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ABSTRACT

This thesis proposes the design of tweezer generators using Modified Circular
Add-Drop Modulator for particle trapping and manipulation. The transfer function of
previous literature has been investgated and the new transfer function for describing
the characteristics of tweezer is proposed. This transfer function is simulated,
analyzed and optimized. Then the suitable parameters are specified. The design
process starts with the constrained problem of 2 nm polystyrene is trapped and
manipulated with the speed of = 8 wm/s. The next step is the design of tweezer
and generator using MCADM based on the specified suitable parameters and then
the test is undertaken to confirm the corresponding constrained problem. The
performance is evaluated by studying tweezer signal properties including the output
waveform, depth of well, width of well, net force, trapping tools capacity and
velocity. In addition, these results are compared with Racetrack and Circular Add-
Drop Modulators and the results demonstrate that our proposed design is more

effective than other techniques.
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Chapter 1

Introduction

1.1 Motivation

Nowadays, the optical tweezer has become a powerful tool for many
application aspects such as biological [1], biophysics [2] and medical fields[3-4]. After
optical tweezer was pioneered by Arthur Ashkin in 1970, the biologists used the
optical tweezer as a tool for several purposes such as measuring the compliance of
bacterial tails [5], the forces exerted by single motor proteins [6] and the stretching
of single deoxyribonucleic acid (DNA) molecules [7]. Biophysics application includes
measurement interaction of proteins [2], distinct membrane mechanical properties of
human mesenchymal stem cells [8]. For the medical applications, optical tweezer is
a very important tool for intracellular surgery [9-10], vitro fertilization [11-12], and
targeted drug delivery system [3-4].

By the wide range of optical tweezer applications, the motivation of thesis
originates from the literature of Shiyun Lin and his colleagues [13] which a silicon
microring resonator is used to trap the 1.1 um of polystyrene. The experimental
output shows that the polystyrene particle is propelled around the microring
resonator at hundreds micrometers per second. The second motivation literature is a
Circular Add-Drop Modulator (CADM) of Dominik G. Rabus [14] which demonstrates
the structure and the mathematical transfer function for describing the output of
signal at throughput and drop ports of the modulator. The next motivation is the
literature of Hong Cai and Andrew W. Poon [15] which uses Racetrack Add-Drop
Modulator (CADM) in an integrated optofluidic chip for trap the 1 um of polystyrene
around its circumference. The velocity at on-off resonance of this research is
evaluated by the cooperation of CCD camera for the capture particle position. The
final literature is the optical vortices generated by Modified Circular Add-Drop
Modulator (MCADM) or PANDA ring resonator proposes oy Nattaporn Suwanpayak and
her colleagues [16]. The experimental output shows that feeding the input signal is
Gaussian and Dark Soliton to the input and the drop port of MCADM respectively.
The modulator can generate the optical tweezer signal for molecular trapping and
manipulation. The final review shows that there are some errors in mathematical
transfer function [16] which affects the output signal. Therefore, this thesis focuses
on the optical tweezer generation by MCADM for realistic output signal for molecular

trapping and manipulation.



1.2 Statement of Problem

Although a variety of research [13-16] has reported on microring resonator
applications, there is little information available on suitable parameters of microring
modulators in order to generate tweezer singnal for trapping tool manipulation.
There are some errors in mathematical transfer function of previous research [16]
which affects the output signal. Therefore, the improvement of realistic output signal
for molecular trapping and manipulation is a necessity. For this thesis, the suitable
parameter values are studied and investicated for molecular trapping and
manipulation. After the process of suitable parameters value determination, those
parameters are applied for finding velocity. The performance of this device is
evaluated and compared with Racetrack Add-Drop Modulator (RADM) and Circular
Add-Drop Modulator (CADM) using the output waveform, depth of well, width of
well, net force, trapping tools capacity and velocity. In addition, this thesis proposes

the design example of optical tweezer for molecular trapping and manipulation.

1.3 Objectives
1. Study and analyze the suitable parameters of microring modulators.
2. Simulate microring modulator system to specify the suitable parameters of
tweezer generation for trapping tool applications.
3. Propose the design of optical tweezer generation for molecular trapping and
manipulation.
4. Compare trapping tool performance of three type microring modulator.

1.4 Contributions

Normally, the optical tweezer can be generated by a laser that is strongly
focused through lens with a very short focal length (most often a high numerical
aperture [NA] microscope objective) in order to increase its intensity. Every photon of
light with high intensity carries energy hv (J) and momentum // A (kg.m/s), and it is
straightforward to state that if the photon of light is absorbed by an object, the

momentum will transfer from a light beam of power P (mw), lead to a reaction

force F (pN) on the particle or molecular. The optical radiation pressure force is

divided into scattering (£, ) and gradient forces (F, ). The scattering force is the

a
percussion result of photon and particle which is in the same direction with the
incident of laser light. The gradient force is originated by a difference in pressure
across a surface and the direction is perpendicular to the incident laser light. The
stability of optical trapping or optical tweezer is occurring under the criterion of the

gradient force which is higher than scattering force and the particle or molecule can



be manipulated by the condition of the net force (F_,) is greater than viscosity

net

(F,) or friction force (F,, ). This thesis proposed the design of tweezer and

generators using MCADM for particle trapping and manipulation. In the experiment,
the laser light input signal is modeled by Gaussian signal and Dark Soliton signal.
These signals are fed to the proposed systems at input and add port, respectively.
Within @ MCADM system, two signals are modulated by cross phase modulation in

order to generate the optical tweezer for trapping the microparticle [17].

1.5 Scope of Thesis

The scope of this thesis is proposed to find the suitable parameter
specification in order to generate tweezer signals for trapping tool applications by
using optical Racetrack Add-Drop Modulator (RADM), optical Circular Add-Drop
Modulator (CADM) and optical Modified Circular Add-Drop Modulator (MCADM).
Design of tweezer and generators using MCADM and then to simulate for
performance comparison of three microring modulators. The assessed performance
parameters are output signal form (potential well/tweezer), depth of well, width of
well, net force, trapping tools capacity and velocity. This thesis focuses on
constrained problem of 2 nm polystyrene particle is trapped and manipulated with
~ 8 um/s of velocity. The center wavelength of input signal for particle trapping is
1550 nm. The force theory for support and describe the originated net force in
Rayleigh regime (X <<1). The suitable parameters are the intensity coupling
coefficient (x;) between the input and the throughput ports is 0.9, the intensity
coupling coefficient between the center add-drop or the center microring and the
left or right microring (x,,x,) are 0.35, the intensity coupling coefficient (x;)
between the add and the drop ports is 0.1, the size of center ring radius (R, or R, ) is
assigned by radii equal 20 um, the left and right ring radii (R, or R, ) are 10 um, The
waveguide fabricated from InGaAsP for core and cladding is InP. The width and height
of the waveguide are 0.7 um and the length of bus waveguide from input port to the
MCADM ring is 5 pum.

1.6 Organization

This thesis is organized as followings: Chapter 2 presents the optical tweezer
principle, the inputs for microparticle trapping, optical modulation techniques, the
fabricated microring resonator materials, the fabricated microring resonator sizes, and
the literature review. The studied process of MCADM design, the proposed
mathematical transfer function, the characteristics and the results analysis of

MCADM, the constrained problem and the design of tweezer and generators using



MCADM are presented in Chapter 3. As one of the major contributions, Chapter 4
shows the experimental results and discussion. Finally, Chapter 5 proposes the
optimized parameters for the proposed microring modulators and conclusion and

provides recomendations for future research.



Chapter 2

Theoretical Background and Literature Reviews

For a better understanding, this chapter will provide the primitive theories
which contribute to our proposed system. First, the optical tweezer principle is
introduced. Then, the optical modulation technique is described. Especially, the
cross-phase modulation is utilized for generating the tweezer form within the system.
Consequently, the fabricated ring resonator material and fabricated ring radius size
are explored. Finally, the molecular trapping and manipulation literatures using

microring resonators are reviewed and summarized.

2.1 Optical Tweezer Principle

In 1619, Johannes Kepler discovered why comet tail points away from the
sun because it is pushed by radiation pressure force of the sun. Two hundred and
fifty-four years later, James Clerk Maxwell (1873) showed theoretically that light itself
can exert optical force or “radiation pressure”. In the early in 1970, Arthur Ashkin
pioneered the field of optical tweezer. Commonly, every light photon carries energy
hv and momentum h//l, it is straightforward to state that if every photon light is
absorbed by an object, the momentum transferred from a light beam of power P,
leads to a radiation pressure or reaction force F on the particle or molecular as

shown in Figure 2.1 and the equation of force given by

(2.1)

where Q represents the fraction of power utilized to exert force, n,

is the index of refraction of the suspending medium, P is the incident laser

power and c is the speed of light in the vacuum.
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Figure 2.2 The molecular trapping mechanism, (a) Single-beam optical trapping force,

(b) Doual-beam optical trapping force [17]

The molecular trapping mechanism is demonstrated by a single-beam of laser
light subject to the assumption of 2 equal optical rays (1 and 2) of light are projected
through a lens and affect the particle nearly focal length. With the condition of
refractive index of particles, there is some radiation pressure force transmitted
through the particle and produce refraction force, while the rest of the radiation
pressure force is reflected in the direction as shown in the Figure 2.1 (a). The stability
of particle trapping is occurred whenever the summation of refraction and reflection

force is equal. Figure 2.1 (b) shows the molecular trapping mechanism of dual-beam



optical trapping force which is called “optical tweezer”. The trapping mechanism is
similar with a single-beam optical trapping force.

After understanding the radiation pressure force origination and molecular
trapping mechanism, the properties of a molecule that are suitable for trapping are
necessary to realize. There are 3 properties of the molecule [1] which must be
considered for optical trapping as presented in Figure 2.2. First, the size of molecule
ranges from a few nanometers to hundred micrometers. Second, the ratio of
refractive and reflective force needs to be balanced. The experimental results of
Svoboda and Block [17] showed that the refractive indices of polystyrene (n=1.47)
and silica (n=1.57) are suitable for applying in the experiment of optical trapping
while n =1.57 the magnitude of trapping force is decreasing. Lastly, property is the

input power used for molecular trapping does not destroy the particle.

I. Size of particle (nm-100um)

II. Suitable light property
+  Suitable refractive index

0.2-1.0 pym +  Suitable reflective index

+  n(PS) = 1.47, n(Si) = 1.57

e +  n(x) > 1.69, Trapping force decrease

III. Non-destructive particle

Figure 2.3 The molecular properties

Usually, the optical tweezer can be generated by a laser that is strongly
focused through a lens with a very short focal length (most often a high numerical
aperture [NA] microscope objective) in order to increase its intensity. The reaction

force F from the laser source on the molecule can be divided into scattering (F,_,,)
and gradient forces (F,,,,). The scattering force is a result of percussion between

photon and particle in the propagation direction of the incident laser light and
proportional to the intensity, while the gradient force is originated by a difference in
pressure across a surface in the perpendicular direction with the incident laser light.
The stability of optical trapping occurs when the magnitude of gradient force is

greater than scattering force (F,,, > F,

scatt

), while the particle velocity arises under
the condition of the summation of force (F,,) between gradient and scattering force
is higher than the viscosity (F,, ) or friction force (Fj,). The schematic of optical

VIS

tweezer is shown in Figure 2.4 and the relation of forces are described by



l,on,
Fscatt = i c (22)
128 < o m-1Y)
o=3amd | (2.3)

where [ is the intensity of the incident light, o is the scattering cross section
of the particle, n, is the index of refraction of the medium, a is a particle radius, m
is the ratio of the index of refraction of the particle to the index of the medium

(n,/n,),and 4 is the wavelength of the trapping laser.

2o
F_=—VI
grad anl 0 (24)
where
2 2
a=n*a’| " ~1
"\ mr+2 (2.5)

is the polarizability of the sphere. The gradient force is proportional to the
intensity gradient, and points up the gradient when m>1. On the other word, the
summary property of optical tweezer can be categorized into 3 properties that are
the depth of well, the width of well and the net force. The capability and stability of

scatt

trapping is upon the ratio of magnitude between F, ,>F,, and F,>F,. The

magnitude of force can be calculated by an optical force theory which identify by

_ Dzn,

X
A

(2.6)

where X is identification coefficient and D is particle diameter. The optical
force theory can be divided into 3 cases which are:
. X <1 the force is calculated in the Rayleigh regime and the magnitude
of force is in the range of femto to piconewtons.
Il.  1<X <100 the force is calculated in the Mie regime and the magnitude
of force is in the range of piconewtons.
. X>100 the force is calculated in the Optics Ray regime and the

magnitude of force is in the range of nanonewtons.



Figure 2.4 The optical tweezer properties

2.2 Input Signals for Microparticle Trapping

This section, the theory of input signals for generating tweezer waveform for
trapping tool application is described. Usually, the laser light can be modeled into 3
kinds of signals: there are Gaussian, Bright and Dark Soliton, which can be explained

as follows:

® Gaussian Input Signal
Typically, the bell curve which is well known as “Gaussian Signal [18]” is
modeled of laser light to be used as an input of optical tweezer experiments and
simulation. This thesis, the Gaussian beam is modeled for an input of MCADM. Figure
2.5 shows the two-dimensional intensity profile of a Gaussian with mean (u) of the
curve is ‘0" and the standard deviation (o) is “1’. The complex electric field of signal

can be described by the paraxial Helmholtz equation as follows:

E(r,z)=E M0 _ex ( -r? —ikz—ikL
ST E R 2R()

+i¢(2)), (2.7)

where r is the radial distance from the center axis of the beam, z is the
axial distance from the beam's narrowest point (the "waist"),

I is the imaginary unit (i*=-1),

2
k=7ﬁ is the wave number (rad/m), E, = |E(0,0)

2

w(z) is the radius at which the field amplitude and intensity drop to 1/e and
1/e2 of their axial values, respectively,
W, =wW(0), is the waist size,

R(z) is the radius of curvature of the beam's wavefronts, and
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¢ (z) is the Gouy phase shift, an extra contribution to the phase that is seen

in Gaussian beam:s.

0.8}

0.6+

0.4+

[ntensity (a.u)

-3 2 -1 0 1
Time (1)

SV 0 o

Figure 2.5 Two-dimensional intensity profile of a Gaussian beam

Additionally, the field has a time dependence factor e’ that has been
suppressed in the above expression. The corresponding time-averaged intensity (or

irradiance) distribution is

2
E(r,z
I(r,z)z%z[o(

"o

Wy \2 22
- (z)) exp(—w2 (z))’ (2.8)

where [, =1(0,0), is the intensity at the center of the beam at its waist. The

constant 7 is the characteristic impedance of the medium in which the beam is

propagating. For free space, =1, =+/(1, / &) =1/ (g,c) = 376.7 Q.

® Dark and Bright Soliton Signals

“Solitons are the pulses with a certain balance of nonlinear and dispersive
effects [19],” which is given the soliton definition by German solitonen. In general,
the amplitude and spectral shape of a short optical soliton pulse is virtually constant
during propagation in a transparent medium due to the Kerr effect and chromatic
dispersion. In other word, under certain circumstances, the effects of Kerr
nonlinearity and dispersion can exactly cancel each othe so that the amplitude and
spectral shape of the pulses is preserved even over long propagation distances
[20, 21] as shown in Figure 2.6. This soliton phenomenon was first observed in the

context of water waves [20], but later also found in optical fibers [22].
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Figure 2.6 The geometric Bright Soliton

There are 2 kinds of solutions for system simulation, the first kind is Bright
Soliton (E ) and the second one is Dark Soliton (E ;). One of our simulation input is
the Dark Solilton which fed into control (add) port cf MCADM. The electrical field

variation of Bright and Dark Soliton can be reduced and given by the following

equations:
Eg(t)= Asech z_ex _ Z —ig(t)
(1) = 7 p_ oL (2.9)
£, (1)= dtanh| L |oxp| [ =2 | -i
D(t)— an %exp 2L, —ip(1) (2.10)

in which 4 and z are the optical field amplitude and propagation distance,
27n, L

Ay A

respectively. ¢(t)=¢, +dy, = ¢, + |E0 (t)|2 is the random phase term related to the

temporal coherence function of the input light, @, is the linear phase shift, ¢,, is the
nonlinear phase shift, 7, is the nonlinear refractive index of waveguide material. The

effective mode core area of the device is given by 4,

L=2zR,, R, is the radius of

device, A is the input wavelength light field. 7 is a soliton pulse propagation time in
a frame moving at the group velocity, T=¢t-B*z, where S and g, are the
coefficients of the linear and second-order terms of the Taylor expansion of the

propagation constant. 1 =77 /|5,| 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 ¢ is the soliton phase shift time, and @, is the frequency shift of the soliton.

This solution describes a pulse that keeps its temporal width invariance as it

propagates, and thus is called a “temporal soliton”. When a soliton peak intensity
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(ﬁz/rT;) is given, then T; is known. For the soliton pulse in the microring device, a

balance should be achieved between the dispersion length (L,) and the nonlinear

length (L, =1/T¢,), wherel' =n, *k

n?’

is the length scale over which disperse or
nonlinear effects makes the beam become wider or narrower. For a soliton pulse,

there is a balance between dispersion and nonlinear lengths.

2.3 Optical Modulation Techniques

Self-Phase Modulation (SPM) [23] is once resulting from the optical Kerr
effect. When ultra-short pulses of light transmit in a medium, it will induce a varying
refractive index of the medium due to the optical Kerr effect. This variation in
refractive index will produce a phase shift in the pulse, leading to a change of the
pulse's frequency spectrum. From third order nonlinearity given effective refractive

index (n_, ) of the medium upon the intensity described as

o)

N =N +1,1(2)
v (2.11)
where n,is the refractive index of the medium in the absence of light fields,
n, is the nonlinear refractive index and I(t) is the intensity of laser radiation with
respect to time ¢. Then, the results of the nonlinear phase shift (@(f)) with pulse at

a distance L is given by
¢(f)=%-n21 (L (2.12)

where @ is the pump frequency and ¢ is speed of light in vacuum. If

consider the phase change per unit (g, ) of optical power and length can be

determined as

_ 27n,
Vspm = A, (2.13)

where A is the center wavelength of the input signal and 4,, is an effective

Core area.

Cross-phase effect (XPM) [23, 24] is another nonlinear effect phenomenon
where one wavelength of light can affect the phase of another wavelength by the

optical Kerr effect. Normally, when two or more pulses of light (pulse with different
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frequencies, polarizations or mode of structure) propagate simultaneously in a
medium, the cross-phase modulation is always accompanied by SPM and occurs
because the nonlinear refractive index depends not only on itself intensity beam but

also on the intensity of the other propagating beams.

2.4 Fabricated Mocroring Resonator Materials

In order to fabrication or simulation the MCAMD device to generate optical
tweezer signals for particle trapping and manipulation applications. Many factors
must be aware such as fabrication method and cost, material, thermal effect, optical
loss and so on. In the experiment, one factor that affects the performance of the
propagation of signals in the waveguide is material, especially the refractive index
and optical loss in the waveguide. The theory shows that the refractive index of the
material affects the number of the resonant mode in microring, while the optical loss
affects the capability of transition. Therefore, in this section, the summaries of
popular fabricated materials from several survey literatures are proposed in tabular

form in Table 2.1 which these values are applied in our experiment in Chapter 4.

Table 2.1 The properties of waveguide materials

n, Optical

Material n, ) Ay (nm) Reference

(cm™ /W) Loss(dB/cm)
InP 317 | 45xx10" 1,550 <01 [25-27]
INGaAsP 334 |  4.27x10" 1,550 <0.1 [26-27]
AlGaAs 328 | 150x10" ~1,545 <0.1 [26], [28]
Ta,0s ~220 | 723x10" 1,550 1.8 [29], [32]
SiN 220| 240x10" 1,550 2.1+0.2 [30-31]
Sio, 153 |  2.40x10°"° 1,550 4| [26], [30-31]

2.5 Fabricated Microring Resonator sizes survey

As mentioned in the previous section, ring radius size influences the amount
of the resonant mode in the microring. Consequently, this section shows the survey
ring radius size information from 2002 to 2013. For the past decade, the survey
results have indicated that the advance technology allows the decrease ring
resonator size from 100 um to 1 um as a summary survey in Table 2.2. The purpose
of this survey is limiting the scope of the ring radius size parameter variance that
effect to the optical tweezer output signal generated by proposed MCADM. This
thesis varies the ring radius range between 10 to 20 um according to Hong Cai and
Andrew W. Poon [15].
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Table 2.2 The properties of waveguide materials

Ring Radius
Order Publication Year Author Reference

Size (um)
1 2002 10 V. Van et. al [33]
2 2003 20-200 Z. Bian et. al [34]
3 2004 5 T. Barwicz et. al [35]
4 2005 5, 20 Y. Kokuban et. al [36]
5 2006 8.004 T. Barwicz et. al [37]
6 2006 60 A. Yalgn et. al [38]
7 2008 1.5 Q. Xu et. al [39]
8 2010 20 H. Cai et. al [40]
9 2012 1,5, 10 W. Bogaerts et. al [41]
10 2013 80 P. Rabiei et. al [42]

2.6 Literature Reviews

Generally, there are 4 microring devices used in the experiment and
simulation for molecular trapping and manipulation. These device groups are
composed of the single microring resonator (SMR) [13], Racetrack Add-Drop
Modulator (RADM) [15], Circular Add-Drop Modulator (CADM) [14] and Modified
Circular Add-Drop Modulator [16] as shown in Figure 2.7. This section reviews the

literature concerned with our thesis.

Inpun & Output

Drop L] Add
I. Single Microring Resonator (SMR) II. Racetrack Add-Drop Modulator (RADM)

It ) Through Input wy Through

II. Circular Add-Drop Modulator (CADM)  IV. Modified Circular Add-Drop Modulator (MCADM)

Figure 2.7 Four microring resonator and modulator devices [13-16]
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The motivation of thesis imitates the SRM device of Shiyun Lin and his
colleagues [15] which planar silicon microring resonator is used to propel the 1.1 pm
of polystyrene around the ring perimeter. The SMR witn 5 and 10 um and width 500
nm are fabricated on silicon on insulator (SOI) wafer with a 220 nm top Si layer using

electron beam lithography and reactive ion etching. Laser sources with center

wavelength (M) 1,550 nm is fed into a ring resonator from a waveguide bus. The
power input into waveguide are 9 and 4.5 mW for 5 and 10 um respectively. The
output results show the particle can be trapped and propelled around the ring at
hundreds of micrometers per second and producing periodic revolutions at a few
hertz. Moreover, this paper uses 3D-FDTD to simulate the results by input power 1
W. Then, they estimate the output power, net force, transmittance and velocity and
compare with the measurement results. The microring structure and its results are
demonstrated in Figures 2.8-2.9.

bus waveguide bus waveguide

R:5um\ R:10 um

c d

1.0 104 8, .
5 ;
g g
Sosan: 1.8 nm G054, : 1.02 nm
g ?SR%ZDI nm E Q= 1519
5 . S— FSR : 12 nm

0.0 ] 0.0

1551 1552 1553 1554 1555 1556 1543 1544 1545 1546 1547 1548
Wavelength (nm) Wavelength (nm)

Figure 2.8 SEM image and transmission spectra of microring resonator, (a) SEM image
of microring with radii of 5 pm, (b) SEM image of microring with radii of 10
pnm, (c) Transmission spectra of ring radii of 5 pum, (d) Transmission
spectra of ring radii of 10 pm [15].
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Figure 2.9 The longitudinal of optical force and velocity, (a) Measurement velocity
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and optical force as a function of imput power, (b) Transmission spectra

of the microring resonator near a TM rescnace mode and the cyclicing

velocity of polystyrene beads [15].

In 2002, Dominik G. Rabus [14] proposed the circular microring resonator

(CADM) and their mathematical transfer function for describing the output signal at

through and drop port. The physical geometry, output results and schematic model

are shown in Figures 2.10-2.12.

Through

Add
Figure 2.10 The physical geometry of CADM [14].

Drop k2
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0.2 ..
L}
- S, Drop Port
0—-‘!--.-.—.-1.-----‘ 1 | Ikl LYY R
1.55 1.5502 1.5504 1.5506 1.5508

Wavelength [pm]
Figure 2.11 The output charateristic signal at throughput and drop ports of CADM
[14].
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Figure 2.12 The schematic model of CADM [14].

The electrical fields at the position E, , E, , throughput ( E,;) and drop ports

(E,, ) of this schematic model can be described as follows:

al
(&2 jk,L)
E =E, ji +E1-xe 22 (2.14)
al . L
E =E . I-xe 22 "2 (2.15)
L2 kL)
E =E.j e 22 " +E -k (2.16)
2Lk
E,=E, j\K.e 2> "2 atE,=0 (2.17)

The electrical field transfer function at throughput and ports are

(2.1~ jk,L)
ﬂ:—,/}l—/(z.e 2 +1-kK (2.18)
4 L L jk, ’
Ea o i,
al L
e )
E, —/K,.K,.e *? g
(2.19)

R T ey e Rl

n=Al—-k and y,=.\1-k, (2.20)

Given :
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Therefore, the transfer function density intensity at throughput and drop

ports with be relevant to the output signal in Figure 2.10 are

2
D1 S U U s
1. E. 2 o0
i i (1=y,y,%)" +4y,y,xsin (E) (2.21)
2
1, |E, (1-y).(1-y;)x
e (2.22)
Iy Eq (1- ylyzx)2 + 4y1y2XSin2 (¢)

2

In the same year, Hong Cai and Andrew W. Poon [15] reported that the 1 pm
sized polystyrene particles can be transported and manipulated on racetrack add-
drop silicon nitride microring resonator (RADM) devices in an integrated optofluidic
chip. The racetrack microring is comprised of two arcs with diameter 50 um and
coupling length 30 um. The waveguide width and height are 0.4 and 0.7 pm and
evanescent coupling gap spacing is approximate 0.35 um. The microscope depth of
focus is nearly 0.1 um, input power from laser source is 120 mW at center
wavelength 1,550 nm, with the insertion loss in the system around 16-20 dB. They
use the CCD camera to capture the position of particle which travels on the
mirroring and then calculate the velocity at different positions that summarize in
Table 2.3. The physical geometry, schematic of optical manipulation of particle on
RADM and the output results is shown in Figures 2.13-2.15.

[nput K Through

AD

40 o

S0

l

Drop K2 Add
Figure 2.13 The physical seometry of RADM [15].
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(b) Silica channel wall

Ll

b

Microfluidic channel

Figure 2.14 The schematic of optical manipulation of particle on RADM, (a)
Schematic of optical manipulation of particle on RADM, (b) Optical
micrograph of the optofluidic device [15].

15 4
Throughput .
g =20+ (e)
E.os
E
5 .30t
=

1560 1561 1562 1563 1564 1565
Wavelength (nm)

(a)

Laser

Figure 2.15 The output at throushput and drop ports of RADM and optical
micrograph of device with microparticle positions (a) Measured
throughput and drop ports transmittion spectra of device Il (b) Optical
micrograph of the device with particle positions (c) 0, (d) 50, (e) 60, (f)
187, (g) 254 and (h) 276 [15].

Table 2.3 The measurement velocity of particle positicns

Velocity
Region
On Resonance Off Resonance

1 A = 1,564 nm A =1,565.56 nm A =1,5625 nm
2 B} } }

3 ~ 1 Um/s ~ 3.7 Um/s ~ 2.1 Um/s
4 - ~ 2 bm/s ~ 1.2 bm/s
5 - ~ 1.5 /s ~ 2.9 m/s
6 - - ~ 1.3 Um/s
7 - ~ 1.8 bm/s -

8 ~ 1.4 Um/s - -
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Recently, the optical vortices (optical tweezer) generation using a PANDA or
MCADM for drug trapping tool and delivery applications is proposed by Nattaporn
Suwanpayak and her colleagues [16]. The optical vortices are generated by cross-
phase modulation of Dark Soliton signal and Gaussian signal within the MCADM. The
Dark Soliton signal is used as a functional to generate optical vortices while Gaussian
signal used to control the amplitude of vortices signal. The physical geometry of
MCADM and results are shown in Figures 2.16-2.18. In additional, they proposed the
mathematical transfer function to describe the output vortices. The electrical field

signal at the position of E, — E, can be described as the following:

a L L
. ) e =
El:J‘,lel'En+]\/;1x1y1y2'Eiz‘EL‘€ 22 72 (2.23)
al L
el gt
E,=E, E-e?? " (2.24)
el gL
E3 :szEi2+x2y2ER'E1'e 22 "2 (2.25)
— al L

where x, =\1-7,, x,=\l-7,, y=4l-x and y,=l1-«, .

The electrical field at throughput port is

aL_, LY ak_, LY
2 "2 2 "2
el 1L CE,|e +DE,| e
el gL
— 22 2
E,=AE,-BE, e -

(2.27)

where 4= \/1-x)(1-7,), B=J0-r)A-1r)x(1-x)E, ,

C=rx(1-y)JA =) ERE;, D=(1-y)(1-7,) (1_K1)(1—K2)EREE,

F === 7)== )0 = )0 = k) ERE,

The electrical field at drop port is expressed as



:\/(1_72)(1_K2)Ei2 -

-J

Ja=r)A-r)KK, EEe >

L7

"2

where X :(1—72)\/(1—71)(1_K1)K2(1_K2),
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(2.28)
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Figure 2.17 Simulation results for Dark-Gaussian input, where R, =10 um, Rp =R,

=5 pm, and the coupling coefficients of the ring resonator are x;=0.5,
K,=0.1, K3=0.35, k;,=0.1 [16].
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Figure 2.18 Simulation results for Dark-Gaussian input, where R, =10 um, Rp =R,

=2 pm, and the coupling coefficients of the ring resonator are k;=0.5,
KZZO.]., K3=O.35, K4=O.1 [16]

In the same year, molecular buffer using PANDA ring resonator for drug delivery
is proposed [43]. This research is a developed application from the previous work.
The authors presented the idea to use optical vortices to trap molecule from storage

buffer. The physical geometry of a molecule buffer system is shown in Figure 2.19.

=== Connecting
Control port (Ei,) Ks target

Drop port (Et,)

PANDA ring resonator Router

Figure 2.19 Physical geometry of a molecular buffer system (a) a PANDA ring

resonator, (b) a wavelength router [43].

There are several studies about optical vortices and optical tweezers which
show in Table 2.4; however, these studies are divided into 3 groups as follows:

First group is the generation of optical input signal described in [14], [50] and
[53]. In reference [14], the add/drop filter is used to explain the output signal at
throughput and drop port of device. A doughnut-like laser beam [50] is generated
using the resonator which consists of a toric mirror, a flat output coupler, and a
w-axicon with a movable center axicon. This signal is similar to the origination of laser

sources in TM01 mode. The last literature review of this group is solitons generation
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using the cascade microring resonator system [53]. The narrow pulse width originated
from the reduction size of cascade microring resonator.

The second is optical trapping tool (optical capsule, optical potential well or
optical vortices, optical spin and optical tweezers) generation. The input signal of this
group is Gaussian and Bright or Dark Solitons are fed into each device. The literature
reviews are [13], [15-16], [44-46], [48], [51], [54] and [56-57]. The single microring
resonator is used to trap 1.1 um of polystyrene is presented in [13], then Hong Cai
and Andrew W. Poon [15] use racetrack add-drop filter to trap 1 um of polystyrene
with the different positioned velocity. The optical capsules for molecular motor use
[51] are generated by using the cascade system of single ring resonator and PANDA
ring resonator. The input signals are dark and bright orthogonal solitons used to form
tweezers capsules within the system and observed at the same time at the output
ports. After that reference [16] use Dark Soliton and Gaussian pulse modulation
within PANDA to generate tweezers signal. As the same with literature reviews
[44-46], haft-PANDA and PANDA ring resonators are used to generate optical tweezers
signal for trapping tool applications. The optical vortices generation using PANDA ring
resonator is proposed in [54]. Multi optical trapping tool and multi tweezers using the
cascade add-drop devices are proposed in [56-57]. The major advantage of cascade
microring device is the increase of speed as seen from the frequency of output
signals.

Third group is its application composed of [43], [47], [49], [52], [55] and [58]. In
reference [43], the optical tweezers signal in [16] is applied for the molecular buffer
system. Then reference [47] use PANDA ring resonator coating by gold to generate
whispering gallery mode signal for atom or molecule trapping and the design of drug
delivery system [49] using tweezers signal is proposed by the same authors. The
design of microring resonator system for microsurgery use is proposed in [52]. By the
advantage of optical tweezers, the microsurgery is possibility. System of a quantum-
molecular transportation using the multi-optical tweezers is presented in [55]. The
transporter is generated by a Dark Soliton which can be transmitted into an optical
link. The last literature in this group is application of PANDA ring resonator [58] for
drug trapping and delivery.



Table 2.4 The summary of other references

Title Method Parameters Structure/Results
1. Dynamic Optical Optical tweezers are generated |- &, =0.1,x, =0.35, 1. Structure
Tweezers  Genera- | by Bright or Dark Soliton at input K, =01, kK, =02

tion using a PANDA
Ring Resonator [44]

port and Gaussian signal at add
port. The optical tweezers in the
design system can be tuned and
amplified by the magnitude of
Gaussian signal. In application, the
optical tweezers can be stored and
lisht/atom. The
commercial simulation program is
Matlab.

Trapped

K, =02,k =035,

K, =0.1, kK, =0.1

R,=1um,
R, =100 nm,
R, =100 nm

Single pump input signal

D_'}“a

™ g siwy

Thisuzipes §

WMgrelemgrhinm)

Worad emgth i pams

The tweezer signal result is generated and

controlled, the well width of 16 nm at the 1.5
pm.

ve



2. Multitweezer

Generation Control

with a  Nanoring

Resonator
[45]

System

The tweezer signal is the
multiplexed result of the dark
solition with bright or Gaussian
signals, and then it can control,
tune, and amplify within the
system. The commercial simulation

program is Matlab.

- The optical storage rings

are embedded within
the add/drop optical
filter system, whereas
the generated optical
signals can be stored
and amplified within the

design system.

- The difference in time of

the first two dynamic

wells is 1ns

Structure

Output

T4



- The advantages are that the dynamic well can
be stored and the array of wells can be
generated for multiple wells applications. The
different in time of the first two dynamic wells

of is 1ns.

3. Generation

of

Nanoscale Optical

Tweezers Used for

Optical

Communication

Network [46]

The

(nm)

ultra-short  nanometer

optical tweezers are
generated using the Half-Panda
microring resonator (MRR). The dark
soliton is an input pulse for
The
commercial simulation program is

Matlab.

generated tweezer signal.

- K, =035, K =025
- R, =15um,

R, =10nm
- A, =1.40, 1.45,1.50,
1.55,1.6 um
Material is InGaAsP,
n,=34 ,
n,=25x10"cm’ | W

1. Structure

Input Por: Through Port
E,

<n g,
Add Port

Drop Port

2. Output

- The optical tweezers in figure are originated the
peaks have FWHM and FSR of 9 nm and 50 nm.

4. Storing

Harvesting

and

Light
bright or dark solutions that are fed

pulses are Gaussian,

- K, =05,k =05,

K, =05, K, =0.5

9¢



Atom/Molecule into the PANDA system through |- 4, =0.3u m’, 1. Structure
On-Chip: different  ports to  generate | . n, =3.14 nny
Challenges  and | whispering gallery mode result. The | 7/“: 001
Application [47] center microring is coated by gold. _

The commercial simulation " A =150 Soned by Urech o 8f 7] a0 Goll cosied PANDA g rescnatr or T

. . - R, =1.565 um, poanead coupang deuce. | ' "
program is Optiwave.
R, =R =0.775 um
2. Output

. l"ulu'n‘m“,

Z (jum)

28
X (pm)

.y ‘_5 ' . -
v ar ! (LA L)
0., Fe e ws %

5
II
0

g:"..'l.. l““"o M .-l"‘:“'"n-t'"';fh.mli?

5. Optical Spin
Generated by a
Soliton Pulse in

This  paper presented an

optical spin generation using Bright

and  Dark conversion

Soliton

- K =K,=05,
K, =K, =03

- A, =025um’

LC



an Add-Drop Filter | behaviors within a PANDA ring |- n, =3.14 1. Structure
for  Optoelectric | resonator. Then the orthogonal | » =0.01
and Spintronic | solitons are formed and detected | _ ,; —13x10 3 cm® /W
, =1
Use [48] at the throughput and drop ports. _
shP °P P A, =1.35,1.45,1.50,1.55,
Under the resonant condition, the
1.6 um
Dark and Bright soliton pair’s
corresponding to the left-hand and Dr Add
right-hand rotating solitons are
generated. When a soliton is 2. Output
absorbed by an object, an angular ) |
momentum of either + or - is 50
transmitted to the object which g_;f,_ I !
15 h " i i i i i
originate spin optoelectronic spins. T i, oM w
Drug Delivery Dark and bright solitons are |- k,:k, =50:50,90:10, 1. Form of forces
System Model | input into the system. The| 10:90
using Optical | orthogonal tweezer is formed K. :50;5(),,(2 =05, Intensity (W/cm?)
Tweezer Spin | within the system and detected K, =05 *.
Control [49] simultaneously at the output ports. a=0.1dB /| mm / d
Under the resonant condition, the | =~ _ 5, ﬂ&_-. Fucus
eff — 7"
optical tweezers generated by dark o  Wavelength ()
. . . }/:O'Ol Figure 3: The optical forces is foamed by a potential well, which is generated
and bright soliton pair L__br a dark soton
A, = 1450 nm

corresponding to the left-hand and

8¢



richt-hand rotating solitons. In
application, the trapped molecules
can be moved and rotated to the
required destinations, which can be
useful for healthcare applications,
especially, in drug delivery, medical
diagnosis  and  therapy. The

commercial simulation program is

- R, =30 um,
R =20 um
R, =R =2.5um

Output Power (mW)

s L
s 1400 15 1500 1550 00

‘Wavelength (am)
Figure 4: Photonic spins are generated and confirmed by using a PANDA

fing [24].
Matlab.
7. Numerical This paper proposed a design Different  parameter | 1. Structure
Simulation for an | of an optical resonator for | with microring resonator, | @ Toric miror

Optical Resonator
for Generation of
a  Doughnut-like

Laser Beam [50]

generation of a doughnut-like laser
beam. The resonator consists of a
toric mirror, a flat output coupler,
and a we-axicon with a movable
center axicon. This laser beam is
similar to originate of laser sources
in TMO1 mode.

hence could not compare
these parameter.

6¢



3. Output

8. Optical

Capsule

and Tweezer Array

for Molecular

Motor Use [51]

Optical capsules and tweezers
using a modified optical add-drop
is proposed.

By wusing dark and bright
solitons, the orthogonal tweezer
capsules are formed within the
system and observed at the same

time at the output ports.

-k, :k,=50:50,90:10,
10:90,
-x,=50:50,x, =05,

K, =05

-a=0.1dB/mm

-n, =314

- 7 =001

- ﬂo=1450nm

-R, =30 um,
R =20 um

R, =R =2.5um

1.

2. Some output example

R(ei8)

Wavelemgth {jm)|

L0 )
.

7 \‘Tal 7 yy

i ym

Drop. [E,1 (W) Throughpe, K, 1 (W)
P PP 1

\II.' 0 Y

X

Wanelength (pm)
LR
TN

]

9. Nanorobot
Controlled

by

This paper proposed the future

technique of microsurgery using a

- K, :k,=50:50,90:10,

0¢



Optical  Tweezer
Spin  Microsurgical

Use [52]

nanorobot controlled by light.

An  optical  tweezer is
generated by light pulse within a
PANDA ring resonator, in which the
tweezer spin is introduced by the
gold coating material on the
optical waveguide for nanorobot

trapping and transportation.

10:90

-k, =50:50

- A4, =0.25 um’

-a=0.1dB/mm

- n, =3.14

- 7 =001

- 2021450nm

- R, =30 um,
R,=R, =18 um
R =R =5um

1.

Structure

Output Pewer (W)

1 1Mo - s 18 1% Load ese

Wavelength

10. Mathematical
simulation of light
pulse propagating
within a microring
resonator  system

and  applications

[53]

This paper proposed the light
simulation signal using microring
resonator system. The design
system consists of a nonlinear
microring/nanoring resonator
system incorporating an add/drop

filter. The fabricated material used

® Gaussian pulse

-k :0.55-0.90
- a=0.5dB/ mm
- n, =334,

n,=22x10"m> /W

2

_ 2
A, =0.5,0.25um

1.

Structure of Gaussian generator

1¢



is  InGaAsP/InP. Three different
forms of input light pulses are
Gaussian pulse, dark and bright
the

simulation parameters are input

soliton, whereas suitable
power, pulse width, ring radii and
the material refractive indices. The
commercial simulation program is

Matlab.

/10 =400 —1500 nm

R, =25 pum,
R =16 um,
R, =5 um

Dark Soliton
x :0.05-0.90

a=0.5dB/ mm
n, =334,
n,=22x10"m* /W

_ 2
Aeﬁ. =0.5,0.25,0.1um

ﬂo =1500 nm
R, =25 pum,
R =10 um,

R, =7 um,R =5 um
Bright Soliton

x :0.10-0.90
a=0.5dB/mm
n, =3.34,
n,=22x10"m* /W

)

2. Structure of Dark-Bright Solitons generation
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- A, =05,0250.1um’

- A, =1550 nm
- R, =20 um
R =15 um,
R, =10 um,
R, =5 um

11. Optical

vortices
generated by a
PANDA
resonator for drug

trapping
delivery

ring

and

applications [54]

The
generated by fed bright soliton at
add port of a PANDA. The trapping
force is formed by the combination
between the g¢radient field and
scattering The

commercial simulation program is
Matlab.

optical  vortices  are

photons.

- K, =0.1,k, =035,
K, =01, kK, =02
- A, =05,025,025 um’
- A, =1.40,1.45,1.50,1.55,
1.60 um
-R, =10 um,
R, =R =4 um

- Single pump input signal

1.

Structure

Input port Through port

Control port

145 15 155 148 165
Wavelengthi{pm)

e¢



12. Molecular buffer
using a PANDA ring
resonator for drug

delivery use [43]

proposed  the
buffer for

and delivery

This  paper
design of molecular
molecule storage
PANDA ring

Optical vortices are generated as

using a resonator.
the same way as optical tweezers.
The required molecules are
trapped and moved dynamically
within  the

network such as molecular buffer.

wavelength  router
This can be performed within the
wavelength router before reaching
the required destination. The
advantage of the proposed system
is that a transmitter and receiver
can be formed within the same
system, which is available for
molecule storage and
transportation. The commercial

simulation program is Matlab.

- K, =05,k =035,
K, =0.1, K, =0.5

- A, =05,025 um’

- A, =1.50 um

-P=2W

- Pulse width =35 fs

- R ,=10,30 um,
R, =R, =50,100 nm

- Single pump input signal

1. Structure

Drop port (1))  Contral port (EL) ' s

PANDA ring resonator

2. Output

Throuh, [E, I (W)

|EJ* (W)
cedB B

IE,[" (W)

300 §Iw

2001 —-1200

R, Sy~

=\ =T 8
JI&;,,,) 137 L T

1000 y uf 100
ia‘,’,} 3% L e

13. Molecular trans-

portter generation

This paper proposed the

system of a quantum-molecular

- y=0.1,
- a=0.5dB/mm

be



for quantum- | trans-portation using the multi- |- n, =3.34, 1. Transmission Unit

molecular optical Tweezers. The generated | n,=2.2x10"m* /W

transmission via an | transporter is formed by a dark |_ A, =0.5,0.25, 0.1um*

optical soliton. It can be tuned and

- ﬂo =1500 nm
transmission  line | attenuated to a single photon b
se P Y. R, =20 um, :
[55] bright soliton control and -
) ) ) ) R =10 um R, =7 um e . 11~ S
transmitted into an optical link.
R, =5 um

The design system consists of a

nonlinear microring/nanoring BEEE—

-uﬁ gt
resonator system incorporating an DPQ_.& @'“""
N s V) 4y
N " rl‘

add/drop filter and a quantum

PBS

signal processor.

PBS Hotatable
Palarization

Multi-variable This paper presented the The multi-quantum | 1. Structure
quantum tweezers | multi-quantum  tweezers  array | tweezers can be = B =
generation  using | generation using Dark-bright | controlled and tuned by &_: h ‘.":":* “"""'—MM
photon Solitons generation control within | varying the couple T ‘m.n;;"_m_ 1 Z o) _;".‘_g.u..,.,..."
entanglement [56] | the multi-microring resonator | coefficient (K) between wd _“*:"H:. T s

system. By wusing the quantum | 0.1 and 0.9, with ring

processor, the entangle photon | resonator radii between

states of the tweezers can be |10 and 20 pm. The

99



formed, which is allowed to form | parameters are 2. Some output example

the molecular quantum | - k, =0.9713 ) a_ j . f
transmission. K, =0.9723 K, = 0.9768 immn'r ' '1“”]”" “
K, =0.9768 | L 1‘ |
- A, =1.50 um T Pl T
- R =12 um, ’ '_ L —_
R =115 um, B
R =R, =10 um e e
- R, =50 um, o o

kK, =k, =0.5

15. Novel Multi Optical | This  paper presented optical | - K, =0.9 1. Structure
Trapping Tool | trapping tool using add/drop filter | - x, =0.5 s o — g '
Generation within | system. Bright Soliton is fed to | _ K, =09 4 ' - ; '

Add/Drop  Filter | input port of add/drop filter and gparS e N TR

- &, =0.38
System Controlled | then  multiplexing signals  with c =09
by Light [57] different wavelengths are ’ 0.38
-k, =0.
controlled and tuned similar to 6
. - R =300 um
optical tweezers. adl
R, =300 um
- R, =300 um

9¢



Some example output
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16. Drug Trapping and

Delivery Using a
PANDA Ring
Resonator [58]

This paper proposed drug delivery
system by using a PANDA ring
resonator to form and transmit and
receive the microscopic volume by
controlling some suitable ring

parameters.

- Kk, =0.1,K, =035,

K,=0.1, K, =02

- A, =1.40,1.45,1.50, 1.55,

1.60 um
-R,=1um,

R, =100 nm ,

R, =100 nm

1.
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Table 2.5 Compare the different functional

Reference Number
Feature
13 | 14 | 15 | 16 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54 | 55 | 56 | 57 | 58
Fabrication (F) or
F S F S S S S S S S S S S S S S S S S
Simulation (S)
Transfer function | x | Y | x | Y |V Vix | x| x| x| x| x| Y|V |V|V V|V
Evaluated
suitalble v
X X | x | x X | X | X | x| x| x| x| x| x|x|x]|x]x
parameters
Process
Depthofweu\/X\/\/x—xxxxxxxxxxxxx
Width of well vl x VvV - X X X X X X X X X X X X v
Force calculation v
X | x| x| x X | X | x| x| x| x| x| x| x|x|x]|x]x
or measurement
Velocity
calculation or v X v X X - X X X X X X X X X X X X X
measurement

From the Table 2.5, although many researches about optical tweezers
generation, the suitable parameters in specification process which investigates the
effects on output signals have rarely been discussed. The investigated parameters are
the refractive index of material, the intensity coupling coefficients, the ring radius size
and the center wavelength of input signal. Moreover, for the optical output
(tweezers) properties such as the depth of well, the width of well, the force
calculation or measurement and the velocity calculation or measurements lack
explained information. Therefore, this thesis proposes the design of tweezer
generators using MCADM and then simulates the effects of investigated parameters
to specify the suitable trapping parameters. After that, the forces and velocity are

evaluated. Finally, the optical tweezers properties are evaluated.

2.7 Summary

For the overall understanding of the proposed system from the beginning to
end of the tweezer generation process, the basic theory of optical tweezer is
required. By the Gaussian and Dark Soliton, signals are inputs to microring resonators
device and are modulated within device by cross-phase modulation technique

explained by the proposed mathematical transfer function in chapter 3.




Chapter 3
The Design of Tweezer Generators using
Modified Circular Add-Drop Modulator

This chapter is divided into 4 sections comprised of the MCADM design
process, the proposed mathematical transfer function for describing the optical
tweezer signals at throughput and drop ports, the characteristics and results analysis,
which explains and shows the results of transfer function testing by four parameters:
intensity coupling coefficient, ring radius size, material and center wavelength.
Finally, constraint of the problem and the design of tweezer and generators using
MCADM is proposed.

3.1 The Studied Process of MCADM Design

In order to design the MCADM for molecular trapping and manipulation the
knowledge about optical tweezer theory [1, 17] that is mentioned in section 2.1
essential to understand the interaction between forces and the trapped particle. The

radiation pressure force (F') from laser light can be divided into gradient (£,,,) and

scattering force (F,,, ). The scattering force is a result of percussion between photon

catt
and particle in the propagation direction of the incident laser light and proportional
to the intensity. The gradient force is originated by a difference in pressure across a
surface in a perpendicular direction with the incident laser light. The stability of
optical trapping occurs when the magnitude of gradient force is greater than

scattering force (F,

wad > Frea ) While the particle velocity arises under the condition

of the summation of force (F,,) between gradient and scattering force is higher than

net

the viscosity (F,,) or friction force (Fy,.). The next issue is the molecular properties

[17], and the suitable light properties and size are important for force calculation.
Within the criterion in Equation (2.6), this thesis focuses on the Rayleigh regime
(X <<I). In other word, the size of the particle is smaller than the center
wavelength of the input signal. Usually, the polystyrene particle [15] is used to test
and measurement the results because of its advantages of varying size of particle,
suitable light property (n, =1.47) and available. Finally, the very important issue for

describing the characteristics of the optical tweezer signal (output waveform, depth
of well, width of well, net force, carrier capacity and velocity) is a realistic
mathematical transfer function proposed in section 3.2. The MCADM design process

can be summarized as follows:



40

. Study MCADM properties that affect the optical tweezer characteristics
such as output waveform, width of well, depth of well, net force, carrier
capacity of trapping tool and velocity.

Il.  Study and improve mathematical transfer function to explain the realistic
characteristic of optical tweezer in () and use this transfer function to
test the resulting effect.

. Define constraints of problem for solving such as the molecular size and
velocity.

IV.  Choose the suitable parameters of MCADM which correspond with
constraints of problem in (lll) and testing results in (Il).

V. Propose the system with the suitable parameters and validation by our

simulation results in Chapter 4.

3.2 The Proposed Mathematical Transfer Function

There are 4 parameters that affect optical tweezer characteristics which consist
of the intensity coupling coefficient (x, x3), ring radius size (R,,,Rg,R, ), fabricated
material and center wavelength (4,) of the input signal. The effected optical tweezer
characteristics are output waveform, width of well, depth of well, net force, carrier
capacity of trapping tool and velocity. This section presents new mathematical

transfer function. The optical tweezer characteristics are analyzed and proposed.

3.2.1 The Proposed Mathematical Transfer Function

According to our investigation of MCADM of previous work [16], it found
that there are some errors in transfer function used to describe the characteristics
of the optical tweezer signal at the throughput and drop ports. On the Equations
(2.23) to (2.26) which describe the characteristic of light field (electrical field) at
the positions E, — E, in figure 2.16, and it is found that they disregard to consider
the term of signal which the light coupling into the small left R, and right R,

al . L

microring resonator. Those equations use only the term of e 2272 that means
only the signal of center perimeter (R, ) is calculated for tweezer signal
generations. By this reason, this thesis proposes the new mathematical transfer
function to explain the realistic optical tweezer signal at throughput and drop
ports. Given E, and E;,, are an input into input and add ports of MCADM
respectively. When the input light pulse pass through the first coupler of the

MCADM system, the transmitted and circulated components can be written as

—a.Ly B L,y

. kn—5
E,=J1-7 Vl_KlEil—'_J\/;lEéle S 4} (3.1)
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—a.Lad —/&;Lﬂ _a‘Lad —]'k,,LLd
E=\1-y|1-xEe > "2 +jfigEe 2 (3.2)

E, = {1-y, (1=K, £+ jJK, E,) (3.3)

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

coupler intensity loss of the add-drop optical filter, respectively. o is the

attenuation coefficient, k, =2z/4 is the wave propagation number, A is the input
wavelength light field and L=2zR,, R, is the radius of add-drop (center ring

radius) device.
For the second coupler of the MCADM system can be described as

_a'Lud i Lud

. k"
E,= 1_7/2|:\/1_K2Ei2+]\/’(72E26 S 4} (3.4)

-a.l, .

_a'Lad _jknLLd . _/kn Lad
E3:\/1_7/2 \/I_KzEze 22 2 +J\/K72Ei2e 4 ! (3.5)

E4:\/]'74(\/1'K4)E3+j\/K—4ER1) (3.6)

where x, is the intensity coupling coefficient, y, is the fractional coupler
intensity loss. The circulated light fields, E,, and E,, are the light field circulated
components of the microring radii, R, and R, which coupled into the left and right
sides of the MCADM system respectively. The light field transmitted and circulated

components in the right microring, R, , are given by

E o= JW1=1,JK)E,

R T (3.7)
(=JTmr)Imke 27
E, =E, ¢ 2%l (3.8)

R2 7 TR21

Epy =y1-7; [\ll_KsERz‘i'j\/’ZEl] (3.9)

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

coupler intensity loss of the right microring, respectively. « is the attenuation
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coefficient, k =2z/4 is the wave propagation number, 4 is the input wavelength
light field and L, =2zR,, R, is the radius of right microring.
From Equations (3.8) to (3.9), the circulated roundtrip light fields of

the right microring radii, r,, are given in Equations (3.10) and (3.11) respectively.

E - j\/1_73\/K73E1

R21 = a (3.10)

1_ 1_7/3 '1_K3672LR7ijLR

e
R2 — _a; .

(3.11)

Thus, the output circulated light field of £, , for the right microring is given by

R2?

7%LR 7jkﬂLR 7%1‘[{ *jk"LR
_ VA=) -5) —(1- ;)1 -K;)e —(1-7;)(x;3)e
E=E Lk L
I=JA=p)(A=x)e 2

(3.12)

Similarly, the output circulated light field of £
left side of the MCADM system is given by

for the left microring at the

R1?

L= JjknLy, L= JknLy

E -E, (A-y)(-x) ==y )1 -x,)e —(1=y)(x,)e 2 (3.13)

1= Ja=y)i—rxpe 2"

where «, is the intensity coupling coefficient, y, is the fractional coupler
intensity loss, « is the attenuation coefficient, ¥k =2z/1 is the wave propagation
number, 4 is the input wavelength light field and L, =2zR,, R, is the radius of left
microring.

From Equations (3.1) to (3.13), the circulated light fields, E,, E, and E, are

defined as Equations (3.14) to (3.18) by the constant parameters which are given as:
X, =JI-y, . y=JI-x, ZJZ\/Z
x,=Jl-y, , y,={Jl-x, , z,=.K,

x;=J1-y; 0 oy =AI-K Z3:\/K_3
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x,=yI-v,  y= -k, Z4:\/’(74

a . a .
SLg-jkyLg Ly -jk, Ly,

P=e? , P=¢? , L,=2pR,, L, =2pR,
4= (XIZIPLS -X,2,%,9,F,PLy - x,2,X,y P, PLy +x121x2y2x4y4P]PzPL8)

B=(x,y,%,2,%,y,PL,PL; - X,y,X,,%,2,X,¥ F,PL,PLy - x,,%,2,x; y; P,PL,PLy
+X,,,,%,2,%, Y, BP,PLPL, - x,,%,2,%,2, P,PL,PL; + x,y,%,y,X,2,X,2, F,P,PL,PLy )

X, Y1%,V,%,53%,V,(PL, )2 'XJYJx§y§x3y3x4y4P1(PL4 )Z 'x1y1x2225x3y3x4y4R(PL4 )2
’x1y1x2y2x3y3xjyjPz(PL4 )2 +x1y1x22y§x3Y3xjyjP12P2(PL4 )2
X, Y,3525%, 95X, Y, Py Py (PL ) - X,9,%,9,%, 55,2, P (PL, )°

+ x1y1x22y22x3y3szjpupz(PL4 )2 +x1y1szjx3y3xfsz]2Pz(PL4 )2
F=1-x,y,b-x,y,B+x,y,x,y,BP,, G=x,y-xx,yy,F

XXX, 55,2, PLPLy - X]y3%,%,%,9,,2,. P,PL,PLy - X;2;x,X,%,y,y; z,.P,PL,PL,
- X, VX, XX, V39,2, BPLPLy+ X%, y3v,%,%,,2,. FP,PL,PL,

2.2_2_2

+X,X,V32,%,%,,2, PP, PL,PL - X;2,%,X,%,y,,2, .P,PL,PL,

2.2.2 2 2.2 2 2
tXX,2Y,%,%;¥52,. BP,PL,PL;+X;X,2,2,%,X;y;2, .F,P,PL,PL;
2 2.2 2 2.2 2
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_ 2, .22 2
I=0)|  -xxx5x,2,2,9,y, BPLy + X, y,%,X,%;,2,2;, P, P, PL
2 2 2
+X,2,%,%,%;Y,2,2; P, P, PLg

J=1-x,y,P, ., K=Xx;y; (1-x2y2P]) o L=x,3,y,2,PL - x;y;%,2,F,PL, - x;2;%,2,F,PL,

M= (]'sz’2P1)

. A'Ei1+B'Ei2
E=jl—F%—¢— (3.14)
2,2 2,2
xX,y, X5y, P -x5z5P
E. = 272 27271 27271 E
2 { ]_nyZPI i (3.15)
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(X,9,%,9,PL, -X,y:x,,PL,P, - x;2,,9,PL,P, )E, + j(x,2,PL, - x,y,%,z,PL,P, ).E,
1- xzyzpz (3.16)

E =

2 2,2
E4ZIX4y4 X4y4p o2k P}E} (3.17)

I-x,y,P,

Thus, from Equations (3.1), (3.3), (3.14)((3.17), the output optical field of the
through port (E, ) is expressed by

:{G.FZ-G.F.C-A.H.J} J{(F.I—B.H-C.I)}
th iy )

F’.J-CFJ F.(F-C) (3.18)
The power output of the through port (P, ) is written by
abu L |
Pu=(E)(Ba) =iy + (795 BB By = 5K By B Je 7 (3.19)

Similarly, from Equations (3.3), (3.4), (3.14)«(3.17), the output optical field of
the drop port (E ,) is given by

K(F -C- BL
B K
Edr()p - M (F _ C) (3.20)

)Eiz -LAE,

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

aly Ldz

By =(Ey)-(Bn) =|uunBy + i EpEe 4

(3.21)

In order to retrieve the required signals, the author proposes to use an
MCADM device with the appropriate parameters. This is given in the following details.
The optical circuits of a MCADM for the through port and drop port can be given by
Equations (3.19) and (3.21) respectively. The chaotic noise cancellation can be
managed by using the specific parameters of a MCADM device, and the required
signals can be retrieved by the specific users. k; and k, are the coupling coefficients
of a MCADM device, k =27/4 is the wave propagation number for in a vacuum,
and the waveguide (ring resonator) loss is a = 5x10" dB/mm. The fractional coupler

intensity loss is y=0.01. In the case of a MCADM device, the nonlinear refractive
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index is neglected. By adding term of light coupling in to the small right R, it affects
the electrical field signal of E, in Equation (3.12) while and left R, microring
resonator affects the electrical field signal of E, in Equation (3.13). Then the effect
will extend to the electrical signal of throughput (E,) and drop (E,) ports in
Equations (3.17) and (3.19). Finally, by adding two terms will produce the finely
tweezer signals at throughput (£,;) and drop (B, ) ports in Equations (3.18) and (3.20).
The adding term of light coupling R, and R, affects both increasing and decreasing
in all electrical signals (E,, E,, E,,, E,; ) upon the additive or substractive interference
of microring resonator. If the ring radius sizes are increasing, then the numbers of
resonant mode within ring are increasing. Consequently, the width of well of the
output signal is decreasing. If the ring radius size is decreasing, the width of well is

increasing.

3.3 Characteristics and Results Analysis of MCADM

After improving mathematical transfer function for describing the optical
tweezer characteristics, the next issue is the parameter test for studying the effect of
output waveform signal. This section will use the parameters analyzed in section 3.2
for test these effects. The investigated parameters are intensity coupling coefficient
(xy,&3), ring radius size (R,,, Ry, R, ), fabricated material and center wavelength (4,)
of the input signal. The effected characteristics results are depth of well, width of

well, free spectral range (FSR) and velocity.

3.3.1 Intensity Coupling Coefficient

The intensity coupling coefficient or kappa («;, x3) is the ratio of coupling
light signal into the microring to form and generate additive and subtractive
interference (on-off resonance) within each microring. For the reason of
systematic balance, the intensity coupling coefficient of «,, x, is assigned to 0.35.
In addition, the nonlinear property of MCADM allows the cross-phase modulation
between Gaussian and Dark Soliton signals that produce the optical tweezer
output at throughput and drop ports. Typically, the ratio of the intensity coupling
coefficient varies from 0 to 1 while the other parameters are fixed. The objective
of the study is the investigation of intensity coupling coefficient, which affects
optical tweezer results at throughput and drop ports. The effected results can be
summarized in Table 3.1.The blue highlight in Tables 3.1-3.4 demonstrates the

suitable parameter value for a constrained problem.
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Table 3.1 The effects of the intensity coupling coefficients on optical tweezer signal

Intensity
Coupling Depth of Width of FSR Velocity
Coefficient well (dB) well (nm) (nm) (um/s)
K K5
0.55 0.45 0.50 2 12 220.5
0.60 0.40 0.62 2 12 182.1
0.65 0.35 0.76 2 12 145.5
0.70 0.30 0.94 2 12 111.1
0.75 0.25 1.17 2 12 79.49
0.80 0.20 1.49 2 12 51.15
0.85 0.15 1.96 2 12 27.06
0.90 0.10 2.88 2 12 8.794
0.95 0.05 8.16 0.3 12 0.033

The results in Table 3.1 show that the variation of x; and «; are related
to the depth of well (magnitude of gradient force) and the velocity will decrease
proportion to the increasing of «;. About the width of well and FSR, they are
almost constant. The blue highlight in Table 3.1 demonstrates the suitable
parameter value for a 2 nm polystyrene particle which is trapped and

manipulated with = 8 pm/s of velocity.

3.3.2 Ring Radius Size
Normally, ring radius of MCADM is designed upon free spectral range (FSR)

or mode of resonance in the microring which the total FSR can be described as

FSR,

v =N FSR. = N,FSR, = N,FSR, (3.1)

where N, the numbers of resonance mode, subscript ¢ is represented
central microring, subscript R is represented right mirroring, subscript L is
represent left microring, FSR can be determined by the relationship of group

velocity (n, ), speed of light (¢ ) and waveguide length (L) as

C
FSR =— (3.2)

g

Substitution Equation (3.2) into Equation (3.1), so that



microring, subscript i=1L

a7

(3.3)

(3.4)

where R, is a radius of microring, subscript i=c is represented center

is represent left microring and subscript i=R is

represented right microring. From the Equations (3.1) to (3.4) indicated that FSR is

proportional with the ring radius size while the numbers of resonance mode is a

direct variation in ring radius size. The objective of the study is the investigation

of the ring radius size, which affect optical tweezer results at throughput and

drop ports. Usually, the ring radius sizes are varying from 2 to 20 pm while the

other parameters are fixed. The fabricated ring radius size is explored from

several researches in section 2.5 (Table 2.2). The effected results can be

summarized in Table 3.2.

Table 3.2 The effects of the ring radius size on optical tweezer signal

Ring Radius Size Depth of Width of FSR Velocity
R, Ry =R, well (dB) well (nm) (nm) (um/s)
2 1 2.36 12 a1 12.11
4 = 2.49 6 58 11.74
6 3 2,51 5 38 12.22
8 4 2.43 3 28 13.27
10 > 2.57 3 23 12.23
12 6 2.53 3 18 1252
14 ! 2.56 3 17 12.23
16 8 2.71 2 15 10.64
18 9 2.54 2 13 12.24
20 10 2.88 2 12 8.794

From Table 3.2, it shows that the increased variation of ring radius size is

directly proportional to the increase in depth of well, while the width of well and
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FSR is proportional to the increase of ring radius which relates to the analysis of
Equations (3.1) to (3.4). The increasing of ring radius size is insignificant for
velocity. For the blue highlight in Table 3.2 demostrates the suitable parameter
value for a 2 nm polystyrene particle is trapped and manipulated with = 8 um/s

of velocity.

3.3.3 Fabricated Material

The effective index (”eﬁ) of material is effect with nonlinear properties of

fabricated waveguide and also effect to MCADM fabrication. One of nonlinear
properties is the effective index which depends on the intensity with respect to

the time. The effective index of material can be described as
Ry =Ty + 151 (3.5)

Where n, is the linear refractive index of materials, n, represents the

nonlinear refractive index of material and I is the intensity. In additional, the
numbers of the resonance mode (N ) is directly proportional with the effective
index of material.

2xrn
N= Tﬁ" (3.6)

Where r is a ring radius size and 1 is the center wavelength of the input.
The fabricated microring resonator is explored during a past decade as shown in
section 2.4 (Table 2.1). The popular materials for microring resonator fabrication
are varying from InGaAsP, AlGaAs, Ta,Os, SIN and SiO, while the other parameters
are fixed. The objective of the study is the investigation of the fabricated material
which affects optical tweezer results at throughput and drop ports. The effected

results can be summarized in Table 3.3.

Table 3.3 The effects of the fabricated materials on optical tweezer signal

Fabricated Depth of Width of .
. FSR (nm) | Velocity(um/s)
Material well (dB) well (nm)
INnGaAsP 2.88 2 12 8.794
AlGaAs 2.49 1 12 12.69
Ta,Os 2.50 1 17 12.75
SiN 2.50 1 17 12.74
SiO, 2.41 3 25 13.2




49

From the results in Table 3.3 and mathematical analyses in Equation (3.6)
by using the information of material properties in Table 2.1, it indicated that
increasing of the depth of well is a directly proportional to the refractive index of
material while FSR and velocity are decreasing. For the blue highlight in Table
3.3, it demonstrates that the suitable parameter value for a 2 nm polystyrene
particle is trapped and manipulated with = 8 pm/s of velocity.

3.3.4 Center Wavelength

From the mathematical transfer function analysis, the center wavelength
of the input signal is affected by the optical tweezer characteristics. According to
the Equation (3.6), it indicates that the number of the resonance mode (N) is
proportional to the input center wavelength (1 ). Therefore, the objective of the
study is the variation of input center wavelengths which affects optical tweezer
results at throughput and drop ports. Commonly, the input center wavelength
(1) is varying from 700 to 1,700 nm that is corresponding with the frequency
range in optical communication [42], the other parameters are fixed. The effected

results can be summarized in Table 3.4.
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Figure 3.1 Attenuation versus wavelength and transmission windows [57]

Table 3.4 The effects of the input center wavelength on optical tweezer signal.

Input Center Depth of Width of

FSR (nm) | Velocity(um/s)
Wavelength(nm) |  well (dB) well (nm) v

750 2.96 0.3 2.7 8.23
850 2.88 0.3 35 8.975
900 2.89 0.5 3.9 8.829

1250 2.66 1 7 10.9
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Table 3.4 (Cont.)

Input Center Depth of Width of .
Wavelength(nm) well (dB) well (nm) FSR (nm) | Velocity(um/s)
1300 2.99 1 9 7.839
1450 2.75 1 10 10.24
1500 2.54 1 10 12.15
1550 2.88 2 12 8.794
1600 2.57 2 12 11.99
1700 2.95 1 14 8.087

The results in Table 3.4 and mathematical analysis from Equation (3.6)

illustrate that width of well and FSR is directly proportional with the changing of

center wavelength of the input signal. Moreover, the blue highlight in Tables 3.4

demonstrates the suitable parameter value for a 2 nm polystyrene particle which

is trapped and manipulated with = 8 um/s of velocity.

3.4 Constrained Problem and the Design of Tweezer and Generators
using Modified Circular Add-Drop Modulator

Normally, the design of tweezer and generators using MCADM is divided into 6

steps as follows:

VI.

The definition of explicit constrained problems such as the size of
particle, center wavelength of input signals and required velocity for
particle trapping.

The knowledge of the mathematical transfer function of the device is
used to explain the characteristics or properties of tweezers signal.

The analytical framework studies the mathematical transfer function with
effect to the desire tweezers properties output, which is corresponding to
the explicit domain of constrained problem.

All effected parameters from (lll) for generating optical tweezers
properties are tested and chosen the suitable parameter results for the
corrected our desire output. The use of those suitable parameters is
used for designing device MCADM.

The designed MCADM is simulated or fabricated in order to confirm the
optical tweezers properties.

The designed device in (V) is simulated to confirm the purpose of

constrained problem or optical tweezer properties.
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3.4.1 Defining Constrain of Problem

Our thesis focuses on the nanoparticle trapping and manipulation which
the size of trapped particle is smaller than the wavelength of input signals and
force is described and calculated by Rayleigh regime (X <<1) in section 2.1. This
Rayleigh regime unit of force is in the range of piconewtons. The aim of this
section will give some examples of constraint of problem definition for applying
to the trapping tool application. There are many issues that must be realized for
trapping tool application, the first conscious to increase the efficiency of optical
tweezer for particle or molecular trapping is the obviously constrain of problem
definition. The second is size of particles and center wavelength of input signals
for particle trapping that relates to the calculated force regime. Third is the light
property of a particle (refractive index) which must be suitable for trapping. The
next issue is the required trapping velocity and the final issue is the suitable
parameters of a trapping device which derives from analytical mathematical
transfer function and its results in section 3.3. For the convenience, the popular
neutral particle of polystyrene 2 nm is used for simulating our system with the

trapping velocity = 8 im/s as constrained problem.

3.4.2 The Design of Tweezer and Generators using Modified Circular Add-

Drop Modulator

® The suitable Parameters Specification

For constrained problem in section 3.4.2 in which the particle size is 2 nm
and the require velocity is = 8 lm/s and characteristic analysis results in section
3.3 that show the effected results of parameter change. All of table compares
the variation of parameters with respect to depth of the well, width of well, FSR
and velocity. In fact, the depth of well is related to the magnitude of gradient
force while width of well shows the space for carrying the nanoparticle of
polystyrene 2 nm size. FSR value is proportional to the carrying capacity of
trapping tool and finally velocity must be realized for our need. In Tables 3.1 to
3.4 the blue highlighted rows are the suitable parameters for constrain of the

problem. In conclusion of suitable parameters are summarized in Table 3.5.
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Table 3.5 The suitable parameter specification for MCADM in order to generate

optical tweezer signals for polystyrene 2 nm and velocity ~ 8 iim/s

Depth of Width of .
Feature FSR (nm) Velocity(um/s)
well (dB) well (nm)
x =09
x;=0.1 2.88 2 12 8.794
R.orR, =20
e O Sa = <RHT 2.88 2 12 8.794
Ry =R; =10um
InGaAsP 2.88 2 12 8.794
Aor 2o =1550nm 2.88 2 12 8.794

®* The Design of Tweezer and Generators using Modified Circular Add-Drop
Modulator

According to Table 3.5, the MCADM designed by the parameters are the
intensity coupling coefficient («;) between input and throughput ports is 0.9, the
intensity coupling coefficients between center add-drop or center microring and
left or right microring (x,,x,) are 0.35, the intensity coupling coefficient (x;)
between add and drop ports is 0.1, the size of center ring radii (R, or R;) is
assigned by radii equals 20 pm, the left and right ring radii (R, or R, ) are 10 um,
the length of two straight bus waveguides that dovetailed center microring are 60
Um, the material chosen for our requirement is InGaAsP and finally, the input
center wavelength (4,) is 1550 nm. The physical geometry of MCADM is depicted

in Figure 3.2 and the waveguide structure is shown in Figure 3.3.

Input k, =0.9 Through

R

Drop f": ~0.1 Add
Figure 3.2 The physical geometry of MCADM
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Over cladding material

0.7 um

InGaASP
Core 0.7 pm

Figure 3.3 The waveguide structure

3.4.3 The Propose System

The overview of a system which is shown in Figure 3.4 consists of 4 parts:
there are input, processing, output and molecular trapping applications. The
input part is divided into 2 simulated tests; the first test is to input the Gaussian
into processing part of the suitable parameter specification of RADM and CADM.
The second test is the Gaussian and Dark Soliton inputs are fed to the processing
to test and validate of our proposed suitable parameter values in Table 3.5. In
the processing part, there are three modulator devices that are tested and
compared the performance. The first modulator device is RADM which is the
model following the literature review of Hong Cai and Andrew W. Poon. The
second modulator is the model according to the literature of Dominik G. Rabus
and finally, the proposed device is the model the same as the literature of
Nattaporn Suwanpayak. The third part is output signal or optical potential or
optical tweezer signal which evaluates the tweezer properties by the output
waveform, depth of well, width of well, net force, capacity of trapping tool and

velocity. In the final part is the molecular trapping application which beyond of

Andrew W.
Poon

our study.
Input '/ Processing !  oOutput |  Molecular
i | I | Trapping
Input i; i Micro i ' Output If Molecular
[ Signal ] d [ Device ]"J?::>':F> Storage
| : I
Hong Cai & \ ¢ !5 db
]

%%%

nm to pm size

Dominik G.

Rabus
raet = e
i s / =
1 1}
. b e i
@ OO |
1 — '
- i |
= . - = . - )
2. CADM . 3. MCADM ¥

Figure 3.4 The overview of system
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® Primary Suitable Parameters Specification for RADM, CADM and MCADM
The primary suitable parameter specification for RADM and CADM in

Figure 3.5 is a process to find the most suitable parameters for testing and
comparing the performance of two modulators with the proposed device. This
system is divided into 3 parts there are input, processing and output as the same
describing in Figure 3.4. To generate the Gaussian signal to the modulator, the
input module consists of the classical tunable CW laser source, Erbium-Doped
Fiber Amplifier (EDFA), Optical Collimator and temperature controller for
controlling thermal effect of laser source and EDFA. Typically, the high-power
laser radiation was provided by the Coherent Mira laser system in which an
optical parametric oscillator (OPO) is responsible fcr converting the mode locked
laser pulses coming out from a tunable Ti:sapphire laser from 800 nm to some
wavelengths between 1,500 nm and 1,600 nm. Gaussian-like pulses having a
FWHM of 2 ps can be found at the OPO output, with an average output power of
300 mW at a repetition rate of 35.6 MHz [56, 57]. In our case, the tunable laser
source provides continuous Gaussian-like pulses having a FWHM of 35 fs whose
power level ranges from 0 to 10 mW. If the duty cycle of pump laser was low, an
EDFA is used to amplify the probe. Then the amplified CW was coupled from a
single-mode fiber to free space through a collimator which a Gaussian signal can
be generated and sampling into 20,000 samples before fed into the input port of
MCADM. In processing part, four parameters are comprised of intensity coupling
coefficient, ring radius size, material and input center wavelength are investigated.
Finally, when the processing produces the output signal, then it is evaluated the
tweezer properties by the output waveform, depth of well, width of well, net

force, capacity of trapping tool and velocity.

Study Parameters

Iuput Module

]npm Gaussian Generation

: Tunable CW e by i
E Laser Source \'~._ H

Tweezers Signal for Trapping
Process

Fabricated Marterial

Figure 3.5 The primary parameters specification system of RADM
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Study Parameters
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H .
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Figure 3.6 The primary parameters specification system of CADM

® The Proposed System

After finishing our design in section 3.4.2 and suitable parameter
specification for RADM and CADM, the suitable parameter values of MCADM,
RADM and CADM is simulated in the same environment in order to evaluate the
performance of 3 modulators in the term of the output waveform, depth of well,
width of well, net force, capacity of trapping tool and velocity. The proposed
system in Figure 3.6 can be divided into 3 parts analogous to the primary
parameter specification system. Recently, the new commercial instrument of the
laser source is introduced in the name of “Fiber Laser”. In fact, the fiber laser is a
laser in which the active gain medium is an optical fiber doped with rare-earth
elements such as erbium, ytterbium, neodymium, dysprosium, praseodymium,
and thulium. They are related to doped fiber amplifiers, which provide light
amplification without lasing. Fiber nonlinearities, such as stimulated Raman
scattering or four-wave mixing can also provide gain and thus serve as gain media
for a fiber laser. Therefore, in case of two input system owverview of tweezer
generations as shown in Figure 3.6, this fiber laser is replaced the classical laser
source that depicted as above system. Since the component inside fiber laser is
comprised of EDFA, hence; the input module in the part of Gaussian signal
generation does not need EDFA as above configuration. In the part of Dark
Soliton generation, fiber laser source is used to originated and doped the Bright

Soliton signal, then beam splitter is used to separate Bright and Dark Soliton

which phase difference is % Then, the detector is applied to determine the

Bright Soliton, if one detector can detect Bright Soliton and at that time the other

part of beam splitter is Dark Solution, which fed to collimator and generated Dark



56

Soliton Signal for fed to a MCADM in finally. The other parts of overview system
are the same manners with the primary parameter specification system. The key
idea of tweezer generation using Gaussian and Dark Soliton is compensated
dispersion of output signal which occur from Gaussian dispersion by the merit of

constant amplitude of Dark Soliton.
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Figure 3.7 The proposed system

3.5 Summary

The responsible characteristic output results of three modulator devices are
explained by mathematical transfer function of throughput and drop ports as
demonstrated in section 2.6 and 3.2. The characteristic and result analysis of MCADM
is demonstrated in section 3.3. The design of tweezers and generator using MCADM is
presented in the last section. Moreover, the schematic of the primary parameter
specification and proposed system which is shown in the last section is prepared the

good understanding in experimental results and discussion in the next chapter.



Chapter 4

Experimental Results and Discussion

In this chapter, the simulation of primary suitable parameter specification for
RADM, CADM and MCADM Results is proposed. The efficiency of devices is evaluated
by output signal form, depth of well, width of well, FSR and velocity. Afterward, the
experimental results of the proposed designed system tested by the suitable
parameters of each modulator is reported. The investigated parameters are
comprised of materials, intensity coupling coefficient, ring radius, center wavelength
of the input signal. Then the velocity is examined to sclve the constrained problems.
The next section presents the performance comparisons among 3 modulators while
the fourth presents the Opti-FDTD simulation results compared with the possibility of
the proposed system using the other commercial program. The final section dicusses

the findings of the present research in relation with previous studied.

4.1 The Primary Suitable Parameter Specification for RADM, CADM and
MCADM Results

Generally, the Gaussian pulse is used for simulation and experiment in most
research. Therefore, the purpose of this experiment is to find the suitable parameters
of RADM and CADM in order to use these parameters in simulation and comparison
of the efficiency with the proposed system in the next section. Although the suitable
parameters of MCADM are specified by mathematical transfer function in Chapter 3
(section 3.4 and 3.5), the experiment for validation suitable parameters for MCADM is
essential. The primary suitable parameter specification experiment is divided into 3
subsections followed by modulator types. In each type, the suitable parameters are
intensity coupling coefficient (x ), ring radius size (R,;,Rg,R;), material properties
(ny,n,) and center wavelength (4,) of the input signals. The lower and upper

bound values of each parameter are shown in Table 4.1.
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Table 4.1 The parameters for primary suitable specification of 3 modulators

simulation
Parameter Symbol RADM CADM MCADM
Gaussian pulse (a.u) B 1 1 1
The effective core area of modulator y
() off 0.49 0.49 0.49
Intensity attenuation loss (dB/mm) a 510 5510° 5410°
Intensity insertion loss ¥ 0.01 0.01 0.01
Center ring radius (L1im) R, 2-20 2-20 2-20
Right ring radius (Llm) Ry : - 1-10
left ring radius (1im) R; - - 1-10
K 0-1 0-1 0-1
K, . - 0.35
Intensity coupling coefficient of device
Ky 0-1 0-1 0-1
Ky - - 0.35
1y (natse) 3.34 3.34 3.34
Ny (41Gas) 3.28 3.28 3.28
Linear refractive index of materials Ny (Tay05) ~2.20 %2.20 ~2.20
ny sy 2.20 2.20 2.20
Ny (si0y) 1.53 1.53 1.53
Py (nGadsP) a27x10"" | 427x10"" | a27x10"
Hycsigassy | 150 x10"" [ 1.50x10"" | 150 10"
Nonlinear refractive index of materials Ny (Tay05) 7.25x10" | 723x10° | 7.25x10"
nysw | 240 x10" | 240x10" | 2.40x10 "
1y si07) 2.40x10"° | 2.40x10™° | 2.40x10 "
Center wavelength of input signal (nm) 700 - 1700 | 700 - 1700 | 700 - 1700

z
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4.1.1 Racetrack Add-Drop Modulator (RADM)

Figure 4.1 shows the physical geometry of RADM comprised of two arcs
with diameter of 40 um and coupling length of 30 um as mentioned in [15]. To
study the responsible characteristic, the laser light is modelled in the form of
Gaussian like pulse signal and then this signal is fed into the device at the input
port to find the suitable parameters of RADM for molecular trapping and
manipulation. The suitable parameters are evaluated based on the simulation
results and output signal properties such as output waveform of signal, depth of
well, width of well, FSR and velocity. The investigated parameters are comprised
of the intensity coupling coefficient (k), the ring radius size (R, ), the material
properties (ny,n,) and the center wavelength (4,) of the input signals. The
lower and upper ranges of each parameter are shown in the 3" colurnn of Table
4.1.

Study Parameters

‘ Intensity Cloupling Coefficient ‘

‘ Ring Radius ‘

Material

Gaussian Signal Output Signal 1

| |
‘ Wavelength ‘
| |

Velocity

Time (fs)

Output Signal 2

Drop K Add

Figure 4.1 The physical geometry of RADM

® |ntensity Coupling Coefficient

This section reports the results 2 tests. In the first test, k, is equal to k,
and they vary proportionaly. In the second test, k; and K, are different and they
vary at the inversed proportion. The lower bound of « is 0 and the upper bound
is 1 and the variation interval of the intensity coupling coefficient is 0.05. The
other parameters such as material (n (mGaase) , 0y (mGassp) ), 1ing radius (R, =20 um),
and wavelength (4, =1550nm ) are fixed, while the intensity coupling coefficient
varies. Then, the variation effects of the intensity coupling coefficient (x) on the

output signal properties have been investigated.
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Fisure 4.2 shows the simulation results of the intensity coupling
coefficient under the condition that &, is equal to k,; meanwhile, Figure 4.3
shows the simulation results of the intensity coupling coefficient under the
condition that &, and k, have different values. The red line represents the output
signal at the throughput port and the blue line represents the output signal at
the drop port. When comparing the results in Figure 4.2 and 4.3, it has been

observed that the direct proportional increase of kand k, is insignificant. Hence,

Table 4.2 summarizes only the results when K and k, are different.
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Figure 4.2 The comparison of the intensity coupling coefficient variations, when K,

equal to Kk, of RADM
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Table 4.2 The effects of the intensity coupling coefficient on optical output signal

Intensity Coupling
Coefficient Depth of Widith of FSR (nm) | Velocity(um/s)
K| K, well (dB) well (nm)
0.1 0.9 0.06 2.00 2 27.43
0.2 0.8 0.12 1.30 2 24.73
0.3 0.7 0.22 0.75 2 21.54
0.4 0.6 0.39 0.71 2 17.91
0.5 0.5 0.60 0.62 2 13.92
0.6 0.4 0.94 0.53 2 9.594
0.7 0.3 1.56 0.41 2 4.973
0.8 0.2 6.25 0.05 2 0.042
0.9 0.1 1.32 0.53 2 5.458
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The increase of the intensity coupling coefficient is direct proportional to
the increase of the depth of well or the magnitude of gradient force. RADM’s
width of well and velocity decrease, except when the intensity coefficient equals
to 0.9.

® Materials

To study the effects of materials used to fabricated the waveguide, the
parameters such as intensity coupling coefficients, ring radius, wavelength are
fixed; on the other hand, the materials for fabricating microring resonator are
varied. The fabricated material’s properties are presented in Table 2.1 and
summarized in Table 4.1. They are used for 3 modulators simulation. The
intensity coupling coefficients are assigned as the followings: &, =0.7, k, =0.3,
ring radius  (R,,)=20 um, and the center wavelength of Gaussian input signal
(4) =1550nm . Figure 4.4 shows the simulation results of different materials and

the summary of material effects on the output properties is given in Table 4.3.
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Figure 4.4 The comparison of fabricated materials effects of RADM
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Table 4.3 The effects of fabricated materials on optical output signal

m. Int. (di)

Fabricated Depth of Width of FSR (nm) | Velocity (um/s)
Material well (dB) well (nm)

InGaAsP 1.55 0.4 2.3 4973

AlGaAs 1.54 0.3 2.3 4.974

Ta205 1.55 0.6 3.6 4.973

SiN 1.56 0.7 35 4.973

SI02 1.56 4.9 0.9 4.973

The increase of refractive index of materials is proportion to the decreae
of FSR of devices. The width of well increases while the depth of the well and

the velocity is insignificant.

® Ring Radius

The the study examines the effects of ring radius (R ) variations on the
output signal properties. The R, , of RADM varies from 2 to 20 pm, and the other
parameters such as the intensity coupling coefficients (&, =0.7, k, =0.3),
materials (7, mcatsry, nymcassry), and wavelength (1, =1550nm ) are fixed. The
fabricated ring radius sizes range from 1.5 to 200 pm [45-60]. However, this
research utilizes the largest upper bound of ring radius variation (20 um) and the
smallest lower bound (2 um) to fabricate microring radius as suggested by [15].
Figure 4.5 shows the simulation results of the ring radius variations, while the

effects of ring radius sizes can be summarized in Table 4.4.
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Figure 4.5 The comparison of add-drop ring radius effects of RADM

Table 4.4 The effects of ring radius size on optical output signal

Ring Radius Size
Depth of Width of Velocity
(um) FSR (nm)
well (dB) well (nm) (um/s)
Rad RR = RL
4 - 1.55 0.6 3.0 5.085
6 - 1.55 0.6 3.0 4.965
8 - 1.55 0.5 3.0 4.966
10 - 1.55 0.4 29 4.966
12 - 1.56 0.5 26 5.306
14 - 1.56 0.4 25 4.967
16 - 1.56 0.3 25 4.948
18 - 1.56 0.4 2.4 5.092
20 - 1.55 0.4 23 4.969

In this table, the increase of ring radius size affects to the decrease of FSR.
The depth of well and velocity of RADM are insignificant while the width of well

is ambiguous.



65

® Center Wavelength of Input Signal

The objective of the experiment is to study the effects of center
wavelength variation on the output signal properties. Normally, the lasers
deployed in optical communications typically operate at or around 0.850 pm in
the first window, 1.310 pm in the second window, and 1.550 pm in the third
window as shown in Figure 3.1. Therefore, the center wavelengths (4,) of the
input signals are varied from 0.700 to 1.700 um. The coupled waveguides and the
microring waveguide are made from InGaAsP/InP. The intensity coupling
coefficients are assigned as the followings: &k, =0.7, k, =0.3, and ring radius
(R,;)=20 um . Figure 4.6 shows the results of the center wavelength input signal

changes and the effects of input signal’s center wavelength on the output

properties are given in Table 4.5.
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Figure 4.6 The comparison of wavelength effects of RADM
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Table 4.5 The effects of input center wavelength variation on output signal

Input Center Depth of Width of

Wavelength(nm) well (dB) well (nm) FSR (nm) | Velocity(um/s)
750 1.55 0.1 0.6 4973

850 1.54 0.1 0.7 4.988

900 1.55 0.2 0.8 4.984

1250 1.68 0.3 2.0 4.975

1450 1.66 0.4 2.0 4.973

1500 1.55 0.4 2.0 4.973

1550 1.56 0.4 2.0 4.973

1600 1.55 0.5 3.0 4.973

1700 1.47 1.0 3.0 4.972

The increase of input center wavelength of RADM is directly proportional
to the width of well and FSR. The velocity is not quite different. The depth of

well is ambiguous.

® Velocity

After the suitable parameter specifications of RADM are determined, the
parameters (the intensity coupling coefficients, the ring radius size, the input
center wavelength, the refractive index of material) are used for velocity
approximation. The constrained parameters are the microring waveguide are
made from InGaAsP/InP. The intensity coupling coefficient are assigned as the
followings: &, =0.7,x, =0.3, ring radius (R,)=20um and the input signal is
Gaussian with center wavelength at 1.550 um. Considering the relation of
intensity values and kinetic energy within the condition of no thermal effect and

other losses, the velocity can be approximated as shown in Figure 4.7.
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Figure 4.7 The comparison of velocity respect to the wavelength of RADM

4.1.2 Circular Add-Drop Modulator (CADM)

Figure 4.8 shows the physical geometry of CADM [14] with the ring radius
of 20 um. The laser light is modelled in the form of Gaussian and fed into the
device at the input port to find suitable parameters of CADM for simulation and
comparison with the proposed system. The objective of this experiment is find
suitable parameters of CADM for particle trapping and manipulation. The
investigated parameters are composed of the intensity coupling coefficient (K),
ring radius size (R, ), the material properties (n,,n,) and the center wavelength
(4y) of the input signal of which the lower and upper bounds of each parameter

values are shown in the fourth column of Table 4.1.

Study Parameters

l Intensity Cloupling Coefficient ‘

‘ Ring Radius |

Material

Gaussian Signal

Output Signal 1

| |
| Wavelength |
| |

Velocity

Output Signal 2

Drop K2 Add

Figure 4.8 The physical geometry of CADM
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® |ntensity Coupling Coefficient

The purpose of the study is to explore the intensity coupling coefficient
(x ) variation which affects output signal properties, so that the other parameters
such as material (n) (nGaasr) , ny (mGaase) ), 1iNg radius (R,,) =20 um , and wavelength
(%) =1550nm are fixed, while the intensity coupling coefficient is varied. The
lower bound of x is 0 and the upper bound is 1 and the varying interval of the
intensity coupling coefficient is 0.05. This section reports the results 2 tests. In the
first test, k, is equal to &,and they vary proportionaly. In the second test, k;
and k, are different and they vary at the inversed proportion. Figure 4.9 shows
the simulation results of the intensity coupling coefficient effects under the
condition when &, equals to k,, while figure 4.10 shows the simulation results
of the intensity coupling coefficient effect under the condition when &, and k,
have different values. In Figure 4.9-4.10, the red line represents the output signal
at the throughput port and the blue line represtents the output signal at the
drop port. When comparing the results in Figure 4.9 and 4.10, it is observed that
the equal increase of whenk,and k, is insignificant; hence, the summary in

Table 4.6 considers only the condition when x values are different.
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Table 4.6 The effects of the intensity coupling coefficient on optical output signal

Intensity Coupling

Coefficient Depth of Width of FSR (nm) Velocity
well (dB) well (nm) (um/s)
K K3
0.1 0.9 0.06 3 6 27.42
0.2 0.8 0.13 2 6 24.72
0.3 0.7 0.23 2 5 21.53
0.4 0.6 0.39 2 6 17.9
0.5 0.5 0.60 2 5 13.9
0.6 0.4 0.94 1 6 9.58
0.7 0.3 1.56 1 6 4.958
0.8 0.2 7.74 0.1 6 0.012
0.9 0.1 1.32 1 5 5.473

The increase of the intensity coupling coefficient of RADM is directly

proportional to the depth of well and the decrease of the width of well and the

velocity value. However, for FSR, this increasing is insignificant.

® Materials

This study examines the waveguide material effects on the output signal

properties; thus, the other parameters such as intensity coupling coefficients, ring

radius, wavelength are fixed, while the material for fabricating microring resonator

is varied. The fabricated materials properties are given in Table 2.1 and the

summarized values in table 4.1 are often used for CADM simulation. The intensity

coupling coefficients are assigned as the followings: &, =0.7, kK, =0.3 , ring

radius

(R,)=20um, and the center wavelength of Gaussian input signal

() =1550nm . Figure 4.12 shows the simulation results of different materials, and

the summary of materials effects on the output properties is shown in Table 4.7.
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Table 4.7 The effects of fabricated materials on optical output signal

Fabricated Depth of Width of Velocity
FSR (nm)

Material well (dB) well (nm) (um/s)
InGaAsP 1.56 1 6 4.958
AlGaAs 1.55 1 5 4.959
Ta205 1.55 2 9 4.929
SIN 1.56 2 9 4.929
SI02 1.55 3 13 4.929

The increase of refractive index of the materials is proportional to the

width of well and FSR. However, the depth of well and velocity are insignificant.
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® Ring Radius

The ring radius (R ) variation effects on the output signal properties are
investicated. The R, of CADM is varied from 2 to 20 pm while the other
parameters such as intensity coupling coefficient are assigned as the followings:
K, =07, Kk, =03, material properties nuncassr), hymcassry, and wavelength
(%) =1550nm . The fabricated ring radii used in this research are in the range of 1.5

to 200 pm [25-31]. Figure 4.12 shows the simulation results of the ring radius

variation and the effects of ring radius size variation can be summarized in Table
4.8.
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Table 4.8 The effects of ring radius sizes on optical output signal

Ring Radius Size
Depth of Width of Velocity
(um) FSR (nm)
well (dB) well (nm) (um/s)
Rad RR = RL
4 - 1.66 6 29 4.933
6 - 1.61 3 18 4.933
8 - 1.58 3 15 4.934
10 - 1.57 3 12 4.935
12 - 1.56 1 10 4.935
14 - 1.56 1 9 4.943
16 - 1.56 1 7 4.95
18 - 1.56 1 7 4.955
20 - 1.56 1 6 4.958

The increase of ring radius size is inversely proportional to depth of well,

the width of well and FSR. However, the velocity is directly proportional.

® Center Wavelength of Input Signal

The effects of center wavelength variations on the output signal
properties are examined. This center wavelengths of input signals are varied from
0.700 to 1.700 um. The upper (1.700 pm) and lower bound (0.700 pm) of
frequency study is mentioned in section 4.1.1. The other parameters are coupled
waveguides and the microring waveguide are made from InGaAsP/InP, and the
intensity coupling coefficient is assigned as the followings: k, =0.7, Kk, =03 and
ring radius (R,,) =20 um . Figure 4.13 shows the results of the center wavelength
input signal changes while the summary of the center wavelength of input signal

effects on the output properties are shown in Table 4.9.
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Table 4.9 The effects of input center wavelength variation on optical output signal

Input Center Depth of Width of

Wavelength(nm) | well (dB) well (nm) PSR (nm) | Velocity(um/s)
750 1.55 0.2 1.3 4.959

850 1.56 0.3 1.8 4.960

900 1.55 0.4 1.9 4.959

1250 1.56 0.7 4.0 4.959

1450 1.57 1.0 5.0 4.954

1500 1.56 2.0 5.0 4.958

1550 1.56 2.0 6.0 4.958

1600 1.56 1.0 6.0 4.955

1700 1.56 1.0 7.0 4.959

The increase of the input center wavelength affects the width of well

and FSR. However, the depth of well and velocity are insignificant.

® Velocity

After the suitable parameter specifications of CADM are determined, the

parameters (the intensity coupling coefficients, the ring radius size, the input

center wavelength, the refractive index of material)

are used for velocity



75

approximation. The constrained parameters are the microring waveguide are
made from InGaAsP/InP, intensity coupling coefficients are assigned as the
followings: k, =0.7, k,=0.3, ring radius (R,)=20um. The input signal is
Gaussian with the center wavelength of 1.550 um. Considering of intensity values
and kinetic energy relation within the condition of no thermal effect and other

losses, the velocity can be approximated and shown in Figure 4.14.

Volocity(m/s)

5 [T (7] i [T 158 1% [y 19 [ is

Wevelength(pum)

Figure 4.14 The comparison of velocity with respect to the wavelength of CADM

4.1.3 Modified Circular Add-Drop Modulator (MCADM)

Figure 4.15 shows the physical geometry of MCADM [16] that is comprised of
three microrings which are the center microring, and the left and right microrings.
Although the suitable parameters of MCADM are specified by mathematical
transfer function in Chapter 3 (section 3.4 and 3.5), the experiment for validating
suitable parameters for MCADM is a necessity. To study the responsible
characteristics, the laser light is modelled in the form of Gaussian and fed into the
device at the input port to confirm the suitable parameters of MCADM for particle
trapping and manipulation as mentioned in section 3.4.3 (Figure 3.5). The
investigated parameters are comprised of the intensity coupling coefficient (x ),

ring radius sizes (R, Ry, R, ), material properties (n,n,) and center wavelength
(4) of the input signal of which the lower and upper bound of each parameter

values are shown in the fifth column of Table 4.1.
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‘ Ring Radius ‘
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|
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Velocity

Through

Drop K3 Add

153 154 155 156 157 136
Wevelength

Figure 4.15 The physical geometry of MCADM

® |ntensity Coupling Coefficient

This this section, the research studies the effects of the intensity coupling
coefficients (x ) variations on output signal properties, and the other parameters
such as material properties (ngunGaisp) , iy (nGassry), 1ing radius (R, =20 um,
R, =R, =10 um) and center wavelength of input signal (4, =1550nm) are fixed,
while the intensity coupling coefficient is varied. To achieve a systematic balance,
K, and K, are assigned as 0.35. The lower bound of «;, x5 is 0 and the upper
bound is 1 and the varying interval of the intensity coupling coefficient is 0.05.
This section reports the results 2 tests. In the first test, &, is equal to k,and they
vary proportionaly. In the second test, k; and k, are different and they vary at
the inversed proportion. Figure 4.16 shows the simulation results of the intensity
coupling coefficient effects under the condition that &, equals to k,, meanwhile
Figure 4.18 shows the simulation results of the intensity coupling coefficient
effect under the condition that k;, K,have different values. The red line
represents the output signal at the throughput port and the blue line represents
the output signal at the drop port. When comparing the results in Figures 4.16
and 4.17, it is observed that the equal increase of &, K, is insignificant; hence,
the summary in Table 4.10 considers only the condition when the x values are
different.
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and k, are different of MCADM

Table 4.10 The effects of the intensity coupling coefficient on the optical output

signal
Intensity Coupling

Coefficient Depth of Width of FSR (hm) Velocity

K, K well (dB) well (nm) (um/s)
0.1 0.9 0.04 2 12 27.74
0.2 0.8 0.08 2 12 25.69
0.3 0.7 0.11 2 12 23.41
0.4 0.6 0.17 2 11 20.88
0.5 0.5 0.25 2 11 18.11
0.6 0.4 0.38 2 11 15.06
0.7 0.3 0.54 2 11 11.66
0.8 0.2 1.02 2 11 7.79
0.9 0.1 1.58 2 11 3.04

The increase of the intensity coupling coefficient of MCADM results in the
increase of the depth of well but the decrease of FSR and velocity. Nevertheless,

the width of well is insignificant.

® Materials
This research also studies the effects of waveguide materials on the output
signal properties; thus, the other parameters such as the intensity coupling
coefficients, the ring radius, the wavelength are fixed, while the materials for
fabricating microring resonator are varied. The fabricated materials properties in

Table 2.1 and 4.1 are used for the simulation. The intensity coupling coefficients
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are assigned as the followings:

K =09, K,=k,=035,
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K, =0.1, ring radii

(R,y)=20um,(R, =R;)=10 um and the input signal is Gaussian with the center

wavelength of A, =1550nm . Figure 4.18 shows the simulation results of different

materials and the summary of materials effects on the output properties is shown

in Table 4.11.
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Figure 4.18 The comparison of fabricated material effects of MCADM
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Table 4.11 The effects of fabricated materials on optical output signal

Fabricated Depth of Width of .
) FSR (nm) | Velocity(um/s)
Material well (dB) well (nm)

InGaAsP 158 2 11 3.043
AlGaAs 1.58 1 11 3.021

Ta;0s 1.58 1 18 3.026

SIN 1.58 1 18 3.026

SIO; 1.60 2 25 2.960
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The increase of refractive index of materials is proportional with FSR and

velocity. Nonetheless, the depth of well and the width of well are insignificant.

® Ring Radius

The ring radius (R ,, R,, R, ) variation effects on the output signal properties
are examined. Usually, the fabricated ring radius sizes are in the range of 1.5 to
200 pm. Therefore, this research chooses the central ring radius varying from 2 to
20 um. The left and right (R, , R,) microring are varied from 1 to 10 pum, and the
other parameters such as intensity coupling coefficient are assigned as the
followings: kK, =09 , K, =k, =035, K, =0.1, the material properties (n, mca1sr) ,
15 (InGaAsP) ), the wavelength (4,)=1550nm. Figure 4.19 shows the simulation
results of the ring radius varation while the effects of ring radius size variation can

be summarized in Table 4.12.
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Figure 4.19 The comparison of different micro ring radii of MCADM
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Table 4.12 The effects of ring radius size variations on optical output signal

Ring Radius Size
Depth of Width of Velocity
(um) FSR (nm)
well (dB) well (nm) (um/s)
Rad RR =R,
4 2 1.68 6 58 2.716
6 3 1.59 5 37 3.029
8 4 1.60 3 29 2.984
10 5 1.58 3 22 3.030
12 6 1.59 2 19 3.027
14 7 1.59 1 16 3.031
16 8 1.58 1 15 3.039
18 9 1.59 1 12 3.032
20 10 1.58 1 11 3.043

The increase of ring radius size is inversely proportional to the width of well

and FSR. However, velocity is directly proportional while depth is insignificant.

® Center Wavelength of Input Signal

This research has studied the effects of center wavelength variation on the

Norm. Int. (dB)

——-:_

output signal properties. The center wavelength input signals are varied from
0.700 to 1.700 pm. The coupled waveguides and the microring waveguide are
made from InGaAsP/InP. The intensity coupling coefficient is assigned as the
followings: &, =09 K,=x,=035,

Figure 4.20

wavelength input signal changes and the summary of center wavelength input

K, =0.1 and the microring radius are

the

H

R, =20 um,Ry =R, =10 um . shows results of the center

signal effects on the output properties is shown in Table 4.13.
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Figure 4.20 The comparison of t wavelength effects of MCADM

Table 4.13 The effects of the input center wavelength variations on optical output

signal
Input Center Depth of Width of Velocity
Wavelength(nm) well (dB) well (nm) FSR (nm) (um/s)
750 1.58 0.3 2.7 3.044
850 1.58 0.4 3.5 3.135
900 1.58 0.5 3.9 3.041
1250 1.58 1 8 3.039
1450 1.58 1 10 3.041
1500 1.58 1 10 3.020
1550 1.58 2 11 3.043
1600 1.58 2 12 3.034
1700 1.59 2 14 3.112

The increase of the input center wavelength is directly proportional to the

width of well and FSR. Nonetheless, the depth of well is insignificant while

velocity is ambiguous.

® Velocity

After the suitable parameter specifications of MCADM are determined, the

parameters (the intensity coupling coefficients, the ring radius size, the refractive
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index of material, and the input center wavelength) are used for velocity
approximation. Considering the constrained parameters, microring waveguide is
made from InGaAsP/InP. The intensity coupling coefficients are assigned as the
followings: & =09, k,=k,=035, k,=0.1, the ring radius (R, =20 um,
R, =R, =10 um ). The input signal is Gaussian with the center wavelength (4,) at
1.550 um. Based on the relation of intensity values and kinetic energy within the
condition of no thermal effect and other losses, the velocity can be approximated

and shown in Figure 4.21.

Velocity(m/s)
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Figure 4.21 The comparison of velocity with respect to the wavelength of MCADM

4.1.4 The Suitable Parameters Specification for 3 Modulators

From the primary suitable parameter specification results in section 1.1.1 -
1.1.3, the suitable parameters for each modulator can be summarized and shown
in Table 4.14. The first column demonstrates the types of modulator and the
second presents the intensity coupling coefficient, the third represents the
suitable material selected. The fourth shows the microring radius size consistent
with the finding of the pevious study conducted by Hong Cai and Andrew W.
Poon [15] and the final column illustrates the most commonly used center

wavelength of input signal for optical communication system.

Table 4.14 The suitable parameters of 3 modulators

Intensity Coupling . Ring Radius Center
Modulator Type . Material

Coefficient Size (LLm) Wavelength (nm)
RADM | K, =0.7,k, =03 InGaAsP R, =20 A, =1550
CADM | kK, =0.7,k, =0.3 InGaAsP R, =20 A, =1550

kK, =09,k, =035 R, =20
MCADM InGaAsP A, =1550

K, =0.1,kK, =035 R, =R =10
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4.2 Experimental Results of the Proposed System

As explained in section 3.3.4, the physical geometry of system in Figure 4.22 is
simulated based on the suitable parameters of MCADM. Furthermore, the objective
of this system is to compare its efficiency with 2 modulator devices (RADM and
CADM). The best parameters for RADM and CADM are prepared in Table 4.14. The
input signals of simulation test are Gaussian and Dark Soliton, which are fed into the
input and add port respectively. The four investicated parameters are the intensity
coupling coefficient (x ), the ring radius size (R,;,Rg,R;), the material properties
(ny,ny) and the center wavelength (4,) of the input signal. From the suitable
parameters of mathematical transfer function analysis in Table 3.5 and primary
suitable parameter specification results in Table 4.14, the suitable parameters of
MCADM can be concluded in Table 4.15.

Table 4.15 The parameter simulation of MCADM

No. Parameter Symbol Value
l. Gaussian beam peak power (a.u) E; 1
Il. Dark Soliton peak power (a.u) E, 1, 35 fs
lll. | The waveguide coupling loss coefficient (db/mm) o 5x10°
IV. | The intensity coupling loss coefficient Y 0.01
V. | The effective core area of MCADM (Mmz) Aeff 1.44
VI. | Linear refractive index of InGaAsP n, 3.34
VI | Nonlinear refractive index of InGaAsP (cr’/W) n, 4.27x10 "
VIIIl. | Center wavelength of input signal (nm) 4o 1550
IX. | The center microring radius (Lm) Raa 20
X. | The right microring radius (Llm) Ry 10
Xl | The left microring radius (LLm) R, 10
K 0.9
Xll. | The intensity coupling coefficient 5 03>
K3 0.1
Ky 0.35
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Study Parameters

Gaussian Signal Output Signal 1

Figure 4.22 The physical geometry of the proposed system

4.2.1 Intensity Coupling Coefficient

The aim of this investigation is to study the intensity coupling coefficient
(k) variation effects on the output signal properties of 3 modulator devices
based on the suitable parameters of each device and the other parameters are
set constant. The other parameters are considered when fabricating microring
modulator and material used is INnGaAsP. The input center wavelength (4,) is
1550 nm, the ring radius (R,,) parameter of RADM, CADM and center micoring
radius of MCADM is 20 um, and the left and right microring radius (R, R;) of

MCADM is 10 um. The experimental results will be presented according to the
types of modulator started by RADM, CADM and MCADM as shown in Figure 4.23-
4.26.
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Figure 4.25 The comparison of the intensity coupling coefficient effects of MCADM
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4.2.2 Materials

This section presents the waveguide material effects on 3 modulators
output signal properties. The other parameters such as intensity coupling
coefficients, ring radius, wavelength are fixed, while the materials for fabricating
microring resonator is varied. The fabricated material properties in Table 2.1 and
4.1 are often used for the simulation. The intensity coupling coefficient of RADM
and CADM are k, =0.7, kK, =03 and MCADM are assigned as k, =09 |,
K,=Kk,=035 and k;,=0.1. The microring radius of RADM and CADM are
R, =20um and MCADM are R, =20um,R, =R, =10 um and input signals are
Gaussian and Dark Soliton with center wavelength of 4, =1550nm . Figure 4.27-4.30
shows the simulation results of different materials and the summary of material

effects on the 3 modulator output properties.
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4.2.3 Ring Radius Size

The objective of the investigation is to study the ring radius (R, R;, R, )
variation effects on output signal properties of 3 modulator devices. Therefore,
this experiment chooses the ring radius of RADM, CADM and center ring radius of
MCADM varying from 2 to 20 um. The left and right (R, , R,) microring of MCADM
are varied from 1 to 10 pum, the other parameters such as intensity coupling
coefficient of RADM and CADM are k, =0.7 , K, =0.3 and MCADM are assigned

as kK,=09 , k,=k,=035 and k,=0.1, the refractive index of material

)

(R (nGaasPy , Ny (mGasspy ), two input signals wavelength (2, =1550nm) are fixed.

Figure 4.31-4.34 shows the simulation results of ring radius variation.
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Norm. Int. (dB)
2

15 . " 159 - 158 158 . .. 150 L ‘ut (X 1= 15 . 18 1. .7 e ] 18

Wevelengthinm) Wevelength{um)

@ R, =10um, R, =R, =5 um (b) R,=12um, R, =R, =6 um

u/\/\M\,\-\-‘- IH/V/\“/\./V\\/\-\/\’:
g of 4 8
E ral .!I a
R ] E
E zﬂ{w 1 z
E ]
- 4
. " " " " " " " " 5 " " "
-II1 145 19 5 184 - o . 158 196 L] LL] 14 Rk 15 1" 158 - 157 148 1
Wevelengthium) Wevelength{um)

(@) Rd=14ﬂm, RL=RR=7‘ﬂm (d) Rd:16um,RL=RR=8ﬂm

Norm. Int. (dB)
13

J | /\NW\/W\/\
i M ;
!_' £
] E
E o
£ 4 -
E]
0
“is . T 15 N ' 5 157 5 159 1% . 14 ) 0 [ 148 144 s 140 1% "
Weveleagthium) Wevclengthinm)

Norm. lot, (dB)

(e) R, =18 um, R, =R, =9 um f) R,=20um, R, =R, =10 um
Figure 4.33 The comparison of the ring radius effects of MCADM

.

k.l d -
=
k-

] <
-

= g
=
z

22|

-

15 AS1 1Er 183 1B 158 158 15T 188 18 " " e PR tm s 1 = w m
Wevelengthjum) Wevelength{pm)

(a) RADM (b) CADM



93

Norm. Int. (dB)

i

Ry

Wevelength{pm)

(c) MCADM
Figure 4.34 The comparison of the ring radius effects of 3 modulators

4.2.4 Center Wavelength of Input Signal

The objective of the experiment is to study the effect of center
wavelength variation on the output signal properties of 3 modulator devices. The
center wavelengths of input signals are varied from 0.700 to 1.700 ym. The
coupled waveguides and the microring waveguide are made from InGaAsP/InP,
intensity coupling coefficients of RADM and CADM are k, =0.7, Kk, =0.3 and
MCADM are assigned to kK, =0.9, kK, =k, =0.35 and &, =0.1. The microring radii

of RADM and CADM are R,, =20 um and MCADM are R, =20 um, R, =R, =10 um .
Figure 4.35-4.38 shows the results of the center wavelength input signal changes

and the summary of the center wavelength of input signal effects on the output

properties is shown in Table 4.16.
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Figure 4.35 The comparison of the center wavelength of input signal effects of RADM
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Figure 4.38 The comparison of the center wavelength of input signal effects of 3

modulators

Table 4.16 The comparison of the center wavelength of input signal effects of 3

modulator devices

Feature RADM CADM MCADM
Depth of well (dB) 1.530 1.390 2.880
Width of well (nm) 0.400 1.000 2.000
Free spectral range (nm) 2.000 6.000 16.000
Velocity (UWm/s) 5.039 5877 8.975
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4.2.5 Velocity

After the all parameter simulations of 3 modulator devices are finished,
the suitable parameters are used for velocity approximation and comparison. The
constrained parameters are microring waveguide which are made from
INnGaAsP/InP, intensity coupling coefficients of RADM and CADM are «, =0.7 ,
K, =0.3 and MCADM are assigned as K, =0.9, k, =k, =0.35 and k, =0.1. The
microring radius of RADM and CADM are R, ,=20um and MCADM are
R, =20um,R, =R, =10 um and the input signal is Gaussian with the center
wavelength (4,) of 1.550 pm. Considering the relation of intensity values and
kinetic energy within the condition of no thermal effect and other losses, the

velocity can be approximated and shown in Figure 4.39.
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Figure 4.39 The velocity comparison between 3 modulators

4.3 The Performance Comparison of 3 Modulators
4.3.1 Performance Comparison of Primary Suitable Parameters Specification
This presents the performance comparison of the primary suitable
parameter specifications for 3 modulators. The parameter is compared in terms
of the depth of well, the width of well, the FSR and the velocity. The parameter

specifications are shown in Table 4.17.



* Intensity coupling coefficient variation
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Figure 4.40 The intensity coupling coefficients effects on depth of well
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Relation of Coupling Coefficients and Velocity
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Figure 4.43 The intensity coupling coefficients effects on velocity

Discussion of Figure 4.40-4.43: The increase of the intensity coupling
coefficient is direct proportional to the increase of depth of well or the
magnitude of gradient force. RADM and CADM, width of well decrease except at
the intensity coefficient of 0.9. However, MCADM width of well is constant. The
increase of the intensity coupling coefficient is insignificant for FSR value. When
the increase of the intensity coupling coefficient value is compared with velocity

it is found that its effects results in the decrease of velocity.

® Material variations
Relation of Materials and Depth of Well
161 - WRADM
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~ 1.59 1— aMCADM
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Materials

Figure 4.44 The fabricated material effects on depth of well
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Figure 4.45 The fabricated material effects on width of well
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Figure 4.46 The fabricated material effects on FSR
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Figure 4.47 The fabricated material effects on velocity

Discussion of Figure 4.44-4.47: The increase of the refractive index of the
material is direct proportional to the increase of FSR of three modulator devices.
RADM and CADM width of well of is increased while MCADM is ambiguous. Depth
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of well is significant when of fabricated material properties are varied. The

increase of refractive index is insignificant for the velocity.

® Ring Radius Sizes variations
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Figure 4.48 The ring radius sizes effects on depth of well
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Figure 4.49 The ring radius sizes effects on width of well

Relation of Ring Radius and FSR
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Figure 4.50 The ring radius sizes effects on FSR
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Relation of Ring Radius and Velocity =RADM
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Figure 4.51 The ring radius sizes effects on velocity

Discussion of Figure 4.48-4.51: The increase of center ring radius size of
CADM, CADM and MCADM is proportional to the decrease of the depth of well,
the width of well and FSR value of three modulator devices. For the MCADM, the
increase ratio of left and right ring radius size is determined by Equation (3.4). The
change of width of well and depth of well depends upon the additive and
subtractive interference within microring. The increase of ring size of 3

modulators does not affect velocity.
®* Center wavelength of input signal variations
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Figure 4.52 The center wavelength of input signal effects on depth of well
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Discussion of Figure 4.52-4.55: The increase of center wavelength of the

input signal is insignificant to depth of well. However, width of well and FSR are

direct proportional while velocity does not change.
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4.3.2 Discussion of Effected Parameters
From mathematical analysis in section 3.3 and the experimental results in
section 4.2, the study parameters is concluded as the followings:
® The variation of the intensity coupling coefficient
The experimental results confirm that the variation of x and xj is
affected by depth of well (magnitude of gradient force) and velocity increases
following the increased value of x; and «; while width of well and FSR are
insignificant.
® The variation of fabricated material property
The depth of well increases direct proportionaly to the increase of
refractive index of material value while FSR and velocity decrease or is
proportional to the increase of refractive index value corresponding to
mathematical transfer function analysis results in section 3.3.3. For width of
well, the parameter variation is not significant.
® The variation of microring radius sizes
The increase of ring radius size is directly proportional to the increase
of depth of well and velocity, while width of well and FSR and width of well
are proportional to the increase of ring radius which is consistent with the
mathematical analysis in section 3.3.2.
® The variation of input center wavelength signal
Width of well and FSR are direct proportional to the change of center
wavelength of the input signal. The increase of center wavelength has a direct
effect on the increase of width of well and FSR, while depth of well and velocity

are insignificant.

Table 4.17 The comparison of primary suitable parameter specifications

Feature Type of Modulator
RADM CADM MCADM
Peak Power (a.u) 1 1 1

Center Ring Radius (um) 20 20 20
Left Ring Radius (um) - - 10
Right Ring Radius (um) - - 10
Center Wavelength (um) 1.55 1.55 1.55
Depth of Well (dB) 1.24 1.30 1.56
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Feature Type of Modulator
RADM CADM MCADM
Width of Well (nm) 1 2 2
Net Force (N) ~ 1840 x10"° |~ 1840x10 | ~18.48x10"
Velocity (um/s) 4.973 4958 6.809
Capacity 17 17 28

4.3.3 Performance Comparison of Proposed and the Other System

From the constraint of problem is 2 nm of polystyrene and trapped with

velocity 8 um/s. Therefore, 3 modulator systems are simulated and compared in

the same environment. The intensity coupling coefficient, material, ring radius

size and center wavelength of input signals are fixed. The properties of tweezer

signal are compared in the Figure 4.56 and the performances of 3 modulators are

compared in Table 4.18. Figure 4.56 indicates that the optical tweezer properties

of the proposed system are superior to the other modulation techniques.
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Figure 4.56 The compared parameters variations of 3 modulators
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Table 4.18 The comparison of three modulators performance

Type of Modulator
Feature
RADM CADM MCADM
Peak Power (a.u) 1 1 1
Center Ring Radius (um) 20 20 20
Left Ring Radius (um) - - 10
Right Ring Radius (um) - - 10
Center Wavelength (um) 1.55 1.55 1.55
Depth of Well (dB) 1.53 1.39 2.88
Width of Well (nm) 0.4 1 2
FSR(hm) 2 6 12
Net Force (N) | ~18.40x10 | =~ 18.40x10" | ~ 18.51 x10
Velocity (um/s) 5.039 5.877 8.975
Capacity 17 17 28

4.4 Opti FDTD Simulation Results

After the output results have been tested and analyzed using Matlab, the
output results are tested by Opti-FDTD. Three microring devices are modeled under
the constraint of suitable parameters, and the Gaussian input is fed into each system
to evaluate them. In additional, the output results of two commercial programs are
evaluated utilizing Pearson product-moment correlation coefficient or "Pearson's
correlation coefficient”, commonly called "the correlation coefficient ()" It is
obtained by dividing the covariance of the two variables by the product of their
standard deviations [58].

D )
"= — — (4.1)
D66 -7)
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4.4.1 Racetrack Add-Drop Modulator Simulation

Figures 4.57-4.58 and 4.60 show the model and output results of RADM,
while the Figure 4.59 shows the comparison of Matlab simulation results. The
correlation coefficient between Matlab and Opti-FDTD results is 0.910.
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When comparing the electrical field form Opti-FDTD in Figure 4.58 and
Matlab in Figure 4.59, it is found that the electrical field of Opti FDTD at the
throughput port is different from Matlab. Due to power loss in long distance, it is
possible that RADM could occur because of the long coupling distance of 30 pm.

The physical of output signal shapes are similar. However, the amplitude changes
are different.

4.4.2 Circular Add-Drop Modulator Simulation
Figures 4.61-4.62 and 4.64 show the model and output results of CADM,
while figure 4.63 shows the output of electrical field at the throughput port

compared with the output signal of Opti-FDTD in Figure 4.62. The correlation
coefficient between Matlab and Opti-FDTD results is 0.803.
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Figure 4.61 The Circular Add-Drop Modulator model
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Figure 4.64 The output of electrical field at drop port

When comparing the electrical fields form Opti-FDTD and Matlab in
Figures 4.62 and 4.63, it is found that the Opti-FDTD results can confirm the
possibility of Matlab results. When considering the physical of output signal
shape, it is found that the Opti FDTD results produce the same shape. However,
distortions occur at the peak of output signal which originates from loss and

noise.
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4.4.3 Modified Circular Add-Drop Modulation Simulation
Figures 4.65-4.66 and 4.68 show the model and output results of MCADM
results, while the Figure 4.67 shows the Matlab simulation results for comparison.

The correlation coefficient between Matlab and Opti FDTD results is 0.832.
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Figure 4.68 The output of electrical field at drop port

In case of Modified Circular Add-Drop Modulator, when comparing the
electrical field form Opti-FDTD and Matlab in Figures 4.66 and 4.67, it is found
that the Opti FDTD result can confirm the possibility of Matlab results. When
considering the physical of output field shape, it is found that the Opti-FDTD
result produce the same shape. However, distortions occur at the peaks of
output field which originate from loss and noise. When comparing the results
between CADM and MCADM, it is found that the peaks of the electrical field of
MCADM is disturbed less than CADM.

4.5 Sumarry of the Published Works [61, 62] and Thire Contribution to
This Thesis

The first published research [61] proposes the optical tweezer and generator
using MCADM for nano-biological molecules such as tangle protein (tau tangles and
B-amyloid plaques). Tangle protein and molecular moztor can transport and connect
to the required destination over bus network and it can be used for Alzheimer’ s
dicease diagnosis. The basis of the tweezer generator device is based on MCADM and
applied in this thesis. In addition, the force theory concerning tweezer properties is
based on the same theoretical concept. The second published research [62]
proposes a possible application which uses the proposed optical tweezer utilizing
MCADM for the drug delivery network. Moreover, this research presents the reliability
and stability of the drug delivery network in terms of insertion loss (IL) and crosstalk
effects (FC). Normally, the ratio of the intensity coupling coefficient must be greater
than the add port for high gradient force trapping. The parameters of the two
previous studyes are consistent. The intensity coupling coefficient has effects on the
depth of well (gradient force). Therefore, the intensity coupling coefficient (x;)
between the input and the throughput port is 0.5, the intensity coupling coefficiens
between center add-drop or center microring, and left or right microring (x,, x,) are

0.35. The intensity coupling coefficient («;) between add and drop ports is 0.1, and
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the size of center ring radius (R,,) is equal to 20 um. The left and right ring radii
(Ry or R;) are varied and the material used is InGaAsP. Finally, the input center
wavelength (4,) is varied in the optical transmission window. The waveguide
fabricated from InGaAsP for core and cladding is InP. The third publication [63] is the
extended work from the previous publication [62] which uses the same parameters.
However, the left and right ring radius (R or R,) is fixed at 5 pm. The study

compares bus, star and ring networks based on crosstalk and signal to noise ratio.

4.6 Summary

The characteristics of the trapping tools for an optical Racetrack Add-Drop
Ring Resonator, optical Circular Add-Drop Modulator and optical Modified Circular
Add-Drop Modulator are proposed and confirmed in this thesis. The Gaussian and
Dark Soliton are input into the ring resonator devices. Five parameters consisting of
intensity coupling coefficient, materials, ring radius, wavelength and velocity are
examined for the proper trapping and manipulation characteristics. The parameters
affecting the width of well are ring radius size and input center wavelength. The
lower bound and upper bound of ring radii used in this thesis are in the range of 4-20
Um for center microring radius and 2-10 um for left and right microring radius. The
parameters affecting velocity are the intensity coupling coefficient ranging from 0-1,
the refractive index depending on material type and ring radius size. In the next

chapter, the conclusion and future work are proposed.



Chapter 5

Conclusion and Future Work

In this chapter, the best parameters from simulation results of an Optical
Racetrack Add-Drop Modulator, Optical Circular Add-Drop Modulator and Optical
Modified Add-Drop Modulator are chosen for determining trapping tool
characteristics. The Gaussian and Dark Soliton signals are input into ring resonators.
The output signals, the depth of well, the width of well, the trapping tool capacity
and the velocity are compared. The chapter is divided into two sections. The first
section proposes the optimized parameters for the proposed microring modulators

and conclusion. The second section provides recomendations for future research.

5.1 Conclusion

This thesis proposes the design of tweezer and generators using Modified
Circular Add-Drop Modulator. There are 6 steps in the design of tweezer generators.
First, the explicit constrained problem such as the size of the particle, center
wavelength of input signals and required velocity of particle trapping is given. The
second step deals with the mathematical transfer function of the device which is
used to explain the characteristics or properties of tweezer signal. The third step
concern the analytical study of mathematical transfer function affecting the desirable
tweezer properties output. Based on the primary knowledge of analytical study of
mathematical transfer function, all parameters affecting optical tweezer properties
are tested and chosen as suitable parameters for the desirable output in the fourth
step. The next step is using those suitable parameters for designing a device and the
final step is to simulate or fabricate a device to confirm the optical tweezer
properties. Based on the constrained problem stated in Chapter 3, 2 nm polystyrene
particle is trapped and manipulated with = 8 pm/s velocity. The center wavelength
of input signal for particle trapping is 1550 nm. The force theory supports and
describes the originated net force in Rayleigh regime (X <<1). After that, the
mathematical transfer functions for explaining the tweezer signal is analyzed and
tested. The results are used as a guideline of choosing proper device parameters. At
that time, the primary suitable parameter specification is simulated and tested for
variation upon nonlinear properties of MCADM device. Then suitable parameters are
chosen based on the constrained problem and design. The intensity coupling
coefficient (x;) between the input and the throughput ports is 0.9, the intensity
coupling coefficient between the center add-drop or center microring and the left or

the right microring (x,, x,) are 0.35, the intensity coupling coefficient (x;) between
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add and drop ports is 0.1, the size of center ring radius (R, or R;) is assigned by
radius of 20 pum, the left and right ring radii (R; or R;) are 10 um, the material
suitable for our requirement is InGaAsP. Finally, the input center wavelength (4,) is
1550 nm. The wavesguide fabricated from InGaAsP for core and cladding is InP. The
width and height of the waveguide are 0.7 Um and the length of bus waveguide from
input port to the MCADM ring is 5 um. Afterward, the simulation of the proposed
design is conducted and the results are confirmed. The experimental results show
that the optical tweezer signal is generated by MCADM with the 2 nm width of well,
2.88 dB depth of well, and 18.51 pN of the net force. The carrying capacity is 28 and
velocity is 8.795 pm/s. The proposed design of tweezer and generators using MCADM

cab be applied for targeted drug delivery system and cancerous therapeutic uses.

5.2 Future Work

Since the OptiFDTD program used in this study does not have Bright and Dark
Soliton input modules, the results can be validated only the Gaussian input signal for
three modulators. For future research, the author will determine the methodology to
confirm the results of the modulation signal obtained from Gaussian and Dark Soliton
within the modulators.  In addition, the microparticles or molecular trapping

processes for transportation and manipulation is an attractive investigation.
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