=exp(—ali2) represents a round-trip
loss coefficient, dy=kLng and gy =kLno]Eyl* are the lin-
car and nonlinear phase shifts, and k=2%/X Is the wave
propagation number in a vacuum, where L usnd o are the
waveguide length and knear absorption coefficient, respec-
tively. In this work. an iterative method is introduced to

=0 N - B TR w0 2 4 drl) ~ ) 20 < S ()

abtain the results shown in Eg, {3). and simitarly when the
ottput field is coanected and input into the other ring reso-
nators,

The input optical field as shown in Eqy. (1), i.c.. a dark-
soliton pulse, is input into a nonlinear serics microring
resonator. We propose to use an add-drop device with the
approprisie parameters. This is given in detail as follows.
The opligiu outputs of 2 ring-resonator add-drop filter are
given by™

{5)

B (=) =200 = k)"0 = k)2 expl- (/2)Jcos kb + (1 = y)e™s @)
Enl T4 (1= g)(F = &2)e™™ = 2(1 = &)1 = o} exp[~ (@/2)L]cos kL
and
Ey z . Ky ky expi— {a/2)L]
En |l T4 (1= )0 = &a)e™ = 2{1 = k)1 = ka)"? expf~ (/2)L]cos kol
Opficat Engineering 085002-2
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Flg. 1 Schematic of genaration trapping teol system: E,,, soliton inpuis; A, ting radi; &, coupling
coeflicients; MUX, oplical multiplexer; Ry, add-drop radius,

where £ and £, represent the optical fields of the through-
put and drop ports, respectively, B=kuy Is the propagation
CONSTAN, fyy is the effective refractive index of the wave-
suide, and the circumference of the ring is L=2%R, with £
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the radius of the ring. In the following, new parameters are
used for simplification, with ¢= BL as the phase constunt.
The chaotic noise cancellation ¢an be munaged by using the
specific parameters of the add-drop device, and the requived
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Fig. 2 Simulation results for dark solifons within the series microring resonalors whan the dark-soliten
input wavelength is 1.5 um: (a) dark-sefiton input; (b), (¢}, dark soltons In rings A, and A (d}, (e}, ),

drop-por signals,
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Fig. 3 Simulstion result on the dark-soliton array when the dark-soliton input wavelengths are 1.5,
1.52, and 1.54 pm: (a) dark-soliten array; (b) through (g), drop-pori signals.

signals can be rewrieved by the specific users. In Egs. (4)
and (5). «, and & are the coupling coefficients of the add-
drop filters. k,=2w/X is the wave propagation number in a
vacutn, and the waveguide {ring resonator) Joss is o
=0.5 dB mm™*. The fractional coupler intensity loss is v
=01, Tn the case of the add-drop device, the nonlinear re-
fractive index is neglected,

in simulation, the genermted dark-soliton puise, for in-
stunee, with 50-ns pulse width and a maximum power of
0.5 W, is inpwt into cach of ring resonstor systems with
different center wavelengths, as shown in Fig. 1. Suitable
ring parameters are used. such as the ring radit (R,
=150 gm and Ry=10.0 um) and ring coupling coeffi-
cients, In order to make the sysiem correspond to a practi-
cal deviee,™ we set ny=3.34 (for InGnAsP/inP). The effec-
tive core arens are A =0.50 and 0.23 zm? for the MERs.
The waveguide and coupling loses are a=(1.5 dB mm™! and
y=0.1, respectively, and the coupling coefficients &, of the
MRRs range from 0.03 10 (.1. The nonlincar refractive in-
dex is n3=2.2> 107" m®/W. In this case, the waveguide

Optical Engineesing
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toss used is (L3 dB mm™. Other parameters used are shown
in Fig. 1. The input dark-soliton pulse is chopped (sticed)
inte the smaller signals Ry, Ry, and the filtering signals
within the add-drop ring R, are seen. We find that the out-
put signal from £, is farger than from 8|, due to the differ-
ent effective core areas (0.50 and 0,25 um?) of the rings in
the system; however, the effective aseas can be changed
with somne losses. The soliton signals in Ry are fed to the
add-drop filter, where the durk-solilon conversion can be
performed according 10 Eqs. (4) and {5).

In application, the different dark-soliton wavelengths are
input into the series microring resonator system, whereas
the paramcters of the system are set the same. For instance.
dark solitons are input into the system at the censer wave-
lengths d =135 pm, A;=1.52 am, and A3=1.54 um. When
a dark solifon propagates into the MRR system, the ocour
rence of dark-soliton collision (modulation} in the multi-
plexer system and the filtering signals within an add-drop
ring {Ry) is as shown in Fig. 1. The durk solitons are gen-

May 2010/Vel. 49(5)
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Fig. 4 Simulation result on the dark-soliton array when the dark-soliten input wavelengths are 1.58,
1,58, and 1.60 pm: (a) dark-soliten array; (b) through (g}, drop port signals, respectively.

erated by multiple light sources at the center wavelength
hy=1.5 aon; the filtered signafs are as shown in Fig. 2.

Simulation resulis have shown that a band of bright soli-
tons is seen, whereas there is no signal at Aj=1.5 gm. A
free spectrum range (FSR) of 2.1 nm and an smplified
power of and 20 W for the dark solitons are obained,
where in this case a spectral width (full width at hatf maxi-
sum, FWHM]} of 0.1 nm is achieved. In Fig. 3, the dark-
sofiton array generated by multiple tght sources at the cen-
ter wavelengths  Ay=15 pm, =152 pm, and Ay
=1.534 pon and the corresponding filiered signals are
shown. Similarly, the dark-solilon array generated by mulb-
tiple light sources at the center wavelengths A\ =1.56 gm,
Ap= 058 pm, and A3=1.60 um and the coresponding fil-
tered signals are as shown in Fig. 4. where the optical-ring
radii used are 15 and 10 um, and R;=50 pm,

Optical Engineering
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3 Muitipiexed Dark Solliens in a Wavelength
Router

In operation, because this router is made up of add-drop
filters as shown in Fig. 5, its performunce depends o that
of the add-drop filters. At the time of writing, micro- and
nanowaveguides are gaining prominence, Filiers offer good
stability and isolation between channels ot moderate cost.

The add-drop filters’ capability will Timit the size of the
network, The maximum number of nodes of & nelwark de-
pends on the maximumn number of add-drop filter channels.
The popular dense wavelength division multiplexing
(DWDM) component with many channels lms been
achieved in both theoretical and Idbomrory works.”** Thus
in {uture it should be possible to build multivariable routers
with many ports, At present. absolutely secure communica-
tion is not as popular as the internet, but this proposed
svstem may be able to cover a big eity.

May 2010/Vol, £9(5)
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@ i

Fig. § Aschermatic multiwavelength router, where A, A, are the ring
rad, Ky, w5 are the coupling cosfficients, and A; are the dark-soliten
wavelangths.

Secondly. the insertion foss will reduce the efficient
rransmission distance, since signals will puss through an
add-drop filter when they puss the router, The insertion logs
of popular devices is § dB. According to the performance
of present poini-to-point transmission systems, we can
build a network over 50 km a4 least. That will sill meet the
requirements of a big city. With the progress of DPWDM
technology, the insertion loss will be less than [ dB in
future,™ and then the multivariable network will cover
more than 100 km with high capacity,

The third problem is crosstalk. which is considered here
in terms of channel separability, For a network, crosstalk
will produce bit ermors, so it must be made as low s pos-
stble. We think it can be estimated as foliows: The insertion
loss (1.} and crosstatk (FC) are

1L =10 X log(P, /P, 6)
. P
FC,(A) =10 X lno[ =T ] o

Here Py, and £y, are the input and outpit of solitons, P;(x)
is the output of solitons with wavelength A; exported from
port j. and P(h;} is the output of solitons with wavelength
A; exported from port /. Since PN in Eq. (7} is cqual w
Pow i Eap. {6), we have

P Py 1070419 (8)

o A LA L V)

Piu ’Pmn Pin

We first assume that the jotal input of photons from any
user is the same when they enter the router. Since onc soli-
ton will pass through two add-drop filters when it pusses a
router. the ratio of crosstalk 1o correct signals is

Pj(h-j) Pj(xi Pout - 10!}-'(‘.1[)\‘.)..[]‘_],‘|D‘ (9)

o
[P{h;)jpmg - lozyupci{;,.).’[()' UO)
(puul"’pin)

Now we consider the situation that the inputs of photons
are not the same. The worst case is that input photons tha

Optical Engineeting
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produce correct signals pass through a device that has X-dB
insertion loss before passing through the router. but those
solitons that produce crosstalk do not. The ratio in Eg. (10)
then becomes J1OP3XFEMII0, I there are many inputs that
produce crosstalk, the ratio must be XI5 olsxFEAIL
where j =i here & is the number of channels, For popular
products we have N=40; FC(A) < -23 dB (when j=/Z 1)
FCI-(?\;)<—3U dB (when j#i*1), and X < 10. The ratio is
less than 0.056%. So the errors brought about by crosstalk
are less than other effects and ean be ignored. With further
development of DWDM technology, crosstalk will be still
smalier and the performunce of the router will improve. in
that case, we should eastly be able to build & muhivariable
network operating over 50 km with 40 users,

4 Conclusion

We propose o novel system for dark-soliton array gencra-
tion using muliipiexed dark-soliton pulscs, The dark soli-
tons are input imo the series microring resonators, where
they are multiplexed, and signals filered within an add-
drop ring system can be generated and can be used 10 ob-
tain large channel capacity in a secure communication link.

In principle, a dark seliton is one whose amplitude van-
ishes during propagation in a tansmission line,'™'® which
sives it an adveantage over a bright soliton. The main dif-
ference between bright solitons und dark solitons is that
detection of dark solitons is extremely difficult, which
nmakes them suitable for communication security applica-
tions. Morcover, stable dark solitons can be generated; they
have been repericd by Hanim ¢t ol " and confirmed by
Sama.

Finally, the usc of dark solitons to provide large channel
capacily within 2 wavelength router has been analyzed. A
FSR of 2.3 nm and an amplified power of 30 W can bo
achieved for o dark solifon with wavelength 1.60 pm, re-
spectively. Thus, the channel spacing of the communication
signals within a wavelength router ¢an be provided by us-
ing a suitable FSR, which can be determined by using
crosstalk effect analysis. One example has shown that a
multivariable network over 50 km with 40 uscrs can be
achieved,
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A dark soliton pulse beam that has potential applications in the probing and transport of atoms or
melecuies as n optical tweezers s demonstrated. The trapped pulse beam is farmed in the gap beoween
a BP signal at 150000 nm and Stokes signal at 1300.09 nm, which has peak powers of — | 2 dAm. The gen-

erated beam is seen to be stable with ne flsictuations over a test peried of 10 min, whick is impertant to
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ensure that the transported atem/molecule is pot lost in the fink media, chereflere, the dyaamie optical
tweezers are now plausible. The cheorerical backgreund of the trapped atomfmciecule is zlso analyzed
and described in details. The atomicfmolecular network via d wavelength router is also described.

& 2010 Elsevier Gmbi. All rights reserved.

1. Introduction

Optical tweezers are a powesful tool for use in the three-
dimensional rotation of and translation (location manipulation) of
nane-structures such a5 micro- and nano-particles a5 well as living
micro-organisms| 1}, Many research works have been concentrated
en the stalic tweezers [2-6], which it cannot move. The benefit
offered by optical tweezers is the ability to interact with nano-
scaled objects in a nen-invasive manner, i.c. there is no physical
contact with the sample, thus preserving many imporant char-
acteristics of the sample, such as the manipulation of a cell with
no harm to the cell, Optical tweezers are now widely used and
they are particuelarly powerful in che field of microbiology [7-0] to
study cell-cell interaczions, manipulate organshes withour break-
ing the cel! membsane and to measure adhesion lorces between
cells. In this paper we describe a new concept of developing an
optical fweezers source using a dask soliton pulse. The developed
tweezers have many potential appieations in electron, jon, atom
and melecule probing and manipufation as well as DNA probing
and transportation, Furthermore, the soliton pulse generator is a
stmiple and compact design, making it more commercially viable.
In this paper, we present the theoretical background in the physical
model concept, where potential welk can be formed by the barrier of
optical filed. The change in potential vakue, i.e gradient of potentizl

uf Science, King Monghkur's Instinge of Technology Ladkrabang, Applied Physics
Departrent, Bangkok 10529, Thailand Fax: +66 2 3264354,
E-mai! address; kypreech@hmitlacth (4P, Yapapin).

0030.A026/5 - see front msiter © 2010 Elsevier GmbH. Alf cights reserved.
deiz [0.1018.0jlea2010.03.017

can produce force that can be used to confineftrap atoms/molecule.
Furthermore, the change in potential weli is still stable in some
conditions, which mean that the dynamic optical tweezess are
plausible, therefore, the transportation of atoms/moelecules in the
opticai network via a dark soliton being reafized in the near future,

2. Trapping forces

The optical forces generated by a milkiwart of visible light are
more than enough to overwhelm the random thermal forces which
drive the dynamnics of microparticles, The goal in creating an aptli-
cal tweezers is to direcr the optical forces from a single faser beam
o trap a parlicle fo all three dimensions, White quite general
formulations of this problem have becu developed [10-13] a sim-
plifiecd discussion suffices to motivate the design of optical tweezers
arrays, We consider the forces exerted by monochromatic light of
wave-number £ on a diclectric sphere of radius a in the Rayleigh
limit, where a = 2p/k. The total optical force, F, is the sum of two
contributiens which is given by | 14]

F=Fg+F (|)

where the first of which arises from gradients in the light's intensity
and the second of which Is due to scatrering of light by the particle.
The gradient lorce on a pasticle of dielectric constant ¢ immersed
in & medivm of dielectric constant &y and subjected to an optical
field with Poynting vector S, where

v 27a? YED ﬂ)
O (Hm v (2)
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It tends to draw the particle toward the region of the highest isten-
sity, The scatiering force is expressed by

e :
Fo= galiafte 22 (250 Y's (3)

It drives the particle along the direction of propagation of the light,
Wilsen dark seliton pulse is generated in the fiber optic sysiem, the
optical field (Ep, ) of the dayk soliton pulse is given by an Fq. (4) as
115)¢

Eplt) = A tanh [%] exp [(—2—%) - imor] (4

whare A and z are the optical field amplitude and propagation
distance, respectively. T is a soliton pulse propagation time in a
frame moving a: the group velocity, T=t - B; » z, where #; and
fz are the coefficients of the linear and the second order terms
of Taylor expansisn of the propagation constant, Ly = Tg,lsﬁzg is
the dispersion length of the soliton pulse. Ty in equarion is a soli-
ton jrulse propagation time at initial input, Where t is the sofiton
phase shift time, and the frequency shift of she soliton i3 en. This
selution describes a pulse tlat keeps ils temporal width invari-
anee as it propagates, and thus is ¢alled & temporal soliton. When a
soliton peak intensity (|fi2/I'T31 is given, then Ty is known. For
the soliton pulse in the micro ring device, a balance should be
achieved between the dispersion length (L) ard the nonfinear
length {Lpg = 1[77¢y). where Fany x kg is the length scale over
which dispersive or neulinear effects make the beam becomes
wider or narrower. f'or a soliton pulse, there is & balagice between
dispersion and nonlinear lengehs, heneo Ly = Ly,

3. Trapping stability

We propose the trapping stability of an atom/{molecule using the
trapping photon within a potential well that generates within the
fiber grating, where two photon components being trapped within
the well. Firstly, wave propagation in optical fibers is analyzed by
solving Maxwell's equation with appropriate boundary conditions,
In the presence of Kerr nonlinearity, using the coupled-mode the-
ory, the nonlinear coupled-mode equation is defined under the
absence of material and waveguide dispersive effects. The dis-
persion arising from the periodic structure dominaces near Bragg
resonance cnnditions and itis valid only for wavelengrhs near to the
Bragg wavelength. By substituting the stationary solution into the
coupled-mode equation and by assuming £ (2, t) =c¢ (2)e-Pa/l,
we obtain

‘dﬂf = , g
i By ey 4 (Fiegt? 5 2Ty Jey = 0

and - f% o+ bey + xep + {Faes P + 20ty = 0, (5)
Eey, () represents the tme-independent light transmission threugh
the gratings structure where ey and ep, are the forward and back-
ward prepagating modes [16]). in order to explain the formation
of Rragg soliton, consider the Stokes parameter since it provides
useful information about the total energy and energy difference
between the forward and backward propagating modes. In this
study, we consider the following Stoles pasamerer [17]:

Ag e lepi? 4 leyf®, Ay =epep+ ey, and Ay = i{ereh —eey),

Az = et~ lepl? (6}

with the constraint A7 = A2 + A2 4 AZ 5 AZ where we introduce
As=gle) defined as the unknown function, In the FBG theory, the
nontinear coupled-mode (NLCM) equation reguires that the totai

2 z, S
power Fy = Ay = Jer|" - Ee,,| inside the grating is constant along

the grating structuses. Rewriting the NLCM equations in terms of
Stokes parameter gives

dA dA) s iy
“’&’29 = ~2ihg. (f_ll = 2842 + 3T AgAz.

a2 ' . dAy das
T2 = -2A - 2he-3rRA,. a0 SHegle

{7)

In Eq. (7), we drop the distinceion berween the seif-phase mod-
ulation and cross effect modutation effects and hence it becomes
3= 2% 4 [ 1t can be clearly shown that the total power, Pq
{=A3) inside the grating is found to be conserved along the grat-
ing strocture [183 In the constraction of the anharmonic oscillator
type equation, it is necessary to use the conserved quantity, and it
is obtained in the form 8 + (3/4)7A3 + kAy = €, wheve Cis the
constant of integration and & is the detuning paramoter. Using Eq.
{7), we oblain

E-l—"‘—“--a/\ + HAL 5 A+ 088 w 45C 8
= b 3+ P+ 0Ag =

where o = 21282 - 262 - 30C), f= 973, y={9/4)2 and §=116}.
To simplify Eqg. (B), it is assumed the parameters of w, f and y is
independent with respect to parameler 8. Eq. {B) contains all the
physical parameter of the NLCM equation.

In erder to describe the motion of a particle moving with the
classic anharimonic potential, we have the solution as follows:

2 3 4 AS
V(Aﬂ:»«cr%ﬁ +ﬁ%"+y% +og (9
It represents the pateatial energy distribution in Fiber Bragg Grat-
ing structures. Where & is the potential energy distribution in the
FBG structure [19].

Fig. 1 depicts the motion of photon in a dynamic potential well
whea nonkinear paramaeters are taken intg account as shown by Ee|.
{9} for a potential well with =09, #=0.3, #=0.09 and y is varied
from 0.3 to 0.5 The plioton is trapped by the & parameter which
is depicted by V. When w Is too large, the potential well produces
an increase in Ag and has a wider double well, The y parametes
is represented by X. When p is large, the potential well produces
an increase in Ap. Supposs that the power source is imposed on
the FBG and the initial power is used to generate the particles, it
shaws thar the double well potential well is not symmetrical and
the potentiak energy decreases within a certain region indicated by
Y. The other effect is the disturbance of the patential energy shown
by Z where the photon cannot be trapped symmetrically, and it
is not equilibrium. Ultimately because of instability, it will lead to
losses.

In terms of parametric function, we can describe it as follows,
The change in o will alfecy the dip of the potential well. TF o is

¥

Fig. 1. The muszion of photon in potentiat well for z=0.9, #+03, F=000 and y s
varics from 0.3 10 0.9,
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Fig. 2. Experimental setup.

approximately too small, the shape of the potential well turns inte
a single potential well. The occurrence of § effect on the motion of
photon affects the negative vegion which means Ap <0. The cffect
of p shows that the width of the potential well decreases if we
increased the value of v, Therefore ifwe increased the value of y, we
can be assumed that the photon is localized and can be trapped. The
addition of another nonlinear factor & affects the profile of potential
well rapidiy. We could say that if we include the existence of . the
shape of potential well becomes chaotic. The pheton does not only
move in certatn region thar is Keown as porential wetl,

4. Trapping and transportation mechanism

The experimental setup is shown in Fig, 2. The dark soliton gen-
erator consists of a fiber laser based on a nonlincar gain medium
that is placed in a linear cavity, The nonlinear gain medium is a
7.7 kin Dispersion Compensating Fiber {BCF) which is pumped by
& 1500 nm Brillouin Pump (BP) at 1.96 dBm. An Optical Circulator
(OC) is used ar one end of the setup ro act as a fiber based mir-
ror, with Port 3 connected to Port 1 while Port 2 is connected to
the rest of the experimental setep. Another OC is also used in the
cxperimental setup to guide the incoming and outgoing signals. An
Optical Spectrum Analyzer (0SA) with a resolution of 0.07 nm is
used to analyze the output of the proposed setup. The operation of
the experimental setup is also follows; the BP generates a 1500 nm
signal at 1.96 dBm, where it enters Port 1 of the first OC. The signal
then cravels onward to che DCF, where the nonlinear interactions
wili provide the first Stokes wavelenyth, The BP and Stokes then
travel onwards to the second OC where they are reflected back to
the DCFand again ro Port 2 of the first OC, where they will now exit
via Port 3 which is connected to (he QSA.

Fig. 3 shows the gencrated datrk soliton pulse. As can be seen
in the fgure, the propoased setup is able to generate two wave-
length peaks at the BP at approximacely 1500nm and also at the
first Stokes at approximately 1500.09 nm. Both the BP peak and
the first Stokes peak have a power of approximately ~12 dBm, this
represents the darks soliton and the trap pulse which is formed
by gzaps of the two intensities. The trap pulse can be employed for
trapping an atom or moelecule, much akin to a pair of tweezers {the
atom/molecule size would ideally be the same as the gap, which is
approximately 0.09 nm). The dark solitan ¢car also be converted into

Bl g% 1500 nm

4%

TR 1003 1094 1SS MIAN IS0 IS0 1SN 1SS DRO0S LSOE

Fig. 3. Generaied dark sofiton pulse.

Ouiput Power(dhim)
¥

R f
i
~10, i, ‘ﬁ,‘
145300mm (L™ 501,000 020mm
Wavelengihinm)

Fig. 4. Softan propagation aver time (similar & porential weil, which can be seen
clearly ina D).

Fig. 5. A schematic of atomicfmolecular router and nerwark systern, where 8, and
2 ring radif and ki, and &y ane the caupling costhicients,

a fight soliton by adding an addfdrop filter. The same mechanism
also altows for the recovery of the transported medium such as the
atom or moiecule being transported as well as the light pulse, Fig. 4
shows the pulse train of the trap pulse over a time of 10 min. From
Fig. 3, the soliton prapagation over time can be obtained. As can
be seen in the figure, the soliton pulse maintains its shape through
the time of testing with no observable fluctuation in the power
or wavelength. This is critical as any slight fluctuarion will cause
the beam to lose its hold over the transported atom or molecule,
effectively dropping it

5. Atom/molecule transmission and transportation via
wavelength router

From the above reasons, the transmission of atoms/molecules
from dark soliton puises via 2 wavelength router is plausible,
which can be described by the follswing reasons: (i} a dark
soliton pulse can propagate into the optical devicefmedia, (i)
atomfimplecule being trapped by tweczers force during the move-
ment, the atem/molecule recovery can be realized using the optical
detection schame, where the dark-briglit conversion technique is
also available §20]. From Fig. 5, the ransmission atoms/molecules
tan be formed by tie dark soliton pulse, the atpms/molectles
recovery can be raken by using the add/drop filter. However, the
separation of atoms/molecules from light pulse is required to have
the specific envirenment, wiich becomes the interesting research
area, where light with the specific wavelength (4;) is detected by
a detector, while the regquired molecule is absorbed by the specific
environment.

6. Conclusion

In this paprer we have demonstrated a dark soliton puise beam
that has poreniial applications in the probing and transport of
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aroms ¢r molecules as an optical tweezers. The pulse beam con-
sists of a BP signal at 1500.00 nm and Stokes signal at 1500.09 nm,
in which the gap formed between the two intensities of - 12 dBm
forms the trap pulse for the optical tweezers. The generated
beamn is aiso highly stable and shows no fluctuations over a fest
period of 10min, thus showing that the beam can be used as a
probe or transporter without the risk of lesing the medium being
probed or transported, The theoretical background of the trapped
atemfmolecule is analyzed. where it is shown that the dynamic
optical tweezers for atoms/molecoles transportation may be real-
ized. The atomic/molecular netwaork is also described.
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