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Chapter 1

Introduction

1.1 Integrated Optics

Integrated Optics (IO) is the technology concerned with the design and fabrication of Optical
Integrated Circuits (OIC). OICs consist of various miniature optical components placed on a
dielectric substrate and connected via waveguides. They are capable of performing functions
such as modulation, switching, filtering, signal generation and processing. The concept of 10

was first proposed by S. E. Miller of Bell labs in 1969 [1, 2].

In the OIC, the signal is carried by means of light confined in thin film waveguides that are
deposited on the surface or buried inside a substrate. Glasses, dielectric crystals and
semiconductors can be used as substrate materials. The functions that can be realized depend on
the type of substrate used. The most fundamental building block of an OIC is the waveguide.
The basic requirements of a waveguide are that it should be transparent to the wavelength of
interest and have a refractive index higher than that of the medium in which it is embedded. Then
the light waves can propagate over a distance with considerably low transmission losses due to

the phenomena of Total Internal Reflection (TIR).



The advantages of OIC over other technologies are compact size, light weight, low power
requirements, low transmission loss, large bandwidth, immunity to electromagnetic interference,
low cost, etc. [3]. Due to the high information carrying capacity, OICs are extremely useful and
have many applications in the field of telecommunication. Optical fiber communication is one of
the most promising applications of 10. The optical fibers have extremely large transmission rate
and provide a very secure communication [4]. In recent years there has been an enormous
increase in the bandwidth requirements for telecommunication and data communication systems,
mostly due to the growth of the internet. Advances in IO components, which are the foundation

of such systems, have enabled systems to meet these ever-increasing demands.

1.2 Add/Drop Filters

The add/drop filter is an optical wavelength filter that can extract one wavelength from a group
of wavelengths and also add a specific wavelength to the group. One type of add/drop filter
consists of a resonant cavity imbedded between two parallel and identical waveguides. When an
optical signal that operates away from resonance is launched in one of the waveguides, it will
exit through the other side of that waveguide. However, at resonance, the optical signal will be
coupled to the other waveguide and optical power will exit the device through one of the

terminals of this waveguide.

Resonant cavities can be of different shapes and sizes. The shape and size of the resonant cavity
greatly effects the filtering and coupling performance of an add/drop filter. The air gap width

between the cavity and waveguides also play a very crucial role in effecting the filtering and



coupling performance of an add/drop filter. The refractive index of the resonant cavity is usually

equal to that of the waveguides and greater than the surrounding medium.

Add/drop filters can also extract more than one wavelength from a group of wavelengths [5].
Wavelength tunable optical add/drop filters have also been reported in the literature [6], where
transmission to the other ports can be tuned to the wavelength of interest. This can be achieved
by varying the parameters of the resonant cavity. Tunable wavelength filters with a narrow
bandwidth and a wide tuning range are useful for the purpose of selecting one wavelength
carrying desired information among the wavelength-division-multiplexed (WDM) signals [7].
Add/drop filters that access one channel of a WDM system without disturbing other channels are

very important components for WDM communications [8].

1.3 High Index Contrast 10

High index contrast means that the ratio of the difference between the highest and the lowest
refractive index in a device to their sum is of the order of 50% or more. High index contrast
allows for strong confinement and ultra-compact devices. The strong confinement can be
achieved either by waveguide confinement or by cavity confinement or by a combination of
both. In case of cavity confinement, high index contrast allows the realization of cavities with
very small size and narrow bandwidth. This is important for low power and high speed operation
of filters, modulators, switches, etc. High index contrast can most easily be achieved by using a
combination of semiconductor material with a low-index dielectric. In past few years there has

been an enormous progress in the field of high index contrast 1O [9].



The structures proposed in this thesis work exhibit high index contrast in order to achieve the

above mentioned advantages.

1.4 Literature Review and Thesis Research Work

In this thesis, we propose to analyze the filtering and coupling characteristics of add/drop filters
that utilize resonant cavities with planar shapes. The add/drop filters to be studied consist of two
parallel and identical slab waveguides with an imbedded resonant cavity. A brief literature
review of reported add/drop filters will be presented followed by a statement of the proposed

research work to be done in this thesis.

1.4.1 Literature Review

Add/drop wavelength filters with resonant cavities of various shapes have been reported in the
literature. This includes filters that utilize squared-shaped resonant cavities [10, 11, 12], as
shown in Fig.1.1 (a). An add/drop filter that utilize an octagonal resonant cavity (see Fig. 1.1
(b)), has also been previously report [13]. In addition, the hexagonal-shaped resonant cavity
shown in Fig 1.1 (c) has been considered [14]. The most commonly used cavity shapes are the
circular [10, 15] and the ring-shaped resonant cavities [16, 17], which are respectively shown in

Figs. 1.1 (d) and 1.1 (e). An add/drop filter that utilize an elliptically-shaped cavity (see Fig. 1.1



(f)) has also been reported [10]. For all the add/drop filters shown in Fig 1.1, the top waveguide

is called the bus and the bottom waveguide is called the receiver.

Resonant Resonant
Cavity Cavity
- ———— Receiver = —----- - -————— Receiver = ----- -
(a) Square Cavity (b) Octagonal Cavity
— Bus === -

Resonant Resonant

Cavity cavity

- Receiver ~  --=-- - - Receiver ~  ----- >
(c) Hexagonal Cavity (d) Circular Cavity
E— Bus  ----- - —_— Bus —----- -

Resonant

cavity

- ———— Receiver = ----- - - —— Receiver = -—---- -

(e) Ring Cavity () Elliptical Cavity

Figure 1.1: Add/Drop Filters with different Cavity Shapes.



1.4.2 Thesis Work

The proposed work in this thesis consists of the analysis of add/drop filters that utilize resonant
cavities that are planar in shape. The structure to be analyzed consists of two identical and
parallel single mode slab waveguides that are separated by a sufficiently large distance. This
insures isolation of the two parallel slab waveguides. A resonant cavity of a planar shape will be
placed between the two isolated slab waveguides. Analysis of the filtering and coupling
characteristics will be done by calculating the spectral response of the resulting structure. The
proposed add/drop filters will be modeled using the Method of Lines (MOL) in tandem with the

Layer by Layer Algorithm.

A number of planar cavity shapes will be considered. This includes, for instance, the rectangular
cavity (see Fig. 1.2(a)), the bow-tie shaped cavity (see Fig. 1.2(b)), the hexagonal shaped cavity
(see Fig. 1.2(c)) and the parallelogram shaped cavity (see Fig. 1.2(d)). The spectral response, of
the add/drop filter with the proposed cavity shapes, will be calculated in order to study the effect
of the air gap length g and the width w of these cavities. In the case of the bow-tie and hexagonal

cavities, the effect of the angle @ will also be investigated.
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1.5 Organization of the thesis

For the reader to easily follow the progress of the work, this thesis is organized in the following
manner. It consists of nine chapters. The first chapter is an introductory chapter which includes
introduction to IO and add/drop filters along with a description of the research work to be done
in this thesis. The second chapter introduces the basic MOL and describes how the eigenpairs are
utilized in the field calculations. Implementation of the Perfectly Matched Layer (PML) absorber
is also explained in this chapter. In the third chapter, MOL analysis of longitudinal waveguide
discontinuities is presented. The fourth chapter introduces directional coupler and add/drop
filters. In the fifth chapter the analysis of add/drop filter with square cavity is presented. The
layer by layer algorithm is also introduced in this chapter. Chapters six, seven and eight are
devoted to the analysis of add/drop filter with rectangular, bow-tie, hexagonal and parallelogram
cavities. The final chapter, chapter nine, summarizes the presented work, concludes and suggests

future extension of the thesis work.



Chapter 2

The Method of Lines (MOL)

2.1 Introduction

Various numerical algorithms have been proposed and implemented successfully for the analysis
of optical waveguide structures. One of these methods is the MOL [18-30]. It is regarded as a
special finite difference method but more effective with respect to accuracy and computational
time. It basically involves discretizing a given differential equation in one or two dimensions
while using analytical solution in the remaining direction. It has the merits of both the finite
difference method and analytical method. It has various advantages such as computational
efficiency, numerical stability, reduced programming effort and reduced computational time.
Planar waveguides having longitudinal discontinuities can be analyzed using this method as it
can account for the backward reflected field. Analysis of single discontinuity [18, 19] and
multiple discontinuities [20-24] in optical waveguides, using the MOL, have been reported in the
literature. It has also been applied to solve non-linear waveguide problems [25] as well as

diffraction problem from waveguide ends [26].
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2.2 Basic Algorithm

The analysis to be done in this thesis work is limited to the two-dimensional space (x-z). For the
waveguide structure under investigation, the waveguide geometry is discretized in the transverse
direction (x-axis) and then solved analytically in the direction of wave propagation (z-axis).
Figure 2.1 shows a planar waveguide in which the interfaces of layers are parallel to the z-axis.

The computational window in the transverse direction is bounded by an electric wall where E =
0 or a magnetic wall where H = 0 as appropriate and Ax represents the mesh size. The

coordinate system used throughout this thesis is also shown in the same figure. Initially, the
mesh size Ax is kept uniform by placing the discretization points equidistant. But, there are some

instances where non-uniform mesh size might be more advantageous and will be discussed later.

Consider the two dimensional wave equation:

2 2
0 W(Z’Z)Jra W(f’z)+k02n2(x)g//(x,z):0 (2.1)
0z ox
Where, y = E  (for TE waves) or H , (for TM waves)
_2m ;
ko =41/ 2y 8 the free space wave number

Ao = Free space wavelength and n(x) = Refractive index of the medium
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Figure 2.1: Mesh Discretization used in the MOL

Here both the field y/(x,z) and the refractive index n(x) are discretized along the transverse

2
direction. The a—zterm in equation (2.1) is replaced by the well-known three-point central
X

difference approximation [10] of the form:

2 —
0 Vi Wi 2'//1' = (22)

TS

So that at the ith grid point we have:
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*w.(2) Wi (2)-2v,(2)+w,,(2) +knly,(z)=0

- () (2.3)

When equation (2.3) is applied at each of the M discrete lines, we get M distinct equations,

which can be assembled together in a single matrix equation of the form:

[¥1(2)] —2 1 [¥1(2)]
Y2(2) -2 1 0 ¥2(2)
d? | ¥s(2) 1 121 P3(2)
az? | || @y R f
5 0 1 -2 1 z
[Py (2). 1 -2 1lyy(2)]
'n? P1(2) ] -0
n3 Y, (2) 0
n3 Y3(2) 0
+ Kk n2 s =1 (2.4)
0 : :
niy 1P3(z) -0 -
Written in a compact notation, we get:
%w+@cv/+k§Nw=0 (2.5)
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where, C is a tri-diagonal second-order central-difference matrix, N is a diagonal matrix whose
2 2 2 t . .
elements are n,n2,....,n;, and = [y, (z)w,(2).....w,, (z)] represents the discretized field.

The above equation may be written in the form:

2

d
EWJFQ'//:O (2.6)

where,

Q:WCH’(OZN (2.7)

The solution of this 2™-order ordinary matrix differential equation is formally given by [27]:

w=e"%4+eV%p (2.8)

where, e represents field propagation in the + z direction and e O represents field

propagation in —z direction. The matrices e’ % and V% are calculated by diagonalizing the

matrix Q to find the eigenvalues and eigenvectors. Q maybe written in the form:
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o=Uru” (2.9)

where, U is eigenvector matrix and ¥ is a diagonal matrix containing the eigenvalues of Q. The

matrix exponent is then calculated using the following relation:

ey (2.10)

2.3 Interface conditions

Almost all waveguides used in integrated optics are multi-layered and asymmetric in nature (i.e.
the refractive indices of all the layers are different). Thus, the material properties remain uniform
within each layer and change abruptly from one layer to the next at the interface. In order to
correctly model the electric and magnetic fields at these interfaces, the interface conditions

should be appropriately included in the MOL formulation. Using Maxwell equations, it can be

shown that [28]:
dE9"  QE?
+ — - 4 = Y
E; =E, and o A (For TE) (2.11)

and
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+ —
1 0Hy 1 OHy
n2 ax  n? ox

HY = HJ and

(For TM) (2.12)

Therefore from the above equations it can be concluded that, for TE polarization the tangential

electric field E, and its first derivative are both continuous and for TM polarization the

: . oH . : o
tangential magnetic field H,, and %Txy are continuous. All the higher order derivatives of both

E, and H, with respect to x are discontinuous.

2.4 Non-Uniform Mesh Size

For a multi-layer structure, the widths of different layers may exhibit extreme differences which
results in increasing the number of mesh points and consequently the associated computational
time and memory requirements. For such instances, it might be more advantageous to have non-
equidistant discretizations, leading to a non-uniform mesh size. In such cases, the mesh size is
increased in regions where the field exhibits slow variations and decreased in regions where the

field exhibits fast variations [29, 30].

Using equations (2.11) and (2.12), and the well-known Taylor’s series expansion of the field, a

. 92 oL .
general formula to approximate 5.2 operator for TE and TM polarizations, can be obtained as

[28]:
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l/J”— _ Y+1=[T21P21+ 1+0.50x3 kG (nf—n3) [Yo+ 12102191
0 O.SAXZ(A.Xl[)Zl‘l‘ AXZ)

(2.13)

where,
n, and n, represents the refractive indices of layers 1 and 2 respectively (see figure 2.2 ).
Ax; and Ax, represents the dicretization distances of layers 1 and 2 respectively(see figure 2.2).

Y represents E,, or H,, depending on the polarization

2
P21 = l(for TE polarization) or Z—%(for TM polarization)

Equation (2.13) represents the discontinuity in second derivative at the interface. So, this is a

. : S 92 . .
better three-point central-difference approximation of the 5,2 operator since it accounts for the

interface conditions and allows the use of a non-uniform mesh size.
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Layer 1

\J

Layer 2

Figure 2.2: Discretized Field in the Transverse Direction.

For a region of uniform refractive index (n; = n,) and uniform mesh size (Ax; = Ax,), equation

(2.13) reduces to the well-known three-point central-difference approximation, that is:

) o Ye1—2¢otp4

0—~

Ax?

2.5 Absorbing Boundary Conditions

(2.14)

In order to reduce the computational effort, the waveguide is enclosed by a computational

window. This computational window is achieved by assuming an electric wall (E,, = 0) or

magnetic wall (H,, = 0) at both edges of the computational window. But, the presence of these

walls is undesirable as they cause waves to completely reflect back into the computational
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window, leading to erroneous results. Hence, absorbing boundary conditions are necessary in

order to improve the accuracy of the calculated results by absorbing the radiated field.

2.5.1 Perfectly Matched Layer (PML)

The PML is an example of an absorbing boundary condition. The PML region is assumed to
exist near the boundaries of the computational window and is made sufficiently wide. Then most
of the field will be absorbed by the PML and only negligible electromagnetic reflections at the
extreme edges of the computational window may occur [31]. The schematic is shown in figure
2.3.

The absorption of the radiative wave is done by changing the distance x from real to complex.
This introduces a numerical attenuation factor in the radiative field and hence causes decay of

the radiative field in the PML region.

The real distance is transformed to a complex one according to:

x = x(1+ jo) (2.15)

here o is the decay factor. The wave e/ propagating in the +x direction in the real space will be

transformed to
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e+jkx(1+j0') = otk ko (2. 16)

—kox

in the complex space. The factor e results in the decay of the field in the +x direction. The
choice of the decay factor ¢ is discussed in [32]. The value of & may be assumed to be uniform

throughout the PML region or else it can be taken as non-uniform [33]. In general
(o) =( 2 7tx) @.17)

where, i=1,2,....P, (O'Ax)i represents the value of the imaginary part of the mesh size o at the

th

i" mesh point in the PML, 7 is the PML strength parameter and P represents the number of

mesh points in the PML layer. The parameter x, is chosen as

X, = (2.18)

and f (xi) is an arbitrary increasing function of x,. In our work f (xi) is chosen to be the
tangent function, that is f(x, )= tan(x,), which has a superior performance compared to other

functions.
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Figure 2.3: PML incorporated with slab waveguide

2.5.2 Numerical Results for PML with Tangent Loss Profile

A numerical routine based on the MOL, which incorporates a non-uniform PML with tangent
loss profile has been developed. This routine is used to propagate the Gaussian beam shown in
figure 2.4(a) through air (refractive index = 1). The values of P and 7 are taken as 16 and 1.2
respectively, for both superstrate and substrate. The mesh size is S0nm. The Gaussian beam is

propagated for two different cases, with and without the presence of the PML.

It can be seen from the figures 2.4(b) and 2.4(c) that in the absence of PML layer there is

interference (represented by the ripples), because the Gaussian beam reflects from the electric
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walls back into the computational window as it propagates. However, in the presence of the PML

With PML
===Without PML

0.45
041 — —

4 S—

a4 — —
2L - _

1
09F — —
08 — —

op

with tangent loss profile there is no interference as there is negligible reflection from the electric

walls.

0.

0.
0.

nyuben piai4

0.1 - — -
0
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X-axis(um)
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(b) Gaussian Beam at z = 5pum

=0

(a) Incident Gaussian Beam at z

With PML
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ﬁ"‘ —

0

x-axis(um)

(c) Gaussian beam at z= 10pum

Figure 2.4: Gaussian Beam Propagation with and without the PML.
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Chapter 3

MOL Analysis of Longitudinal Waveguide
Discontinuities

3.1 Introduction

No device is continuous infinitely. In fact, all practical devices, such as tapers, bends, couplers,
mode converters, wavelength filters, etc. display multiple discontinuities. Hence, problems of
discontinuity are very important. Discontinuity problems in optical waveguide devices are of
considerable theoretical and practical interest. Reflection and transmission occurs at any
longitudinal discontinuity and much effort has been made to understand these phenomena. The
MOL can account for the transmitted as well as the reflected fields and is very much suitable for
the analysis of longitudinal discontinuities in optical waveguides. Analysis of single and multiple
waveguide discontinuities using the MOL [34-37] have been reported in the literature. The other
methods that have been reported in the literature for the analysis of waveguide discontinuities are

the Mode Matching Method [38] and the Equivalent Transmission Network Method [39].

The proposed add/drop filters to be analyzed in this thesis display multiple longitudinal
discontinuities. Hence, for their accurate analysis, the MOL must account correctly for the

reflection and transmission at these longitudinal discontinuities. In this chapter, we will discuss
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analysis of a single waveguide discontinuity and the results obtained from a developed routine
will be compared with previously published results in order to signify the accuracy of our

implementation.

3.2 Analysis of a Single Waveguide Discontinuity

A frequently faced practical problem is the one where a waveguide sees an abrupt change in the
refractive index in the longitudinal direction. This is a situation of a single waveguide
discontinuity as shown in figure 3.1. It consists of two regions, region 0 and region 1. The
incident field in region O results in a backward reflected field in the same region and a
transmitted field in region 1. The total field in region 0 is the sum of incident field e*/50? A, and
the reflected field e /50 B, and in region 1, only the transmitted field e /517 A, exists. Ay, By

and A; are constant vectors. Ay and B, are the incident and the reflected fields in region O at
z=0. A; is the transmitted field in region 1 at z=0 and S = \/6, where Q is defined by equation

(2.7) in the previous chapter. The reflected field B, and the transmitted field A;can be expressed

in terms of incident field A, as [10]:

A1 - TAO (3.2)
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Where, R = (I — Sg*NoN;71S,)(I + S5 1NgN;1S;)™t (for TM polarization) or
(I—S51S)(I + Sy18;)~ (for TE polarization).

and T = 2(I + S;1NyN;1S;)~1 (for TM polarization) or 2(I + S5 *S;)~* (for TE polarization).

Cladding n,
Core m ar
n=1
Cladding  n,
I .
Region 0 : Region 1

Figure 3.1: A Waveguide Terminated with Air, Leading to a Single Waveguide Discontinuity

3.3 Numerical Results for a Single Discontinuity

A numerical routine based on the MOL with a non-uniform three-point approximation which
accounts for interface conditions was developed. In addition, a PML absorber with a non-

uniform tangential loss profile has been incorporated into the numerical routine.



25

The developed routine has been applied to the waveguide structure shown in figure 3.1. The
refractive index of the waveguide core, n,, is considered to be 3.60 and the refractive index of the
cladding, n,, is taken as 3.60(1-A). Where, A is some parameter. The fundamental 7E, modal
field is assumed to be incident from the left, at a wavelength of 0.86um. A mesh size of 10nm is
used in the analysis. The reflectivity Ry versus the core width is shown in figure 3.2 for two
different values of A, one is for A=3% (see figure 3.2(a)) and other is for A=10% (see figure 3.2
(b)). The core width varies from 0.05 to 1um. The following matrix relationship has been used to

calculate the modal reflectivity:

(3.3)

ApAg

A, and B, are the transpose of A, and B,, respectively. As seen in figure 3.2, our results

compare well with the results of reference [40] signifying the accuracy of our implementation.
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CHAPTER 4

Directional Coupler and Add/Drop Filter

4.1 Directional coupler

4.1.1 Introduction

A simple yet valuable device is a directional coupler. In its simplest form, it consists of two or

more parallel dielectric waveguides in close proximity.

A directional coupler with two parallel waveguides in close proximity is shown in figure 4.1.
When an optical signal is launched into one of the waveguides, it is possible to couple the field
power to the other waveguide almost completely [41]. The waveguide in which the optical signal

is launched is called as the bus and the other waveguide is called the receiver.



na
I
ﬂ» Bus n,
Port 1
na
Port 4 Receiver n,
n

Figure 4.1: Simple directional coupler with two parallel waveguides in close proximity
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Depending upon various details of the directional couplers (i.e. separation between them, length

of the waveguides, etc.), they can be made to have different properties for different purposes.

4.1.2 Basic Principles

The two waveguides of figure 4.1 are chosen to be single mode and identical. If the waveguides

are multimode or not identical, power coupling from one waveguide to another may become very

weak [42]. The coupled waveguide structure shown in figure 4.1 supports two modes, an even

mode and an odd mode. The signal in both waveguides is in phase for the even mode and 180°

out of phase for the odd mode. Moreover, the effective refractive index n,srof the even mode is
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slightly larger than the effective refractive index ngsr of the odd mode. The incident field is

obtained by super positioning the even and odd modes. The incident field used in the excitation

of the structure is shown in figure 4.2. This input field profile is used throughout this thesis.

The length over which complete power is transferred from the bus waveguide to the receiver

waveguide is known as the coupling length (denoted byL,). It is calculated as:

Le= — (4.1)

where, A is the difference of the propagation constants of the even and the odd modes

(i.e. AB = Beven — Poda)-
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0.7+
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Electric Field Amplitude

0.2+

|
I
0.1 |
I
)

Figure 4.2: Electric Field Amplitude at the Input
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4.1.3 Numerical Results for MOL Analysis of Directional Couplers

A numerical routine based on the MOL has been developed to analyze the simple directional
coupler shown in figure 4.1. The left side of the bus is referred to as port 1 and the right side is
referred to as port 2. The left side of the receiver is referred to as Port 4 and the right side is
referred to Port 3. The TE(, mode pattern of an isolated waveguide shown in figure 4.2 is used as
input, at a wavelength of 1.55um. The refractive index of both waveguides is 3.5 and the
surrounding media have a refractive index of 3.4. The separation between the waveguides is
3.4um and the core width of both waveguides is 0.5um. The mesh size is fixed at 50nm. Figure
4.3 shows the propagation of the TE, mode at different points along the directional coupler.

From the figure it can be seen that the coupling length is about 14210um.



=
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Figure 4.3: Propagation of the TE( mode at different points along the directional coupler
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4.2 Add/Drop Filters

4.2.1 Introduction

When the two waveguides forming the directional coupler (see figure 4.1) are sufficiently
isolated from each other, no coupling takes place. A suitable resonant cavity is imbedded

between two parallel waveguides resulting in an add/drop filter.

Add/drop wavelength filters with resonant cavities of various shapes have been reported in the
literature [10-17]. This includes filters that utilize square, octagonal, hexagonal, circular, ring

and elliptically-shaped cavities.

When an optical signal that operates away from resonance is launched into the bus, it will exit
through the other side of the bus. However, at resonance, part or all of the optical signal power
will be coupled to the receiver and optical power will exit the device through one of the

receiver's terminals.

4.2.2 Transmissivity and Reflectivity Calculations of Add/Drop

Filter

For our case, the top waveguide is the bus and bottom waveguide is the receiver waveguide. The

input signal is propagated through port 1 of the bus waveguide and the modal reflectivity at this
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port is referred to as R/. The modal transmissivity at port 2 of the bus waveguide is referred to as
T2, the modal transmissivity at port 3 of the receiver waveguide is referred to as 73 and the

modal transmissivity at port 4 of the receiver waveguide is referred to as 74.

The modal reflectivity R/ and transmissivities 72, 73 and 74 can be calculated by using the

modal orthogonal relation in matrix form as follows [10]:

;2
_ |Bo4o
R1 = —A;AO 4.2)
Anag |
—_ T410
T2 = A, (4.3)
Andn|?
T3 = |~IZR (4.4)
B.Ag|?
T4 = |22R 4.5)
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Where, B, is the reflected field in region 0, A, is the modal field of the isolated bus waveguide
(see figure 4.2). A, and B, are the transpose of A, and B, respectively. Ay is the transmitted
field at the final layer and Ay is the modal field of the isolated receiver waveguide. The power
which radiates from the device is known as Fractional Power Radiated (FPR) and is calculated

as:

FPR=1—(R1+T2+T3+T4) (4.6)

Thus, FPR represents the power which has not been coupled from the bus to the receiver and this

power stays in the bus itself.
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Chapter 5

Analysis of Add/Drop Filter with a Square Cavity

5.1 Introduction

An add/drop filter is capable of adding and dropping a certain wavelength from a group of
wavelengths. High-index contrast micron-sized cavity resonators have been attracting increasing
interest because of their compact size and narrow bandwidth. The circular and ring are the most
commonly used cavity shapes. However, there exists a short interaction length between the
curved cavity sidewall and the straight waveguides which imposes sub-micrometer air-gap
spacing for the evanescent coupling. Square cavity has a long interaction length along the entire
flat cavity sidewall and is an alternative to increase the air-gap spacing for the evanescent
coupling. Moreover, these cavities are favorable for fabrication because of the flat side walls
when compared to curved cavities.

In this chapter we will discuss a general procedure (The Layer by Layer Algorithm) for the
treatment of multiple discontinuities. We will also analyze the operation of add/drop filters with

single and double square cavities using the MOL. The results obtained from a developed routine
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will be compared with previously published results in order to signify the accuracy of our

implementation.

5.2 The Layer by Layer Algorithm

The Layer by Layer Algorithm is a general procedure which is used along with the MOL for the
analysis of multiple waveguide discontinuities [43]. Another algorithm, along with the MOL,
which has been reported in the literature for the analysis of multiple waveguide discontinuities, is
the Cascading and Doubling Algorithm [44, 45]. The Layer by Layer Algorithm will be used
throughout this thesis work to account for multiple waveguide discontinuities in the longitudinal

direction.

For the multi-layer structure shown in figure 5.1, the total field in each region along z-axis is the

sum of forward and backwards waves. In this algorithm, a square matrixI', , known as the

reflection matrix, is introduced and is given by [10]:

I, = |.(I _Uk_lUk+1)+ (1 +U;'U,,, )Dk+1rk+1Dk+l X

§ (5.1

k
[(1 + Uk_lUkH )+ (] - Uk_lUkH )DkHFkHDkH ]

where, k=0,1,2...N; D, =exp(jS,d,); and

U, = N;'S, (For TM polarized waves) or S, (For TE polarized waves)
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Figure 5.1: Multiple waveguide discontinuities in the z direction

The recursive relation in equation (5.1) expresses the reflection matrix I', of layer & in terms of
the reflection matrixI', ;. The last layer (transmission layer) has only a forward wave and hence
I'y,, =0. We start from the last layer and work backward to find out the reflection matrices until
I', is computed. Using B, =I',D,4, =14, we are able to obtain the reflected field B, in terms
of the incident field A4, for any number of discontinuities in z-direction. Then the transmitted

field of other regions can be calculated from the following expression:

4., =057+U; U, D4, +(1-U U, )B, | (5.2)
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and the reflected field at any interface can be calculated with the following expression:

B, :Fk(DkAk) (53)

The reader is referred to [10] for more details on the Layer by Layer Algorithm.

5.3 Add/Drop Filter with a Single Square Cavity

A square cavity is placed between two parallel and identical waveguides as shown in figure 5.2.
The height and width of the cavity are h and w respectively. For this case h=w. The air-gap
between the cavity and the waveguides is g.

The fundamental mode of the isolated waveguide is used as an input at port 1. For a certain
dimensions of the cavity and an optimal value of g, a fraction of the optical power is dropped to
Port 3 and Port 4 of the receiver at a certain wavelength (i.e. resonant wavelength). A fraction of

power is also reflected back to Port 1 of the bus.
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Figure 5.2: Add/Drop Filter with an imbedded Square Cavity between Two Parallel Waveguides

5.3.1 Numerical Results for Add/Drop Filter with Single Square

Cavity

The developed numerical routine based on the MOL has been used to analyze add/drop filter
with a square imbedded cavity. The waveguides and the cavity have a refractive index of 3.2.
The surrounding media is air with a refractive index of 1. The core width of both waveguides is
0.2um. The modal reflectivity and modal transmissivities of all the ports have been calculated.

The mesh size along x-axis is taken as 5.6nm. This small mesh size is required in order to
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achieve accurate results. The air gap width g is taken as 0.28um and the dimensions of the square

are 1.54pm.

The waveguide and cavity dimensions are identical to those reported in reference [10]. The
calculated results are compared with the results of reference [10] (see figure 5.3). Our results
show good agreement with the results of reference [10] signifying the accuracy of our

simulations.

The response of the four ports R/, 72, T3, T4 and FPR over the wavelength range of 1.524um to
1.54pm are shown in figure 5.2. The results show a clear wavelength selectivity of the filter at
the resonance wavelength A = 1.532um. It can be observed that at the resonant wavelength part
of the power is dropped from the upper waveguide into the lower waveguide. The transmissivity
at bus port2, 72, drops from unity to 0.369 at the resonant wavelength. The reflectivity at bus
portl, R, increases from zero to 0.164 and the transmissivity at the receiver ports 3 and 4, 73
and 74, increase to 0.165 and 0.168 respectively at resonance. The fractional power radiated,

FPR, reaches a maximum value of 0.133 at resonance.
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5.4 Add/Drop Filter with Two Square Cavities

In order to test the developed routine for multiple discontinuities along the z-axis and to achieve
better filtering efficiency, an add/drop filter with two symmetrical square cavities have been

analyzed. A schematic is shown in figure 5.4.

The two square cavities are placed in the horizontal direction (see figure 5.4) leading to multiple
discontinuities along the z-axis. The air gap between the waveguides and the cavities is g and

the separation between the cavities is s.

5.4.1 Numerical Results for Add/Drop Filter with Two Square

Cavities

The two identical square cavities are separated by s=0.715um. All the other parameters are same

as the single square case. The results show better response than those with a single square cavity.

As seen in figure 5.5, our results compare well with the results of reference [10] signifying the

accuracy of our developed routine.
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Figure 5.4: Add/Drop Filter with two Square Cavities imbedded between two Parallel

Waveguides.

The response of the four ports R7, 72, 73, T4 and FPR over the wavelength range of 1.52pm to
1.545um are shown in figure 5.5. From the results it can be seen that the resonant wavelength is
A = 1.532um. It can be observed that at the resonant wavelength part of the power is dropped
from the upper waveguide into the lower waveguide. The transmissivity at bus port2, 72, drops
from unity to 0.05 at the resonant wavelength. The transmissivity at the receiver ports 3, 73,

increases from zero to 0.65 at resonance. 74 and R/ are 0.105 at wavelength 1.5315um and 0.06
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at wavelength 1.5325um. 74 and R/ drop down to 0.01 in between 1.5315um and 1.5325um.

The fractional power radiated, FPR, reaches a maximum value of (.29 at resonance.

Moreover, it can be observed that with two identical cavities, the transmissivity at port3
increases dramatically. This is due to constructive interference between the cavities resonances

as mentioned in [46].



45

— Our Result
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Figure 5.5: Response of Add/Drop Filter with two Square Cavities
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Chapter 6

Analysis of Add/Drop Filter with a Rectangular
Cavity

6.1 Introduction

In this chapter we analyze the operation of an add/drop filter with a rectangular cavity. We will
investigate the effect of this cavity on reflection at port 1 and transmission of the other ports (i.e.
port 2, port 3 and port 4). Moreover, the effect of the air gap g and the width w will be

investigated.

6.2 Add/Drop Filter with a Rectangular Cavity

Starting with a square cavity, if the height h is fixed and only the width w is varied, then we get a
rectangular shaped cavity. Such a cavity is placed between two parallel and identical waveguides

as shown in figure 6.1. The air-gap between the cavity and the waveguides is g.
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The fundamental mode of the isolated waveguide is used as an input at port 1. At resonance, the
input signal will be coupled to the receiver and the power will exit the device through one of the

receiver's terminals. A fraction of power is also reflected back to Port 1 of the bus at resonance.
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Figure 6.1: Add/Drop Filter with an imbedded Rectangular Cavity between Two Parallel

Waveguides
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6.2.1 Numerical Results for Add/Drop Filter with a Rectangular

Cavity

For the analysis of the above mentioned add/drop filter, a rectangular shaped cavity is imbedded
between two parallel and identical waveguides. All the parameters are same as the case for an

add/drop filter with a square cavity.

First we analyze the effect of the air gap g by keeping other parameters fixed. Then the effect of

the width w is analyzed by fixing other parameters.

Effect of the air gap:

The height h and width w are fixed at 1.54um and 1.6um respectively. The spectral response of
the four ports (i.e. R1, 72, T3 and T4) for different values of the air gap g is shown in figure 6.2.
The air gap varies from 0.21um to 0.27um in steps of 0.02um. From the figure, it can be seen

that as the air gap is increased:
I. The resonant wavelength shifts towards higher wavelengths.
II. The spectral width decreases.

II. 73 and T4 decrease. This indicates that coupling of power from the bus to the receiver

decreases.
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IV. Reflection at port 1 and transmission to port 2 also decrease.

V. The peak value remains the same for the fraction of power radiated.

The air gap should neither be too small, because this gives rise to large reflection, nor should it
be too large, because this results in very low coupling. Hence, it has to be optimal. We choose
g=0.23um for further analysis. This choice has been made because at this value of g, reflection at

the input port is low.
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Effect of the Width w:

Next, the height h and the air gap g are fixed at 1.54pum and 0.23pm respectively. Figure 6.3
shows the spectral response of the four ports (i.e. R/, 72, T3 and 74) for different values of the
width. The width varies from 1.48um to 1.60um. From this figure, the following conclusions can

be made:

I. The resonant wavelength shifts towards higher wavelengths as the width w increases.

II. The spectral width is minimum for w=1.54pm and increases gradually as w changes.

III. The peaks of R/, 73 and 74 reach maximum values for w=1.54um (i.e. the square case) and

they decrease gradually when w is increased or decreased.

IV. Transmission to port 2 is maximum for the square case and decrease gradually as w increases

or decreases.

V. The fraction of power radiated is minimum for the square case (i.e. w=1.54um) and increase

gradually with change in w.

Thus, we can see that coupling of power from bus to the receiver is highest for the square case
and decreases for the rectangular case. Although reflection is less for the rectangular case when
compared to the square case, the power radiation is higher because of low transmission to other
ports. Hence, we can conclude that if the volume of a cavity placed between two waveguides
increases, the resonant wavelength shifts towards higher wavelengths and if the volume

decreases, the resonant wavelength shifts towards lower wavelengths.
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Chapter 7

Analysis of Add/Drop Filters with Bow-Tie and

Hexagonal Shaped Cavities

7.1 Introduction

For an add/drop filter with square and rectangular cavities as mentioned in chapters 5 and 6
respectively, the evanescent field outside the waveguide sees a sudden discontinuity. Due to this,
the reflection at the input port is relatively high. This relatively high reflection is not desirable
because it may interfere with the operation of the light source and cause signal distortion, thus
reducing the filter efficiency. We expect that if the discontinuity is introduced gradually, the
reflection at the input port might decrease. Therefore, we suggest the use of resonant cavities

with gradual transition, such as a bow-tie and hexagonal shaped cavities.

In this chapter we analyze the operation of add/drop filters with a bow-tie and a hexagonal

shaped cavities. Both the single and double bow-tie shaped cavity cases are considered. A
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schematic of a bow-tie shaped cavity placed between two parallel and identical waveguides is
shown in figure 7.1. We will investigate the effect of these cavities on the spectral response of all
four ports (i.e. port 1, port 2, port 3 and port 4). Moreover, the effect of the air gap g, the width w

and the angle @ will also be investigated.

PML
T T
I I
I I
I I
I I
Input N | | ™
e : Bus : ————— >
R1 i )
e w o 19
[ bl I
('
I
0
! h
I I_‘L_'
A
| Pl
I I
| | !
«-T4__ : Receiver : 13
| |
I I
I I
I I
1 1
PML

Figure 7.1: Add/Drop Filter with an imbedded Bow-Tie Shaped Cavity between Two Parallel

Waveguides
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7.2 Add/Drop Filter with a Bow-Tie Shaped Cavity

In a square cavity, if the height h and the width w are fixed and only the center width is
decreased, then we get a bow-tie shaped cavity (see figure 7.1). The air gap between the cavity
and the waveguides is g and the angle € represents the amount by which the center width is

decreased.

The input (i.e. the fundamental mode of the isolated waveguide) is launched in port 1. At the
resonant wavelength, a fraction of the optical power is dropped to Port 3 and Port 4 of the
receiver. A fraction of power is also reflected back to Port 1 of the bus at the resonant

wavelength.

7.2.1 Numerical Results for Add/Drop Filter with Bow-Tie Shaped

Cavity

To analyze this add/drop filter, a bow-tie shaped cavity is imbedded in the developed numerical
routine. The waveguides and the cavity have the same refractive index as that used in the
previous case. The surrounding medium is air with a refractive index of 1. The Core width of
both waveguides and the mesh size along x-axis are also same as the previous case. Initially, the

effect of the air gap is analyzed by keeping other parameters fixed. Then, by keeping all
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parameters fixed, except 6 the effect of the angle 6 is analyzed. Finally, the effect of the width

w is analyzed by fixing all other parameters.

Effect of the air gap:

The height h and width w are fixed at 1.54um and the angle & is fixed at 2°. The spectral
responses of the four ports for different values of the air gap are shown in figure 7.2. The air gap
is varied from 0.24pum to 0.28um in steps of 0.02um. From the figure, it can be seen that as the

air gap is increased:

I. The resonant wavelength shifts towards higher wavelengths.

II. The spectral width decreases.

III. The coupling from bus to the receiver decreases (i.e. 73 and 74 both decrease).
I'V. Reflection at port 1 and transmission to port 2 also decrease.

V. The fraction of power radiated increases due to decrease in the spectral response of all the

ports.

Reflection at portl, R/, decreases from 0.187 to 0.136 and transmission to port 3 and port 4 (i.e.
T3 and T74) decrease from 0.189 to 0.135 as g is increased from 0.24pm to 0.28um. Transmission
to port 2, 72, is 0.33 when g=0.24pm and is 0.41 when g=0.28um. The fraction of power

radiation, FPR, increases from 0.125 to 0.21.
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Effect of the angle o:

The height h and width w are fixed at 1.54pum and the air-gap g is fixed at 0.28um. We have
chosen the air-gap to be 0.28um because at this value of g, the reflection at port 1 is relatively
low. The spectral responses of four ports (i.e. RI, 72, T3 and T4) for different values of the angle
@ are shown in figure 7.3. The angle @ varies from 2° to 5°. From this figure, it can be seen that

as the angle @ increases:

I. The resonant wavelength shifts towards shorter wavelengths.
II. Reflection at the input port decreases.

III. Transmission to the other three ports decreases.

IV. The fraction of Power radiated increases to a certain extent.

Thus, we can see that for every 1° change in the angle 8 , the shift in the resonant wavelength is
approximately equal to 0.011um. An increase in the angle & causes the discontinuity to be
introduced gradually and as predicted the reflection at the input port, R/, decreases. The decrease
in RI is from 0.14 to 0.04 as & increases from 2° to 5°. However, minimum transmission at port
2 increases from 0.4 to 0.62 as € increases from 2° to 5°. The responses of ports 3 and 4 are
similar to that of port 1. At resonance the fraction of power radiated increases from 0.2 to 0.216

as @ increases from 2° to 5°.
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Effect of the width w:

In order to investigate the effect of the cavity width w, the height h and the air gap width g are
fixed at 1.54um and 0.28um, respectively. Due to the low reflection at port 1, the angle @ is
chosen as 5°. Figure 7.4 shows the spectral response of all the four ports for different values of
the width w. The width w is varied from 1.54um to 1.62um. It can be seen from the figure that

when the width w is increased:

I. The resonant wavelength shifts towards higher wavelengths.

II. The spectral width decreases.

III. Peak reflectivity at the input port and peak transmissivity to all the other three ports increase.

IV. Fraction of power radiated decreases.

An increase in the width w means that the volume of the cavity increases and as discussed in the
previous chapter, the resonant wavelength shifts towards longer wavelengths. Peak reflectivity at
port 1 increases from 0.041 to 0.119. Peak transmissivity at port 2 improves as its value
decreases from 0.62 to 0.42 as w changes from 1.54pum to 1.62pum. Transmission peaks at port 3
and port 4 increase from 0.042 to 0.12 as w is increased from 1.54pum to 1.62um and this
response is almost the same as that of port 1. Fraction of power radiated goes down from 0.25 to

0.21.
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7.3 Add/Drop Filter with Two Bow-Tie Shaped Cavities

We have seen that the use of a bow-tie shaped cavity in the add/drop filter, results in reduced
reflection at port 1 and also reduced transmission to other ports. In order to improve the filtering
efficiency, an add/drop filter with two identical bow-tie shaped cavities, as shown in figure 7.5,
has been simulated. All parameters are same as the single bow-tie cavity. The only difference is
that there are now two bow-tie shaped cavities instead of one. The separation between the

cavities 1S s.

7.3.1 Numerical Results for Add/Drop Filter with Two Bow-tie

Shaped Cavities

An add/drop filter with two bow-tie shaped cavities placed in the horizontal direction (see figure
7.5) has been simulated using the MOL. For both cavities, the height h, the width w, the angle &
and the air-gap g are fixed at 1.54um, 1.54um, 2° and 0.28um respectively. The separation
between the cavities s is chosen to be 0.765um. Figure 7.6 shows a comparison between the
spectral responses of the four ports (i.e. RI, 72, T3 and 74) of the add/drop filters with single and
double bow-tie shaped cavities. It can be seen that the response of the add/drop filter with two

bow-tie shaped cavities is generally better than that with a single bow-tie shaped cavity.
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Figure 7.5: Add/Drop Filter with Two Bow-Tie Shaped Cavities imbedded between Two Parallel

Waveguides

From the figure it can be seen that the resonant wavelength slightly shifts towards a higher
wavelength for an add/drop filter with two bow-tie shaped cavities. The peak reflectivity at
portl, R1, decreases from 0.187 for a single cavity to 0.035 for two cavities. Minimum modal
transmissivity to port 2, 72, is reduced from 0.41 to 0.08. The peak transmissivity to port 3, 73,
increases from 0.135 to 0.58 and the peak transmissivity to port 4, 74, decreases from 0.135 to
0.035. However, the maximum fraction of radiated power increases from 0.2 to 0.31.
Comparison of spectral responses of an add/drop filter with two bow-tie shaped cavities and an

add/drop filter with two square cavities is shown in figure 7.7.
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In the two square cavities case, the modal reflectivity, R/, exhibits two peaks, while the two
bow-tie cavities results in a single peak with a much reduced value. The resonant wavelength in
the case of the two bow-tie cavities is different from the two square cavities case. The peak
modal reflectivity, R/, is reduced from about 0.11 to about 0.035for the double bow-tie cavities
case. The modal transmissivity to port 2, 72, has a minimum value of 0.08 for the add/drop filter
with two bow-tie shaped cavities and it is 0.05 in the two square cavities case. The modal
transmissivity to port 3, 73, in both cases is high. The peak value of 73 equals 0.65 is higher for
the add/drop filter with two square cavities compared to 0.58 for the add/drop filter with two
bow-tie shaped cavities. The responses of port 4 and port 1 are identical in both cases. The
fraction of power radiated has a peak value of 0.305 for the two bow-tie cavities case and 0.29
for the two square cavities case. The responses of port 1 and port 4 are not symmetrical for both
cases. Thus, we can clearly see that the use of two bow-tie cavities results in generally improved

performance of the add/drop filter when compared to the two square cavities case.

7.4 Add/Drop Filter with a Hexagonal Shaped Cavity

If the height h and the width w of a square cavity are fixed and only the center width is
increased, then we get a hexagonal shaped cavity. The schematic of the resulting structure is
shown in figure 7.5. The air-gap between the cavity and the waveguides is g and the angle &

corresponds to the amount by which the center width is increased.
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The input at port 1 is the same as the previous cases and the spectral responses of all the four

ports (i.e.R1, T2, T3 and T4) are obtained.

7.4.1 Numerical Results for Add/Drop Filter with Hexagonal Shaped

Cavity

A hexagonal shaped cavity has been incorporated in the developed numerical routine in order to
analyze the response of this add/drop filter. The refractive indices, the core width of the

waveguides and the mesh size along x-axis are kept same as in the bow-tie shaped cavity case.

As done previously, the effect of the air gap, the angle € and the cavity width w will be

investigated by keeping all other parameters fixed.
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Waveguides

Effect of the air gap:

The height h, width w and the angle @ are fixed at 1.54pum, 1.54pm and 2° respectively. The
spectral response of all the four ports for different values of the air gap widths g, ranging from
0.25um to 0.32um is shown in figure 7.9. From this figure, it can be observed that as the air gap

is reduced:

I. The resonant wavelength shifts towards lower wavelengths.
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II. The spectral width increases.

III. The coupling from the bus to the receiver increases (i.e. both 73 and 74 increase).

I'V. Reflection at port 1 and transmission to port 2 also increase.

V. The fraction of power radiated decreases because the modal reflectivity at the input port and

the modal transmissivity to other three ports increases.

The peak radiated power decreases from 0.17 to 0.13. The modal reflectivity at port 1, R/, is
0.15 at g = 0.32pum and has a peak value of 0.185 at g = 0.25um. The modal transmissivity at
port 2 improves as its peak value changes from 0.4 to 0.3. Maximum transmission to port 4
increases from 0.152 to 0.2 and that to port 3 increases from 0.15 to 0.19. We can see that the
responses of ports 3, 4 and 1 are almost similar. The value of g is chosen to be 0.28um for
further analysis. When g = 0.28um, the modal reflectivity at the input port is 0.18. Next, the

effect of the angle € will be analyzed.
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Effect of the angleo :

The height h, width w and the air-gap g are fixed at 1.54pum, 1.54pm and 0.28um respectively.
The spectral response of all the four ports (i.e. RI, 72, 73 and 74) for different values of the

angled varying from 2° to 4° is shown in figure 7.10. From this figure, it can be seen that as the

angle @ decreases:

I. The resonant wavelength shifts towards lower wavelengths.

II. The spectral width increases.

II1. The coupling from the bus to the receiver increases (i.e. both 73 and 74 increase).
IV. Reflection at port 1 and transmission to port 2 also increase.

V. The fraction of power radiated decreases.

Increase in the angle & allows the discontinuity to be introduced gradually and as predicted the
reflection at the input port, R/, decreases. It can be seen that when the angle & becomes 4°, the
reflection at the input port becomes very low. Moreover, the coupling from bus to the receiver
becomes very weak and most of the input power remains in the bus. Responses of port 1, port 3
and port 4 are identical to each other. Fraction of power radiated is highest with a peak value of

0.25 when the angle 6=3° and lowest with a peak value of 0.12 when the angle §=2°.
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Effect of the width w:

The height h, air-gap g and angle @ are fixed at 1.54pum, 0.28um and 3° respectively. Figure 7.11
shows the spectral responses of the four ports (i.e. R/, T2, T3 and 74) for different values of
width w varying from 1.51um to 1.57um. It can be observed from this figure that as the width w

decreases:

I. The resonant wavelength shifts towards shorter wavelengths.

II. The coupling from the bus to the receiver increases (i.e. both 73 and 74 increase).

III. Reflection at port 1 and transmission to port 2 also increase.

It can be seen from the figure that when the width w = 1.57um, the dropping performance of the
device is very weak and most of the power remains in the bus. At this width, since reflection is
also very low, the fraction of radiated power has a peak value of 0.2. The dropping performance
improves as the width w increases. The modal reflectivity at port 1, R/, is maximum with a peak
value of 0.135 at w= 1.51um and becomes minimum with a peak value of 0.025 at w=1.57um.
The responses of ports 3, 4 and 1 are almost identical. Hence, we can conclude that this device
starts to lose its dropping capacity when the angle 6 exceeds 3° or the cavity width w becomes

less than 1.54pum.
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Chapter 8

Analysis of Add/Drop Filter with a

Parallelogram-Shaped Cavity

8.1 Introduction

All the add/drop filters discussed previously have been analyzed by utilizing symmetric cavities.
The response of port 3 and port4 are identical to each other when a single symmetric cavity is
used. Moreover, the response of port 1 is almost equal to port 3 and port 4. In this chapter, the
spectral responses of all the four ports are analyzed for an add/drop filter with an asymmetric
cavity. The asymmetric cavity considered is the parallelogram shaped cavity. The effect of the

air gap and the width w will be investigated as done previously.
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8.2 Add/Drop Filter with a Parallelogram Shaped Cavity Bent

towards Left

A parallelogram shaped cavity bent towards left is placed between two parallel and identical
waveguides as shown in figure 8.1. This cavity is bent towards left by an angle of 45°. The

width, height and the air gap are given by w, h and g, respectively.

8.2.1 Numerical Results for Add/Drop Filter with Parallelogram

Shaped Cavity Bent towards Left

A parallelogram shaped cavity, bent towards left, is imbedded in the developed routine and the
spectral responses of all the four ports are analyzed. The refractive indices, core widths and the
mesh size are the same as considered in the previous cases. First, the effect of air gap g is
analyzed in order to find an optimum value of g for this structure. Then, the effect of width w

will be analyzed on the response of all the ports.
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Figure 8.1: Add/Drop Filter with a Parallelogram Shaped Cavity Bent towards Left imbedded

between Two Parallel Waveguides

Effect of the air gap:

The dimensions of the parallelogram are considered the same as that of the square (i.e.1.54um)
and the air gap is varied from 0.25um to 0.29um. The effect of varying the air gap g on the
spectral response of all the four ports (i.e. RI, 72, T3 and 74) is shown in figure 8.2. From this

figure, it can be seen that as the air gap is increased:
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I. The resonant wavelength shifts towards higher wavelengths.

II. The spectral width decreases.

II1. The coupling from the bus to the receiver decreases (i.e. both 73 and 74 decrease).

IV. Reflection at port 1 and transmission to port 2 also decrease.

V. The fraction of power radiated decreases.

The modal reflectivity at port 1 is maximum with a peak value of 0.026 at g=0.25um and it
decreases to 0.013 at g=0.29um. The modal transmissivity at port 2 increases from 0.65 to 0.75.
Peak value of the modal transmissivity at Port 3 decreases from 0.0345 to 0.018. Peak value of
the modal transmissivity at Port 4 decreases from 0.025 to 0.012 as g increases from 0.25um to
0.29um. The fraction of power radiated decreases from 0.27 to 0.20. Thus, we can see that the
responses of Port 3 and Port 4 are not identical. This occurs because of the asymmetric shape of
the cavity. Since the parallelogram shaped cavity is bent towards left side (see figure 8.1), the
receiver is biased towards port 3 and hence the response of port 3 is better than that of port 4.

Moreover, the response of port 1 is no longer identical to either of the ports of the receiver.
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Effect of the width w:

The height h and the air gap are fixed at 1.54pum and 0.27um. The width w is varied from
1.50pm to 1.58um and the effect of varying the width w on the spectral response of all the four

ports is shown in figure 8.3. From this figure, it can be seen that as the width w is increased:

I. The resonant wavelength shifts towards higher wavelengths.

II. Reflection at the input port and transmission to the other three ports increases.

III. The fraction of power radiated increases.

Thus, we can see that for every 4um change in the width w, the shift in the resonant wavelength
is approximately equal to 0.02um. The minimum modal reflectivity at port 1 increases from
0.0165 to 0.0192. The modal transmissivity at port 2 has a peak value of 0.74 at w=1.50pum, and
it decreases to 0.68 at w=1.58um. The modal transmissivity at port 3 increases from 0.022 to
0.029. The peak value of the modal transmissivity at port 4 increases from 0.013 to 0.0202 as w

increases from 1.50pum to 1.58um. The fraction of power radiated increases from 0.22 to 0.25.



0.03

ooz2sp-----d-———- Ll

o T o =3 B e T T

0.015| ——— -~

_W::L_SO
—_———w=1.54
lllllllW:1_58

R1

0.01F-----
0
| h go* I

0.005 4- - == = wnsuusNNuugy
|

h-lllll‘P;f'i'
|

| | o o |
f*ﬂg’ff*ftf*sffﬂff*fffrff‘;fﬂff
)

*, !

1.82

1.83

0.95
0.9
0.85
0.8
0.75
0.7
0.65

T2

0.03

0.025

0.02

0.015

T3

0.01

0.005

0.03

0.02

T4

0.01

| |
AR LE R &
‘..—.l ...'.:.Illlll'\“ 1

.
a
eaa,

|
|
.
1
.81 1.82 1.83

RO

1.84 1.85 1.86

!
1.89 1.9

1.84

W avelength(pum)

1.85 1.86 1.87

81

Figure 8.3: Spectral Response of Add/Drop Filter with Parallelogram Shaped Cavity for different

Widths.



82

8.3 Add/Drop Filter with a Parallelogram Shaped Cavity Bent

towards Right

A parallelogram shaped cavity bent towards right by an angle of 45° is placed between two
parallel and identical waveguides as shown in figure 8.4. The width, height and the air gap are

given by w, h and g, respectively.
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Figure 8.4: Add/Drop Filter with a Parallelogram Shaped Cavity Bent towards Right imbedded

between Two Parallel Waveguides
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8.3.1 Numerical Results for Add/Drop Filter with Parallelogram

Shaped Cavity Bent towards Right

A parallelogram shaped cavity, bent towards right, is simulated using the MOL. The refractive
indices, core widths and the mesh size are the same as considered in the previous cases. The
height h, the width w and the air gap are fixed at 1.54pum, 1.54um and 0.28um respectively.
Figure 8.5 shows a comparison between the spectral responses of all the four ports of the
add/drop filters with parallelogram shaped cavities bent towards right and bent towards left.
From this figure it can be seen that the resonant wavelength is approximately same for both the
cases. The peak reflectivity at port 1, R/, increases from 0.0148 to 0.0151. Minimum modal
transmissivity at port 2, 72, is reduced from 0.75 to 0.745. The modal transmissivity at port 3,
T3, increases from 0.0069 to 0.0205 and the peak transmissivity at port 4, 74, increases from
0.013 to 0.0149. The peak value of the fraction of power radiated remains the same. Since the
parallelogram shaped cavity is bent towards right side (see figure 8.4), the receiver is biased
towards port 4 and shows clear discrimination of port 3. Although, the response of all the ports is
maximum at a particular wavelength, but the response at other wavelengths is not completely
zero. For an add/drop filter, the response of all the ports is maximum at a particular wavelength
(i.e. the resonant wavelength) and the response must be zero at other wavelengths. Thus, we can
conclude that a parallelogram shaped cavity placed between two parallel waveguides cannot be
used as an add/drop filter. It can be used as a power splitter at a particular wavelength and has

the advantage of being compact.
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Chapter 9

Summary, Conclusion and Future Work

9.1 Introduction

We have analyzed the filtering and coupling performance of add/drop filters imbedded with
various planar cavity shapes. Both, the symmetric and asymmetric cavity shapes have been
considered. The MOL using the Layer by Layer Algorithm has been applied to model these
add/drop filters. In this chapter a brief summary of the work that has been carried out is
presented. This is followed by conclusions and some suggestions for extension of the work

which can be carried out.
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9.2 Summary

A brief summary of the work done in this thesis work is listed below:

» A MOL code with three-point approximation of the transverse second order derivative
operator has been developed.

» PML with absorbing boundary conditions with non uniform tangent loss profile has been
incorporated into the MOL code and demonstrated. The PML has been used effectively
throughout this work to absorb the radiative field.

» Longitudinal waveguide discontinuities have been studied using the MOL.

» The Layer by Layer Algorithm was incorporated into the MOL to analyze multiple
longitudinal discontinuities. The MOL results were compared with results in the
literature.

» Add/drop filters with imbedded square and rectangular cavities have been simulated with
the MOL in tandem with the Layer by Layer Algorithm in an efficient manner. We have
numerically calculated their spectral response on all four ports.

» The staircase approximation has been used efficiently with the Layer by Layer Algorithm
in order to simulate add/drop filters with imbedded planar cavities. The cavities
considered were the bow-tie, hexagon and parallelogram shaped cavities. The spectral
response of all the four ports has been calculated numerically. We have also analyzed the
effects of various parameters on the coupling and filtering performance of these add/drop

filters.
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9.3 Conclusions

» If the volume of a cavity placed between two waveguides and the air-gap increases, the
resonant wavelength shifts towards higher wavelengths and vice-versa.

» The performance of add/drop filter improves with two identical Bow-tie shaped cavities
compared to a single Bow-tie shaped cavity.

» An add/drop filter with Hexagon shaped cavity starts to lose its dropping capacity when
the angle @ exceeds 3° or the cavity width w becomes less than 1.54um.

» A parallelogram shaped cavity placed between two parallel waveguides cannot be used as
an add/drop filter. It can be used as a power splitter and has the advantage of being

compact and wavelength selectivity.

» It can be concluded that complete dropping from bus to receiver is not possible for an

add/drop filter with a single planar cavity.

9.4 Future Prospects

The following is a brief list of suggestions for possible future works in this area:

» We have analyzed the spectral response of add/drop filters with single and double bow-
tie shaped cavities, a rectangular, hexagonal and parallelogram shaped cavities. Multiple

bow-tie, hexagonal and parallelogram shaped cavities can be used. It is expected that the
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filter response and its capability to drop optical power from the bus to the receiver to
improve with respect to the single and double cavity schemes.

» Analysis of an add/drop filter with an asymmetric cavity shape has been carried out using
a parallelogram shaped cavity. Other asymmetric shapes can be investigated for the
analysis of an add/drop filter.

» The developed MOL code can be improved in order to calculate the field intensity

distributions inside the analyzed add/drop filters.

> All the numerical simulations done in this thesis work are for 2D models. An extension of
this to 3D can also be done as 3D waveguide modeling gives more realistic results.

Approaches like Pade approximations can be used for this purpose.
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