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Com o crescimento de novos dispositivos fotdnicos resultantes da junc3o da
electrénica e dptica, surgiram novas areas de estudo. A fotdnica integrada
€ uma dessas areas e refere-se ao fabrico e implementacio de varios com-
ponentes fotdénicos num substrato plano comum. De forma a obter um
processamento de imagem superior, os métodos de compressdo s3o uma
ferramenta fundamental, da qual a transformada de Haar é a mais impor-
tante devido a sua facilidade de implementac3o e rdpida computacdo. Este
método pode ser alcancado com o uso de estruturas 6pticas. Com isto, a
implementacdo da transformada com um dispositivo éptico é desenvolvida
nesta dissertacdo. Os Interferémetros Multimodo s3o guias de onda com N
entradas e M saidas, e s3o apresentados como uma possivel solucao para
conseguir a transformada de Haar. Isto vai permitir criar a soma e a sub-
tragdo de sinais fundamental a transformada de Haar. Magic-T é o nome
dado ao dispositivo que possui esta capacidade de soma e subtraccdo. O es-
tudo tedrico feito por Soldano et al. e algumas implementacdes de Magic-T
com diferentes dispositivos dpticos sao analisados. Com a informagao re-
unida e baseada em diferentes arquitecturas apresentadas por Besse et al.
e El-Sabban et al. uma solucdo final foi obtida com o uso de um Inter-
ferémetro Multimodo 2 x 2. Através do uso de simulagbes de Método de

™ a solucio foi

Propagacdo de Feixe no OptoDesigner PhoeniX Software
analisada e optimizada. Algumas comparagdes sdo feitas com os dispos-
itivos Magic-T j& analisados. No fim é implementada uma rede de Haar
com o Magic-T projectado e sdo feitas novas simulagdes sobre esta rede,
concluindo que é uma solu¢do vidvel e um possivel substituto a alguns com-
ponentes ja implementados com outros Magic-T. Este componente vai ser

integrado no dmbito do projecto COMPRESS de forma a substituir um

acoplador que realiza tambem a transformada de Haar.
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The arising of new photonic devices resulting from the connection of elec-
tronics and optics, new areas of study were created. Integrated photonics is
one of those areas and it refers to the fabrication and integration of several
photonics components on a common planar substrate. In order to obtain
a superior image processing, the compression methods are a fundamental
tool, in which the Haar Wavelet Transform is the most used due to the
uncomplicated design and also fast computation. This method of compres-
sion can be achieved with optical structures. With this background, an Haar
transform implementation with an optical tool is developed in this thesis.
Multimode Interferometers are a waveguide structure with N inputs and M
outputs, and are presented as a solution to achieve the Haar Transform.
This device will allow to make signal additions and differences required by
the Haar Transform and when having this proprieties it is named as Magic-
T. The theoretical approach made by Soldano et al. and other Magic-T
implementations with various optical devices are analysed. With the infor-
mation gathered and inspired in different architectures made by Besse et al.
and El-Sabban et al. a final solution was achieved with the use of an 2 x
2 Multimode Interferometer. Through Beam Propagation Method simula-
tions on OptoDesigner PhoeniX Software™ the solution was analysed and
optimized. Some comparisons are drawn between this solution and the other
Magic-T previous analysed. Lastly an Haar Network is also implemented
with the designed Magic-T and simulated with OptoDesigner, concluding
that it is a viable solution with a good power performance and a possible
substitute to some devices already implemented with other Magic-T. This
device will be implemented in the project COMPRESS, with the aim to

replace a coupler that also reproduces the Haar Transform.
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Chapter 1

Introduction

1.1 Context and Motivation

Technological evolution is part of mankind since the beginning and it has been growing
and expanding even more nowadays, simplifying our way of living. With the evolution of
telecommunication networks on flexibility and reconfigurability, the use of optical circuits is

growing.

Optics are defined as a section of physics which studies the generation and propagation
of light and its interaction with matter. Essentially, light is the main subject of optics and
it is defined as Electromagnetic (EM]) radiation. In the optical wavelength, the window can
be extended from the vacuum Ultraviolet-B (UV-BI), at about 300 nanometers, to the far
Infrared (IR]) at 700 nanometers [I0]. The invention of the laser by Theodore Harold Maiman
[11] allowed the opportunity of coherent light sources with notable proprieties. With the
development of semiconductor optical devices, for generation and detection of light, there
was a revolution in modern optics. As a result of this revolution, new fabrication techniques
emerged. This events granted very efficient, compact and cheap devices with low propagation

losses.

This transformation in the field of optics associated with other technologies caused the
appearance of new fields such as electro-optics, quantum electronics, waveguide technology,

etc. These new areas describe a new range and diversity of more complex devices for instance



lasers, semiconductor detectors, light modulators, etc. The operation of these devices, in

terms of electronics and optics, originated the field of photonics.

Photonics emphasizes the role that electronics plays in optical devices and also the ne-
cessity of treating light in terms of photons rather than waves, particularly in terms of mat-
ter—light interactions [10]. The emerging of new photonic devices resulting from the electronics
and optics connection, has created new sub-areas within photonics, being integrated photon-

ics one of this branches.

The term - integrated photonics - refers to the fabrication and integration of several pho-
tonics components on a common planar substrate. These components include beam splitters,
gratings, couplers, polarisers, interferometers, sources and detectors, among others. It is pos-
sible to fabricate, using these components as building blocks, more complex devices that can
work in a wider range of functions with applications in community access television, sensors

and optical communications systems.

Photonic Integrated Circuits (PICs) are being more and more commercialized due to their
less power consumption, lower cost and easier assembly of numerous and complex systems,
smaller volume and weight and higher thermal and mechanical stability. The assemble of
integrated photonic technology can be considered as the convergence of different photonics’

areas of study with waveguide technology.

The basic element in integrated photonic technology is the optical waveguide. One can
defined a waveguide as an optical structure that allows, by total internal reflection, the con-
finement of light within its boundaries. Optical waveguides are, therefore, the key element
of PICY Waveguides can perform multiplexing and demultiplexing, coupling, switching and
splitting of optical signals. Briefly, integrated photonics is constituted by combining waveg-

uide technology with other areas of optics, as shown in figure [I.1}



Opto-electronics Electro-optics

Waveguide technology

Non-linear optics Acousto-optics

Integrated photonics

Figure 1.1: Schematic of different area branches that are forming part of integrated photonics

Waveguides are used as components or as constituents of components in integrated optical
circuits. One of those components is the Multimode Interferometer (MMI]). The interest in
the application of [MMIl devices is spreading in recent years due to their good proprieties and
characteristics that fulfilled [PICH factors for commercialization. Their excellent properties
have led to their rapid incorporation in more advance and complex [PICY devices such as
MachZehnder switches and modulators, balanced coherent receivers, ring lasers and optical

hybrids for phase diversity networks [I].

IMMIl devices are a multimode waveguide that distributes optical power from N inputs to
M outputs, both integers. It is based on constructive and destructive interferences phenomena
occurring in the Multimode (MM]) area. These devices use the self-imaging principle in order

to obtain multiple images of the input field profile over the length [12].

The main focus of this thesis is to develop an optical tool that implements layers of opti-
cal compression, applicable to any type of signal, to be integrated in the FCT COMPRESS
project. The solution applied is the Magic-T. It is a coupler that does additions and subtrac-

tions in the optical domain which allows to implement the Haar Wavelet Transform (HWTJ).

In this digital era the computer and video-media have been evolving and growing. The

image compressing methods must keep up this growth in order to fulfil the high performance,



speedy digital videos and audio capabilities requirements. The [HWTis a Discrete Wavelet
Transform (DWT]) that offers simplicity and fast computation.

Despite the fact that the Magic-T has already been implemented with a coupler [7] and
with an 8 x 8 [MMI in the same project this thesis is inserted, the operation with a 2 x 2
[MMTIl is the main achievement for this study. With this accomplishment, the will have
1/10 of the coupler size, which means having a length around the 300pm. It can succeed the
development of more complex transforms and consequently more useful for real systems in
a level of compression, signal input number or points simultaneous processed by one optical

chip.

1.2 Objectives

In order to achieve a 2 x 2 [MMI| magic-T, it will be necessary to go through the following

objectives:
e Study the [MMI] parameters and behaviour;

Understand the [HWT}

Study of all-optical image processing system;

Analysis on available foundries for the [MMTt

Design the [MMI] for a specific foundry;

Simulate the [MMI| solution and optimize it for the proprieties needed;

Implement the [MMI on an Haar network;

1.3 Structure Overview
This project is structured in the following way:

e Chapter 2: Multimode Interferometer Self-Imaging Model. This chapter will

point to the mathematical approach to self-imaging principle and the phenomena that



occurs in the central [MMIl waveguide. A complete study is presented with equations on

all the main aspects of a linear [MMIE

e Chapter 3: [MMI| architectures. The third chapter refers different possible designs
of [MMTIl and the differences relatively to the linear one. It also points out the advantages

of each type comparatively to each other for a better design of [MMIE

e Chapter 4: Haar Transformation. In this chapter the Haar Wavelet Transform
is analysed with a focus on the main characteristics, proprieties and advantages to-
wards other transforms, in order to study image processing. Regarding this compression

method, a solution of an all-optical architecture is also analysed;

e Chapter 5: Magic-T exploratory analysis. Along this chapter, an analyse on all
the implementations of the Magic-T is formed. The essential ideas of each architecture

are focused in order to understand their strengths and weaknesses;

e Chapter 6: Projecting novel architectures for Haar Wavelet Transform. A
succinct introduction to the foundry used is done in this section. The design and
implementation of the architectures are made using OptoDesigner PhoeniX Software ™.
There are two presented solutions, where the first solution was adapted from literature

and the other, as an adaptation of various designs, was achieved through simulations.

The final solution is implemented and simulated as an Haar Network;

e Chapter 7: Conclusions and Future work. The last chapter focus on the work
done through this thesis and the main conclusions and achievements. Also it includes

a proposal of a possible design to be develop with a tilted [MMI

1.4 Contributions

The main contributions are the follow:

e Design of an 2x2 [MMI] for a specific foundry that performs the [HWT}
e Simulation of an adapted and new solution for the [HWT}

e New solution for the second order HWT], for the FCT COMPRESS project;



e Paper submission to the Il International Conference on Applications in Optics and
Photonics ”Haar Wavelet Transform with a 2 x 2 MMI” - Joao Fernandes, Francisco

Rodrigues, Mario Lima and Anténio Teixeira.



Chapter 2

Multimode Interferometer

Self-Imaging Model

In December 1836, Talbot described the first self-imaging of periodic objects illuminated
by coherent light [13]. The [MMI behaviour is based on this self-imaging principle. The
principle consists on producing single or multiple images of the input optical field at periodical
intervals along the propagation waveguide. It was first suggested by Bryngdahl [14] and
explained in more detail by Ulrich [15, [16] the possibility of reaching self-imaging in uniform
index slab waveguide. In order to simplify references, this chapter is based on Soldano et
al. [I] and presents an overview of integrated optics based on [MMIl It also refers the [MMI]

superior performance when compared to alternatives such as couplers or junctions.

2.1 Multimode Waveguide

The device can be divided in two main blocks. The first block is the central sec-
tion waveguide, which is a [MM] section that is excited by the input segments and is able to
propagate more than three modes. The other block is composed by the access waveguides,
inputs and outputs waveguides. Inputs launch light into the main section and the outputs
recover the light from it. Both access waveguides usually propagate singlemode for the high-

performance of the MMI device.

This devices are described as N x M [MMI] where N and M are the number of input and



output waveguides respectively, as observed at figure

[
Aoess
WiEreguide

hulti mode YWeveguide Aoess
WiEveguide

Figure 2.1: N x M Multimode Interefometer Structure

The best approach to understand the self-imaging phenomenon is a full-modal propaga-
tion analysis. Before considering imaging along different shape structures, it is useful to know

how to scale out the parameters on a linear [MMI

2.1.1 Propagation Constants

The section is composed by a step-index waveguide with width W), ridge refractive

index n, and cladding refractive index n., as shown in the figure [2.2

Hc nl.
I
 $5 zZ
WM —k_'r;— S =
| — :
Y ¥y

Figure 2.2: Two-dimensional representation of a step-index multimode waveguide and the

effective index profile (left), and top view of multimode waveguide with the coordinate system

(right) [1]

The [MM]| waveguide at a free-space wavelength g supports m lateral modes with mode



numbers v = 0,1,2,...(m — 1), as showed in figure

1 s

: :

'r N R T
mode 0 mode1 mode? mode3 mode 4

Figure 2.3: Guided modes in a step-index multimode waveguide

The follow equation can relate the lateral wavenumber £, and the propagation constant

By to the ridge index n,

ko + By = kony (2.1)
with
2
k — 2.2
0 )\07 ( )
(v+ D)7
kyp = ————. 2.3
Yy Wev ( )

The effective width, We,, takes into consideration the lateral penetration depth of each
mode field, and for high-contrast waveguides, this width can be approximated to W)y, since
the penetration depth is very small. Generally the effective index is approximated by the

fundamental mode v = 0 width, W as presented below in equation

Ao\ Mey2g _
Woy = Weg = Wy + (22)(22)2 (n? —n2)=(1/2) (2.4)

T n,

9



where o0 = (0 is for TE and o = 1 is for TM polarization. One can then deduce the propagation

constant (3, from equations and

(v+1)%7 )0
~ kon, — (2.5)
v " 4an€20
Defining L, as the beat length of the two lowest-order modes
Ly T AW (2.6)

T Bo—-B1 3

and using the propagation constant equation a relation between propagation constants spac-

ing was establish as follows

(Bo — Bu) =~ W (2.7)

2.1.2 Guided Mode Propagation

It is possible to decompose the input field profile, ¥(y,0) at z = 0, into the modal field

distributions of all guided and radiative modes ¥, (y) as presented below,

T(y,0) = cthu(y) (2.8)

and also shown in figure [2.4
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Figure 2.4: Input field and mirrored images through the length of the multimode section [I]

Based on the field-orthogonality relation and using overlap integrals, the field excitation

coefficients ¢, can be estimated

o = Ly 0duly)dy

S JTewdy

(2.9)

One can decompose the guides modes alone if the spectrum of the input field ¥(y,0) is

sufficiently narrow to not excite unguided modes

m—1

T(y,0) = cotbu(y)- (2.10)

v=0

At a distance z it is possible to write the field profile as

m—1

U(y,2) = ) cotu(y)eaplj(wt — Bu2)]. (2.11)

v=0
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This field is an algebraic sum of all guided mode field distributions.

Using the phase of fundamental mode as a common factor out of the sum, dropping it

and assuming the time dependence, exp(jwt), implicit hereafter, the field ¥(y, z) results in

m—1

Z cothy (y)explj(Bo — Bv)z] (2.12)

v=0

The expression for z = L is obtained by using the equation above and substituting equa-

tion 2.7 in it

Zcmﬁv y)explj (1)31_”2)L] (2.13)

The modal excitation ¢, and the proprieties of the mode phase factor

v+ 2)7T

exply 3L, L] (2.14)

will determine the types of images formed and the aspect of ¥(y, L).

It can be detected that, in some situations, the field ¥(y, L) will be a duplicate of the input
field ¥(y,0). To the self-imaging mechanisms which are independent of the modal excitation
it is called General Interference, and to those obtained through exciting certain modes alone

it is called Restricted Interference.
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2.2 General Interference

This section addresses the interference mechanisms independent of the modal excitation,
with no restriction on the coefficients c¢,. It also explores the periodicity of the mode phase

factor, equation [2.14

2.2.1 Single Images

One can verify with equation that ¥(y, L) will be a reply image of ¢ (y, 0) if

LI=1 or (—1)". (2.15)

The meaning of the first condition is that the phase changes of all the propagation modes
along the length L must differ by integer multiples of 27. All the guided modes, in this case,
interfere with the same relative phases as in the reference source z = 0. The image is therefore
a replica of the input field. The second condition implies that the phase changes must be

alternatively even and odd multiples of .

Uy(y)  for v even
Yo(—y) = o (2.16)
—1y(y) for v odd

The even modes will be in phase and the odd modes in a difference in phase of 180°. Due
to the odd symmetry exposed in piecewise equation the image caused by the interference

will be mirrored relatively to y = 0.

even for v even
v(v+2) = (2.17)
odd  for v odd

13



Taking the equivalence from equation [2.17|into consideration, it is visible that both con-

ditions for equation will be fulfilled at

L =p3L;) with p=0,1,2,... (2.18)

with p even for the first condition and p odd for the second condition. The factor p stands
for the periodic nature of the imaging along the multimode waveguide. Direct and mirrored
single images of the input field ¥(y, 0) will consequently be formed by general interference at

the even and odd multiplies distances, respectively, of the length (3L, ), as observed in figure

24

2.2.2 Multiple Images

The multiple imaging phenomenon provides the basis for a broader range of [MMI] couplers.
In addition to the single images at distances z given by equation [2.18] it is also possible to

find multiples images as well at halfway distance between direct and mirrored images

L=2(3Ly,) (2.19)

where in this case, p has to be a odd number, p =1, 3,5, ....

The total field is found by substituting equation [2.13]into [2.19] at these given lengths

m—1
Wy, 53Le) = Y ctu(y)eapljv(v + 2)p(3)] (2.20)
v=0

where p is an odd integer. With the properties of equation and the mode field symmetry
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conditions of the total field can be written as

Uy 230 = 3 lu(y) + Y (—i)Pealu(y)

2
v even v odd
(2.21)
14 (—j) 1— (=)

This equation shows a pair of images of ¥(y, 0) with 1/4/2 of amplitude and in quadrature,
at distances z = $(3Ly), 2(3Lx), ..., as observed in figure It is possible to implement 2 x

2 3-dB couplers with this two fold imaging.

Normally, multi-fold images are formed at intermediate z-positions. Through Fourier
analysis and proprieties of generalized Gaussian sums, Soldano et al. [I] obtained analytical
expressions for the positions and phases of the N-fold images as shown in equation To
start this analysis, a field ¥;,(y) is introduced as an extension of the input field ¥(y,0),

asymmetric with the plane y=0 and with periodicity of twice the effective width We

inf
Tin(y) = Y [T(y —v2We,0) — U(—y + v2WW,, 0)]. (2:22)

v=—inf

The mode field amplitudes can be approximated to a sine-line function

VYin(y) = sin(kypy) (2.23)

allowing the possibility to consider it as a Fourier expansion at distances

L=2L3L,) (2.24)
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where p > 0 and N > 1 are integers with no common divisors, and the field will be expressed as

1 N-1
y, L \I]m y Yq e$p(]90q) (2'25)
q=0
with
We
= p(2g — N)=¢ 2.2
Yq = p(2q )N (2.26)
qﬂ'
—p(N — q)Z 2.2
g = p( q)N (2.27)

where C is a complex normalized constant with |C] = VN, p refers to the imaging periodicity
along direction z and ¢ represents each of the N images along y direction. These equations
show that, at distances z = L, N images are formed of the extended field ¥;,(y) located
at the position y,, each with 1/ VN and phase ¢q. This points to N images, normally not
equally spaced between them, of the input field, being formed inside the physical guide and

within the lateral boundaries.

It is possible to accomplish N x N or N x M optical couplers due to the multiple self-
imaging mechanism. Shorter devices are obtained with p = 1 and their optical phases for a

N x N coupler are

T —(s—1)2N+r—s)+m for r+seven (2.28)

Prs T AN

and
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™

4N(r+s—1)(2N—r—s+1)+7T for r+sodd (2.29)

Prs

where r = 1,2, ...N is the numbering of the input waveguide and s = 1,2, ...N is the number-

ing of the output waveguides. The count is done bottom-up and top-down, respectively.

The phase relation given from both equations is inherent to the image proprieties of

multimode waveguide.

2.3 Restricted Interference

Until this section, no restrictions have been place on the modal excitation. [MMIl couplers
allow this restrictions on the modal excitation. This means that not all the guided modes in
the [MM] waveguide are excited by the input fields. This selective excitation reveals interesting
multiplicities of v(v 4 2) which makes new interference mechanisms possible through shorter

periodicities of the mode phase factor.

2.3.1 Paired Interference

The length periodicity of the mode phase factor of equation can be reduced to a third

of the the original size

mods[v(v+2)] =0 for v#2,58,.. (2.30)

But in order to verify this, the following condition must be taken into account

=0 for v=2,58, .. (2.31)
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Single direct and inverted images of the input field ¥(y,0) can be now obtained at

L =p(Ls) with p=0,1,2, ... (2.32)

as long as the modes v = 2,5, 8, ... are not excited in the multimode waveguide. The two-fold
images are found at (p/2)L, with p odd. N-fold images based on numerical simulations will

be formed at the distance

(Lx) (2.33)

where p > 0 and N > 1 are integers with no common divisor.

One way of obtaining the selective condition of excitation, equation is by launch-
ing an even symmetric input field, usually a Gaussian beam, at y = +£W,/6. The modes
v = 2,5,8,... have a zero with odd symmetry. The overlap integrals of the field excitation
coefficient ¢, between the symmetric input and the asymmetric mode fields will disappear
and consequently obtaining ¢, = 0 for v = 2,5,8,.... In this particular case, the number of

input waveguides is limited to two.

When the selective excitation condition is satisfied, the modes contributing to the imaging
are paired, in other words the mode pairs 0-1, 3-4, 6-7, ... will have similar properties and
based on this fact, they obtain the termination of paired interference. Each even mode leads
its odd partner by a phase difference of 7/2 at z = L, /2 and by a phase difference of 7 at
z=1L.
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2.3.2 Symmetric Interference

Optical 1 x N splitters can be achieved on the basis of the general N-fold imaging at the
lengths of equation [2.24] However 1 x N beam splitters, in which the modes excited are only

the even symmetric modes, can be accomplish four times shorter with [MM] waveguides

moda[v(v+2)] =0 for v even (2.34)

In the equation above, one can verify that the length periodicity of the mode phase will

be reduced if

=0 for v=2,5,8,... (2.35)

Consequently the direct and inverted single images of the input field ¥(y,0) can be ac-

cessed at the length of

3L
L= p(T“) with p=0,1,2,... (2.36)

if the odd modes are not excited in the waveguide. One can obtain this condition, with
a symmetric field profile, by centre-feeding the multimode waveguide. The mechanism of
obtaining the imaging through linear combinations of even symmetric modes it was named
as symmetric interference. It is possible to achieve N images of the input field, symmetrically

located along the y-axis, with W, /N spacing at distances

3L,

p
L=—(5").

2 (2.37)
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2.4 Multimode Interferometer characteristics

[MMTIl devices have some differences when compared to other couplers and routing devices.
The table compiles the main proprieties of the general, paired and symmetric interference

mechanisms.

Table 2.1: Summary of characteristics of the general, paired and symmetric interference

mechanisms [I]

Interference mechanism General Paired Symmetric
Inputs x Outputs NxN 2x N 1xN
First single image distance (3 L) (L) (3Lr)/4
First N-fold image distance | (3L,)/N (Lz)/N (3L,)/4AN
. . . Cy = 0 Cy = 0
Excitation requirements none
forv=2,5,8... | forv=1,3,5...
Input(s) location(s) any y=+-We/6 y=0

This section examines the way self-imaging affects and change the design and behaviour

characteristics of the [MMI

2.4.1 Proprieties and Requirements

The general interference mechanism is conventionally independent of the position and
shape of the input waveguide fields. Nonetheless, by simulation and experimental modes, it
is possible to verify that the MMIl performance can be optimized when changing the position

of the access waveguides.

The restricted interference mechanisms must have the input fields in a well displayed and

located symmetry concerning the selective modal excitation requirements for both paired con-
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dition [2.31] and symmetric condition [2.35

When discussing the case of 2 x 2 couplers, the paired interference points to longer devices
when compared to general interference mechanism. There is an increase in the MM waveguide
width and length, as a result of the selective excitation requirement. As a consequence of it,
there is a cancellation of the length reduction potential. However, when referring to weakly
guiding structures, equation the paired interference mechanism has fewer losses than
the general interference as an effect of the decreased image resolution, which is described in

the next subsection.

2.4.2 Imaging Quality

The quality of the image indicates how accurate the input field is reproduced at the end

of the [MM] section.

The guided modes will accumulate some deviations from the calculated phases at the
image distances as a result of the approximation of the quadratic dependence of the propa-

gations constants with mode number This tends to blur the reconstructed imaged field.

The imaging resolution is an advantageous parameter when designing an [MMI| coupler.
When an input field is launched from the access waveguide the MM waveguide must be
capable of providing an image field as narrow of the same input. For a - W, - width of the
waveguide, the resolution p is calculated by the number of guided modes m that can be

propagated in the same [MM)I section.

1] (2.38)

We
P —
m

The number of guided modes can be determined by the lateral refractive index contrast

in ridge waveguides.



2.4.3 Reflecting Properties

Distinct applications such as lasers and coherent detection techniques are very sensitive
to reflections. Reflections in the [MMI can be created at the end of the waveguide between

the output guides.

There are some situations where reflection may occur, as an example, when large refrac-
tive index differences come across. When the length is not optimized, some light can reflect
at end of the and reaching the input guides. But even when the length is optimized it
occurs reflection. In this situation, the reflection can be very effective because the mechanisms

involve the same imaging proprieties of the [MM| waveguides.

There are two identified reflection mechanisms. The first is an internal resonance which
is caused by the presence of several simultaneously occurring self-images. As an example, a
3 dB [MMIl is based on the two fold image at the length of 3L, /2, as mentioned in equation
2.19. This length is twice the self imaging size for symmetric excitation, L = 3L./4, given
by equation [2.36] This symmetric self-imaging mechanism ensures efficient imaging of both
reflecting ends into each other. General and symmetric self-imaging occurring at the same
time can be prevented by using couplers based on paired interference. The second reflection
mechanism can be found when using an [IMMI| power splitter in reverse as a power combiner.
In this case the two inputs are 180° out of phase, which causes the power to be minimum in
one of the output guides and maximum at the reflecting end of the [MM] section. This points
to perfect imaging of the input guides back towards themselves. For a single combiner
optimized for maximum transmission back, reflection can differ from a minimum in-phase

excitation to a maximum out-of-phase excitation.
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Chapter 3

Multimode Interferometer

architectures

This chapter explains the different [MMI] designs and it main characteristics at the [MM]
waveguide. This study intends, through the use of analytical analysis methods, to choose the
design that suits better as a solution for reducing the length and width. Consequently

this will improve the future Magic-T solution.

3.1 Architectures Introduction

Lately, large N x N [MMI] structures, with N > 4, have been used as splitting and recom-
bining elements. The number of ports and the nature of self-imaging principle, which these
structures have been utilized, requires that these devices must be on the order of several
millimetres in length [I7]. The more one increase the number of ports, the more it has to
increase the [MMI] region width, which also increases the length by a ratio of width square,
as observed on equation causing the length to scale normally to centimeters. This large

length makes it difficult to implement it on useful system applications.

The obstacles created by the size of the MMIl based devices led to the importance of mak-
ing them with the smallest possible dimensions. The most important action to minimize the

device size is to diminish the width by ensuring the input and output waveguides are place
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in the closest allowable proximity while using only one type of imaging, general or restricted.
However there is also the possibility of reducing the size of the device by applying a taper on
the [MM] region. The next sections focus on different tapered [MMI already reported and its

characteristic towards the decrease of the device length.

3.2 Tapered Multimode Interferometer

3.2.1 Linear Tapered Multimode Interferometer

Seok-Hwan Jeong and Ken Morito reported in 2010 [2] and 2011 [3] a compact optical 90°
hybrid employing a tapered 2 x 4 [MMIl coupler serially connected by a 2 x 2 [MMIl coupler.
In specific, the tapered shape [MMI] analysis describes its behaviour and advantages in com-

parison to a linear [MMIL

L

Figure 3.1: Linear-tapered MMI [2]

The shape of the tapered is a simple trapezoid, with Wj;g as the small base and Wy, as

the big base, so it is easy to characterize it modulation function as

z

W (2) = Waus + (Wayr — Was) 2] (3.1)

L mmai

where Ly represents the length of the linear-tapered MMI coupler and z the position over
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it length. The two lowest-order modes is given by

_v(w+2)mA o

(B o) = i B (32)

where 7 is a proportional constant that creates a relation between both [MM] section widths.

It can be defined as

v Wwur
Whs

Relating both above equations [3.2] and it is possible to define the lowest order modes
beat length of the linear-tapered [MMIl coupler as

_ AW 1

LT 3.4

As observed the [MMIl length can be reduced by a proportion of x*. All above equations
are approximations validated under the condition that all the effective IMMI| widths, for each
excited mode at the [MMTIl region, are identical and each propagation constant, f3,, is treated

as the Taylor series [2].

The image formation conditions in this type of [MMIl are different from the linear one as a

result of the the phase difference between modes along the tapered field changes with it shape.

3.2.2 Parabolic and Exponential Tapered Multimode Interferometer

Jeong et al. also reported a Parabolic and Exponential Tapered [MMI] [3] as observed in

figure The curvature is the different between both tapered, as each one has a different
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characterization equation.

Figure 3.2: Parabolic and Exponential Tapered MMI [3]

The equations for the Parabolic and and Exponential Tapered modulation function are,

respectively

z

Wup(z) =Wus + (War — Wars)( )*[3] (3.5)

L mmsi

El’p(z/LMM[) —1

Wie(z) = Ways + (War — Wars)( c_1

Both cases can reduce the length by a ratio of ¥, equation

These types of tapered shapes are better to apply in N x M [MMIl as Jeong did, where M
> N. The input side of the [MMI section, since it has less width, does not allow to have as

much access waveguides as the output side.

For the reduction of size to be efficient in a N x N [MMI], the tapered needs to be applied
in the middle of the [MM]| waveguide and not in the beginning. In this type of architectures
the maximum width reduction can be only achieved by reducing the gap, between input and

output ports, to the minimum possible size.
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3.3 Butterfly Multimode Interferometer

3.3.1 Tapered Butterfly Multimode Interferometer

Power splitting is a basic function of the [PICY and various solutions have been proposed
and realized in the past years using[MMIL Using the [MMIlstandard design one can only obtain
discrete values of splitting ratios when an overlapping of self images is introduced. Pierre A.

Besse et al. [4] reported different formats of [MMIl for a free selection of power splitting ratios.

Wi P,
.
e
7,0 N
qi W1 \\w,\>
N n,
.f"’— r——
P 1 Wi 0,

Figure 3.3: Geometrical design of the Besse butterfly MMI [4]

The IMMI] length is expressed by

An, (WoWh)
3\

1%

Ly [4] (3.7)

where W; and Wy are the widths at the centre and at the input, respectively.

By comparing the length from the linear [MMI], equation [2.18] with the equation above, a

relation of ratio can be accomplish

T _ VVO2 :%[]
wWiwy, Wy

(3.8)

As observed in figure the [MMI] coupler MM]| waveguide is divided into a linearly down-

tapered followed by a linearly up-tapered section. In order to the self-imaging properties
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remain unchanged, the length of the [MMIl always needs to be adjusted according to the shape

of the tapered section.

The width increase or decrease size will lead to a variation of distance between Og and
I; and consequently it will create a phase difference between both [MMI] sections. The phase

can be accurately controlled by the width variation of dW.

To acquire the required phase shifts between the tapered sections, the geometrical config-

uration needs to be fully adapted.

In comparison with the linear [MMTI] this tapered butterfly can reduce the size by the ratio
of xT', same as a linear tapered. In terms of reduction both are equal, but the butterfly has
the advantage of being possible to decrease the width in the middle of the MMl In the linear
tapered it is not possible to reduce the width if the gap size and waveguides widths are

on the limit.

3.3.2 Parabolic Butterfly Multimode Interferometer

Other Butterfly MMIl coupler have already been reported by David Levy et al.[5, 7] as
a improvement for N x N [MMIl This architecture is another example of a tapered applied in
the middle position of the section. In figure [3.4] it is possible to observe where in the

IMMI region, the tapered is applied.

SN W
Input W Bar

Qutput

(z-axis) T
m Cross
7= z=L
2=0 mmi

Figure 3.4: David Levy Parabolic Tapered MMI [5]
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The width has decrease in the middle of the [MM] waveguide according to the parabolic

function

WM(Z) =W+ (WO — Wl)(LMM]/Q — Z)Q(LMM]/2)2[5} (3.9)

with z being the direction of the propagation.
As observed, the inputs are tilted, because it improves both power and splitting ratio and

it can be obtained from

0= tan71(4y dQ/LMM[)[17] (3.10)

where y is the transverse waveguide position from the centre and d2 = 1 — W3 /W, is the
normalized width variation. The fact that dWpysprr/dz = 0 is at Lysasr/2, minimizes the

discontinuous phase changes utilized by Besse [4] [17].

[17] (3.11)

The imaging length in the tapered [MMIl coupler is shorter than the linear straight by a
factor of ¥, as shown in equation The factor ! is given by

T 1 N tan=1(7)
2(1 —d2)2(14++2)  2v(1 —dQ)?

X 7] (3.12)

with v = Wy /W7 — 1.

29



By comparing the normal length L, from a Wy width straight [MMIl with the length re-

duction obtained by equation [3.11] a relation can be attained, as shown below.

_ Xle] (3.13)

B!

Sk

This reduction, if working with a steady and equal power for both cases, is an higher
quality architecture since, by comparing equations [3.3] 3.8 and [3.12] it allow us to reduce
the length of the slightly more than the other architectures. It can also be verify that
the device length can be reduced regardless of number of ports, N. Although, as previously

mentioned, the number of ports may force to increase the width size.
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Chapter 4

Haar Transformation

Imaging compression explores a way of reducing the amount of information bits used in
storing and transmitting. Nowadays Wavelet Transforms (WTJ) are being used as a method of
imaging processing and compression [I8]. Among the all the varieties of (NI the [TWT] [19]
offers uncomplicated design and also fast computation can be easily implemented by optical
planar interferometry [6]. The next chapter addresses an approach on [HWT] and, also, an

already designed asymmetric coupler where the transform is applied.

4.1 Introduction

The computer and video-media have been evolving at a rapid pace, so the methods of
imaging compressing must keep up this growth. This methods requires high performance,
speedy digital video and audio capabilities. Images contain a large amount of hidden data,
which is highly correlated. In a digital viewpoint an image can be seen as a group of pix-
els, where every neighbour pixels contain redundant information relative to each other [20].
Nowadays, the image processing and continuous or discrete transforms analysis are the typical
processing techniques. In the signals compression, digital filtration and systems identification
the commonly used transforms are based on sinusoidal basic functions [18]. The [HWTlis a
[DWT], which is a based sinusoidal function transform. It is an orthogonal function, in which
the forward and inverse transforms requires only additions and subtractions. It is a simple,

easy and efficient way to implement on the computer.
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A wavelet is a wave that briefly oscillates, starting with a zero amplitude that increases,
and then decreases back to zero. It produce a natural multi-resolution of every image, scaling
image, including all the important edges, details images. Wavelets transforms, as observed in
figure have the ability to capture both low pass and high pass behaviours of an image,

unlike the Fourier transform [6].

-

Low-Pass Filter

r

[ Approximation
| Coefficients

Signal

-,

High-Pass Filter

r

[ Details
| Coefficients

Figure 4.1: Process of a signal decomposition using multi-resolution analysis

The [HWT] entirely fits for image processing and pattern recognition as a result of its low
computing requirements and performance, easy implementation by optical planar interferom-

etry and efficient method of compression [20].

In short, [ {WTl is a real and orthogonal transform which make it very fast. The orthogo-
nality is relative to the signal splitting into a low and high frequency part and filters to deny
duplicating information. Also the basis vector are sequentially ordered, it has a linear linear
phase and also a perfect reconstruction. This proprieties result in a very good performance
and speed in terms of computing time, in its simplicity, in a efficient compression method and

in memory efficiency.

4.2 Theoretical implementation of the Haar Wavelet Trans-
form
The ability to capture the low and high pass behaviour of an image has proved been very

useful in image compressing, where the computational efficiency is the most crucial factor.

The [DWT] can be implemented as a fast algorithm through computer coding scheme and can
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also represent an image as a sum of wavelet functions, by using the signal into a set of detail
and approximate coefficients. It starts with the lowest scale corresponding to the given image

and computes the transform coefficients by iterating the filtering and sub sampling process.

The [HWT], also known as Daubechies D2 Wavelet, is an example of multi-resolution anal-
ysis. The purpose of this thesis is to apply to Two-Dimensional ([2D]) signals, like images,
wavelets decompositions that compress the image data. Using an averaging and differencing

method one will be able to construct it.

The matrix is the HWT] matrix and it allow us to obtain, as output, an averaged and

difference of the input signal.

n

[l
S-S
|- S

N

=

In figure the decomposition applied to an image and the sub-images results can be
verified. This images results have a lower resolution and it correspond to a different band of

frequencies.
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Figure 4.2: Band decomposition using wavelet transform
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To obtain this it is necessary to have two different filters, a Low-Pass (LP)) filter and an
High-Pass (HDP)) filter. The [LP]is used to do an approximation and the [HPl to get the details
of the image. This means that the filtering operation corresponds to the calculation of the

average between two neighbours’ pixels values and the difference between them, respectively.

Low-Pass filter : L(n) = % (4.2)
High-Pass filter : H(n) = w (4.3)

With an N x N input data matrix, it is necessary to apply the operation twice, horizon-
tally then vertically. For each transform level, it is necessary to do it twice so that intensity
variations all over the image are evaluated along the Applying both low pass and high
pass filters on the rows obtaining two different matrices, . and H containing the horizontal
approximation and the horizontal detail respectively. Next, on these subsequent matrices it
is applied once again both [LP| and [HP! filters to its columns, and four different matrices are
obtained: LL, LH , HL. and HH. The LL corresponds to the average of the original matrix
while the other matrices are the vertical, horizontal and diagonal details, respectively. By
repeating this decomposition process it is possible to obtain higher-level transforms [21]. It is
possible to reconstruct the original image without losses if no quantization is applied, which

means that a lossless image compression can be achieved with [TWT

4.3 Haar transform - image processing and compression

The image processing and compression based on the Haar transform can be divided in
four main stages, the first includes light detection, after there is a block for applying the Haar
Optical Wavelet Transform, follow by a compression block and for last the data encoding

section [6].
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Figure 4.3: System building blocks for Haar optical wavelet transform based on image pro-

cessing and compression [0]

As observed in figure [£.3] the first stage is the acquisition one. The N x N input matrix
is obtained by optical sensors that capture light and also are responsible to obtain data
sampling. After, the matrix is ready to pass through the [TWT] block. Here is where the the

image proprieties are extracted by being decomposed by the [LP] and [HP] filters.

The matrix [£.4] equation represents the N x N input data matrix sampled at the acquisi-
tion stage, the [HWT] scattering matrix for a One-Dimensional ([ID]), a; coefficients, and the
resulting scaling c;; and detail d;; coefficients, with ¢ and j as transform level and index,
respectively, obtained from the filters. Due to input matrix, it is necessary to apply twice

this process, for each transform level, in both vertical and horizontal components.

1 1 O 0O 0 O
c a
10 1 =10 ... 0 0 0 0
d a
10 0 0 1 1 0 0 !
C11 1 ag
= — [6] (4.4)
dq1 V2 as
0o 0 1 -1 0 O
C12 ay
o o0 o0 ... 0 1 1
dy2 as
0O 0 O 0o 1 -1

Afterwards, the compression block is responsible for the extraction of the higher-frequency
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components by applying the filtering operation at the LL sub-band. The other sub-band are
ready to be stored,transmitted or discard. After compression and encoding, the data stream

is forwarded through the optical channel.

To recover the transmitted data at the endpoint, an inverse system is provided to decode
and dequantize the information. It is also necessary to apply the inverse [HWT] using its

matrix and the coeflicients.

4.4 Optical Haar Transform Network Implementation

To be possible to apply this system to compress data images it is require to have a
single Three-Dimensional (8D]) module. This module is based on a Magic-T network, due
to its proprieties of average and difference between each optical input. This network al-

lows,through the scattering matrix, equation [£.4] to implement and obtain at the same time

[LPl and [HP filtering on [6].

Using a 2 x 2 matrix, with coefficients ag,a1,a2 and ag from the matrix in [£.4] the first
result produced by the [HP] and [LP] filtering are the detail and scaling coefficients from the
horizontal dimension. This process needs to be repeated after the operation to also obtain
the vertical coefficients. Afterwards, the scaling ¢;; and detail d;; coefficients are obtained,
where 7 is the filtering step on each dimension and j is the coefficients index, corresponding

to the first level of [HWTI
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Figure 4.4: 3D basic module for the first level optical 2D Haar Transform [6]

This structure can be scaled by doing a basic model cascade from figure [£.4] then a N x N

scheme for the optical DWTI can be achieved, allowing us to obtain the successive levels
of HWTIL

This module scheme, however, was considerer for lossy compression techniques, which
means that some data is going to be discarded in order to gain more compression delivering
less information to the inverse transform. Nevertheless, the lossy compression techniques are
easier to implement, rather than lossless, and are capable of achieving much higher com-
pression rates at the cost of a small amount of reconstruction error [22]. Given the human
visual sensitivity for low-frequencies components, by providing more relevance this sub-bands

making them more precise one can have a close lossless compression at human eyes.

4.5 3-dB Asymmetric Haar Coupler Design

An optical approach was already reported [0, [7] based on 3-dB asymmetric couplers. This
kind of couplers, also known as Magic-T, due to the average and difference outputs can re-

produce the Haar matrix used in the filtering process.

To perform the first order [HWT] it is used an asymmetric coupler based on coupled
mode theory Coupled Mode Theory ([CMT]). This method states that when optical power

is launched at a waveguide from an array of coupled waveguides, the power is exchanged
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between the guided modes from each waveguide of the array [23].
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Figure 4.5: Schematic of the 3-dB asymmetric coupler [7]

This basic element is an optical asymmetric coupler whose scattering matrix exactly re-
produces the required operations, the average and the difference between each optical input
pair, as shown in matrix equation [4.1] After designing the coupler, the output values of power

and phase from table were obtained through simulations.

Table 4.1: Output values from the simulated 3-dB asymmetric coupler [7]

Input Wider Narrowed
Output Waveguide | Waveguide
Narrowed Waveguide | Power (W) 0.5 0.5
Narrowed Waveguide | Phase (°) 1.03 -176.91
Wider Waveguide Power (W) 0.5 0.5
Wider Waveguide Phase (°) -0.48 1.60

The 7@3 — dB condition, which means two non identical waveguides designed with the
requirements to have a maximum coupling of 50% and the output waves have to be in phase
(sum) with the input for wider waveguide and have 180° () phase difference (subtraction)
for the narrower waveguide input [6], is required for the Haar matrix image processing. As
observed in the table this condition was obtained. The coupler has approximately m phase

difference between both waveguides and the same input power on the outputs.

38



The image rating parameters obtained acquaint the capability of the Haar approach and
the ability to perform optical and passive compression. Although it had a good performance,

this system can be improved.

One solution is using an since it is possible to achieve the 7@Q3 — dB condition with
it [9]. It has low power imbalance, compactness, low cross-talk and the better extinction ratio
when compared to couplers. MMI have also an ease of fabrication and are less sensitive to
fabrication tolerances. The most important characteristic is the reduce size when comparing

it with the coupler.
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Chapter 5
Magic-T exploratory analysis

have already been implemented on integrated optics, as reported before. The Magic-
T proprieties are the most relevant factor for this implementation. Some studies with N x N
and N x M [MMI| asymmetrical couplers and with Y-junctions were already reported. The
next sections will evaluate the implemented devices and techniques used to achieve the

Haar matrix.

5.1 8 x 8 Multimode Interferometer Coupler Magic-T

For the same project in which this thesis is inserted, a possible solution was already re-
vealed by Guilherme Cabral [9]. By using Soldano et al. equations and a phase
relation was establish for N x M [MMI where N > 1 and M > 1.

As it was reported, when applying the symmetric and paired interference mechanism it
was impossible to find 180° phase differences between outputs, which makes impossible to
achieve the Magic-T characteristics of sum and difference. The only possible solution was
found using general interference mechanism. By doing an investigation about the different
varieties of couplers, Guilherme Cabral found that there was a specific case that matches

with proprieties needed for the Haar approach. In the table it is possible to recognize it.
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Table 5.1: Phase difference between the 8 x 8 MMI ports [9]

Output 1 | Output 2 | Output 3 | Output 4 | Output 5 | Output 6 | Output 7 | Output 8
Input 1 180.0° 157.5° 270.0° 450.0° 337.5° 360.0°
Input 2 157.5° 180.0° 270.0° 337.5° 337.5° 450.0° 360.0° 517.5°
Input 3 -22.5° 270.0° 180.0° 337.5° 337.5° 360.0° 450.0° 337.5°
Input 4 270.0° -22.5° - 180.0° 360.0° 337.5° !IE
Input 5 -270.0° 337.5° -22.5° 360.0° 180.0° 337.5° 337.5° 270.0°
Input 6 337.5° -270.0° 360.0° -22.5° 337.5° 180.0° 270.0° 337.5°
Input 7 -562.5° 360.0° -270.0° 337.5° -22.5° 270.0° 180.0° 157.5°
Input 8 360.0° -562.5° 337.5° -270.0° 270.0° -22.5° 157.5° 180.0°

By injecting signal at input 1 and 4, the Magic T proprieties can be obtained through
output 3 and 7. As observed at output 3, the response for both input 1 and 4 is the signal
sum. This can be observed since the phase is equal between them. At output 7 there is an

180° phase difference between ports, which means that port is a subtraction of input signals.

The disadvantage of this design is the power. With an 8 x 8 [MMI the ratio of power on
each output port is 1/8 of the input power due to the eight images that are created. This
means that for an overlap, considering both outputs, it is possible to only take advantage of

1/4 of the power provided to the [MM] section.

Guilherme Cabral [9] used a Beam Propagation Method (BPM]) simulation to get the
power behaviour from the [MMIl It is an approximation technique for slowly simulating light
propagation in optical waveguides, which supplies a only forward propagation for larger op-

tical components [24].

By using the superposition principle, it was possible to calculate the overlap output power.
When having 1mW at each input, by this principle one would obtain 2mW of input power.
The assumption is to obtain 2 x 1/8 of that power in each output guide, if the behaviour was
an uniform splitter. Since the [MMI] creates the addition and difference in the two specific
port, one output should have OmW and the other output should have 4/8 of the 2mW pro-
vided.
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Table 5.2: 8 x 8 MMI coupler output power measures[9]

Power (mW)

Input ports | Output ports

(port 1 and 4) (port 3 and 7)

1 1 0.497 0

As observed on table the power obtained from the simulations tests is closed to the
theoretical values, which proves that the operations of addition and difference are possible to

implement with this device.

5.2 2 x 3 Multimode Interferometer Coupler Magic-T

Salwa El-Sabban et al [8] proposed and examined two different structures as a Magic-T
solution, one based on a Y-junction and other on a[MMIl This second structure was designed
by using the self-imaging technique and it was verified by the use of [BPML

The main idea of the Magic-T is based on self-imaging and with this technique is possible
to build a combiner that allows us to have the sum of the two inputs. To achieve it, Salwa
El-Sabban et al. [8] reported that is necessary to use a separation of half of the effective
width of the fundamental mode, W, /2, and an even symmetry around = = + W, /4 at the
input ports. The length value is given by the linear formulas presented in chapter 2,

L =p(3L,)/8[8] (5.1)

where p=1,3,5,... and L, ~ 4n,W2/3\.

The IMMIl has fixed values for width and length for each section, two input access waveg-

uides and three output waveguides, as observed in figure [5.1
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Figure 5.1: Schematic diagram of El-Sabban et al. MMI structure designed to perform the
Magic-T functions [§]

Using the modal propagation analysis [1] and the paraxial approximation, the following

equation is reached

v+ 2)7r
We)= Y cen LY
v=1,5,9,13,... 4

L8] (5.2)

where W (z, L) is the field distribution after propagating a distance L in the section and
1y is the field profile for the v order mode.

In order to obtain N multiple image of the input field one reaches

L(N, P) = %(3LW/16)[8] (5.3)

where P and N are two integers with no common divisors. It is possible to observe, for
L = p(3L,/16), with p=1,2,3,..., the phase shift between all the excited modes are multiple
of 2m.

The second self-image of the input fields is obtained at L = 3L /8, when the phase shifts
between them are equal to 180°, antisymmetric excitation. This is also the same length nec-
essary to get the first in-phase sum of the two input signals, symmetric excitation [8]. So

with this characteristics is possible to have, at the same time, a combination of two in-phase

44



signals and a direct image of two out-of-phase signals.

A [BPM] simulation was made by Salwa El-Sabban to verify if the design suits the char-
acteristics of the Magic-T and if it is consistent with the theoretical values. The study was
applied to the on figure with the same parameters values. The reason why the
output access waveguides are S-shaped is to reducing the coupling between them in order to

reduce the losses.

Using the defined length, the optical field distributions were calculated in the structure

for in- and out-of-phase excitation.
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Figure 5.2: Optical distribution in the MMI structure for in-phase (left) and out-of-phase
(right) excitation [§]

It is possible to notice from figure that when the inputs are in-phase it is possible to
obtain the addition on the central output waveguide and the difference on the other two. If
the inputs have a 180° phase between them, out-of-phase, the central output waveguide is

the one with the difference and the other two waveguides have the addition.

The frequency response of the structure is shown on figure It is a relation between

the input and output.
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Figure 5.3: Redrawn graphic from the frequency response of the MMI device [§]

As observed in the figure in a window from 1500 to 1700 nm, the relative power is
always greater than 0.8, which means that the device, for this range, only has a 0.2 maxi-
mum relative power loss. At the wavelength of 1600nm, the relative power is close to 0.95 to

in-phase and 0.90 to out-of-phase.

This design is better than the one presented before. Although it has a wider length, the

power performance is superior.

5.3 Multimode Interferometer couplers with arbitrary power

coupling ratios

A method for obtaining variable power splitting ratios using couplers was presented
by Thanh T. Le and Laurence W. Cahill [25]. The purpose of the paper was to present
a method that could make the having arbitrary power splitting ratios by etching the
waveguides at a special location. The etching depth and it length adjusted the refractive

index of that location, creating a phase shifter.

For a 3-dB 2 x 2 [MMI] based on restricted imaging mechanism, the length must be half

of the beat length of the two lowest order modes, L = L, /2. The [MMIl transfer matrix can
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then be described as

M LAY T (5.4)
MMI = —7= .
V2 i1
Using this couplers, a connection between two equal ones was made. With a phase shift
region in the middle of them, it was possible to obtain different powers. There are some

methods to modulating the refractive index in order to achieve such phase shifter, but in this

case the pattern was realized by etching.

Later Trung-Thanh Le [26] did a research similar to the work previously carried out, but

it had more focus on [HWTI

The IMMI coupler is a effective element in optical signal processing, since the basic oper-
ations of sum and difference can be implemented by simply using some small modifications
[26]. Over again, using equation and the phase differences between the 2 x 2 [MMI]

can be verified.

Table 5.3: Phase diference between 2 x 2 MMI

Output 1 | Output 2

Input 1 180° 90°

Input 2 90° 180°

There are two distinct approaches to obtain a transfer matrix related to the [ HWTL The
first is with restricted interference and the other with general interference MMIl couplers, with

lengths Lrr = Lr/2 and Ly = 3L /2, respectively. The transfer matrices can be written as
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Mer = s (5.6)

where ¢rr and ¢y are constant phase from restricted and general interference, and L is the
beat length of the two lowest-order modes. By adding phase shifters at an input and output
waveguides for both M M Ir;r and M M I, the overall transfer matrix has the form

= 26] (5.7)

where the ¢ is equal to the phase of restricted or general interference. One can see that the

above matrix [5.7 has the same general form as the first order HWT] without the phase factor,

el

A phase shifter of 7/2 will allow to obtain the Magic-T proprieties in a 2 x 2 [MMI] since
it will add a 7/2 phase in one input and output as observed in table

Table 5.4: Phase difference required for the Magic-T

Output 1 Output 2

Input 2 180° 90°+90°

Input 1 90°4-90° 90°+180°+4-90°

Therefore, the first order [ HWT] can be obtained using this /2 phase shift structure.
The extension of this study had a focus on theoretical topics that are not relevant for

the Magic-T, so it was not possible to withdrawn power values to compare with the other

architectures presented.

48



Chapter 6

Projecting novel architectures for

Haar Wavelet Transform

With the objective of finding a solution for implementing the [TWT] with a device,
a wide study, based on the ideas presented in the preceding chapters, was performed. Based
on the Salwa El-Sabban et al [§] a first idea emerged. This had some limitations and
had to suffer some changes. From this design another solution was found through simulation
methods. This next chapter explains the procedures carried out to design the [MMIl in order
obtain both solutions and the results retrieved from simulations on the software OptoDesigner

PhoeniX Software™,

6.1 Foundry introduction

With the evolution and development of integration technology, the search needs of fab-
rication arise. In the photonics branch, number of photonic foundry owners have opened
their fabrics to external users. These companies are entitled as foundries and they develop
processes, in close cooperation with the customer, for the specific ordered components and
requirements [27]. This approach has led to a reduction of the entry costs, since the users do

not have to share the costs of their own cleanroom.

In the fabric process two major integration technologies were identified, Indium Phos-
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phide (InP)) and Silicon on Insulator (SOI)). InP] technology supports the highest degree of
functionality. offers most of the [nPl functionalities but with a better performance and
lower cost due to its compatibility with complementary metal-oxide-semiconductor (CMOS])
technology. Later another technology with dielectric waveguides was added, designated as
TriPleX. All these platforms started by providing open access for research purpose. The
Joint European Platform for Photonic Integration of Components and Circuits (JePPIX])
platform appeared to the [nP] based integration technology of Communication technologies;
Basic Research and Applications (COBRAI) institute of TU Eindhovan. After the platform
technology of Oclaro and Fraunhofer-Gesellschaft Heinrich-Hertz Institute (EhG-HHI) ap-
peared. Next the ePIXfab platform to the technology of IMEC and LETI and lastly the
TriPleX platform to the technology of Lionix. With less expenditures in the [PICY manufac-
turing, Process Design Kit (PDK]) are available, creating benefits from lists of manufacturing

Building Blocks (BB]) and their design rules [27].

The [FhG-HHI was the foundry used to the development of the [MMTIl due to the clarity

and good structure of the design manual.

In order to increase the flexibility for the implementation of [PICH, [FRG-HHI provides
three different waveguides with height differences that can be used in the platform, the E200,
E600 and E1700. The number from these waveguides corresponds to it height [28].

Analysing the design manual [28] it was possible to identify that the best waveguide to

use is the E1700 since it has less propagation losses in waveguides with more than 2um.

The minimum gap size between adjacent waveguides must be 1.5pum and the minimum
size for the waveguide width is 1.0um. For a monomode waveguide this width must be smaller

than 2.7um.

The refractive index used is 3.258, with air as background with unitary index, 1. These
values will suffer alterations due to some specifications from the manual, and they can be

obtained through cross section simulation methods in special film mode method.
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For the IMMI| designs the wavelength was A = 1.550pm. During the simulations tests the
C-band, 1.530 — 1.565um, was used to ensure a good [MMI] behaviour.

6.2 2 x 3 Multimode Interferometer Coupler

Analysing the El-Sabban [§] design, it can be seen that it is possible to reduce the [MMI
size by decreasing its width. The size decrease will reduce the number of propagated modes

but it will manage to keep the sum and difference proprieties.

Figure 6.1: El-Sabban [§] 2 x 3 MMI design adaptation

In order to reduce the size of the MMI] a width value of 14um was set. This would ensure
the minimum gap size between waveguides. The inputs are places at a position of +W, /4
and one output is placed at a central position and the other two also at +W, /4, where W, is

the [MMIl width. By using the equation of the beat length of the two lowest-order modes,

I~ 4n, W2
" 30

(6.1)

the value of the calculated length was 542.13um. The [MMI] length needed to achieve three

images on the output and the magic-T characteristic is, according to equation [2.37]

3Lx 3
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Both access waveguides have 1um in the smallest tapper zone and 2um in the largest

zone, which is the one making contact with the [IMM| waveguide.

Liap = 20 pum.

Both have a length of

Running a[BPM] simulation with the parameters values above, the following output values

were obtained

Table 6.1: Phase and Overlap relations for both inputs working separately

Bottom as Input

Upper as Input

Output Waveguides | Bottom Port | Middle Port | Upper Port | Bottom Port | Middle Port | Upper Port
Overlap Power (W) 0.223 0.443 0.204 0.204 0.443 0.223
Phase Difference (°) 152.09 -27.87 -27.64 -27.61 -27.85 152.03

Magic-T proprieties are verifiable by analysing the table By injecting signal in the

bottom input port, a phase of a ~ —27° in the middle and upper is reached and a phase
of —a ~ 152° in the bottom output was obtained. When the signal is injected in the upper
input port it has a phase § >~ —27° in the middle and bottom and a phase —5 ~ 152° in the

upper output. It can be concluded that the outputs have a sum and two differences.

Table 6.2: 2 x 3 MMI output signals

Middle Port | Upper Port

a—p

Bottom port
08—«

a+p

Despite having a sum and two differences this solution is not good for applying it on an

Haar network, figure
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Figure 6.2: Haar Network schematic

Since there are two inputs and three outputs it would be necessary to implement another
2x1 to add both difference output ports in order to obtain a 2 x 2 device. This would
increase the device length and complexity. Even though there are other complications when
using this idea. By adding our difference outputs, a — 8 and 8 — «, the result would be null
since (a — ) + (8 —a) = 0. So it is necessary to find a solution that adds a 180° extra phase

to one of the difference output waveguides, in order to get a signal inversion, —(« — f3).

The relative phase changes along the length of the waveguide [29], so modifying one of
the outputs is possible to obtain a 180° phase shift. By doing simulations on monomode
waveguides, a solution was found. Through increasing the length of the bottom output by
9.4 \um, it is possible to achieve @ — § on both edge output waveguides and a + ( in the

middle one.

Figure 6.3: 2 x 3 MMI with a phase shifter

With the waveguide increased length, the following values were achieved by running the

[BPM] simulation.
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Table 6.3: Phase and Overlap relations for both inputs working separately

Bottom Input Upper Input
Output Waveguides | Bottom Port | Middle Port | Upper Port | Bottom Port | Middle Port | Upper Port
Overlap Power (W) 0.204 0.444 0.224 0.223 0.443 0.199
Phase Difference (°) -27.59 -23.42 -27.85 152.06 -27.76 157.02

Altogether, doing the simulation with both inputs signal, as observed in table [6.4] an
overall power of ~ 1.776 W was obtained. Using the Insertion Loss ([Ll) equation, where P,

is the input power and P, is the output power,

I, = 10log10(P; — Py) (6.3)

this power is equal to —6.498 dB.

Table 6.4: 2 x 3 MMI output power signal as input sums

Bottom Port Power (W) | Middle Port Power (W) | Upper Port Power (W)

0.0004 1.7759 0.0007

Although this solution has already the correct phase relations, it continues to have three

outputs. As said, it is required to add a second [MMI to sum both difference outputs.

The presented solution is superior than Guilherme Cabral’s idea [9]. Although it has an
increase in length, due to the incorporation of the second it has a better power perfor-

mance, which makes it superior.

By applying a change, similar to this one presented, on a 2 x 2 [MMI| access waveguides,
it would be possible to make an higher quality solution. The solution would have the two

required outputs instead of the three here obtained.

The next section will explain the approach used to reach the Magic-T with a linear [MMI
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6.3 2 x 2 Linear Multimode Interferometer

The next solution emerged from an adaptation of the design presented before and Trung-

Thanh Le [26] MMI with arbitrary power coupling ratios.

Setting the width value of the section as 8um and using again the equation of the beat
length of the two lowest-order modes it is possible to obtain a length of L, = 177.02um.
Placing the access waveguides at +£W,/4 while having a length of 3L,/2, two-fold images
with a power ratio of 0.5 for each port are achieved. As Guilherme Cabral [9] and Thanh T.
Le et al. [25] reported, it is possible to obtain the 180° and 0° phase difference out of a linear
[MMI], table This can be verified if a difference of 90° between ports can be obtained, by
using phase shifters before one input and one output. As observed in table by adding the
phase shifters to the phase of a linear 2 x 2 [MMIl it is possible to get the sum and difference

proprieties.

Table 6.5: Phase difference required for the Magic-T

Output 1 | Output 2

Input 2 180° 180°

Input 1 180° 360°

Through simulation methods and while studying comparisons between linear and tapered

waveguides, one conclusion relative to monomode waveguides was drawn.

As the width changes along the access waveguide, also the effective refractive index suffers
alterations from the light signal perspective. When the signal is transmitted through a not
linear waveguide, although the refractive index is analytically the same, it creates alterations

to the light propagation speed.

Uy = — (6.4)
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The signal propagation inside a rectangular waveguide with L., length and W; width
is different than inside a tapered waveguide with L,, length and W; and Wy width, where
Wy > W1 . So it is possible to settle different light signals and consequently phase differences

at the extremity of the access waveguides.

With this knowledge, a solution was achieve through simulations methods. Figure
presents a waveguide that works as a 90° phase shifter. The first block is a straight waveg-

uide and the second is a tapered waveguide.

Width 1

Block 1

Block 2

Figure 6.4: Phase shifter waveguide design

The parameters from the waveguide are presented in table where the length values

were estimated through simulations tests.

Table 6.6: Waveguide parameters value

Straigth | Tapered
Width 1 (um) 1.000 1.000
Width 2 (um) 1.000 2.000
Length (um) 5.599A 20.000A

During the simulation to optimize this access waveguide it was realized that there is a
periodicity of 3Nx5.599)\ , where N = 0,1, 2,3, .., that adds a 180° extra phase to the phase
shifter. Although for N = 1 there is a slightly improvement in terms of power, as observed in
Appendix A, the phase variations are superior when in comparison with NV = 0. When N > 2
the losses start to get over 20% so it starts to be worst than the required for the project. This

waveguide needs to be added to one input and output of the [MMI] to create the phase shifter
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of 90°, vital to the Magic-T, as shown on table

The next figure is a schematic of the linear [MMI| with the waveguides already imple-
mented on bottom access waveguides. As mentioned before, this [MMIl has 8um width and
using the equation of the beat length of the two lowest-order modes, equation the value
of Ly = 177.02um was achieved and consequently a value of Lyspr = 3L, /2 = 265.53um to
get the two-fold images.

Figure 6.5: Linear MMI Schematic

It can be noticed from the figure above that the both upper access ports are normal ta-
pered with waveguides and the bottom ports are phase shifter ports. The tapered waveguides
were selected instead of straight waveguides, since it is possible to achieve more performance
in the with them. These waveguides have W7 = 1um and Ws = 2um width and the
length is L = 25.599\. The length is equal to the sum of the two blocks length from the phase

shifter waveguide.
After designing the [MMI with all the parameters on the software PhoeniX OptoDesigner ™
a new [BPM]| simulation was made. Using 1W of power as the reference value, the behaviour

of the [MMIl and the output values of power and phase were withdrawn.

The next figure shows the propagation along the [MM] section, using separated input sig-

nals.
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(a) Upper waveguide propagation (b) Bottom waveguide propagation

Figure 6.6: Power propagation along the 2 x 2 MMI with separated input signals

The output values obtained in the simulation above, for separated input responses, are

presented in the table

Table 6.7: Output power and phase

(a) Upper Port | Bottom Port
Power (W) 0.473 0.485
Phase (°) 159.21 -20.93

(b) Upper Port | Bottom Port
Power (W) 0.486 0.472
Phase (°) -21.02 -21.08

It is possible to observe that bottom output (b) has no phase difference, while upper
output (a) has 180° phase difference.

With both inputs, the simulation results are shown in the figure below.
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Figure 6.7: Power propagation along the 2 x 2 MMI

It is possible to conclude from figure[6.7] that the bottom port has the signal sum while the
upper output has the signal difference. The power obtained from the simulation was 1.9112

W and 0.0009 W for the sum and difference, respectively.

Noticing that it is possible to achieve the Magic-T with the linear it is necessary
to acknowledge its performance within the C-band. Sweeping the [BPM] simulation through
wavelengths between 1530um and 1565um it was possible to confirm that it has a good
behaviour in this range. As observed in figure and the overlap of output ports has
an [[[] maximum of —8.801 dB when injecting the signal at the bottom input and —8.647 dB
when using the upper input. The minimum is —14.172 dB and —14.558 dB, for bottom input

and upper input, respectively.
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Figure 6.8: Linear MMI Insertion Loss
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When referring the phase values, also through the C-band range, the maximum oscillating
phase difference is 1.85° for difference port as input and 0.70° for the sum, concluding that
also has a good phase response. In the figure[6.9a) and [6.9b] one can observe the sweep through
the C-band and the phase difference for both outputs.

1815 06
0,4 .o'.
181 o
02
ooy
0 ° . .
— %o
1805 —~ o195 1530 1535 154g® 1545 1%%®e 1555 @be0 1565 1570
v =0 ¢
& Y 04 p ¢ 4
£ 180 B o® vo®
T 06 5
1795 038 4
1 .‘
179 12 »*
155 1530 1535 1540 1545 1550 1555 1560 1565 1570 iy ¢
Wavelength (nm) ' Wavelength (nm)
(a) Upper port as input (b) Bottom port as input

Figure 6.9: Linear MMI phase performance

As an overall, with both input ports working, one can verify in figure that the maxi-
mum [Tl is —5.605 dB at A = 1565nm and the minimum is —11.418 dB at A = 1547nm.

0
1525 1530 1535 1540 1545 1550 1555 1560 1565 1570

2
-4

-6 »

8 .
L ]

.. o
o0, oo®
..... ]
*9

Insertion Loss (dB)
L ]

-10
-12

-14
Wavelength (nm)

Figure 6.10: Overall Linear MMI Insertion Loss

As a conclusion it can be declare that the 2 x 2 [MMI has minimum losses for the designed
wavelength, it has good response for the C-band range and it has minimum phase variations

for the same range.
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As studied on chapter 3, it is possible to reduce the size of the [MMI, without changing
the border width, by applying a tapered zone on the centre of the section. The next

sections will approach two different designs and which one is a better solution for the Magic-T.

6.4 2 x 2 Tapered Butterfly Multimode Interferometer

Since our [MMI] already has approximately the minimum width to be within the rules of
the foundry, it is not possible to reduce the size with a linear tapered presented in section
With this, it is necessary to use a butterfly shape, by reducing the size in the middle of
the [MM] waveguide.

Using the concept presented on chapter 3 an adaptation of the [MMI was made and shaped
to a tapered butterfly, figure The waveguides did not suffer any change to the parame-
ters values, neither the wavelength or the refractive index. The modification was applied to
the section, by decreasing the width at the central position. At the length of Lasarr/2
the width was reduced to 6um. Using the equation from Pierre A. Besse et al. [4], the
MM| length was determined. Using Wy = 8um and W; = 6um, the new length value is
Ly = 199.15um, reducing the length by 66.38um comparatively to the linear [MMIL

Figure 6.11: MMI Tapered Butterfly Schematic

Running the BPM] with the new design it was possible to verify that the Magic-T propri-

eties remained almost unchanged, with only a slightly power decrease. As show on figure|6.12
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the bottom output waveguide is again the sum port and the upper waveguide is the difference.

Figure 6.12: Power propagation along the 2 x 2 Tapered Butterfly MMI

Through the simulation one can retrieve the values of power and phase. Comparatively
to the linear [MMI] values, it has a minor deviation of phase = 0.2° and a power decrease of

0.01W. The output overlap results, obtained from separated inputs, are shown in table [6.8]

Table 6.8: Tapered Butterfly output phase and power

Inputs Upper Waveguide | Bottom Waveguide
Overlap Power (W) 0.9495 0.9432
Phase Difference (°) 180.2 -0.211

As simulated in the linear [MMI] the performance in the C-band was measured with [BPM]
simulation. The power behaviour is almost the same as in the linear one. By calculating the
[[T], it was possible to obtain the results of the output overlap, being —13.118 dB the minimum
and —9.346 dB the maximum, when using only the upper input. For the bottom input signal

the minimum obtained was —12.906 dB, while the maximum was —9.383 dB.
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Relatively to the phase, the maximum diversion is 0.92° for the upper port and 1.18° for

the bottom one, as shown bellow.
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Figure 6.14: Tapered Butterfly MMI phase performance

1570

Once more, using both inputs, the values of power were retrieved, through all the C-band

range, figure [6.15

When comparing it with the linear [MMI response, figure it can

observed that the best power performance, although the design was made for A = 1550nm,

is at A\ = 1544nm. It has more phase deviation from the required, but it has less [[[] with this

wavelength.

63



1525 1530 1535 1540 1545 1550 1555 1560 1565 1570

Insertion Loss (dB)

e *
®, o0®
*
10 ®0000000e®®

12
Wavelength (nm)
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This design has —9.813 dB of minimum [[]at A = 1544nm and —6.340 dB at A = 1565nm

as maximum [Tl

6.5 2 x 2 Parabolic Butterfly Multimode Interferometer

The next design is based on David Levy et al. [5 [I7] idea. It is a different tapered shape
with the same possibility of reducing the length by decreasing the width at the central posi-
tion of the [MM] section, without changing the proprieties of the linear [MMIL

Over again without any change in the access waveguides, refractive indexes and wave-
length just reducing the central width of the MM]section to 6um. Using the software PhoeniX
OptoDesigner™ basic functions, the MM]section was designed as a parabola. Building it with
two exponential functions, the first one decreasing and other increasing by a factor of 2, the
parabolic zone shown in figure[6.16] was obtained. Through simulation methods the [MMIl
was optimized to obtain the best length for it, resulting in a length of Lspr = 180.07um.

This reduction is relative to the value x ~ e/4.
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Figure 6.16: MMI Parabolic Butterfly Schematic

As done in the section above, by implementing the BPMl simulation to the built design, it
was possible to verified that the same proprieties were kept, where upper output waveguide

is the difference port and bottom is the sum port.

Figure 6.17: Power propagation along the 2 x 2 Parabolic Butterfly MMI

The values of power and phase collected from the simulation are approximately equal
to the Tapered Butterfly MMI, where the phase suffers a deviation of ~ 0.30° and ~ 0.21°,

upper and bottom port respectively, and a power decrease of ~ 0.012W, as shown in table[6.9]
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Table 6.9: Parabolic Butterfly output phase and power

Inputs Upper Waveguide | Bottom Waveguide
Overlap Power (W) 0.949 0.941
Phase Difference (°) 180.41 -0.28

Doing the sweep simulation on C-band range, it can be observed that the Parabolic But-

terfly has the maximum power of 0.949 W at A = 1551nm, and minimum of 0.859 W at

A = 1530nm for the upper output waveguide. This means —12.923 dB and —8.515 dB of [Tl

respectively. As for the bottom port, it has a maximum power of 0.942 W, at A = 1549nm

and minimum of 0,868 W at A\ = 1530nm, which means —12,327 dB and —8.782 dB of [Tl

respectively. The overlap values of [[[] can be observed in the figure bellow.
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Figure 6.18: Parabolic Butterfly MMI Insertion Loss

The phase, when comparing it with the standard values for the Magic-T, has a maximum

diversion is 1.85° at A = 1534nm for the upper port and 0.70° at A = 1565nm for the bottom

one, as observed in the figure below
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The maximum power performance is at A = 1549nm and the minimum at A = 1530nm as
an overlap of both inputs. This corresponds to a maximum [T] of —5.806 dB and minimum

of —9,320 dB.
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Figure 6.20: Overall Parabolic Butterfly MMI Insertion Loss

6.6 Final design optimization

After analysing all the designs developed, it was necessary to choose the one that suits as
solution for the project. Doing a compilation of all the main parameters and values from the

three [MMI] designs it was possible to define which was the best.
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Table 6.10: Insertion loss of each MMI and main parameters

Linear | Tapered | Parabolic
Insertion Loss (dB) | -11.418 | -9.813 -9.320
Wavelength (nm) 1547 1544 1549
MMI Length (um) | 265.53 190.00 180.07

Interpreting the table values, the Parabolic Butterfly was the chosen, since it has the
minimum length of all the three designs. When verifying the power loss there is a difference

of 2.2% between the Parabolic and the Linear [MMI], which is the best in terms of power.

From the theoretical information that was studied, it is possible to optimized the [MMIl

by changing the position where to decrease the width in the [MMI section.

Firstly, it was necessary to adjust the place where the width is reduced to 6um. In order
to find the best position to adjust the power, a [BPM| sweep was made, through a range of
[—5, 5], having as referential position the centre of the section Lpsprr/2. From it was

possible to conclude that by moving the minimum width position to z = Lymi/2 — 3um a

better power could be obtained, as observed in figure [6.21

Insertion Loss (dB)

Length (pm)

9,1

Figure 6.21: Position sweep for width reduction position

Defining the new position value and running the [BPMI| simulation, new values of power

were obtained for A = 1550nm.
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Table 6.11: Optimized MMI output phase and power

Power (W) Phase(°)
Inputs \ Outputs | Upper Waveguide | Bottom Waveguide | Upper Waveguide | Bottom Waveguide
Upper Waveguide 0.4896 0.4582 167.81 -12.57
Bottom Waveguide 0.4597 0.4825 -12.56 -12.39
Both Waveguides 0.0005 1.8811 -12.48 179.20

As all the other simulations, having 1W as input power value in each access waveguide,
the [[T] was calculated with the assistance of table obtaining a value of —9.329 dB. Be-
fore optimizing the [MM] section the [T] value was —9.320 dB, so when comparing with it, the

improvement it was not that satisfactory.

To verify the full behaviour of the another simulation was made in order to study
it performance when the phase inputs had difference between each other. With a 180° phase
difference between the input waveguides, it was possible to verify that, regardless of the input
port where the phase is inverted, the outcome is the same. The output waveguide suffers an
exchange between them, where the upper port is now the sum and the bottom is the differ-

ence. With this, it is possible to conclude that the proprieties are kept, as shown in figure|6.22

Figure 6.22: Magic-T performance with 180° extra input phase

Comparing this figure to figure[5.2] it is possible to establish a relation of equal behaviour

between this [MMI and the [MMI] presented by Salwa El-Sabban et al. [§].
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6.7 Haar Network Implementation

After optimizing the [MMI device, the Haar network must be applied. Designing it as a
combination of three [MMI], it was possible to verify the behaviour of the [MMIl when applied

in a second order Haar network, as shown below in figure [6.23]

Figure 6.23: MMI Haar Network

To obtain the network first it is necessary to rotate symmetrically one [MMIl in order to
have the sum outputs from each [MMIl in the middle. After, it was required to connect the
first level of the network to the third [MMIlL The connection was made with a monomode

waveguide in a S-shape, because it allows the reduction of power losses.

Figure 6.24: BPM simulation on the Haar Network
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Running now the [BPM] simulation it was possible to verify the behaviour of sum and
difference present in the Magic-T's, figure The first level, as said before, has a symmetry
between the two [MMI] in term of output waveguides in order to provide an equal signal to

the second level.

An overall study is presented in the table [6.12] bellow.

Table 6.12: Haar Network output phase and power

Power (W) Phase(°)

Inputs \ Outputs

Upper Waveguide

Bottom Waveguide

Upper Waveguide

Bottom Waveguide

Upper MMI 0.9039 0.8538 60.85 -119.42
Bottom MMI 0.8615 0.8928 -119.07 -119.02
Both MMI 0.0005 3.4927 57.35 -119.22

As a last observation it is possible to conclude that the network as the same behaviour as
a single Magic-T. The second level of the network uses the output sum ports from the first
level and add them. With the power values from table an [[T] value of —2.952 dB was

obtained.
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Chapter 7

Conclusion and Future work

This thesis had as main objective developing a possible optical tool that implements layers
of optical compression, applicable to any type of signal. Since [WT] are being more used as a
method of imaging processing and compression, this project was based on the [HWT] due to
their uncomplicated design. Focusing on improving the already implemented architectures,
the use of a [MMI] structure was the fundamental aspect to this implementation. To under-
stand how to manage to develop the HWT] on a device, a work structure was done in

order to guide and explain the solution made.

Two major theoretical concepts had to be learned and explained in order to develop the
desired optical tool. Firstly the self-imaging principle, in which the is based, is presented
along all the equations of the different categories of MMIl and possible architectures that can
be adapted in this project. Then, to understand imaging processing and compression, an
overview of the [HWT] was studied. Through a project already implemented, the theoretical
approach was done as well as a small explanation of it. Finally, a brief introduction to the
foundry used in our solution implementation with all the requirements and constant parame-
ters values. With this large amount of information, some investigation was made in order to

achieve a solution for the project.

After accomplishing a solution, having all the fundamental parameters known and cal-
culated, using the OptoDesigner PhoeniX Software™ to design some solutions. Analysing

the[MMIl behaviour and drawing some conclusions, a final solution was adopted and optimized.
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The 2 x 2 with access waveguides working as phase shifters was the best design.
This device has —9.329 dB of [[] and a length of 180.07um. When comparing this solution to
the coupler [6] [7] which is implemented in the COMPRESS project, there is an improvement
of more than 1/10 in size reduction. It has also a superior power performance relatively to

Guilherme Cabral [9], since his solution only presented the use of half of the input power.

As future work there are two priorities when regarding the improvement of the Magic-T
implementation with [MMIl The first consists on improving the performance by the use of
other foundry. Given the development of [PICH, foundries are becoming even more complete
in their [BBJ list. By using other foundry in this architecture, it is possible to reduce the
size and upgrade the performance of the solution. The other priority is based on the [MMIl
definition. An consists of a group of input single mode waveguides which define the
input field of a wider [MM] section where the effects of interference of mode fields and single
mode output waveguides [30] can be observed, which means that the interferences in a [MMIl
must occur in the section. The solution presented uses the access waveguides to created
interferences in order to achieve the phase required for the [ HWT] By changing the shape of
the [MM], as shown in appendix 2, it is possible to equal the phase proprieties of the Magic-T.
This architecture must be explored due to the proprieties shown. By tilting the [MM] section
with a calculated angle, the splitting power proprieties are possible to be kept equal. This

architecture also consists on creating two 90° phase shifter inside the [MML
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Appendix A

MMI 2 x 2 with access waveguide

length change

Looking over the overlap power for a linear MMI| with the waveguide length L,, = 3A5.599,
figure and we can observe a slightly improvement.
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Figure A.1: Linear MMI Insertion Loss
When referring the phase values through the C-band range, the maximum oscillating

phase change it becomes ~ 4°. In the figure and we can observe the swipe through
the C-band and the phase behaviour for both outputs.

79



) .u' 182
..
. o® 181
o. =
—_ o = 180
o e 2
o
§ 155 1530 1535 1540 1545 o@%0 1555 1560 1565 1570 -
£ 1 e o
(- o®
..- 178
2 P
o’ 177
'.
2 30 176
. ¢ 1525 1530 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength (nm) Wavelength (nm)
(a) Upper port as input (b) Bottom port as input

Figure A.2: Linear MMI phase performance

As an overall, with both input ports working, we can verify, figure[A:3] that the maximum
loss ratio also slightly better. But this power improvement does not compensate the phase

variations that with have with this length.
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Figure A.3: Overall Insertion Loss in C-band range
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Appendix B

Future work MMI architecture

This architecture was not fully develop during this thesis. Besse [4] showed that it is
possible to create a phase shifter by tilting the waveguide. Inspired on his idea the next
MMIl emerged.

As observe in figure the [MMI] is symmetric and has two referential angles that shape

the design. This two angles are the fundamental of this design.

Figure B.1: Prototype MMI architecture design

With the angle 3 it is possible to implement the phase shifter inside the [MM] section,

while with « it is possible to acquire the equal splitting power of 50/50.

The design was not fully implemented, the section created by angle a was not imple-
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mented. In figure it is possible to verify the power propagation of the upper input, on
the [MM]| waveguide.

Figure B.2: Prototype design BPM simulation

The [MMI parameters were not calculated. The output with two images was obtained
by experimental mode. For a specific length, width and S values, the phase obtained at the
outputs was equal for one input and 180° difference for the other input. The main problem

observed was the power, because the split power was different from 50/50.

82



	Contents
	List of Figures
	List of Tables
	Acronyms
	Introduction
	Context and Motivation
	Objectives
	Structure Overview
	Contributions

	Multimode Interferometer Self-Imaging Model
	Multimode Waveguide
	Propagation Constants
	Guided Mode Propagation

	General Interference
	Single Images
	Multiple Images

	Restricted Interference
	Paired Interference
	Symmetric Interference

	Multimode Interferometer characteristics
	Proprieties and Requirements
	Imaging Quality
	Reflecting Properties


	Multimode Interferometer architectures
	Architectures Introduction
	Tapered Multimode Interferometer
	Linear Tapered Multimode Interferometer
	Parabolic and Exponential Tapered Multimode Interferometer

	Butterfly Multimode Interferometer
	Tapered Butterfly Multimode Interferometer
	Parabolic Butterfly Multimode Interferometer


	Haar Transformation
	Introduction
	Theoretical implementation of the Haar Wavelet Transform
	Haar transform - image processing and compression
	Optical Haar Transform Network Implementation
	3-dB Asymmetric Haar Coupler Design

	Magic-T exploratory analysis
	8 x 8 Multimode Interferometer Coupler Magic-T
	2 x 3 Multimode Interferometer Coupler Magic-T
	Multimode Interferometer couplers with arbitrary power coupling ratios

	Projecting novel architectures for Haar Wavelet Transform
	Foundry introduction
	2 x 3 Multimode Interferometer Coupler
	2 x 2 Linear Multimode Interferometer
	2 x 2 Tapered Butterfly Multimode Interferometer
	2 x 2 Parabolic Butterfly Multimode Interferometer
	Final design optimization
	Haar Network Implementation

	Conclusion and Future work
	Bibliography
	MMI 2 x 2 with access waveguide length change
	Future work MMI architecture

