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ABSTRACT

Ring resonators are key components in modern optical networks. Their small size
allows high density integration in optical photonic circuits due to the use of high
index contrast. Ring resonator filters based Optical Filters for wavelength division
multiplexing (WDM) are considered as one example in this technology. This thesis is
a simulation study of Ring resonators which are widely used for various applications
such as Optical antennas, Optical bandpass filters, Optical couplers and Optical
oscillators. The description, design, simulation and layout of a ring resonator were
carried out using Mit Electromagnetic Equation Propagation (MEEP) software.
Coupling a closed loop resonator with a straight waveguide using evanescent coupling
leads to a filter behavior of a new structure. By using the MEEP software, the transfer
functions provide detailed physical interpretations of the resonator which are required
to design good filter characteristics. Some of the characteristics include the Free
Spectral Range (FSR), Finesse (F) and Quality factor (Q). The ring resonator
modeled achieved a resonant frequency of 1.45518 x 10 rad/s and resonance
wavelength of 1.2955 um, a single mode of 0.15076 GHz frequency was also
achieved that resulted in a single mode source which is analytically solvable. Change
in dielectric constant of the ring and perfect matched layers reduced greatly the power
transmitted in the waveguide; hence leading to the downward shifting of the power. In
addition an increase in length between the ring and the waveguide led to a decrease in
the power coupled in the ring. A horizontal decrease in power was eminent when the
computation cell and number of rings were increased from a single ring to triple rings.
Vertical decrease in power and horizontal shifting of power coupled in the ring
resonator were also achieved; which are the characteristics of fixed and tunable filters
respectively. These research findings will help greatly in improving data and signal
selection in communication as the process increase the speed of communication.
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CHAPTER ONE

INTRODUCTION

1.1 Background

It is almost impossible to imagine a world without long distance communication
which means there will be no internet, no telephone, no radio or television. The first
time an electronic message was sent over a long distance was in 1844 (Kominato,
Ohmori, Takato, Okazaki and Yasu, 1992 and Franchimon, 2010). This led to the
establishment of telegraphy. Years later, in 1876 Alexander Graham Bell found a way
to transmit speech over long distances (Franchimon, Hiremath, Stoffer and Hammer,
2013) which resulted in the establishment of the first telephone company two years
later. Since 1978 the number of telephone calls grew rapidly, and in about the midway
of the twentieth century it became apparent that the demand for communication
capacity would be too large and hence exceed the available facilities. A new way of
transmitting signal was imperative and several solutions were suggested, but
comparison of several options favored the use of optical fibres as the most feasible

(Gambling, 2000).

The electromagnetic waves guides were treated by Lord Rayleigh (Okamoto, 2010)
nearly 37 years after constitution of the Maxwell’s equations (Griffiths and Reed
1999) for a nonmetallic circular cylindrical dielectric waveguide, what is now called a
fibre. Fibre optics, though used extensively today, is a fairly simple and old
technology. It is responsible for many modern revolutions in science and technology.
This has been brought about primarily by the invention of the laser in 1960

(Thyagarajan and Ghatak, 2007). One of the most interesting applications of lasers is



in communication and computer networking. Use of electromagnetic waves in
communication is quite old, but the invention of the laser ushered in a new source of
high frequency electromagnetic wave as compared to microwaves and radio
frequencies for use in communication systems. The development of low-loss optical
fibers led to an explosion in the application of laser communication, and today we are
able to communicate almost instantaneously between any two points on the globe
(Thyagarajan and Ghatak, 2007). The fibre optics operates on the principle of total
internal reflection or a light guide and was first demonstrated by (Hartig and

Swanson, 1938)

The optical fibre has several advantages as compared to the electrical cables
(Anderson, 1979) and among them are:
i.  Broadband hence have a large carrying capacity of information.
ii.  Immunity to Electromagnetic interference, hence are unaffected by
electromagnetic radiation around it.
iii.  Low attenuation loss over long distance, hence transmit signals over long
distances with minimal boosting.

iv.  Electrical insulator, are made from glass which is nonconductor of electricity
hence no ground loops and leakages.
v.  Low maintenance cost though installation cost is high.

Despite the success of fibre optics, their use is not commensurate to the increasing
demand due to the ever growing number of the internet users and expansion of long
distance communication (Kogelnik, 1975 and Nawrocka, Liu, Wang and Panepucci,
2006). This calls for more research on optical aspects to improve on the performance
of optical fibre as means of communication. One of the ways to improve is by

introduction of Resonators. A resonator is an arrangement of optical components,



which allows a beam of light to circulate in a closed path leading to a filter behavior.
Such resonators can be made in different forms. These resonators include Ring
resonators, waveguide resonators and Bulk-optical Resonators (Siegman, 1986,

Magni, 1987, Hodgson and Weber, 2005 and Lalanne, Sauvan and Hugonin, 2008).

Bandpass filter based on ring resonator is a key component in modern Dense
wavelength division multiplexing (DWDM) system applications (Little, Chu, Haus,
Foresi and Laine, 1997, Chin and Ho, 1998 and Deladge, Xu, McKinnon, Post,
Waldron, Lapointe and Schmid, 2009) for the implementation of the fundamental
functions, such as channel add-drop, channel selection, demultiplexing and
multichannel filtering (Kominato et al., 1992, Suzuki, Oda and Hibino, 1995,
Little,Foresi, Steinmeyer, Thoen, Chu, Haus and Greene, 1998 Mansoor, Sasse, Al
Asadi, Ison and Duffy, 2014). Some of these functions apply to a single channel of
system, whereas others apply to a subset of channels (Tabib-Azar, and Beheim, 1997).
The required characteristics of those functions are high stopband rejection in order to
guarantee a low cross-talk between channels, a flat-top filter response, and low

insertion loss (Zhang and Xue, 2007 and Elshoff and Rautenberg, 2010).

Most common method used to simulate the ring resonator is the finite-difference time-
domain (FDTD) (Ediss, 2003 and Akleman, and Sevgi, 2008) and therefore MIT
Electromagnet Equation Propagation (MEEP) software is an improved FDTD code
developed by MIT photonics group. The MEEP software allows modeling, simulating
and interpreting the physical factors affecting the ring resonators within a short

computation time and it also occupies less memory compared to FDTD (Photonics,

2003).



The ring resonator is determined by the microwave substrate properties in particular
the dielectric constant (Zhang and Xue, 2007). Normally, radiation losses are
neglected when designing ring resonators to determine substrate parameter that are
used in script for modeling it (Kaminow, Li and Willner, 2013). Experiments have
been carried out on materials with known properties to test the validity of the theory

and good agreement has been obtained (Hopkins, 2006).

Solutions for the modal wave propagation were first obtained in 1910 by Hondros and
Debye (Prkna, Ctyroky, and Hubalek, 2004). However the early researchers were
mostly interested in longer wavelengths, such as the propagation of microwaves in
dielectric wires and dielectric rod antennas. Some of the examples were the
experiments conducted in 1936 by the microwave waveguide at Bell Labs in Holmdel
(Dadashi, Kurt, Ustiin and Esen 2014); the predecessor of the current Crawford Hill
Labs. In 1940s, the classical textbooks on electromagnetic wave propagation by
Stratton and Schelkunoff contained chapters discussing the detailed solutions for the
propagating modes of circular dielectric guides as well as metallic waveguides in
terms of Bessel and Hankel functions (Emerson, 1997 and Schmidt and Russell,
2008). Among the papers they cited was the 1938 publication by Brillouin on the
same subject (Chu and Barrow, 1938). The model solutions were of very general
validity (Khalaj-Amirhosseini, 2006 and Stratton, 2007) allowing the specification of
dielectric constant and finite conductivities (or laser gain) in both core and cladding.
These solutions contained special cases both in the lossless dielectric guides for zero
conductivity, and the hollow metallic waveguides of microwave technology for a
lossless core and a cladding of finite conductivity (Hartig and Swanson, 1938 and

Ksendzov, 2005). The hollow metal waveguides received a great deal of early



attention for microwave application such as RADAR and microwave radio
transmission (Doerr and Kogelnik, 2008). Dielectric waveguides for optical
applications received attention in the late 1950s (Griffel, 2000). These optical fibres
were mostly contemplated for the imaging tasks and fiber optic face plates (Bates,

2001).

1.2 Problem statement

The computing industry has been steadily increasing the number of cores on a single
processor to raise performance through computation. In order for multiprocessor
systems to properly function and take advantage of the cores ring resonators filters are
key in providing a large-bandwidth in nano scale on both on-chip (eg core to core)
and off-chip (eg core to main memory) communication links for WDM. Ring
resonator filters are also small in size and take advantage of high refractive indices.
Electronic interconnection networks have thus far been capable of coping with
communication demands of today’s applications. However because of the high
demand in large-bandwidth communications there is need to improve on data

selection in the nano scale.

1.3 Justification
With an increasing demand for broadband access to internet and communication,

there is need to check on the selection (filter) of the optical signals and data
transmitted along a waveguide at any given time. Optical filters, Tunable filters,
broadband switches and optical modulators can be developed out of ring resonators.
Filters are useful in selectively extracting a subset of wavelengths from a WDM
messages, Broadband Switches from the Ring resonators are also capable of

controlling the flow of an entire WDM message by aligning each wavelength channel



to a mode of the ring, a modulator array can be formed with multiple ring modulators
so that several wavelength channels can be encoded in parallel, creating a WDM
signal. This will improve broadband access to internet and communication towards

Fibre to the home (FTTH) hence fulfilling, one of the goals of vision 2030.

1.4 Objectives
The general objective of the thesis is to model and simulate a Ring resonator in MEEP

with special characteristics as an optical Filter.

The specific objectives are:

1. To determine the resonant modes of a Ring resonator; resonant
frequency and resonant wavelength.
2. To determine factors that affect the working of the Ring resonator.

3. To model a tunable filter based on a ring resonator.



CHAPTER TWO

THEORY AND LITERATURE REVIEW

2.1 Introduction
In this chapter the theory of the fields of the Ring resonator and the literature review

of the Ring resonator are discussed.

2.2 Literature of Ring resonator

In 1961 Snitzer and Osterberg observed the mode patterns of fibres in the visible .The
advent of the laser, together with the subsequent demonstration of low-loss fibres, laid
the groundwork for optical fibre communication that has caused a revolution in the
telecom industry (Yee, 1966). This created an urgent need and interest in the thorough
and detailed understanding of light wave propagation in the circular guides of
transmission fibres, the planar film and rectangular guides of semiconductor laser,

optical integrated circuitry, and guided-wave optoelectronics (Ramaswami, 2002).

In 1969, Marcatilli proposed a ring or disk resonator which comprised of a ring and
two straight waveguides. The two straight waveguides are known as the bus or the
port waveguides, they are coupled to the ring with radius r by directional couplers
through the evanescent field or by multimode interference (MMI) this was described

on (Sobol, 1984 and Yariv, 2002).

The size of Ring resonators allows high density integration in optical photonic circuits
due to the use of high index contrast. Ring resonators based Wavelength Division
Multiplexing (WDM) is considered as an example in this technology (Mansoor et al.,

2014).



One key importance of a Ring resonator is in the obtaining of resonant wavelength
and the resonant frequency, these are values that determine whether a resonator will
be in resonance or not and thus behaving as a filter this is as shown in Table 2.1 and
Table 2.2

Table 2.1: The results of calculation using bent waveguide approach and complex
frequency approach with resonance wavelength approximately 1.300 pm (Hiremath et
al., 2005).

Radius Ring microresonator Disk microresonator,
R [um] complex

Bent waveguide approach Complex Frequency approach

(A=1.3 um) freq approach

F Re{v} Ares [um] | F \% Ares F \

[nm]

200 1.02x 10" | 1605.106 | 1.30008 | 1.04 x10" | 1605 | 1.30024 | 2.66 x 10" | 1612
100 520.67 802.779 | 1.29965 | 535.96 803 | 1.30082 | 1.64x10° | 811
80 81.22 642.368 | 1.30074 | 82.50 642 | 1.30094 | 4643.796 | 648
60 14.10 482.022 | 1.30006 | 14.41 482 | 1.30184 | 162.94 485
50 6.25 401.891 | 1.29965 | 6.40 402 | 1.30147 | 35.13 404
40 2.93 321.795 | 1.29919 | 3.00 322 | 1.30158 | 8.69 323
30 1.45 241.735 | 1.29859 | 1.49 242 | 1.29765 | 2.63 243
20 0.76 161.706 | 1.29763 | 0.78 162 | 1.29984 | 0.96 162
10 0.41 81.716 1.29513 | 0.42 82 1.29547 | 0.44 82
5 0.31 41.808 1.29192 | 0.32 42 1.29190 | 0.32 42

After a while (Hiremath et al., 2005) similar work was done in the modeling circular
optical micro resonators using whispering gallery modes and the results were
compared with the ones in (Chaichuay, Yupapin and Saeung, 2009 and Franchimon,
2010), these were the resonant frequency which determine whether the Ring
Resonator will be in resonance or not, to be in resonance then the resonant frequency

should be in the range of 1.45 pHz as shown in Table 2.2



Table 2.2: The results for the ring with varying radius, whispering gallery modes with
Eigen frequencies around 1.45 pHz

Frequency from (pHz) Calculated frequency (pHz)

(Chaichuay et al., 2009) (Franchimon, 2010)
Re(um) | m Re(w) Im (w) Re(w) Im (w)
5 42 1.4590 -5.428 X 107 | 1.4559 -5.319 X 107
10 82 1.4554 2113 X 10? | 1.4544 -2.011 X 107
20 162 1.4526 -5.748 X 10° | 1.4508 -5.563 X 107
30 242 1.4515 -2.013 X 10° | 1.4520 -2.218 X 107
40 322 1.4509 -7.507 X 10° | 1.4510 -8.326 X 10™
50 402 1.4504 -2.819 X 10" | 1.4500 -3.044 X 10
60 482 1.4499 -1.044 X 10* | 1.4500 -1.228 X 10
80 642 1.4491 -1.368 X 10° | 1.4490 -1.631 X 10°
100 813 1.4504 -1.685 X 10° | 1.4500 -2.002 X 10°
200 1605 | 1.4499 -4.343 X 10™" | 1.4500 -7.707 X 10"

2.3 THEORY
The theory governing the operation and characteristics of a ring resonator, and its

fabrication is discussed in this section.

2.3.1 Theory of Ring Resonator as a filter.

Ring resonators are key components in modern optical networks. Their size allows
high density integration (Elosua, Bariain, Matias, Arregui, Luquin, Vergara, and
Laguna, 2008). Micro-waveguide and fibre-based ring resonators are of great interest
due to their versatile functionalities and compactness. They are being designed for

different applications such as wavelength filtering, multiplexing, whispering gallery
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mode switches, modulation, biosensing (Mansoor et al., 2014). Their main design
characteristics are the circumference of the rings and the coupling ratios of the
couplers that they include. The theory, design, fabrication and applications of micro
resonators based on circular ring channel waveguides with lateral or vertical coupling
to a signal input/output bus have been the subject of intense research (Little et al.,
1997, Chin et al., 1998, Little, Chu, Pan and Kokubun, 2000 and Yariv, 2000). The
layout of the channel dropping filter which was proposed is shown in

Fig.2.1.This can be regarded as the standard configuration for an integrated ring
resonator channel dropping filter. A simpler configuration was obtained, when the
second bus or port waveguide was removed as shown in Fig 2.2. Then the filter is
typically referred to as “notch” filter because of the unique filter characteristic (Xu,
Fattal and Beausoleil, 2008). The ring resonator simulation model is described
beginning with the basic notch configuration and adding more bus waveguides and
ring resonators to eventually build a multiple coupled ring resonator filter (Rabus,

2007).

Coupling region

Drop Port{— h Add Port
| 4

7

W,
INput ee— sl Throughput

“Coupling region
Figure 2.1: Ring resonator channel dropping filter.
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2.3.2 Single Ring Resonators Basic Configuration

Figure 2.2: Model of a single ring resonator with one waveguide.

For single unidirectional mode of the resonator the losses occurring along the
transmission of light in the waveguide and in the ring are incorporated in the
attenuation constant whose interaction can be described by the matrix relation (Yariv

2000):

() = e () @D
The matrix represents a wave of (power-normalized) amplitude E;; incident upon
the coupling region and exits as E;;, so that their squared magnitude corresponds to
the modal power. The coupler parameters t and k is the diagonal element of the
coupling matrix relating the input and output fields at the coupling element depends
on the specific coupling mechanism used (Choi, Lee and Yariv 2001). The conjugate

complex values of t and k are denoted by * respectively, they are the coupling

parameters in the second straight guide.



12

The matrix is symmetric because the networks under consideration are reciprocal

which in the lossless case obeys:
k2] + |2 = 1 (2.2)

For further simplification of the modal, E;; is chosen to be unity otherwise it can

assume other values. Then the circulation trip in the ring is given by (Yariv, 2000);

Eiz = . ejeEtz (23)

where o is the circulation loss factor of the ring and 8 = wTL, L is the circumference
of the ring, given by L=2zr, r being the radius of the ring measured from the center of
the ring to the center of the waveguide, c is the phase velocity of the ring mode.
c= Co/ne fr and o is the fixed angular frequency w=*kc,, C, refers to speed of light in
the vacuum . The vacuum wavenumber Kk is related to the wavenumber A through:
k= 27T/;h. Using the vacuum wavenumber, the effective refractive index n.; can be

introduced into the ring coupling relation by (Zhang and Satpathy, 1990 and Agrawal,

2007);

2m.n
B =lknery = —3L (24)

B, is the propagation constant. Substituting L, k and ¢ in 6 in gives;

wL  kcol  2m.nepp. 2mr
c ¢ A

— — 2 r

Substituting for E in equation (2.1) to equation (2.3), the following equations are

obtained (Choi et al., 2001).
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_—a+telf
—at* + e /9 (2.6)

. 2.7
—at* + e /9 27

= — 2.8
1 — at*el® (2:8)

2

fu of the configuration are described by;

The power transfer characteristics

i1

2

(a — |t])?
= |Et1|2 =

T alt])? (29)

The modal, Ej; is chosen to be unity

where t = |t|e/®t, |t| represents the coupling losses and o; the phase of the coupler.

The circulating power P, is given by (Yariv, 2000);

P = Bl = @ (1~ | (210)
i2 i2 1 — a?|t|?> — 2a|t|cos(6 + ¢,) .

At resonance, (6 + @) =2zm, where m is an integer, thus the equations of transmitted

power and circulating power are obtained as follows:

2

E¢, (a —[t])?
p. =B =g, p = L2 1D 2.11
R N R (10
a’(1-1t]?)
2 | lZl (1_a|t|)2 ( )

Two features of equation (2.11) illustrate most of potential applications;
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1. There exists a special condition, @ = |¢| when the internal losses (1-0°) are equal
to the coupling losses (1 — |t|?) for which the transmitted power is zero, as shown in

Fig. 2.3.

2. At a > |t| the transmission is much higher. It is apparent that in high-Q
resonators, a =~ 1, modulation in o for a given t or vice versa can control the
transmitted power between unity and zero. This can be used to construct electro-optic
modulators in switching technology. In addition to the under-coupled region a <|t|, as
the gain is increased, the power transmission decreases until the critical coupling

point (a =|t|) (Yariv, 2002).

T
c
o
‘0
2

E 100 - ' ' L L L] L] . . . [l [l [l ] ] [] ] ] [ [ [ -

(72}
C
©
|_

0 - -

0 1

o It/

Figure 2.3: Critical coupling due to destructive interference (Choi et al., 2001)

From equation (2.11) and (2.12), it is possible to get a good idea of the behavior of a

simplified basic ring resonator filter configuration consisting of only one waveguide



15

and a ring. The model above can be extended to suit the requirement of various types

of ring resonator configurations.

The other configuration is the basic ring resonator add-drop configuration consisting
of two straight waveguides comprising of four ports; input port, throughput port, drop

port and add port as shown in Figure 2.4.

Eil q # Etl

h Ei2

Figure 2.4: A basic add-drop single ring resonator filter.

The ring resonator simulation model just like the notch in Figure 2.2 E;; is equal to 1
for simplification. The throughput mode amplitude E; in the first waveguide is

given by (Yariv, 2000);

~kykitsad, Il Hliar=1
2

Ey =1t + .
ae 1—tft§a’%/ el®
2

2 ,j6 .
t, — tyay, e’ * )0
1 271y, t; —tyae’

(2.13)

1-— t;t;a%/ el®  1—tit;ael®
2

where a1 is the half round trip loss.
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a = a%/z (2.14)

The mode amplitude in the ring has to pass the second coupler (see Figure 2.4) to

become the new dropped mode amplitude E;, (see Figure 2.5), and is given by;

(2.15)

where 91/2is the half round trip phase and 6 = 201/2

A plot of the dropped power, E;, against wavelength is shown in Figure 2.5

1.0 . T . T

Intensity
o
o

©
EAN

T
1

0.2F -

00 A “ [ A [ A
1.5490 1.5495 1.5500 1.5505
Wavelength (um)

Figure 2.5: Notch type ring resonator filter characteristics —dropped power (Hiremath
et al.,2005)

At resonance, the output power from the drop port is given by

— 2
PtZ—Resonance - |Et2—Resonance|
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A= 14D%A - 1t17).«a
PtZ—Resonance - (1 _ a’|t1t2|)2

(2.16)

If a = 1 the throughput port mode amplitude E,, in equation (2.13) will be zero at
resonance for identical symmetrical couplers t; = t,, which indicates that the
wavelength at resonance is fully extracted by the resonator. The value o= 1 can only
be achieved by the implementation of gain incorporated in the ring resonator to
compensate the waveguide losses. The loss coefficient a is fixed in a purely passing
ring resonator. The possibility of achieving minimum intensity P,=0 at resonance is

to adjust the coupling parameters t; and t, to the loss coefficient a such that

tq
a=|— (2.17)
ty
If the ring resonator is lossless o = 1, then the coupler have to be symmetric
(t=1t) in order to achieve minimum intensity. Transmissions of lossless ring

resonator add drop filter is shown in Figure 2.6.
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Figure 2.6: Add- port power ring resonator filter characteristic (Hiremath et al., 2005)

There are different kinds of requirements on the simulation of various ring resonator
configurations. The ring model can be divided into more segments to account for

different materials or modified waveguide paths.

2.4 Ring Resonator Parameters
The terms associated with ring resonators are defined in this section, they include;

Free spectral range, Resonance width, Finesse of the ring and quality factor.

2.4.1 Free Spectral Range (FSR)

Optical resonators provide transmission spectra that are periodic in the frequency
domain and they demonstrate narrow peaks followed by broad low power
transmission (Elosua et al., 2008). There is need therefore to measure the frequency
interval between the peaks. FSR is the difference in position between two consecutive

resonant peaks and can be defined either in frequency or wavelength domain ( FSR,

or FSR, respectively)
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2
¢ FSR, = A ~ —2

)
TLg2TL'R nQZRR

(2.18)

R is the radius of the ring, c the speed of light in vacuum, ny is the group refractive
index and Af, A4 is the difference in position between two consecutive resonant peaks

frequency and wavelength respectively (Rabiei, Steier, Zhang and Dalton, 2002).

2.4.2 Resonance Width
Resonance width is the full width at half maximum (FWHM) or 3dB bandwidth 20\

of the resonance line shape. Using the equations 2.14 and 2.15 (Rabus, 2007).

* j91/ 2
_klkzal/ze ? _ 1 |kq|?|k; |2
1-tit;ae® | 2 (1—altt,])?

(2.19)

Assuming that the coupling coefficients are real, lossless, and without a phase term,

equation (2.22) can be written as (Yariv, 1973 and Rabiei et al., 2002)

kikya 1 (kakyan) )?
2 == 2 (2.20)
1 - 2t1t2a COS(B) + (tltza)z 2 (1 - tltza)z
Then
2(1 — t;t,a)? =1 — 2t t,acos(0) + (titya)? (2.21)
For small 0, using the real part of the series expansion of the Euler formula
92
cos(0) =1— = (2.22)
Therefore
1—tt,a)?
02 — (1-titya) (2.23)

tit,a
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This equation can further be simplified if the loss in the ring is negligible and the

coupling is symmetric (t =t; =t,) to

(1-t3)2 1-t?

6 = 2.24
3 . (2.24)
This in full frequency width at half maximum (FWHM) will be (Yariv, 2000).
21— t|>)c  2k?c
FWHM = = (2.25)

L L
wherea = |t] = 1

2.4.3 Finesse of the Ring, F

The finesse of an optical resonator is the free spectral range divided by the full width
at half-maximum bandwidth of its resonances. It is fully determined by the resonator
losses and is independent of the resonator length (Rabiei et al., 2002 and Elshoff and

Rautenberg, 2010)

FSR AL

F=vwmm = 26n

(2.26)

2.4.4 Quality factor Q
It is the measure of the sharpness of the resonance parameter and is closely related to
the finesse. It is defined as the ratio of the operation wavelength and the resonance

width (Agrawal, 2001 and Rabiei et al., 2002).

A _ neffL t _ neffLF

Q=-=n

26\ A 1—t2 A (2.27)
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The quality factor can be regarded as the stored energy divided by the power lost per
optical cycle. The intensity in the ring resonator can be much higher than that in the
bus waveguides, this is due to the traveling wave in the ring resonator interferes
constructively at resonance with the input wave and thus the amplitude builds up. In
addition to this intensity increase, the field also experiences a phase-shift of an
integral multiple of 2zt in one round trip. The intensity enhancement or buildup factor

B is given by (Yarir, 1973).

p=|Er 2 —ki (2.28)
Eql T |1 —titiael® '
On resonance, the intensity enhancement factor is
ki | (2.29)
[1-ttia '

For a lossless resonator and setting k = k; = k, where k << 1, B can be written as

(Yariv, 2000).

1
B=13 ~ (2.30)

This equation directly relates the intensity enhancement factor B to the finesse F. For

all-pass filter configuration and on resonance, the buildup factor is given by
B=—— (2.31)

(t =t =ty), since the coupling parameter for t is one.
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The ring resonators can be used for nonlinear optical devices for example Optical
parametric oscillators and amplifiers since the intensity in the resonator can be much
higher than in the bus waveguide.

2.5 The Time-Dependent Relations

For the basic ring resonator add-drop configuration, it is assumed that the ring
supports a traveling wave of amplitude E(t), having total power P(t) flowing through
any cross section of the ring waveguide at time t. The ring is regarded as an oscillator
of energy e(t), normalized so that p(t) is the total energy stored in the ring (Rabus,

2007). The relation between energy and power in the ring is given as;
5 21r
P(&) =le(® =p(O)—— (2.32)
g

where v, is the group velocity. The resonator has a resonant frequency of wgp and
amplitude decay time-constant of 1/t. The decay rate is a function of the power

exciting the ring resonator, which is expressed as a function of the power coupled to

the transmitted wave 1/Ttr , power lost due to intrinsic effects 1/Tie' and the power

coupled to the output wavelength 1/th (Rabus, 2007). That is:

1 = 1/Ttr + 1/Tie + 1/Tt2 (2.33)

The time rate of change in the ring energy can then be expressed as

d :
= (ij — 1/T> e " E;, (2.34)
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The relation between the coupling parameter k and the decay rates of the transmitted
wave 1/Ttr and the output waveguide 1/th, is determined by the power conservation.

When the ring resonator is excited to energy of |ey|?, no output wave is present and

no input wave E;; goes to E,.

The energy in the ring assuming no intrinsic loss will decay as follows;

-2
eI = leo ? exp (—— ) (235)

tr

The power transfer characteristic for the drop port can be calculated with the input

wave E; being proportional to exp(jw?) (Rabus, 2007).

2

Ttr

e= B (2.36)

]'((U_(UR)‘F;

From equation (2.34), the transmitted wave at the throughput port can be determined

as:

j(a)—a)R)+1+jk* 2
T Tir
. 1 Lo
Jj(w — wg) + T

Ey =En—k'e =

(2.37)

Finally the drop port power transfer characteristic is obtained by using the equation

for power conservation (when E;, = 0):

4

2 TioT
|Et2|2 = |Ei1|2 - |Et1|2 = _T |e|2 = z trz 1 |Ei1|2 (2-38)
t2 _ =
(w — wg) +T
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Equation (2.38) can be simplified further if both waveguides couple equally to the

ring (te = 1) (Elshoff and Rautenberg, 2010).

2.6 The Maxwell equations

The first step is to look at the Maxwell equations which are given by (Kogelnik,

1975).
VXE = oH 2.39
=—Uu T ( . Cl)
VXH= oF 2.39b
=& (2.39b)
V.H=0 (2.39¢)
V.eE =0 (2.39d)

where E is the electric field, H the magnetic field, ¢ is the permittivity and u is the
permeability. The field and structure is assumed to be constant in the y-direction. All
fields will be time harmonic and so the time dependence can be described by e ‘¢,

where w is the frequency which is a complex number (Oxborrow, 2007).

Reducing equations (2.39a) and (2.39b) by filling the time-derivative in Cartesian

coordinates gives;

(OE, OE, ]
oy 0z H
OE OE, | . g
L ——L =i H
oz OX . Hy
E, |
i OX oy ]

(2.40)



_8HZ _8Hy_
oy 0z E
OH, oH .

-—2* |=—lwe| E

0z OX Ey

oH, _a|—|x z
i OX oy ]
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(2.41)

The solutions to the problems treated here are invariant in the y-direction because they

are constant along y-direction. Therefore all y-derivatives will varnish. Equations

(2.40) and (2.41) will split in two independent sets. The first involves Ey, Hy and H;,

and the second Ey, E; and Hy. These are associated with Transverse electric (TE) and

Transverse magnetic (TM) polarization respectively. The equations are (Yee, 1966).

1 0E,

¥ —iwp, 0z

1 0,

7 iwpy O0x
g Ot o,
HOESY = 2 0x

lwh

0z2 + dx?2

2 2
-1 (6 E, 9, Ey>
When equation (2.42c) is rewritten, will be (Chew and Weedon, 1994)

92 92
~ |ox2 T 922

0= |—+—+ wzuoe] E, = [V? + w?pyelE,

(2.42a)

(2.42b)

(2.42¢)

(2.43)
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Rewriting equation (2.43) with € = £3&, where & is the permittivity of free space,
and &, = n?, n is the refractive index of the material, and expressing it in terms of

the speed of light (Kogelnik, 1975),

w?n?
c2=— [VZ +— ] E,=0 (2.44)

2.7 Finite element

The finite elements are used in the z-direction and the aim is to determine the
unknown amplitudes in equation (3.13). Quantities f, by, f, and b, are functions of z,
hence they will be discretized. The computational window [Z,, Z\] is divided into N
pieces of length Az = (Zn — Zo)/N. Nodal points are placed at Z; =Zy +jAZ, with
j=0,...,N. For each node the piecewise linear function a;j(z) is given by (Chin and Ho,

1998).

(z—zj_l)/Az, if 2;,<1<1,
a;(2)=1(z,-2)/A2, ifz;<2<7),

0 ,elsewhere

(2.45)
This has an exception that op = 1 for z < z; and oy = 1 for z >z,

By use of these functions, a first order discretization of f; (z) into linear finite elements

IS given as:-

@ =) fla@ (2:46)
J
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The other amplitudes are discretized in the same way

All amplitudes f;',b},f;?and b7 are collected together with the unknowns yM in one

set {a}. The total field from equation (2.40) will be:-

]2 =) a [,5’;] (x,2) (2.47)
k

where E, H, are an assembly of aj(z)\p:—;(x, z) and \yg’l(x, z) respectively. From the

frequency domain of the Maxwell equations (Chew and Weedon, 1994)
VXE —iwugH =0 (2.48a)
—VXH—iweE =0 (2.48b)

To obtain equation (2.49, equation (2.48a) is multiplied with a complex conjugate (*)
of a trial field H' and equation (2.48b) with a complex conjugate of trial field E’, add
them together and integrate the whole sum. The resulting equation will be (Oxborrow,

2007):-
ff{(H V. (VXE)—(E)".(VXH) —ine(E)".E — icopo(l-l N*.H}dxdz = 0 (2.49)

The quality should hold for all trial fields E’ and H'

The fields in equation (2.48) can now be substituted for E and H in equation (2.49). If
for the trial fields the modal elements E; and H, are used the resulting integral should

vanish for every . equation (2.49) then becomes (Yariv, 1973):
Z Ky = 0 (2.50)
k

for all I, where | is the length of the guide
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Ky = JJ{H)". (VX E) — (ED". (V X Hy) — iwe(E})". By — iwpg(H)* Hi}dxdz  (2.51)

Since the input will only enter in the left side of waveguidel, f; should be equal to 1
and by,fZ and b3 should be zero. On substituting these constants for a, in equation
(2.52) and re-ordering entries results in a system given as:-, g are at the top, followed
by the unknowns u and build a matrix K which consists of all those Kic in the order

in which they appear in a. this results in a system Ka

Kyg Kgu gl _
[Kug Kuu] [u]_o (2.52)

where g and u are normalized Bessel coefficients.

Since the 4 elements of g are already given, this system has more equations than

unknowns and is over determined.

To handle this, the system will be solved in a least square sense, by rewriting equation

(2.52) into
K K
g9 gu
=|— u 2.53
[Kug] g [ Kuu ( )
or
—K;9 = K,u

The unknown coefficient in u can be found by solving

—K; K9 = K; Kyu. Hence u = —(K;K,) 'K K 9.
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where ~ is the adjoint for matrix K.

This step translates the solution back to the electric and magnetic fields. This is done
by substituting the coefficients in u and g into equation (2.52). However, even without
this back translation, the coefficients in u give important information; the coefficients
which belongs to the element related to the drop port that corresponds to the
amplitude of the field at the left side of the waveguide 2, its square corresponds to the
relative amount of dropped power Pp. If this number is large than Pt then the ring is
in resonance and vice versa. In the same way the Pg Pt and Pr can be determined

(Franchimon, 2010 and Franchimon et al., 2013).

2.8 Perfect matched layer (PML)

A perfectly matched layer (PML) is an artificial layer designed to obey Maxwell’s
equation with superior absorbing properties to those of a real material (Loh, Oskooi,
Ibanescu, Skorobogatiy, 2009). A key property of a PML medium is that an
electromagnet wave incident upon the PML from a non-PML medium does not reflect
at the interface. Its use eliminates spurious reflections, a source of numerical problems
in practice. The concept of PML was first developed by Berenger in 1994 (Berenger,
1994) and has gone several reformulations since then. Berenger employed a split form
of Maxwell’s equations, introducing additional terms for the electric field, but this
form still matched Maxwell’s equations exactly. However these additional electric
fields cannot be associated with any physical fields. To circumvent this deficiency,
two years later Gedney introduced a modified approach called unspilt PML (UPML)
that makes use of physical fields (Gedney, 1996). Later, a novel way to construct

PML was introduced by Zhao (Zhao and Cangellaris, 1996). This approach is called



30

generalized theory-based PML (GTPML) and makes use of a complex coordinate
stretching in the frequency domain. More specifically, PMLs were shown to
correspond to a coordinate transformation in which one (or more) coordinates are
mapped to complex numbers. This transformation essentially constituted an analytic
continuation of the equation into complex domain, replacing propagating waves with

exponentially decaying waves.
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CHAPTER THREE
METHODOLOGY

3.1 Introduction

This chapter presents the software, theoretical models, operating modes of the ring
resonators studied for data generation and analysis. The model properties of both
straight waveguides and circular ring are discussed. In its simplest version, a ring
resonator includes a ring cavity and a coupling region. It starts with the Maxwell
equations and describes how the specific step by step on how the electric field of a

straight waveguide and the ring were determined.

3.2 MEEP software

MEEP is a free-difference time-domain (FDTD) simulation software package
developed at MIT. Its features include simulation in 1-D, 2-D, 3-D, cylindrical
coordinates and field analyses. A time-domain electromagnetic simulation takes
Maxwell’s equations and evolves them over time within some finite computational
region. This can be used to calculate resonant modes and frequencies by analyzing the
response of the system to a short pulse. The frequencies, decay rates and field patterns
of the harmonic modes of a system including waveguides and cavity modes are

extracted from MEEP.

The simulation is done in the structure exploring the fact that the system has
continuous rotational symmetry by performing the simulation in cylindrical

coordinates prepared in a control file.

In both models of the straight waveguide and a ring resonator, MEEP analyses the
fields f(t) at any given point and expresses this as a sum of modes in the specified

bandwidth.
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f) = 2 Ay et (3.1)

n

where a,, is the complex amplitude and w,, is the complex frequencies.

The quality factor (Q) is expressed as a ratio of the real part of w,, to the imaginary

part of w, (a negative imaginary part corresponds to an exponential decay)

_ Rew 3.2
Q_—Zlma) (32)

Q represents the number of optical periods for the energy to decay by expt(-2x) and %
is the fractional bandwidth at half-maximum of the resonance peak (Meep).

3.3 The fundamental mode of a straight waveguide
Figure 3.1 shows a straight waveguide with no light transmitted. The electric field and
solutions of a straight waveguide were determined, with a condition that the refractive

indices below and above the wave guide boundary are equal.

|
Core «—— I\>Cladding
[ —

Figure 3.1: A straight waveguide with no light transmitted.

The geometrical construction was done in cell whose size was 16 square units, the
diameter of the waveguide was set to unity, PML layers were then introduced inside
by coding, the refractive index was set at 3.4 and frequency source was placed to the
left end of the waveguide. The transfer of the input was then observed throughout the
waveguide by the running time set, the fields were then extracted from Hierarchical

Data Format (HDF) a software in MEEP as shown in Figure 3.2.
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The field in this case is assumed to propagate in the z-direction with propagation

constant B, described by a z-dependence of e*#Z, for a given real frequency .

Substituting e?#? in equation (2.44) and k =% as the wavenumber (Chew and

Weedon, 1994) gives:

62

Fye i p?* + kznzl E,(x)=0 (3.3)

The total field will be in the form (Yee, 1996 and Chew and Weedon, 1994)
E(x,y,t) = E,(x)e"Fz=»t) (3.4)

Figure 3.2 presents a model of a straight waveguide in MEEP that is transmitting
power from a source current through some distance. In Figure 3.2 only the real part of
the total field, including the time dependence shown at an arbitrary time, this is the
physical part because the frequency value is positive. For positive B, in time this field
moves in the positive z-direction. The field oscillates but does not decay in time since

its propagating in one direction.

QLCLCLOL QLG OY

Figure 3.2: Light being transmitted in a straight waveguide.
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3.4 The fundamental mode of a Ring
In this section the electric field of a ring is explained. The model can be used for
structures with more layers. These layers are numbered in increasing order from the

inner layer to the outer layers.

The geometrical construction was done in cell whose size was 16 units in the x-
direction, 16 units in the z-direction and zero in the y-direction with ring thickness of
1 um, PML layers were then introduced inside ,the refractive index was set at 3.4 and
frequency source was placed at the lower part of the ring. The transfer of the input
was then observed throughout the ring by the running time set, the fields were then

extracted from HDF as shown in Figure 3.3.

Figure 3 .3: The electric field of a ring.

In Figure 3.4 the search is for a resonant solution, where the field oscillates

harmonically in time. The oscillation describes a time dependence of e‘®t, where o is

<

Figure 3.4: A model of a ring resonator. (Author, 2015)

a complex number.

1
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The physical relevant solution should decay in time because the cavity is lossy, thus
the imaginary part of ® should be negative, implying that the real part of iwt will be
positive, hence obtaining the decay time. The target frequency should be close to the

real part of w (Franchimon, 2010 and Melloni, Carniel, Costa and Martinelli, 2001).
Re(w) =21 €/, (3.5)

where 2, is the target wavelength.

Cylindrical coordinates (r, ¢) are chosen because of circular symmetry of the ring.
The desired resonance is obtained when the fields is exactly equal to the original
fields after making one round trip. This is an angular dependence e"™¥ of the electric

field, where m is an integer.

Substituting Re(w) in equation (3.5) to equation (3.3), the following equation is

obtained (Chew and Weedon, 1994):

O Lo e M =0 3.6
or2  r or c? r2 y(r) = (3.6)

By multiplying through by 2 gives

e v 2
6r2+rar+r c?

02 0 w?n?
[rz — mzl E,(r)=0 (3.7)

Equation 3.7 is Bessel equation, whose solutions are Bessel functions J and Y. These
functions depend on the following boundary conditions which are chosen for each

region:
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I.  Atthe origin the field should be finite
Ii.  Ateach interface the continuity conditions should hold, (both electric field and
magnetic field which are tangential to the interface should be continuous).
This condition implies that the r-derivative of E, is continuous.
lii.  Inthe outer layer the waves should be outgoing.
Note that the variable m appears in a quadratic manner in equation (3.7)
hence the solutions for £m are identical. Positive m is chosen for the counter
clockwise rotation.
In the layer which includes the origin the only possible solution is the Bessel function
of the first kind, since this is the only Bessel function which is finite in the origin, as

described by (Franchimon, 2010);
w
E,(r) = ayJm (znlr) (3.8)

n, is the refractive index of layer 1 and a; is the constant unknown for the moment.

In this case the electric field will be given by;

Ey(r) = azx—2 — Jm (% nk’”) + azk-1Ym (% nk’”) (3.9)

The outer region requires that the waves should be outgoing for which the solution to
this property for the time dependence will be the Hankel function of the first kind.

The electric field in this case is described by

w
Ey(r) = aze-aHy (Sur) (310)
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If E,(r) is known, the total field is determined by multiplying it with e!(m®=®_ The
general behavior of the field will be a field rotating in a counter clockwise direction

since the field will be coming from the lower straight guide.

3.5 Coupling the waveguide and the Ring

The diagram in Figure 3.5 shows geometrical construction of two waveguides and a
ring, which form a resonator as described below. The two waveguides and a ring are
explained on how they form a resonator. The two straight waveguides have the same
thickness 2d and refractive index ng. They are located at a distance g below and above
the ring. The source is placed in the left side of the lower waveguide. Part of the
incoming power Py is transmitted to the right outlet of the waveguide 1, another part
of the incoming power Pp will be transmitted to the left outlet of the upper waveguide
2. A small part Pg of the incoming power will be reflected to the left outlet of the
waveguide 1 and a part Pe will be transmitted to the right outlet of waveguide 2

(Franchimon, 2010 and Griffel, 2000).

Po
2d 14_ N, — P
2d
ZdI - d nq q PT
P

Figure 3.5: dimensions and power transmission of a single Ring Resonator.
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The ring has a radius of R, with a thickness of 1 um, refractive index of ny and the

background having a refractive index n = 1 (air).

If the electric field and magnetic fields are known, the fundamental mode of the
waveguides is taken in to account. The fields of the waveguides are then of the form

(Kokubun, Hatakeyama, Ogata, Suzuki and Zaize, 2005).

YE(x ) = [E] (et (3.11)

for n=1,2

The positive and negative sign indicate the modes propagating to the right and left
respectively, n denotes the waveguide in which the field corresponding to £ and H are

the electric and magnetic part of the mode profile. For the ring the fields will be

ws' (x2)=| | (x2)
H (3.12)

where M is the mode of the cavity, which can either be a counter clockwise
propagating mode with a positive angular wave-number m or a clockwise propagating

mode with a negative angular wave-number.

The total field in the resonator consists of the fields in the waveguides and the ring

(Oxborrow, 2007).

{5}(&2): f,(2)w) (% 2)+b (2)w; (x,2)+ £, (2)w; (X, 2)+b, (2)w; (%, 2)+ D yMy," (x,2)
(3.13)

where f, by, f,, b, are modal amplitude in z-direction.
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The components of the initial fields in the structure (waveguide or Ring) may not be
disturbed by the presence of other components, except for functions f;, by, f,, b, and

the coefficients yM (Franchimon, 2010).
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1 Introduction

In this chapter, the results are presented. These include the resonant modes, the factors
affecting the power transmission in a straight waveguide, the ring and the filter
characteristics of a ring resonator and the shift in the resonator; a process of making a

tunable filter.

4.2 Numerical Results

The numerical results obtained with the MEEP code written to solve for the resonant
field of the ring are presented. Results obtained were compared to numerical results of
whispering gallery modes (Hiremath, et al 2005).

The radius of the ring R; is the radius from the center of the ring, R,= Ry + 1 um,
where 1pum was the thickness of the ring in Figure 4.1. The refractive index of the ring
used was n=3.4 which was a high refractive index contrast to efficiently guide the
light in the waveguide and ring (Snitzer and Osterberg, 1961). The parameters were

determined by coding them in MEEP.

1um

Figure 4.1: Ring with radii Ry, R, and refractive indices increasing from centre.
(Author, 2015)

The tested structures had radii of between R, = 5 pm and R, =200 um which were

compared to (Franchimon, 2010). The integer representing the round trip for
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resonance m was chosen equal to the value in theory for verification and improvement
(Xiao, Min, Jiang, Dong and Yang, 2008).

Table 4.1 and 4.2 shows how the variation in the radius and m presented the real and
imaginary resonant frequencies as well as the resonant wavelength of the ring.

The resonance wavelength that results in a real angular frequency of 1.45 x 10* rad/s

should be approximately A=1.3 um.

Table 4.1: Comparison of numerical and analytic results for varying radius having
modes with frequencies approximately 1.45518 x 10" rad/s

Rc M Numerical Analytical Deviation
(nm) Frequency (x 10% Frequency (x 10*° rad/s)
rad/s) (Franchimon ,2010) (Analytical
(MEEP) l_\lumerical)
Re (o) Im (@) Re (0) Im (@) Re (o)

5 42 | 1.4664 | -5.9068 x 107 1.4590 | -5.428 x 107 +0.0074

10 82 | 1.4753 |-2.2411x10* 1.4554 | -2.113x 10” +0.0199
20 | 162 | 1.4766 |-1.5963x 107 1.4526 | -5.748 x 107 +0.024
30 | 243 | 1.4493 |-0.0021 x 107 1.4515 | -2.013x10° -0.0022
40 | 323 | 1.4531 [-1.0918x 10" 1.4509 | -7.507 x 107 +0.0022

50 404 | 1.4646 | -1.7050 x 10™ 1.4504 -2.819 x 10™ +0.0142
60 485 | 1.4343 | -6.4681 x 10° 1.4499 -1.044 x 10 -0.0156
80 648 | 1.4509 |-3.9112x10" 1.4491 |-1.368x 107 +0.0018

100 | 811 | 1.4327 |-3.9771x10° 1.4504 | -1.685x 107 -0.0177
200 | 1612 | 1.4486 |-1.3384x 10" 1.4499 | -4.343x 10" -0.0013

For the resonant wavelength 1.2955um was achieved. These resonant frequency and
resonant wavelength are the modes that make a ring of any radii to be in resonance at

any given point and thus become a Filter. This is as shown in Table 4.2.
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Table 4.2: Ring with varying radius- having modes with wavelength approximately
2=1.2955 pm.

Rc (um) m Numerical Analytical  [Deviation
(|\/| EEP) (whispery gallery
mode)
(Franchimon ,2010)
Frequency Wavelength Wavelength ~ fnalvtica’ -
(x 10™ rad/s) (nm) (pm)

5 42 1.4664 1.285 1.29192 -0.00692
10 82 1.4753 1.278 1.29513 -0.01713
20 162 1.4766 1.277 1.29763 -0.02063
30 243 1.4493 1.301 1.29859 +0.00241
40 323 1.4531 1.297 1.29919 -0.00219
50 404 1.4646 1.287 1.29965 -0.01265
60 485 1.4343 1.314 1.30006 +0.01394
80 648 1.4509 1.299 1.30074 -0.00174
100 811 1.4327 1.316 1.29965 +0.01635
200 1612 1.4486 1.301 1.30008 +0.00092

Since the results are in agreement with the literature, MEEP as an FDTD open source
software can be used to simulate, model and calculate both the resonant frequency and

resonant wavelength of a ring.

4.3 Straight waveguide

A straight waveguide is taken into consideration with parameters n=3.4 refractive
index of the waveguide, w=1 um width of the waveguide, pad=4 um padding between
the waveguide and the edge of PML, dpml=2 pm thickness of the PML, fcen=0.15
pHz pulse center frequency, df= 0.1 um pulse width (in frequency). Computation cell
16 units in the x-direction, 8 units in the y-direction and zero units in the z-direction,
it meant that the waveguide was in two dimensional and the computation time step of

200, this were the inputs coded in MEEP.
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4.3.1 Variations in dielectric constant (g)
The dielectric of the materials affects the fields that pass through the guide; the
dielectric is characterized by a dielectric constant (), which is directly proportional to

the square of the refractive index of the material. That is;

e = gon?(x,y) (4.1)
where n(x,y) is the refractive index profile.
Figure 4.2 shows the dimensions, the refractive indices and the boundary condition of

a straight waveguide as modeled in MEEP software.

x=d K
Waveguide ———> 2 Dielectric material
X:'d nq

Figure 4.2: waveguide with a dielectric material.

The model in figure 4.3 showing the transmission of power in a straight waveguide as
extracted from HDF in MEEP, the frequency source was placed near the left end of

the straight waveguide to propagate towards the right.

O IO BN IO TN BN IO 10

Figure 4.3: waveguide with light of frequency of 0.15 pHz.

When the dielectric of the material which is characterized by Epsilon was increased
from 8 — 14 the refractive index increased also, this interfered with the total internal
reflection inside the waveguide, leading to power loss in the field. These increases

also lead to a phase change/shift in wavelength as seen from an extract of 20 pm - 50
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um from which also there is a downward shift in intensity as the Epsilon was being

increased in the waveguide as shown in Figure. 4.4

T T T T T T T T T T T T T T
0.08
0.06
0.04 h )
" 0.02
% 0.00 | x
'.2\ L -
‘o 0.02 -
= : b :
$.0.041 \ ‘ -
c I s
-0.06 | -
-0.08 i —Fpsilon 8 ]
-0.10 + =—=Epsilon 10 |
I Epsilon 14
_012 M 1 M 1 M 1 M 1 M 1 M 1 M 1

20 40 60 80 100 120 140
Wavelength (um)

Figure 4.4 : Variation in Intensity and wavelength for a given dielectric constants

When the value of dielectric constant is large the power (intensity as used in MEEP)
in the field reduced and when the value of the dielectric constant is small there is
more power carried in the field. Since the dielectric constant is proportional to the
refractive index, an increase of it confines the fields in the core while decrease of it
leads to overlapping of the fields to the cladding regions of the waveguides leading to
an increased power; this was in agreement with what is in the literature.

The shifting in the phase of the intensity was reduced when the Epsilon was increased
from 12.1 to 12.5, there was also shifting in the phase of wavelength as the Epsilon
constant was being increased from 12.1 to 12.5, the graphical representation is as
shown in Figure 4.5.

The complex mode amplitudes E; are normalized | E, |, which is now equal to overall
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power according to equation 2.1.

0.020 v T v T T g T y
! —— Epsilon 12.1
—— Epsilon 12.3

Epsilon 12.5

0.015

0.010

y (W/m®

© o 0o
o o o
S © o
a o a

Intensit

-0.010

-0.015

-0.020 - . . . . . . . . .
0 10 20 30 40 50
Wavelength (um)

Figure 4.5: Variation in Intensity and wavelength for given dielectric constants

4.3.2 Perfect Matched Layers (PML)

The PML was introduced in the waveguide by the codes in MEEP and were varied
from 1 um to 3 pum so that they don’t overlap outside the given cell dimensions,
Epsilon was kept constant (¢ =12). It was evident that as the thickness increased the

intensity reduced as a result of reduced reflections at the PML boundary.

The numerical height of the PML that had minimal interference in the waveguide was
in the range of 0.5 pm to 1.5 um. Again for a given range of wavelength (100 pm —
130 um) there was also a decrease in intensity as the thickness increased behaving as

an attenuator as shown in Figure 4.6.
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Figure 4.6: Variations in the thickness of PML with Intensity and wavelength.

As the Epsilon value was increased to 12.1 and PML thickness varied from 1.0 pm to
2.0 um, most of the transmitted power was reduced as a result of interactions with the

layers comprising of the PML and the raised Epsilon constant, this is shown in Figure

4.7
0.015 T T T T T T v I i I
Epsilon 12.1
Thickness 1.0 1
- Thickness 1.5
0.010 Thickness 2.0 T
£

= 0.005 -

] A

-(7) b

)

E 0.000 S
-0.005 |- .
_0010 L M L M L M L M L M L

40 60 80 100 120 140

Wavelength (um)

Figure 4.7: Variations in the thickness of PML with Intensity and wavelength
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4.3.3 Frequency of the source current
The frequency was varied from 0.1 pHz- 0.25 pHz (Appendix Two) since the target

frequency is in this range. As the frequency increase the intensity also increased.

osfp * T "~ T T T T
020 [ 1
0.15 [ [\ (\ /\ ]
< 0.0 F ]
g [ L / /N
s oos b/ I \ /\\ M/ //'i
=
2 0.05 | / \ / Z i
% -0.10 /g/ \/ \> LA ™ ) /
-0.15 7
-0.20 z \/ U v f= 0. pHz V 7
0.25 ——f=0.15 pHz -
f=0.20 pHz
-030F 025 pHz ]
20 40 60 80 100 120 140

Wavelength (um)

Figure 4.8: Variations in frequency of source current with intensity and wavelength

When the reciprocal of each frequencies 0.1 pHz 0.15 pHz 0.20 pHz and 0.25 pHz are
obtained, the periods will be 10 fs, 6.67 fs, 5.0 fs and 4.0 fs respectively; these value
corresponds to the period of the wave and because in the MEEP calculation € = 12, to
relate the wavelength with the frequency, Epsilon € = 12 is then divided by the
respective periods giving 1.2, 1.8, 2.4 and 3.0 respectively, this values state how much
the wavelength equals to the current source. The value 1.2 =~ 1 means that the
waveguide is roughly equal to the wavelength of the current source, 1.8 = 2 indicate
that the waveguide is half the current wavelength, while 2.4 and 3.0 = 3, correspond

to a third of the wavelength of the current source.
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For frequency values of 0.1 pHz and 0.15 pHz makes the current source to be a single
mode and thus the mode is analytically solvable and corresponds to a frequency of

0.15076 pHz as stated in Table 4.1.

4.4 Waveguide with a ring (Notch)

The size of the computation cell used was 160 units in x-direction 160 units in y-
direction and zero unit in the z -direction with the center of the first straight
waveguide at (-2, -3.5), whose size was infinity in the x-direction, 1 in the y-
direction & infinity in the z- direction and the refractive index guide of 3.4. The ring
waveguide had its center at (0, 0), who’s size was of radius 2.8 um of infinity height
and refractive index of 3.4. The source was a continuous wave of frequency of 0.15
pHz placed at a center (-7, -3.5) whose size was

(0, 1). The running time for the calculation in MEEP was then set to 200 units, to
output dielectric constant and electric field along z-axis.

The flow of light from the input at the straight waveguide to the ring and past the ring

is shown in Figure 4.9

(a) (b)

Figure 4.9: (a) A notch with no light being transmitted (b) a notch with light being
transmitted an extract from HDF.

Light from the source was a broadband as it nears the ring, two things happen; firstly
if part of the light is in resonance with the ring its energy will be coupled in the ring
and either constructive or destructive interference occurs, most of the power is

concentrated in wavelengths between 70 um to 85 um since this was the region where
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the ring was placed. Secondly, the light that was not at resonance with the ring will
not be coupled in the ring but will pass all the way to the through port, this time round
with lower amplitude. The power is at maximum where the ring is placed and lowers

on either sides of the ring as seen in Figure 4.10.

0.5 —

o o
w N

Intensity (W/m°)
o

o
[N

0.0

20 40 60 80 100 120 140
Wavelength (um)

Figure 4.10: Variations in intensity and wavelength from the input port to the
throughput port

Power is high inside the ring because of the coupled power from the straight

waveguide. Figure 4.11
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Figure 4.11: Intensity of light Coupled in the Ring at 60 pm 100 pm

The straight waveguide has low power compared to the ring at resonance. This is the
characteristic of a filter. The straight waveguide at the input port has some power but
at resonance (60 um to 100 pum) its power drops because some of its energy is
transferred to the ring. The energy builds up in the ring due to constructive
interference and that is the reason the energy is high (is at peak) in the ring. At the
same time when there is no resonance the energy in the straight waveguide is at peak
(from 0 pm to 60 pm and from 100 um to 150 um) whereas the energy in the ring is

low. Figure 4.12 illustrates this
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Figure 4.12: Variations of intensity and wavelength at resonance

4.5 Two waveguides with a ring

Here the computation cell was 16 units in x- direction 16 units in y- direction and zero
unit in z- direction, size of the waveguides was (infinity 1 infinity) with a width of 1
um, center (0, -3.8) and (0, 3.8), respectively each of refractive index 3.4. The ring
had a radius width of 1 pum, center (0, 0) with a refractive index of 3.4. Continuous
wave source frequency of 0.15 pHz size (0, 1) is placed at a center (-7, 3.8). Time run
of 200 was used to give an output of different dielectric constants at different and

electric field at the end

|
. .' +
.' -
- . L
AW .. B "
(a) (b)

Figure 4.13: (a) shows a ring resonator with no light (b) a ring resonator with light
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The power transmitted in the ring resonator from the input port to the output port has
varying amplitude which is high at the center (70 pm) when the ring is at resonance

and low elsewhere as shown in Figure 4.14

0.20 |- -
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1 r 1 r 1 r r 1 r 1 r 1
20 40 60 80 100 120 140
Wavelength (um)

Figure 4.14: Intensity and wavelength in a ring resonator

In the ring power is high at resonance and low further away from it. This is because
the power in the loop builds up around trip phase shift; circulating power that equals
an integer times 27, the wave interfere constructively and the cavity goes to resonance

as shown in Figure 4.15
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Figure 4.15: Intensity at maximum resonance at 80 pm

4.6 Variation of the distance between the waveguide and the ring

The ring resonator with a ring radius r =2.8 um and straight waveguide of size
infinity in the x —direction, 1 in the y-direction and infinity in the z-direction, both
having a refractive index n=3.4 and a width d=1 pm was used. A continuous wave
source of frequency f=0.15 pHz placed at point (-7, 3.8) in the lower waveguide. For
this broadband source the resonance frequency was found to be in the range

0.068 GHz — 5.026 GHz.

When the gap between the ring and the straight guide was increased by a range of 0.5
um from an initial 0.5 pm interspace, there was an upward shift in the power that
went through the ring at points 54 pm and 104 pm. In this case as the distance is
increased the filter characteristics of the optical band pass resonator fades away. This

is shown in Figure 4.16



54

002 ——

0.00

y (W/m°)
o
R

Intensit
S
o
N

o
o
o

—— d=0.5um
—— d=1.0um
d=1.5um 1

008 | —— d=2.0pm

20 40 60 80 100 120 140
Wavelength (um)

Figure 4.16: Variation in distance d with intensity and wavelength

Specifically the field going to the ring which was between the wavelength of 54 um
and 104 pum, the power that is coupled in the ring increased as the gap between the
guide and the ring was minimized because separation gap; d between resonator and
waveguides influences the peak width in a way that a wider gap allows achievement
of narrower FWHM. This gap was varied from d=0.5 um to d=0.9 um. For a

minimum of 0.5 pm the power coupled was high; this is presented in the Figure 4.17
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Figure 4.17: Intensity at maximum resonance at 80 pm with varying d.

The power coupled in the ring decreased when the distance was increased from d=0.1
um to d=0.3 pm. This power was high as compared to Figure 4.17. Also other small

peaks were seen as shown in Figure 4.18
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Figure 4.18: Intensity Coupled in the ring with varying distance; d
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As the distance d between the ring and the straight waveguide is increased the power
coupled into the ring reduced greatly and approached zero. As an indication, distance

was varied to a maximum of d=1.5 um as shown in Figure 4.19
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Figure 4.19: variation of the distance d between the ring and the straight guide as
intensity changes with wavelength.

4.7 Variation of the computation cell (wavelength Tuning)

Here the computation cell varied from 16x16x0, 24x24x0, 30x30x0 to 36x36x0,
however the position of the current source varied from (-7, 3.8), (-11, 3.8),

(-14, 3.8) and (-17, 3.8) respectively. The physical parameters were: n=3.4, r=2.8 um,

pulse frequency 0.15, pml=1.0um and w=1.0 pm. The run time was set at 200.

The results showed a shift in the wavelength with a decrease in the output power. This

is the power that is coupled in the ring. In this case a tunable filter was achieved as

shown in Figure 4.20
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Figure 4.20: different computation cells showing shifting of intensity with wavelength at
resonance

4.8 Power variation in different types of Rings

The shifting in the wavelength also arose when the structure of the ring was modified
as shown in Figure 4.21. First it was a ring and a single waveguide, second was a ring
and two straight waveguides, third was two rings and two straight waveguides and
lastly three rings and two waveguides. As the rings were increased the power coupled
during resonance kept on reducing because the combination of the rings results to an
increase in the structure thus causing higher delays as it takes longer for the power to

get into resonance. The outcome is as shown in Figure 4.21 and Figure 4.22
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(@) (b). (c)

Figure 4.21: (a) transmission of ignt In @ notch, (b) transmission ot light In a resonator
with two guides and a ring and (c) transmission of light in a resonator with two guides
and three rings
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Figure 4.22: shows how shifting in intensity at peaks occurred for both two straight
guides with a  ring and for two straight guides with three rings.
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Figure 4.23: Horizontal shifting of intensity and wavelength from double and
triple ring resonators at resonance

There was a power comparison for different types of ring resonators after the power
goes through the rings, as a result there was amplification of power with maximum
power coming from the ring resonator comprising of two waveguides and a single

ring as shown in Figure 4.24
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Figure 4.24: Intensity transmission with wavelength for different configurations of ring
resonators
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Demonstration of ring resonators as an optical filter in WDM systems was presented.
The validation of analytical analysis using MEEP was carried out in this work with a
good agreement. MEEP was able to model Ring resonators that allowed channel

filters in WDM.

The ring resonator achieved a resonant frequency of 1.45518 x 10" rad/s as compared
to experimental value of 1.45 x 10 rad/s and a resonant wavelength of A=1.2955 um
as compared to experimental value of A=1.30 um which are the resonant modes for
any ring to get into resonance. A single mode of 0.15076 GHz was also achieved as a

result of variation in frequency; a factor that affects the Ring resonator.

When the number of rings was increased from a single ring to a double ring and triple
ring resonators the coupled power in the ring kept on reducing and causing a

horizontal downward shift in the coupled power.

Ring resonators allow for compact channel filters in WDM and represent a key
component in modern optical networks. The modeled straight waveguides, Rings of
variable radius and different forms of Ring resonators were used to investigate
different factors affecting the filter performances, they included Epsilon, Perfect

Matched Layers and Frequency.

When the PML and the dielectric constants were increased the power in the
waveguides reduced causing a phase shift in the transmission of power as mentioned

in Figures 4.4 and 4.6
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On the other hand when the size of the computation cell was increased the power that
was coupled in the ring reduced, this was a characteristic of a tunable filter though for

the decrease in the power a pump could be introduced to amplify the signal.

It was also shown in Figure 4.20 that tunable filter represent a good candidate for
add/drop in WDM which will improve the selection of the optical signal and data

fibre to home (FTTH).
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5.2 Recommendations

This project majorly dealt with a single ring and two straight waveguides however
there is need to include several rings arranged in either series or parallel so as to
determine the resonant modes and also the response of the filter that is the band

rejection and drop losses in MEEP.

Lastly is to model a racetrack resonator and also determine the responses of the same

filter in MEEP.
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Appendix A 1: Light transmission in a ring resonator
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Appendix A 3: Light transmission at different time step in a ring resonator
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