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Abstract

In this research, a brain signal monitoring system using micro-optical conjugate mirror
based on whispering gallery modes (WGMs) of light within a PANDA ring circuit is modeled
and proposed. WGMs are generated by the PANDA ring circuit, which can be used to perform
the brain signal connection using WGM probe, which is a 3D light probe. Simulation results
obtained have shown that the THz WGMs can be generated and used as a probe to
penetrate and connect to the brain cells and signals, which can be useful for brain signal
monitoring and investigation. In applications, the various features such as smart multimedia
devices, disability assisted and rehabilitation system, brain signal monitoring, robotic control

and medical etc. usine the THz 30 imaging probe can be plausible.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Brain signals as a result of electrical activity that can be detected from the brain and
also the primary sources for all communications by human perception, which is displayed in
the form of brainwaves. They are very important to keep them with top security and fast
link to the required destinations, for instance human organs and external link. Brain signals
have been the important issue of research and investigations because they are the primary
sources that can be used to perform all human communications {1]. One of the challenges
and interesting is the use of brain signals to control various functions by the brain control
system, which is known as brain computer interface (BCI), in which the developments of
brain signals and related activities for various fields including cognitive neuroscience,
medical, cognitive science, computer science, and psychology etc. are the important targets
[2]. In addition, the new advances in computer technology and medical care have been
expanded and become an integration of following technologies such as artificial intelligence,
simulation, systems engineering and management knowledge [3]. These insights have been
integrated to develop the ways to overcome health problems and become a modern
medicine, where the use such as computer-assisted surgery (CAS) approach for optical intra-
operative 3D reconstruction in  laparoscopic surgery [4], computer mediated medical
information [5] has been reported.

New technologies that should be studied and developed for use with brain signal
can be formed by various models, which require a high level of security. The application of
specific properties of terahertz technology will be satisfied and discussed in the next
paragraphs. Terahertz technology has become a tool that is very interesting in order to
model and contribute the 3D image investigations, where the use such as the fabrication
and testing of terahertz computer-generated volume holograms [6], terahertz imaging
system [7] based on a quantum cascade laser {(QCL) have been reported. THz has a
frequency range from 0.3 THz to 10 THz in the electromagnetic spectrum, which is the range
of frequencies that they are invisible to naked eye. One of the interesting features is the

benefit of using terahertz waves that can penetrate through clothing, paper, or even into



hurnan tissue, which can be very useful for medical sensing applications [8] and especially,
when they are combined with the knowledge in biomedical researches [9-12], which have
shown the results with higher promising applications, including brain, breast, skin, and hard
tissue imaging / spectroscopy researches and investigations [13]. In addition, terahertz
technology has been improved and continued development with techniques for testing and
proof in order to obtain the results with 3D image presentation, for instance, the THz 3D
imaging strategy using synthetic aperture radar (SAR) technique [14]. Till date, the new
technique of 3D image presentafion is still the challenge. Recently, WGM generated by
optical resonators have demonstrated the interesting results, which have been the focus of
an increasing armount of scientific researches in recent years [15]. Since 1991, INGaAsP/InP
thin circular disks by chemical etching, which was demonstrated that the WGM lasing action
at wavelength of 1.3 and 1.5 Jim could be achieved [16]. After that the WGM has presented
that the low cost and sensitive sensor [17] can be obtained and very useful to detect and
distinguish between two biological such as DNA segments with slight difference in dielectric
properties. The use of WGMs has been more successful after the announcement of Nobel
Prize 2012 in Physics on the WGMs, where Yupapin et al have confirmed that WGMs can be
generated due to coupling effects of the two nonlinear side rings of wave in PANDA ring [18].
In application, the PANDA ring can be experienced to be many devices such as the accuracy
and precision on small scale optical devices of the applied sensors, which has shown the
potential of using for such requirements [19, 20], the wave particle duality (WPD) probe using
THz light pulse propagation within a micro-optical device system for consciousness and sub-
consciousness [21], where the model of space-time paradox concept is useful for possible
mind and dream investieations [22]. Moreover, the nested nonlinear micro-ring resonators
(NMRs) and gratings can be useful for Cerenkov radiation investigation, imaging, and sensing
applications [23), which is useful for consciousness and sub-consciousness investigations
under the Cerenkov radiation.

In this report, we have proposed the small scale optical device system that can be
processed with the principles of signal processing and monitoring brain signals in the form of
a signal into a 3D image. By using the advantage of THz WGM signals, which can be formed
by using the PANDA ring circuit, in which the brain signals can be probed and connected to
the electronic instruments. Moreover, the brain signal can also be formed by the 3D image
by using the conjugate mirror construction, which can be useful for many applications such

as computer, multimedia devices, robotic control and medical etc.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Ring Resonators

A ring resonator is simply a waveguide shaped into a ring structure as shown in Fig.
2.1. When an input electric field, £,, is coupled to the ring waveguide through an external
bus waveguide, a positive feedback is induced and the field inside the ring resonator E.,
starts to build up. Coupling between the straight and the ring wavesuide is achieved through
the evanescent wave. Therefore, the gap and coupling length between them determine how
much power is coupled from the straight waveguide to the ring waveeguide and vise versa. In
such configuration, only certain wavelengths will be allowed to resonate inside the ring
waveguide, thus frequency selectivity is obtained. A resonant mode will have a wavelength

that satisfies.

mi, =nL, m =integer (2.1)

Here, m is the longitudinal mode number, 4, is the resonant mode wavelength, n is the

m

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

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

A ring resonator device is promising candidates for wavelength filtering,
multiplexing/demultiplexing, conversion and network routing application. Two typical

settings of ring resonator are shown in Fig. 2.2. A ring or a disk shaped dielectric cavity is



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

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

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

and vertically coupled (b) real life ring resonator.

If the cavity field is out of phase with the newly entering field, then destructive
interference takes place inside the cavity and as a result, there is only 2 small amount of

power inside the cavity. Under so-called off resonance conditions, as shown in Fig. 2.3(a),
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most of the input power is directly transmitted to the Through-port, and there is
comparably low power at the Drop-port.

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

A typical spectral response of a ring resonator device s shown in Fig. 2.3(c).
Resonance appears as dips in the Through-port power curve and peaks in the Drop-port
power curve. In other words, the wavelength for which ring resonator is on resonance, will
be “dropped” at the Drop port. Also, for a symmetrical device, if a new signal that
corresponds to a resonance wavelength is launched at the Add port, it will get .added. to
the off resonance signal launched at the input port, and appears at the throughput port.

Therefore the arrangement shown in Fig. 2.2 can be used as an add/drop filter.

x fum]

6 -4 -2 0 2 4 6

7 [m)
(a)
- Throdgh  +—— Brop
L Sy . [rT— e
il S i | l Through - :
= L : | I ' B
=1 I |
E 064 . : T NN -
5 : : —i !
Epa o || I \ } RS ——
o] H i :
<, 1 H e L e
o2 VS i
o2 P {h S—. P | Dree § I
1.02 1.04 1.0G 1.08 1.02 1.036 1.042 1.048 1.004
wavelength [um] wavelangth [um)
{c)

Fig. 2.3 Simulated response off-resonance state (a) and resonance state (b) of a ring

resonator. Also shown is the wavelength dependent response of the ring resonator (c).



2.2 The ring resonator - the used model
A single ring resonator is transferred into a box like filter shape using a single coupler or a
double

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

essential parameters describing the transmission characteristic are extracted in this section.

2.2.1 Single Coupler Ring Resonator Filter (SCRR)

Ly

A4

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

The transfer function of this configuration is derived using Z-transform analysis. The

circumference of the ring is L (L =2zR, the radius is R), the coupling coefficient of the

1 L

coupler is . The Ztransform parameter is represented by z- =exp M where

2 o :
k :%nw is the propagation constant and n,, is the effective index of the waveguide.

The one round trip loss isa = exp “**, @ is the intensily attenuation coefficient inside the
waveguide [unitlength™']. The transmitted or throughput field at the output of the straight

waveguide, E, and inserted electric field, £, relations can be derived as followed:
E, :(1—;/)%x[E,-\ll—K+j-E,.2x/;]. (2.2)
L, =(l_y)%x[j-E,.-«/E+Er2 -\/1_x]. (2.3)

E,=E,-az". (2.4)



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

(2.5)

E’=(l—}/)1fzx v‘l—fc—(lu}’)w-az_l |
Y 1—(1—)/)1/2"\”—K-CIZ_1

£

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

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

D=(-)"
x = D . exp—m',n'Z

y=+l-x
¢g=kK, L

(2.6)

The intensity relation for the output port is given by:

E.l

I

2:1)2- - (=3} 0=»") . 2.7)

(l—x-y)l+4-x-y-.5'm2 %

/, .
N :1—;(¢)H




2.2.2 Double Coupler Ring Resonator Filter (DCRR)

Consider the architectures of double coupler ring resonator which sometime called

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

E”-—F — Ly
Input Port Throughput Port
Drop Port Add Port
Ly < < Ep

l A h..j

Fig. 2.5 The single ring resonator with two adjacent waveguides

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

coupling losses (D* =1).
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_al gk
—_ [ 22 72 —
E,=E, jJKx, ¢ at £, =0

(2.13)

Where E, is the input field, E,is the throughput field, E,,is the dropped field, E,, E, and

E, are the fields in the ring, «is thefield coupling coefficient between the input bus and the

ring, x,is the field coupling coefficient between the ring and the input bus, Lis the

circumference of the ring,

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

in Fig. 2.5 can thus be expressed as

Throughput port:

Drop port:

o il Xy et
B, —xyflic e M afioe (egfimm et
E. X f e,
! 1-fI—xJl-x,e 2

A jho,
E,,zﬂfl—icze 2"y -k,
‘ -2 L jhal,
A B P R

b=y

a
9 NP
E, AK€
E L jal,
, ‘
I A I oo ) S

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

normalizing the transfer functions in Egs. (2.17) and (2.18) which are given by

ok -2k Ik e ? cos(hnL) +(1-k,)e

i:\ﬂ _

1, |E a,

i & 1+(1—K1)(1—K2)e"”‘ 21—k Jl-K, e ! cos(knl)
2 -2

Ly _|Ea _ K’

1. |E a,

w0 — ke 2 l—x 1=K, € 2 cos(nl)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)



2.3 PANDA ring resonator
A “PANDA” ring resonator is a modified add/drop optical filter that was proposed by

Yupapin et al [23] that can be applied to many applications by changing the structure of

PANDA and signal, as a suitable candidate for sensing device construction [19, 20].

INPUT PORT THROUGH FORT

"DROP PORT / \ ADD PORT

Fig. 2.6. A schernatic diagram of a PANDA ring resonator system

The schematic diagram of a PANDA ring resonator system for transfer function is shown in

Fig. 2.6, which the calculation of the intensity relation does not take into account coupling

losses can be written as

al L
—___jkn(
Elzj\lex1°En+j\/K|x1y1yz'Ef:z°Er,.e 27 2
(2.19)
ek g L
E,=FE e ee
(2.20)
..ﬂi_,,-kng

E, = jx,F, +x,p,E, ofiee 2
(2.21)

al | L

L
E, = j K x, ¢ Ey o By +x,0,E, 0 E o F, ®e 22 72 (2.22)
4 2% oL i T XV 5y 1 3

where x, =1—-7,,x, =4/1=7,, ) =41 K|, and y, =1-K,
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A AL
-k, -k, =
ai CE:I(Q : 2] +DE.'2(‘3 2 ZJ
I, = AL, — BE e 22 e , {(2.23)

where

4= -k )i-7.).
B=J0-rN-r)K(0-K)E,,
C=K0-pW-r )k, 6 E,,
===y W0-K)1 K,)EE, and

L :(1_71)(1_71)'\/(1771)(]—72)(]_K|)(1#K1)ErEL=

where E, and E, are the optical fields of the through and drop ports respectively,
B =kn, is the propagation constant, #,; is the effective refractive index of the waveguide,
and the circumference of the ring is L =2aRwhere R is the radius of the ring. K and K,
are the coupling coefficients of the add/drop filters, k,=27/4 is the wave propagation
number in a vacuum, and the wavesuide (ring resonator) Loss is & = 0.5dBmm . The fractional
coupler intensity loss is 7 = 0.1. In the case of the add/drop device, the nonlinear refractive
index does not affect the system, and therefore it is neglected.  The electric field E, and
E, are the field circulated within the nano-ring at the right and left side of the add/drop
optional filter. The power output ( £, } at the through port is written as:

B =|E,[ (2.24)

The output field (£,,) at the drop port is expressed as:

By = JU=7)( = K)E, | TRk * st‘.ﬁ,.(e%""g] (2.25)

al 2
1- YErE,‘[eTJ "?}

X = (- Ay = KK (- Ky, ¥ = 70— 7)(1- K- Ky)
The power output (B, } at the drop portis: £, = |E,2|2

where

11



CHAPTER 3

PANDA RING RESONATOR SENSOR

3.1 Introduction

In the recent years, optical sensors have been implemented and widely used in
various applications, for instance, in medicine, microbiology, communication, particle
physics, automotive, environmental safety and defense. Particularly, the integrated nonlinear
optical device using a microring resonator has been widely investigated in both theory and
experiment. One of the interesting results is the use of a specific model of a ring resonator
known as a PANDA ring resonator, which can be a good candidate for nanoscale sensing
applications, The use of nanoscale measurement with more efficiency systems has been
reported by several research groups. However, the searching system has been presented by
Yupapin et al , in which the interesting results are the self-calibration sensor base on ring
resonator. Recently, the use of a new form of a ring resonator called a PANDA ring resonator
has shown the interesting aspect of applications [12, 13]. The authors have shown that such
a proposed form of a ring resonator can establish the new concept of dark-bright soliton
collision, whereas the wuse of random encoding, optical vortices {tweezers) and
optical/quantum gate can be generated. In this chapter, we propose the other aspect of a
PANDA ring resonator, in which the system of a nano-scale sensing transducer based on a
PANDA ring resonator type is proposed. In practical the sensing ring should be free-standine.
Usually, if force is applied to a free-standing structure, it is bent. Hence, the shapes of the
sensing ring are deformed into an ellipse and then induce the ring circumference-shift AL .
The sensing system is functioned by mean of the change of a ring radius due to a load cell
or other physical parameters, where the change in optical path length of light is caused by
the same way of an interferometer, while the other ring radius is remain constant(reference).
The sensing and the reference signals are analyzed, simulated and compared. Simulation
results obtained have shown that the system can be employed to be the nano-scale
sensing transducer. However, the measurement limitation is occurred due to wavelength

meter resolution, in which the measurement resolution of 1 nm is noted in this work. Lastty,



the distributed or multiplexed sensing application is also available using the nano-scale

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

3.2 Principle and Method

To form the simulation sensing performance, the microring material used is
INGaAsP/InP, with the refractive index is n,= 3.34 [45-47). The schematic diagram of a
sensing transducer using a PANDA ring resonator is as shown in Fig.3.1. The system consisted
of three microring resonators, where the first ring is position as a reference ring, with radius
R, = 1.550 im. The second ring R, is the sensing ring, the radius is varied by mean of the
deformation of ring radius due to an applied force or load cell, and the third ring is used to
form the interference sienal between reference and sensing rings, with the radius R, = 3.10
Lm. In operation, the change in sensing ring radius is caused the change in the shift in
signals circulated in the interferometer ring (Ry), in which the interference signals are seen.
The change in optical path length which is related to the change of the external parameters

is measured.

Gaussian pulse

Detector 1

Detecior 2

. Vlr;pu.tz p:;.»rt Gaussian pulse

7 Dr(r)ipr p(_th 7
Fig.3.1. Schematic diagram of a nano-scale sensing transducer using

a PANDA ring resonalor.

Two identical beams of monochromatic optical field (Ej,) of Gaussian pulse with the

center wavelength 1.550 Lim are launched into in the system at the input port and the add

port, which is given by

13



E (f) _ E{)e[—aiﬁj%(f)] (3.1)

where =2zR is a propagation distance (waveguide length), a is an attenuation and ¢, is
the phase constant. When light propagates within the nonlinear material (medium), by using
the Kerr nonlinear effect within the ring devices, the refractive index (n) of light within the

medium is given by

n=n,+ml=n+ H{—P—J (3.2)
Ay

where p, and n, are the linear and nonlinear refractive indices, respectively. 7 and p are
the optical intensity and optical power, respectively. The effective mode core area of the
device is given by A4, .

The resonance output is formed, thus, the normalized output of the light field is the
ratio between the output ant input fields [, (f)and £, (¢)] in each roundtrip, which is given
by [14, 37]

EdOL -l 1-0-rehe (3.3)
(l—x\/li}_/\h———ff)z +4xﬂ\/l——ffsin2@]

The optical output of ring resonator add/drop filter for the through and drop poits
can be given by Egs. (3.4) and (3.5), respectively [14]

\E” P l-x) -2l -l -k e 2 'cos k, L)+ (1—;(2) 3.1
o 1+ (-5 1 -1, )™ = 21— Jl-Kye ? " coslk

E 2 i %L

2] = 1%5€ (3.5)
Er’n

11— N1 - K, )e " =241 K-Jl—l(z coskL
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Where g and E,represent the optical fields of the through and diop ports, respectively.

A—:exp(—a%) is a roundtrip loss coefficient, &, :2% is the wave propagation number in

vacuum, A, is an effective refractive index, ¢ =kn, L is the phase constant, y is the

fractional coupler intensity loss, « is the coupling coefficient, and g is a complex

coefficient, The signals of both rings Ry and R, are observed at the point Ref.1 (£,) and

Sen.l (£, )respectively as shown in Fig. 3.1, and the mathematical form of those signals are

also analyzed, which can be expressed as

2
_Eiz _ —(1_73)’53 :| j-ZJ\!O—?’(:)KC(1+Z;ﬁ|\!(1_7(:j(1“’((:)) (3.6)
£, _I—Zz(l_ys)(l_’(s) 1'234/6’1)82(1“7’(?)(1_’((:) | -

2
Eml2 _ *(1_7H)KR ] j'ZlVﬁ_yf-'jKC(I_i-Z;‘BZ “(l—y("jil_i(cj) (3.7)
Eml _I_Zi(l_yze)(l_’cn) 1—Z;ﬁ|ﬁ2(1_}/(')(1_’(c) i

Where g and g, represent the sensing and reference signat respectively, yg =y, and

7. =7, are the fractional coupler intensity loss in sensing and reference unit, & = k;and

kK,=k, are the coupling coefficient in  sensing and  reference  unit,
Z = %M g 2, Z,o=expl ——2>—jk,—| and Z. = T gk 22| are
loss coefficients, and g is a complex coefficient, which they are described by
B Emamaad
— — &3 )+ 0=y )e
B = 73 3 7’3_6”4 - (3.8)
A%plq
1#\/6_73)(1_’(3)-8 ! ]
D A
-y, M—x, )+ =7, )e
B, = 0 0 70%“”( : {3.9)
1-Jl-pl-x)e * |
The power output £ at all ports is expressed by
P=|E] (3.10)
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For common sensing applications such as bio/chemical sensing, the interaction
between molecules and sensing layer leads to change in refractive index in the layer.
Consequently, the light mode supported by the ring resonator experiences this change
through its evanescent field, leading to change in effective index [44]. This, in turn, resulls in
shift in resonance wavelength of the mode. Employing Egs. (3.11), in general, the shift in

resonant wavelength with effective index and physical dimension change is given by:

M _An AL
A n L

(3.11)

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

structure, thus the first term on the right side of the above equation can be ignored.

3.3 Sensor based on a PANDA Ring Resonator

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

ellipse circumference can be explained by Fa. (3.12).

Lotipse = %[S(a + b) - J(3a + b)(a + 3b)] (3.12)

Where ¢ and b are semi-major and semi-minor axis respectively.

To compare the reference and sensing signals, we sely, =y, K, =&; SO b=5
and then set 7, =y,, where finally £, and g, are both identical, if £ =1,. Thenkgis
varied while p, is changed by mean of varying g, with respect tor,, in which g,remains
constant. The change in optical path length between sensing and reference sighals are

compared by the use of MATLAB programming, in which the induced chanee by the external

16



parameters is measured. To confirm the results the finite difference time domain method
(FDTD), is also used to analyze the signal via the computer programming called Opti-wave,
whereas all the parameters are simulated based on the practical parameters. The simulation
steps are 40,000 iterations and the peak spectrum at reference point and sensing point are

shown Fig.3. 2.

T 1.00 T T T T T

0320 b — Reference ] = Reference
’ — - Sensor —== " Senser
. 080 : 7
0.9 —~
= E]
3 060
2 omwo b %\
w [=
g 2040
= £
0690 |

=
)
=

0.680

. " " N N N 0.00 W 1 1 1 y
1,30 1.40 1.50 1.60 170 1.80 .30 1.40 1.50 1.60 1.70 1.80 1.90
Wavelength(jun) Wavclenglh(pm)
(a} (b)

Fig.3.2. Shows the relationship between intensity and wavelength of sensing (£,,), dot red
line, and reference signals ( E,,), solid blue line, with AL =0, obtained by

{(a) MATLAB and {(b) Opti-wave programming.

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

path length), which is called self-calibration, and the difference between center peak

wavelengths (AL) is obtained by

A =2~ 4,
(3.13)

where A, and A, are the peak wavelengths of Ref.l and Sen.l, respectively. The
relationships between intensity and wavelength-shift are plots as shown in Fig.3.3 by
MATLAB programming and Fig.3.4 by Opti-wave computer program , which is set as a self-

calibration sensing transducer.
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Fig.3.3. Shows the relationship between intensity and wavelength of sensing (F¢), dot red line,

and reference signals (Fz;), solid blue line, with the Ring Circumstance-shift, ()AL = 0.01257

Lm, () AL= 002514 m, (c) AL = 0.03771 Wkm, and (d) AL = 0.05028 [im.
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Fig.3.3. Shows the relationship between intensity and wavelength of sensing {Esy) and
reference signals (Ep;), with the Ring Circumstance-shift, (@) AL = 0.01257 Llm, (b) AL
0.02514 Um,
(©) AL =0.03771 lbm, and {d) AL = 0.05028 [lm.

Both signals, ie, sensing and reference signals are observed and compared, and the
self calibration transducer is performed [40, 41]. We assume that the load cell or others
sensing parameters is applied on the second ring g,, whereas stress and strain are introduced
on the sensing unit by mean of the elastic modulus of the materials. This is caused the

difference in peak spectrum of both signals, which is described by the Egs. (3.14).
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% Stress
Y% =207 = Straim (419
A :

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

F= [M].AL (3.15)
L(]

Where ris the apptied force, ris the Young Modulus, 4,is the initial cross-section area, L, Is
the initial length and aris the difference in length. According to the properties of
INGaAsP/InP material [45-47]

By using Eq. (3.6-3.15) the relationship between intensity and wavelength of the
sensing signals, which calculated and simulated by MATLAB and Opti-wave programming
respectively are show in Figs.3.3-3.4 and the results showed that they are corresponding in
the same analogous. And the relationship between the ring circumstance-shift AL and
wavelength shift, for both MATAB and Opti-wave programming are plotted as shown in Fig.
3.5, the linearity relationship between the ALand wavelength shift with R? = 0.653 is
forme.d, which is shown in good linearity for sensing application. We found that a sensing
range in terms of wavelength-shift (A4 ) within the resolution of 1 nm is achieved. By using
the least square curve fitting, the linearity relationship between the applied force and AL
with R2 = 1.00 is formed, which is shown in the Fig. 3.6. In this case study, the applied

micro/nano force ranges were given between 0.00 and 8.00 nN.
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Fig.3.5. Graph of the linear relationship between Ring Circumstance-shift (AL)
and the Wavelength-shift (A2 ).
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Fig.3.6 Graph of the linear relationship between Force and the AL

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

device, which has shown in the next chapter.
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CHAPTER 4

BRAIN SIGNAL MONITORING MODEL

4.1 THz WGM signals

A PANDA ring circuit was modified as micro-conjugate mirror device system as show in
Fig. 4.1, where the micro-optical device system can form the 3D pixel which is seen in the
form of THz whispering gallery modes (WGM). The important device that can be used to
construct the 3D images are the object and reference beams can be formed by the reflected
light beams from the PANDA ring through and drop ports. The interference between these
two beams forms the 3D pixel by the four-wave mixing behavior coupled by the two
nonlinear side rings. 1t can be described by time-dependent Maxwell’s equations and given

by reference [24], where more details and references can be found in references.

H 1 E
Reflective mirror Detector of FWM . Detector of FWM

Fig. 4.1. A schematic structure of PANDA ring conjugate mirror

In simulation, THz whispering gallery modes are obtained by using the Opti-wave
program with finite-difference time-domain {(FDTD). The parameters of the PANDA ring
resonator are fixed to be the Gaussian beams wavelength of 3.0 lm and power of 10 mN
are introduced into the input port of the PANDA ring circuit. The waveguide core n=3.14, n,
- 13 x 1013 cm2/W, core area of the waveguides is Ay = 0.3 pm2 and waveguide loss

coefficient is O =0.1 dB/mm. The parameters for add-drop optical multiplexer and both



micro-rings on the left and right hand sides of the PANDA ring are set at R, = Ry = 0.775 Lm
and radius of the center ring is Rad = 1.565 pm. The coupling coefficient ratios are &, =&, =
0.5, k=1, = 0.5 lm.

The 3D pixel is seen in the form of THz whispering gallery modes at the PANDA ring
center, which is the real image as show in Fig. 4.2 In addition, the conjugated mirror position
was varied to obtain the appropriate positions for good 3D image quality as show in Fig. 4.3.
In Fig. 4.3 shows result of the mirror maniputation in the appropriate position, which shows in
the form of graphs that are characteristic of four-wave mixing with base on almost balanced
or symmetric side band frequency, which is a frequency ranges from 175 - 215 THz. The
balance (Af) of upper side band (Afg) and lower band (Af,) frequencies are obtained. The
nice display of the reflector within a propose device, in which the center signal will display

the real time 3D images, which is the same as the Add port output signals.

X(um)

Fig. 4.2. THz whispering gallery modes (WGM) at the PANDA ring center
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Fig. 4.3. The results of PANDA ring conjugate mirror in the symmetry FWM

4.2 Conjugate Mirror Model

A PANDA ring conjugate mirror is as shown in Fig 4.4 and 4.5 Device system can be
formed the 3D pixel which is seen in the form of whispering gallery modes (WGMs). It can be
described by time-dependent Maxwell’s equations and given by reference, where more
details and references can be found in references. Simulated experiment and result of the
whispering gallery mode are obtained by using the Opti-wave program with finite-difference
time-domain (FDTD). The ring material is INGaAsP/InP, where the device parameters are given
in the Fig caption, which is the micrometer scale. Here, the waveguide core n=3.14 is
bordered on each side by air n=1. The parameters for add-drop optical multiplexer and both

microrings on the left and right hand sides of the PANDA ring are set at Ri=R= 0.775 pm and

radius of the center ring is R,y= 1.565 pm. The coupling coefficient ratios are K,=K4=0.5,
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Fig 4.4. A schematic structure of PANDA ring conjugate mirror

conjugate mirror

Fig 4.5. Shows the whispering gallery mode output with 3D pixel(image)
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Fig 4.6. Result of PANDA ring conjugate mirror (a) distance conjugate mirror as 2.5 ym

(b) distance conjugate mirror as 3 pm (c) distance conjugate mirror as 3.5 ym

In principle, the four-wave mixing behavior coupled by the two nonlincar side rings. The
3D pixel is seen in the form of whispering gallery modes at the PANDA ring center. It is real
3D pixel. The parameters of device are adjusted for simulation as refractive index of
conjugate mirror and result is obtained slightly different by definition range n=1 to n= 3
without development. Then improvement parameters are changed as distance of conjugate
mirror and are shown in Fig 4.6, by fixation n=1. Simulation shows 3D pixel generated and
distorted images. In Fig 4.6(a) and Fig 4.6(c) shows the four-wave mixing with asymmetry. The
images appear distorted result. Then Fig 4.6(b) demonstrates the four-wave mixing as

symmetry and display perfect 3D pixel images.
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4.3. Brain Signal Monitoring Model

In Fig. 4.7 shows the area of interaction between the electromagnetic field
caused by the coupling within the PANDA ring resonator circuit and that occur within the
brain when a human body is performed in response to stimuli, either within the body or
outside the body, where these activities are executed in electrical form via the nerve celts to
stimulate or to commit out the order in accordance with the desire. Hence, images of the
brain in three dimension patterns generated by the micro-conjugate mirror appears to be the
difference of pattern features based on the results obtained from the interaction of
electromagnetic fields. The result of THz whispering callery modes signal, which is the
coupling effects can be measured by the outpul probe at the Add port (terminal output
port) of the PANDA ring, where the use of probe array with also be available for a large area,

i.e., distributed sensing applications as show in Fig. 4.8.

Micro-conjugate mirror unit

Interaction
areas.

Skill

Induced
electric fieid

Site selection and probe
placement (Non-invasive
recording)

Fig. 4.7. Schematic of connection and interaction area between 3D imaging probe and

brain cell (signals)
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Fig. 4.8. Result of 3D image generated by a micro-conjugate

mirror array (3 units or pixels)

The proposed system of application is as shown in Fig. 4.9, which consists of four
main parts, where they are () sensing device site selection and placement, (i) 3D image
signal acquisition, (i) signal processing and 3D image pattern recognition, and (iv) application
interface. In operation, the optical sensing devices are placed by the thin film optical probe,
which can penetrate to penetrate the skin, muscle, and skull into the brain without
jeopardizing the brain tissue or other organs. The brain signals (coherent lights) are
commenly constructed of the though, calculation, happiness, sadness, suffering, which
cannot not be visible in the normal appearance. Propagation of the 3D light probe
(electromagnetic field) is continuously emitted and affects the signal occurring within optical
devices, which can be obtained by measuring output. Basically, when the brain signals are in
normal state, the measured value of the signals can be neglected, which they are.
considered as the offset value. In this case, the sensor system is implemented as the
transmitter of the 3D light probe, where the exchange or communicate among brain cells
can be determined in terms of electrical signals, whereas the signal received from the sensor
system can be a form of signals that are not appropriated for the applications. Thus, the
received signals are required to be processed based on the signal processing in order to

obtain the suitable brain signals, which comprises the sub-steps including (i) preprocessing to
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verify the integrity of the signal, (i} feature extraction to obtain a qualified pattern according

to the process of classification. Additionally, (i) classification (specific model) of the signal is

also required, which will lead to the final step is application interface is to take a signal has

applications in various fields.

- A
Site selection and probe placement

rﬂrain signals monitoring

r Brain signals diagnosis

Igisability assisted and rehabilitation system

)

Human machine interface

Smart devices ‘(——

Human computer inter!ﬂ(—

Application
Interface

 §

Signal processing and 3D image pattern recognition

Feature

Classification
Extraction (Detection)

-

Preprocessing

Fig. 4.9. A schematic diagram of brain signal and WGMs interconnection
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CHAPTER 5

CONCLUSION

A new model of 3D pixel images using a micro-optical device system is proposed. The
four-wave mixing of wave is the key functioned of such a device concept, which is based on
3D pixel image generation. The 3D images are perfectly adjusted by the four-wave mixing
results. In application, the large areas(many pixels) can be constructed by the same
principle, which is useful for new 3D image technology applications. Then we have
demonstrated the new system of 3D brain signal monitoring and processing using micro-
optical conjugate mirror based on whispering gallery modes of light within a PANDA ring
circuit. Brain signals are presented in order to be used as a decision support analysis of brain
abnormatities using 3D image signal information, which is formed by the THz probe signals.
The THz frequency regime can be generated and formed by the micro-conjugate mirror
device, which can be used to perform the brain signal connection for 3D imaging brain signal
processing and interpretation. These probes (signals) can penetrate and connect to the brain
cells (signals). The results can be used to form the 3D image pattern recognition study and
development for the human machine interface, human computer interface, which is very

useful for medical applications.
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