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Abstract

The mathematical theory of tilted long period gratings (LPGs) written on
multimode interference (MMI) devices is presented in this thesis. Theoretically, long
period gratings can be used to change the multimode imaging in a planar waveguide by
coupling modes of light. Simulations and designs of these devices are accomplished
using MATLAB.

Using long period gratings to couple core-modes to core-modes in order to
modify multimode images is presented as a novel concept. This forward-looking
concept can be used to create dynamic long period gratings in order to create dynamic
optical power splitters or switches. These dynamic long period gratings can be
accomplished by using technologies such as thermo-optic materials, electro-optic

materials or liquid crystals.
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[1] Introduction
1.1  An Introduction to Optical Communication

Despite the dot-com bust at the beginning of the millennium, the demand for
digital-based services has not waned. The world hungers for higher and higher
bandwidths of information resulting from the ubiquity of personal computers, personal
data organizers, music and video devices, telephones and of course the Internet. That
is, larger quantities of information at an ever increasing rate. At the heart of this
digital network is optics. A laser pulses at billions of times a second, pumping bits of
information through optical fibres to the continents of the world. The optical core of
this network continues to evolve striving to attain faster, flexible, more robust and more
cost effective ways of manipulating the optical domain.

Current Dense Wavelength Division Multiplexing (DWDM) systems are
complex networks spanning hundreds of kilometres, composed of dozens of nodes and
multiple rings. In order to transport data from one point to another, light of different
wavelengths is multiplexed and sent down the same silica optical fibre. DWDM
systems are based on the fact that the datastreams can be separated by selective filtering
by wavelength. No two datastreams at the same wavelength can comprehensibly exist
on the same length of fibre at any one time. Each wavelength is located in the low loss
absorption region of silica fibre, either the C-band spanning from 1530nm to 1570nm or
the L-band spanning from 1570nm to 1612nm. Specific wavelengths are assigned for
wavelength division multiplexing (WDM) applications by the International
Telecommunications Union (ITU) and this wavelength ensemble is called the ITU grid.
The majority of telecommunications data is imparted to each wavelength via an
externally modulated semiconductor laser composed of Indium Phosphide in a
distributed feedback physical architecture. Each wavelength has a specifically
designed starting point and ending point controlled by the optical filters. At present,
industry standard is supporting 40Gb/s on one wavelength, though demonstrations far
exceeding this data rate have been shown.

DWDM networks are moving towards all-optical networks (AONs) — that is
networks with no, or few optical-electrical-optical (OEOs) conversions. Each OEO
conversion is expensive, as it requires high-speed electronics, extra lasers, receivers and
other expensive hardware. These electronics are a speed bottleneck as well, in that
they have problems keeping up with the high optical data speeds in present day
networks. One would then prefer to have data both communicated and manipulated in
the optical domain with few, if any OEO conversions. A technology known as
Integrated Optics is integral to the spread of all-optical networks.

1.2 Basics of Optical Waveguides

At the heart of optical communication is the concept of total internal reflection
(TIR), first demonstrated by John Tyndall in 1854 [94]. Tyndall showed that if light is
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coupled to a water medium surrounded by air, the light will travel along the curved path
of water. When a lightwave propagating in a medium, for instance water, comes upon a
medium with a lesser index of refraction, such as air, the light is bent such that the exit
angle is greater than the incident angle. This exit angle will then approach 90° at a
specific incident angle 6, also known as the critical angle. The critical angle can be

readily calculated from Snell's law [59]:
n, sin (8,)= n, sin (6, ) (1-1)

Here n, is the index of refraction of the first material, and #,is the index of refraction
of the second material, in the TIR casen, >n,. The angle of incidence in the first
material is represented by &, and the angle of refraction in the second material is

represented by d,. By setting the refraction angle equal to 90°, the critical angle can be
calculated, as shown in Figure 1-1.

.
#
s

7 msin@ =hn,sin90°

E Fd
”
92 z'ncrmn'n;'\,‘\ T

R R O

Index

Threshold Condition
Vincreasmy for Total Internal Reflection

Figure 1-1: Snell’s Law

If the angle of incidence is greater than this critical angle there will be total
internal reflection — that is, light will not escape into the medium of lower refractive index
as shown in Figure 1-2. If the angle of incidence is less than the critical angle, part of the
incident light will be transmitted and part will be reflected. Therefore, it is crucial that the
initial lightwave be launched at the proper angle such that energy is not radiated out. By
this method one can confine a lightwave for hundreds of kilometres.
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Higher Index, 2,
Saterial

Critical Angle
Light Source 9;

Figure 1-2: The Critical Angle for Total Internal Reflection

Standard singlemode fibre (SMF) has a 9 micron diameter core and a 125
micron diameter cladding with refractive indices of both of them around 1.5, with the
core having a slightly higher index of refraction by virtue of germanium doping [62].
Due to the inherent optical properties of silica glass, only a small portion of the
bandwidth of silica is used; only laser light between (roughly) 1490nm and 1612nm is
used corresponding to the low attenuation window of silica (typically 0.2dB loss per
kilometre). Fibre optic communication using silica fibre is advantageous over
communication by electrical wiring, or free-space communication in that it has lower
power dissipation, high bandwidth, is immune to electromagnetic interference, and
operates at lower communication energy. Laser light undergoing total internal
reflection is the basis of fibre optic communication. However, it must be noted that
the simplicity of Snell’s law and the concept of total internal reflection is a macroscopic
view of light behaviour. In order for one to scrutinize the behaviour of light at a more
fundamental level, the wave theory of light must be introduced and used.

1.3  Integrated Optics

Integrated optics is the technology of integrating various optical devices and
components for the generation, focusing, splitting, combining, isolation, polarization,
coupling, switching, modulation and detection of light - all on a single substrate or chip.
The goal is to manipulate or create optical signals for telecommunications. The
waveguides used to create integrated optics are planar optical waveguides, and
fabrication is accomplished using thin film technology methods. For ease of
processing and to prevent material incompatibilities, ideally the waveguides are
fabricated using one base material, such as silica (Si0,). The goal is to create
miniaturized optical systems. The idea was first put forth in 1969 by Stewart E. Miller
[124]. Miller proposed that optical components be monolithically integrated in
materials such as silicon, as analogous optical versions of electronic integrated circuits.
By integrating multiple devices on a single substrate one can conceivably create a faster
more robust system.
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Two such integrated optical components are the multimode interference splitter
and the refractive index grating. Multimode interference (MMI) splitters are used to
split a single signal into multiple signals that can then be routed elsewhere. The
strength of this device lies in its simplicity and compact form. Refractive index gratings,
such as the Bragg grating or the Long Period Grating (LPG) are used in a variety of
ways. The strength of these devices lies in the ability to couple optical power from an
initial optical mode into a second optical mode, thus manipulating light in the optical
domain. Both of these devices, the MMI splitter and the refractive index grating will
be briefly touched on in sections 1.4 and 1.5. Thorough mathematical interpretations
will be presented in Chapters 2,3 and 4.

1.4 Multi-Mode Interference

The concept of multimode imaging was first put forth by John Talbot in 1836,
but only since the early 1990°s has the concept been studied for integrated optics. Key
papers written by L. B. Soldano, E. C. M. Penning et. al. [7,11,8] analyzed the
mathematics of the self-imaging phenomenon by calculating the coupling coefficients,
and predicting where multiple images can be found. Another key paper by M.
Bachmann et. al. [5] in 1994 took this theory even further to calculate the phase
relations between the input and the outputs, and outputs relative to each other. Since
the mid 1990’s many groups have designed and fabricated multimode imaging devices,
optimized for use by means of different material systems and geometries [16-25].

A standard MMI splitter is a planar waveguide in the geometry of a rectangle
on the order of hundreds of microns. A multimode splitter is used to split up an input
light signal into 2, 3, 4 or more multiple outputs — ideally with a minimum loss of
power and a minimum amount of substrate surface area. Systems require splitting of
incoming signals for such things as redundant protection, power monitoring, or signal
splitting to different nodes. Designs typically result in equal power splitting of the
incoming lightwave. The MMI waveguide is merely a planar rectangular waveguide
fabricated using thin film technology composed of plastics, polymers or materials such
as silicon. Therefore, the MMI is inherently a passive static device and as such, split
ratios and multimode images cannot be easily changed. Firstly, light in the form of a
monochromatic laser is coupled to the input waveguide; secondly, multimode
interference occurs in a wide section; finally, if the coupler is designed properly, equal
amounts of power are coupled to the output waveguides. This can be demonstrated in
Figure 1-3 where one input is split into five outputs. The pictures and diagrams in this
thesis are not to scale.
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3: Schematic diagram of an MMI coupler

Figure 1

placement of the
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geometry.

Figure 1-4: Simulation of a 1 x 5 Multimode splitter
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Figure 1-4 depicts the MMI imaging within the waveguide with one central
input and five outputs carrying equal amounts of power. Figure 1-5 shows the power
distribution relative to the input laser Gaussian.

Figure 1-5: Input Power of the laser versus the Output Power out of a 1 x 5 splitter

A full mathematical treatment of the MMI as well as extending the theory for
the purpose of this thesis can be found in Chapters 2, 3 and 4.

1.5 The Refractive Index Grating

A refractive index grating is basically a systematic patterning of the refractive
index of the waveguide. These periodic perturbations, if properly designed, can have a
cumulative manipulative effect on the lightwave in question. Gratings can be used for
different types of light manipulation dependent on grating characteristics such as the
grating strength and grating period. The refractive index of the waveguide can be
changed in a multitude of ways such as systematic strain [55], temperature difference
[26], electro-optically [27], using liquid crystals [28], acoustically [29] or more
commonly by photosensitivity - exposing a material such as germanium doped silica to
UV light [94].

A short period grating, or Bragg grating is named after Sir William Henry Bragg,
who won the Nobel Prize in physics jointly with his son Lawrence in 1915 [94]. The
Braggs studied the structure of crystals using X-rays. It is this that led to the
development of a simple formula to explain reflection of X-ray light from crystals. In
1978, Dr. Kenneth Hill and his group discovered that when standard optical fibre is
exposed to intense laser light the refractive index is altered [94]. By changing the
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refractive index periodically a grating is made. Dr. Hill named this the Fibre Bragg
Grating (FBG), as the same formula the Braggs derived identically explained the
reflection of laser light from Hill’s grating. Fibre Bragg gratings can also be used to
reflect a specific wavelength of light back from whence it came, which has proven to be
useful in telecommunication systems. This can be used as a selective filter — reflecting
one wavelength but letting all other wavelength signals pass as illustrated in Figure 1-6
[10].

Optical Fibre

Cladding

Refractive Index Changes

Fibre Bragg Grating

Fiber Bragg Grating

Figure 1-6: Conceptual look at Fibre Bragg Gratings as optical filters

If one knows which wavelength one would like to reflect, one can tailor the
period of the grating and also the magnitude of the refractive index change in order to
accomplish this. If the spacing of the index periods is equal to one half of the
wavelength of the light then the waves will interfere constructively (the round trip of
each reflected wave is one wavelength) and a large reflection will occur from the
periodic array of refractive index changes. Optical signals whose wavelengths are not
equal to one half the spacing will travel through the periodic array of refractive index
changes unaffected as shown in Figure 1-7.

A

reflected

Induced Grating Index

inclex

k— A2 —d
Regular core index

*

-
Figure 1-7: Conceptual look at reflection due to a Bragg grating

In essence the Bragg grating, in this single mode waveguide, transfers the
power of the initial “mode” of light into another “mode” of light — identical in
characteristic but in the opposite direction. All gratings can be modelled as ‘mode
couplers’.
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Furthermore, a multimode fibre grating can be designed to couple one mode to
another, either in a forward or backward direction. Likewise, a lightwave can also be
coupled from a single mode fibre core to a multiplicity of the fibres’ cladding modes.
The type of grating used to accomplish this is known as a Long Period Grating (LPG)
[55]. Long period gratings are similar to Bragg gratings but instead of reflecting the
lightwave, it couples the lightwave into higher order forward propagating modes. As
one shall see in Chapter 3 and Chapter 4, LPGs can also couple forward propagating
core modes to other forward propagating core modes.

Fiber Long Period Gratings (FLPGs) are LPGs that are typically directly written
into a standard telecommunications single mode fibre for Dense Wavelength Division
Multiplexing [4] [36]. It is advantageous as it is basically an insitu device used to
manipulate the telecommunication wavelengths already in the system. Certainly,
grating theory can be used for many applications, but for a FLPG, one is dealing with
standard single mode fibre made of silica. It is a cylindrical core surrounded by a
cladding of a lower refractive index as shown in Figure 1-8. Light from a core mode
to a cladding mode is coupled via a photoinduced refractive index grating as in Figure

1-9.
coating/air
Nefadding
X = W Neore /
x=0
J Neladding Chdding
coating/air

Figure 1-8: Schematic of an optical fibre
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Figure 1-9: Fibre Long I)Eeriod Grating — Coupling to higher order cladding modes
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In a FLPG, the energy coupled to the cladding mode will be attenuated in the
coated fibre part. This results in the resonance loss in the transmission spectrum
leading to wide band filtering of resonant wavelengths. What results is power loss
over a wideband spectrum within the core, effectively removing it from the
telecommunications system as in Figure 1-10. This effect is used as a wideband filter
for use in Erbium Doped Fibre Amplifiers (EDFA) for amplifier levelling [4,17,30],
dispersion control [31, 32] or for fibre optic sensors [33,55].

Input ol
gpecium Rt
TfmSmmed Ciaﬁcﬁﬂg = 'g ;.;:
specium B2 ok
A g =
g .
| &
B~ =

| 'ﬁn B0 w0 9; |&J§ 0N

Yvavelength/nm

Figure 1-10: Schematic of a LPG and the selective filtering of a spectrum of radiation
[96]

Both tilted gratings and long period gratings are mathematically explained and
extended in Chapters 3 and 4. Furthermore, modes are thoroughly discussed in
Chapters 2, 3 and 4.

1.6 Thesis Objective

This work seeks to combine the technologies of multimode splitters and
gratings to manipulate lightwaves in new ways. Using a tilted LPG written on a planar
optical multimode waveguide one can tailor the output image. In this case, a core
mode is coupled to a higher order core mode. This coupling changes the imaging
dynamics within the waveguide. Outputs can then be predicted via simulation.  The
power of this novel concept lies in the ability to do “image switching” using a dynamic
grating. While the grating is ‘off’ the MMI exhibits its natural characteristics and
imaging. Once the grating is turned ‘on’, that is a refractive index change is induced, the
MMI images change. This dynamic grating can be potentially implemented in
numerous ways. These technologies are discussed in the Chapter 6. The fabrication of
a dynamic grating is beyond the scope of this thesis. Here we examine multimode
imaging with and without a grating written on the waveguide in order to show proof of
concept. The effect of a dynamic grating can be extrapolated from these simulations.
In particular, we present the mathematical theory necessary to analyze such a device.
A program written in MATLAB applies the mathematical theory and enables a platform
for simulation and design.
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Applications of such a device are in power monitoring, protection switching or
signal splitting to different devices. While this technology is limited by the switching
speed and switching method, the concept is potentially important in future applications.

1.7  Thesis Organization

The organization of this thesis is as follows. Chapter 2 presents a necessary
full mathematical treatment of the MM, starting with the concept of optical modes, and
followed by formulas for the complete MMI imaging within a waveguide, including
phase relations. Chapter 3 presents a necessary full treatment of general coupled mode
theory (CMT) [63]. Chapter 4 takes the mathematics derived in both Chapters 2 and 3 to
provide a full mathematical treatment of tilted long period gratings written on
multimode waveguides and the effects on the imaging and outputs. Chapter 5 provides
details on the MATLAB simulation and design. A subset of favourable designs is also
presented in this chapter. Chapter 6 includes dynamic grating solutions such as
thermo-optic, electro-optic and liquid crystal gratings. Finally Chapter 7 provides the
summary of this thesis with discussion on future devices and potential uses.
Appendices are provided and include mathematical concepts not included in the thesis
body, designs, and details of the MATLAB program.

10
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[2] Multimode Imaging (MMI) Waveguides

2.1 Introduction

The human eye, like many optical sensors, can only see the intensity and color
of light. Yet in order to analyze light in integrated optics, this is not sufficient. One
must appreciate that light exists as modes and that intensity is dependent on these
modes. Each mode is a spatial distribution of light energy. What one ‘sees’ is the
culmination of all these modes interfering with one another. Mathematically, each
mode is a solution to the wave equation given the physical aspects of the problem.
This chapter includes optical waveguide theory, and the mathematical treatment of the
slab waveguide; all in the context of planar integrated optical waveguides. The theory
of multimode imaging is derived with the help of these concepts. A full mathematical
treatment is presented in order to prevent any ambiguity.

2.2 Optical Waveguide Theory

2.2.1  Calculating the effective refractive index

Integrated optical waveguides are fabricated using thin film methods. Materials
are deposited on a substrate stacked on top of each other. An example of this is the
Ridge Guide or Rib Guide depicted in Figure 2-1.

l Noore | Ridge Guide

-di ii extends in the x-dimension
y-dimension feubetrates

I P g

Deore

Dsubstrate z X

Rib Guide
Figure 2-1: Typical integrated optics waveguides
Ideally the dimensions of the waveguide are such that the only one mode exists
in the thin y-dimension. In order to describe the guided modes in x and z, one must

calculate the effect refractive index taking into account the one mode confined in the
y-dimension (Figure 2-2).

11
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n

upper material

One mode exists
in the
y-dimension

substrate

Figure 2-2: Depiction of the one mode that exists in the y-dimension, H o = effective
height.

Using Maxwell’s equations and knowing the material system, one is able to
construct the wave equation. Here, we are assuming a simple isotropic material
commonly used in integrated optics such as a polymer. It is safe to assume that the
fields involved will be harmonically varying at some single angular frequency®w. One
is working with monochromatic light i.e. a laser. Therefore, it is convenient to eliminate
any time dependence consideration from the wave equation [63]. The time independent
wave equation is:

v2]—5.:()6:'.))32):__kznzlt?‘(x’y72) (2'1)

w0 2r, . . .
where k=—= 7 is the planewave propagation constant and 7 is the refractive index
c

of the material, @ is the angular frequency of the wave, cis the speed of light in a

vacuum, and A is the free-space wavelength. The electric field is represented byE.
One is dealing with plane waves, which are solutions to this wave equation given this
geometry [63].

Traveling plane waves can be modeled as:

E(x,y,z,t) = E(x, y, z)e™ (2-2)

12
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The one mode in the y-dimension can be modelled as a sine wave:

sin(}%] (2-3)

where H ; is the effective height of the waveguide taking into account the penetration

depths into the upper material and substrate. The one mode in the y-dimension is
strictly not a sine wave; however, it is a good enough approximation. The modelling
of guided modes as sine waves will be discussed in Section 2.3.1.

One can approximate solutions to the time independent wave equation as
E(x,»,2) = E(x)sin(Qy)e | (2-4)

where O =" _. Inputting this solution into the time independent wave equation in
of
Equation 2-1 one has:

(d22 N J(E(x)sin(Qy)e‘”’Z)Jrkzn?"m (E@)sin(0y)e ™ )=0 2-5)
dx* dy® dz ‘

which is equal to:

d*E(x d*E(x
=0 [, -0 - g =D st - p w20 e
where the effective refractive index is:
2
s 2 0 @7

n.,. =n, —_
eff Silm 2
ky

2
From this point onwards, whenever the term z—z—appears, it will be replaced by the
Y

term( —Q’ ). This allows one to describe the electric field of guided modes

propagating in the z-direction in a material with an effective refractive index, 7, , as

E(x,z) = E(x)e ™ * (2-8)
2.2.2  Modes within a slab waveguide

All the refractive indices depicted in Figure 2-3 are effective refractive indices;
the core with refractive index 7., is surrounded on both sides (in the X direction) by

13
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a cladding of lower refractive index equal ton, ,pnw- Light propagates in the z
-direction and is confined in the x-direction by virtue of total internal reflection.

ncladding1 {Rggfofn 1
x=w T
X
\nime Region 2
. xX=0
Y nclmlrling1=ncladdingz Region 3

Figure 2-3: The slab waveguide

A symmetric slab waveguide differs from free space in that the waveguide
(Figure 2-1) assumes that the cladding (7., ,,nng) layer extends to infinity in the x

dimension and that both the core (7., ) and cladding extends to * infinity in the y and
z plane.

The wave equation must be written for the three separate regions along the x
coordinate, the upper cladding 7., ,,pvei » the core n o, and the lower cladding

Repappivea 03]

0’E
(0 s — FE() =0 REGIONT(Iony - 29)
2

aa]ji(z.X) + (kznéORE N ﬂz )E(X) =0 REGION 2 (MIDDLE) (2'10)
2

: a}i(ZX) + (kznéLADDING 2 B*E(x)=0 REGION 3 (BOTTOM)  (2-11)

One can derive the discrete modes within the core by solving these equations.
For guided modes there will be sinusoidal-like propagation within the region of

n ., and exponential-decay propagation in the regions of 7, andn,, , the upper and
lower cladding respectively.

For the geometry in Figure 2-3, the solutions to Equations 2-9 to 2-11 are E(x) for the
case of guided modes. :

14
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C {cos[x W —arctan(y, / k ; )]exp[—y, (x —W)]} W< x <0

E(x) ={C {cos[x ,x —arctan(y, / k ;)]} for 0<x<W
C'{cos[arctan(y, / x )]exp[y,x]} —o0<x<0
| (2-12a,2-12b,2-12¢)
where
Ve = (S _nillkz)”z (2-13)
K.f — (nfokz —",82)1/2 (2-14)
Vo= (B —npk*)"? (2-15)

Equations 2-12 through 2-15 use notation according to Pollock [68] and Lee [3];
however, if the dimensions of the waveguide were not labelled as in Figure 2-1,
Equation 2-12 would be represented differently, though mathematically equivalent [53]
[68].

Referring to Equation 2-12, C " isan arbitrary constant that can be normalized
such that E(x)represents a power flow of one Watt per unit width [53]. For each

modev, C can be calculated as:

172

, ou
C =2 2-16
v =K B, (W+1/7CV+1/}/W)(K2V+7€2V) ( )

Wherev =1,2,3,4.. N is the mode number, which is finite for guided modes. It is worth

noting that in literature the term‘v —1° is known as the mode ‘order’ and can be
represented by ¢ . The mode number v is mainly used in this thesis unless otherwise
stated.

The electric field distribution in Equation 2-12 is only for guided modes as
shown in Figure 2-4 [68]. If the width of the slab waveguide is wide enough, multiple
modes can exist simultaneously.

15
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Figure 2-4: Electric field distribution of guided modes in a slab waveguide

By taking into account the boundary conditions at the core-cladding interfaces,
one can solve the transcendental equation that yields the discrete solutions to the modes.

The discrete solutions correspond to discrete values of f# [53]: There are a finite
number of solutions, and therefore a finite number of guided modes that can propagate.
The boundary conditions are that the electric field be continuous at the border such that
dE cope(%) _ dE cpippive

dx dx

E core(¥) = Ecpippme(¥) and The transcendental equation

is [53]:

+
tan(x W) = Yo TV (2-17)

K, (=77, /%)

The transcendental equation can be graphed as in Figure 2-5. In this simple example,
the intersections of the two graphs lead to guided wave solutions. If one measures the

value of k', for these crossings (the graph’s x-axis), one can solvey,,, 7,,and B,;
where v =1273,4..N which is finite for guided modes. There are 6 guided wave
solutions in this example, with parameters A =650nm, n.,,; =1.59,

Rerappivet = Perappivg: =1-98, W =10 microns. This is not a practical waveguide for

the applications discussed in this thesis but illustrates how one can solve for the
variables in Equations 2-12 through 2-15.

16
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Given the material system and geometry one can find the number of guided
modes and their corresponding propagation constants #, using Equation 2-17. Note

that 1/y.is the penetration depth into the top cladding and 1/y,is the penetration

depth into the bottom cladding [53]. These should be equal for a symmetrical slab
waveguide. Also note that the effective width of a mode can be calculated by

addingl/y,.,1/y, and W. However, this width changes from mode to mode and is thus
not constant.

This section contains equations for solving what modes can exist within the
waveguide it does not give what modes do exist with any significant power. The input
lightwave characteristics and the waveguide characteristics determine the relative power
within the modes. Once the relative power in each mode is known, one can calculate
the optical power at any point within the device. For example Figure 2-6 depicts a
laser modeled as a Gaussian input coupled to a large MMI waveguide via an input
waveguide. A multimode image will exist within the large MMI section. Multimode
Imaging is discussed in the next section.

17
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Gaussian

z=0

Figure 2-6: Multimode interference waveguide section

2.3  Multimode Imaging

2.3.1 Sinusoidal approximation of the guided modes

It has been established that multiple modes can exist within the large MMI
section, with each mode propagating with a different propagation constant . The

different modes go through a periodic phase change e P where vis the mode

number.

In order to simplify the calculations for multimode images, it is convenient to
model the modes in the waveguide as perfect sinusoids and estimate a constant effective
width.

Constant Effective Width Estimate [7]:

A 172
W, = W+(;j(ﬂfo ) (2-18)

This effective constant width differs from the real effective width (1/7,+1/y,+W) in

that both y, and y, are dependent on the mode order, while Weﬁ- above is not. The

effective width in Equation 2-18 corresponds to the effective width of the lowest order
mode.

The constant effective width is important in order to simplify the mathematics in
subsequent chapters. The modes will be described as sinusoids with a constant effective
width, rather than having to deal with the cumbersome equations presented in Equation
2-12.

The difference between the physical width and the effective width is:

18
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AW =W, —W (2-19)

€]

The modes (depicted in Figure 2-7 b) can be modeled as [7]:

B (x)= | sin) 2+ for the range— 2 < x <+ (2-20)
W, W, 2 2

Equation 2-20 models the electric field distribution of the modes as a sine wave,
which has magnitude zero at the boundaries. Therefore, it does not accurately model
the exponential decay (field penetration) into the cladding layer. Nonetheless, it is
often a good enough estimate.

Each mode is independent and orthogonal of each other. For a uniform
dielectric material each mode propagates independent of all others and each mode has
no effect on the propagation of the others.

For a complete electrical field depiction of any mode, including the electric field
amplitudes at z = 0, where the input waveguide reaches the MMI section [7]:

2 sin av(x+dW/2) 2-21)

Wey

G '(x)=a,E’(x)=a,
eff

Here a, is the amplitude of the electric field.

19
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Multiple modes can exist within the MMI section but how much power is
distributed to each mode? In order to calculate this, information is needed on the input
beam coming in from the input waveguide. Using the effective width as the integral
boundaries, one must perform an overlap integral with the input field (e.g. a Gaussian)
and the possible modes that can exist. To find the amplitudes of the electric field at z =
0, the following Fourier series coefficient must be calculated for every mode [7]:

0, =2 [ OB () (2-22)

of Wy

where f(x) is the input field from a laser source and 2/W,; is a normalization

factor. This is the calculation of the amplitude of the electric field for each mode and
must be performed when there is a significant perturbation in the refractive index of the
waveguide. Obviously the first instance of this calculation is at z = 0, when the slim
input waveguide connects to the wide multimode section of the waveguide - a drastic

perturbation. It is worth noting that @, is only the amplitude of the electric field and
carries no information of the spatial distribution.

It is convenient to model the input beam as a Gaussian beam. Thus in Equation
2-22, f(x)is the input Gaussian field modeled as:

fx)= ex{—l(x_ on } (2-23)
2\ o,

Where X,is the displacement in the x direction and O, is the one half of the
full-width half maximum (FWHM) of the Gaussian beam.

As each mode propagates along z through the MMI section an accumulated
phase must be mathematically considered for each mode. Each mode propagates with
a different propagation constant /3, as defined by the transcendental equation, Equation
2-17. Therefore, at any point greater than z = 0, the electric field of the lightwave for
each mode is [7]:

G,(x,2)=a,E, (v,2) =a, |——sin| OB o0 ig o) (2-24)
Wy Wy

Equation 2-24 is the formula for the electric field of each independent
orthogonal mode. The information contained in the equation is the amplitude of the

electric field @, , the sinusoidal spatial distribution of the electric field and the phase

accumulation given by the exponential term. In order to calculate the electric field at
each point in the x-z plane one must sum the components of each mode at that point.

20
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The total electric field at any point in the x-z plane is [7]:

N
foa(%,2)=) a,E, exp(-jB,z) (2-25)

At the input of the MMI section where z = 0 the electric field will be:

N
[0 =) aE, (2-26)
v=1

The intensity at any x-z point is the magnitude of the square of the electric field at that
X-Z point:

N 2

2 .

1(x,2) =|/,,(x.2) =) aE, exp(-jB,2) (2-27)

v=1

and therefore the Total power can be calculated by integrating over the entire x
dimension of the waveguide:

W+ﬂ

P, (x,z)= ﬁr(x, Z)dx (2-28)

~dW

2

Assuming that the waveguide is lossless and assuming the scatter and radiation
mode coupling are negligible, the total power should be identically equal to the power
of the input Gaussian pulse:

W+dW /2 , W+dw 2 1 x—x 2
PGalLrsian,[n = _ﬂf Gaussian (X)I dx = I exp — _( ‘ J dx (2'29)
-dw /2 ~dW /2 2 O-x

Equation 2-27 for I(x,z) lets one map out the power distribution within the

waveguide. However, it is not intrinsically clear that multimode images occur with a
predictable pattern such as one would need to design and fabricate a splitter. The key
to understanding this lies in the propagation constants of each individual mode. As
stated earlier, all modes are orthogonal to one another. So long as no perturbations in
the material are experienced by the modes, each mode will propagate, changing only
their phase relationship and not the power they carry.  In order to glean information
from the power distribution inside the MMI one must first find the electric field
magnitude at each x-z point in the waveguide. The modes move through the
waveguide independently and their sum, the total electric field at any point, can be large
or small due to constructive or destructive interference. Mathematically, this is due to
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the addition of the complex numbers representing both the phase and magnitude of each
individual mode. Only the output power image at the end of the MMI waveguide is
useful, as this is where the output waveguides lie.

2.3.2 General interference: Predicting the self-imaging location

Using the information presented in Section 2.3.1, one is able to calculate the
modes of a waveguide, calculate the phase of each mode, and calculate the power
distribution within the multimode interference device. However, how does one predict
where self-images or multiple-images occur?

In order to predict the field distribution inside an MMI section, further steps
must be taken. The goal is to predict where self-imaging exists, then extend this
theory to predict where multiple images exist. The first case is called General
Interference, which is independent of the modal excitation [7]. The analysis of
General interference, presented here, as well as Paired interference and Symmetric
interference, presented in the next section, is taken from Reference 7, by Soldano et. al.

It is useful to recall the lateral wave number represented in Equation 2-14
272 251/2
Kp= (nyk™ = B%)
and recall the constant effective width represented in Equation 2-18
A _
=W +(2 o)
/4
As an approximate solution for K ,, instead of solving the transcendental equation use
1%/

[7): K, =——. (2-30)
eff

The mode number ranges fromv =1..NV .

Rearranging Equation 2-14 for the propagation constant one has
22 25172
B, =(n k™ —x,")"". (2-31)

Using the first two terms of the Binomial Expansion, in optics known as the paraxial
approximation, Equation 2-31 can be approximated as

11
v :kn ——————-K’z.v. 2-32
ﬂ co 2 knco f ( )
. . o 2
Using the definition of the wavenumber k=—= —l (2-33)
c
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and using Equation 2-30, the propagation constant £, in Equation 2-32 becomes

A vz
v = co - * 2_34
‘ 4n, W} (39

Images of the input field within the MMI will self-replicate when the phases of
the mode “beat” together. That is when the modes carrying the most power come in
phase at a specific value of z along the propagation axis and interfere constructively.
It is therefore useful to define L, as the beat length (in the z —direction) of the two

lowest order modes [7].

Beat Length is defined as

2
L = i ~ 4anef,-
g ;81 - 182 34

(2-35)

The propagation constants spacing can be approximated as [7]

_(v-Dv+Dhm
= ————3L .

s

B =B, (2-36)

The electric field at any point x, z can be described as in Equation 2-25

. N
fou(%,2)=) a,E, exp(-jB,z). (2-37)
v=]

By factoring out the phase of the fundamental mode in Equation 2-37, we obtain:

fou(,2) = exp(=jB,2)> a,E, expli(B, - B,)z]. (2-38)

Using Equation 2-36 one finally arrives at the formula for f (x,z) that can give
information where to find self-images

o (x,z)=exp(—jﬂlz)ﬁavaexp{j[%(;“l’f}z}. (2-39)

n

The total electric field at the input of the MMI section, z=0 is called f;, (x,Z2)

fa(xz=0)= iava . (2-40)

By inspecting Equation 2-39 and comparing it to Equation 2-40, the input image at z =
0 can only be self replicated if this condition holds [7]:
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Jv=Dwv+Dhx || |1 or
exp{ Jj {—3@{ :IZ} = {(-DH . (2-41)

The first condition means that the phase changes of the modes along L (in the z
—direction) must differ by integer multiples of27 . The second case means that the
phase changes must be alternatively even and odd multiples of7z. In this case, all
guided modes interfere with the same relative phases [7]. The conditions of Equation
2-41 will be fulfilled when:

2= MQL,) (2-42)
where M =0,1,2,...

Equation 2-42 allows one to predict where self images form and is the important
result for the case of General Interference [7]. It gives the distance along z where
self-images will be produced. Furthermore, since M is zero or a positive integer it
denotes the periodic nature of the imaging along z. This means if a waveguide existed
that was lossless and infinite in length, the same images will repeat as one views the
multimode section along z, as M goes from zero to infinity.

M
For multiple images, z = v (3L,). (2-43)

Where N is an integer with no common divisor with M and refers to the number of
images along the x-axis for the given length in z.

An example of General Interference is provided in Figure 2-8, 2-9 and 2-10.
They are calculated for 7., =1.563, Weﬁ =45 microns, z =13000 microns,

A=650.3e-9 and TE polarization is used and the input waveguide is placed at Weﬁr /6.

The distribution of power in each mode is shown in Figure 2-8, the multimode image is
depicted in Figure 2-9 and the output power image is depicted in Figure 2-10.

The first example called General Interference is presented here. The examples
for Paired interference and Symmetric interference is presented in the next section and

take the same values for 7,4, W;ﬁ, and A as the example for General Interference.

All three examples are of 1x3 splitters, and the only thing that changes is the z-length.
This z-length of the MMI is different in all cases due to the different mode excitations
based on the placement of the input waveguide.
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.
plitter using
General Interference. 7,4,=1.563, W, =45 microns, z =13000 microns, A=650.3e-9
and TE polarization

i i & S
Figure 2-8: Distribution of power in each mode for the example of a 1x3 s

a0

L gatic n (micron
Figure 2-9: Multi-Mode Image for the 1x3 splitter example for General Interference
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Figure 2-10: Olifput Image for the 1x3 splitter éXémple for General Interference

2.3.3 Restricted interference: Predicting the self-imaging and multiple-imaging
locations

In order to get efficient predictable splitting it is beneficial to place the input
waveguides at specific values along the x-axis. Restricted interference is when
self-images are obtained by exciting a limited number of modes [7]. There are two cases
where selective excitation of modes is beneficial, Paired Interference and Symmetric
Interference.

1. ‘Paired Interference’

2

In this case the input field is located at either %Wdf or gW

s+ At these

positions the v=3", 6", 9™ 12" number modes will have zero power coupled to
them as the spatial overlap integrals (Equation 2-22) will integrate to zero [7]. Under
these circumstances the N-fold images will be formed at distances:

z= KL,, (2-44)
N

Where M 20and N =1 are integers having no common divisor.
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Input Waveguides for

Paired Interference

A

Wope/3
W
X
Wer/3
Z
v 3
N-fold images will 6e formed at distances: = _ﬁ T

Figure 2-11:  Multimode splitter using Paired Interference by placing input

waveguides at either %We 7 OF %W

f

Figure 2-12: Distribution of power in each mode for the example of a 1x3 splitter
using Paired Interference. 7,5, =1.563 W;ﬂ =45 microns 2z=4333 microns

A=650.3nm TE polarization
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Figure 2-11 is an example of Paired Interference, where 7,,,=1.563 VK,ﬁr:45

microns z=4333 microns A=650.3nm TE polarization is used. Notice that v =31,
6™, 9% 12" .. numbered modes do not have any power coupled to them from the
Gaussian input. Also notice that this circumstance is called “Paired Interference”
because of the paired nature of modes that carry power. For example Mode numbers
1,2 and 4,5 and 7,8 etc.

Figure 2-13 is the multimode interference pattern in the waveguide for a ‘Paired

Interference’ example. Note the input is at %Weﬁ in the x dimension. Equation 2-44

governs the values of z where multiple images will be seen.

irect mi

Figure 2-13: Multi-Mode Image for the 1x3 splitter example for Paired Interference

o

Moo =1.563 Weﬁw=45 microns z=4333 microns A=650.3nm TE polarization
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2. ‘Symmetric Interference’

This 1is the second case where selective excitation of modes is beneficial. In this

case the input field is located at%W; , that is the center of the waveguide. At these

positions the v=2", 4™ 6™ 8™... modes will have zero power coupled to them as the
spatial overlap integrals (Equation 2-22) will integrate to zero because the modes have
odd symmetry[7]. Under these circumstances the images N-fold images will be
formed at distances:

z:%(?,L”j 2-45
N\ 4 (2-45)

Input Waveguides for
Symmetric Interference
A

Wepe/2

v

N-fold images will be formed at distances: 7 = K( 3L, )
N\ 4

Figure 2-14: Symmetric Interference by placing input waveguides at %Weﬂ
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Figure 2-15: Distribution of power in each mode for the example of a 1x3 splitter

using Symmetric Interference. 7.4, =1.563 Weﬁr =45 microns z=3250 microns

A=650.3nm TE polarization

Figure 2-15 and 2-16 depict an arbitrary example of Symmetric Interference where
Popreo=1.563 VV;ﬁr:45 microns z=3250 microns 4=650.3nm and TE polarization is

used. Notice that v =2“d, 4“‘, 6th, 8™ .. modes do not have any power coupled to them
from the Gaussian input.

Figure 2-16 is the multimode interference pattern in the waveguide for a

‘Symmetric Interference’ example. Note the input is at %We/f in the x dimension.

Equation 2-43 governs the values of z where multiple images will be seen.
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Figure 2-16: Multi-Mode Image for the 1x3 splitter example using Symmetric
Interference. Mg, =1.563 W, =45 microns z=3250 microns A =650.3nm TE

polarization

For both the Paired Interference and Symmetric Interference cases, the overall
length of the waveguide can be reduced. So long as the output waveguides are placed
where the images are, you can create simple, efficient short lightwave power splitters.
Note that for the same number of desired images, Equation 2-44 for paired interference
and Equation 2-45 for symmetric interference provide shorter waveguide solutions than
that of Equation 2-43 for general interference.

2.3.4  Predicting the relative phases of the multimode images

The three Equations 2-43, 2-44 and 2-45 for the general, paired and symmetric
interference, respectively, provide information where self-images or multi-images
appear in the z direction. However, they do not provide information on the image
position in the x—direction and phases of the output images. These two pieces of
information are important. One needs to know where multi-images appear in order to
design output waveguides to capture the optical outputs. Furthermore, phase
information of the output images is important for such devices as Generalized
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Mach-Zehnder Interferometers that use the difference in the output phases for such
things as optical switching [70].

Recalling the basic equation for finding the optical image at any point in the x-z

N
plane, Equation 2-25 Sou(X:2) = ZavEV exp(—jp,z) .

v=1
Equation 2-25 in its current form does not give information of the x-axis placement of a
multimode image nor the phase. The goal is to take Equation 2-25 and produce an
equation that generates this information readily. The results outlined here are derived
from Bachmann et. al [S]. The main results are presented here, rather than the full
derivation.

Bachmann et. al. prove that Equation 2-25 is equal to:

fon52) = %Z_ﬁ,, (x—x,)exp(jp,)

X
where®,  =-({ +1) W" +0, (2-406)
off
M
%, =Qq-N) W, (2-47)
M
@, =q(N - Q)W m (2-48)
N-1 x
C=exp(jB,Ly)D exp - jm——+ jo, (2-49)
g=0 Wejjf
at values lengths along z equal calculated by Equation 2-43:
M M 3
z= L",j =—3L = Yo7 (Equation 2-43 repeated)
NN AB,

For a given z value (Equation 2-43) one shall find N images at coordinates X, along the

x-axis (Equation 2-47) and with phases @, (Equation 2-48) relative to the input

Gaussian beam. Here C is a complex normalization constant [5]. Also ¢ denotes the
output image number. For example if the device is a 1 x 4 equal power splitter,
g ranges from output 1 to output 4. The term ¢is the mode order and is equal
to(v-1), where vis the mode number. These positions and phases are dependent on

the geometry of the MMI section, the material system, the input waveguide placement,
and characteristics of the input Gaussian pulse.
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24  Chapter 2 Summary

Chapter 2 focused directly on the multimode splitter and multimode imaging.
Though the derivation is not shown, wave theory is derived from Maxwell’s equations.
Chapter 2 uses wave theory to analyze confined modes in a planar optical waveguide
restricted in the y-axis, where one mode exists and also the x-axis where multiple
modes exist, such that multimode interference can occur. The constructive and
destructive interference of all modes within the planar optical waveguide can be
predicted. Graphs for a fully simulated view of the internal power distribution can be
calculated. Furthermore, one can predict where the multimode output images occur in
the z-x axis and also the phase of each individual maximum. Using this knowledge a
simulation can be constructed for simple rectangular planar multimode splitters for use
in integrated optics. This basic MMI theory will be extended in Chapter 4 to include
Long Period Grating theory. However, Coupled Mode Theory (CMT) must first be
presented in Chapter 3.

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[3] Refractive Index Perturbations and Coupled
Mode Theory

3.1 Introduction

In the previous chapter it was assumed that the MMI waveguide is of a uniform
material without perturbations. How would the multimode images change, however, if
a refractive index perturbation existed within the MMI section? A common method to
analyze mode coupling due to these refractive index perturbations is Coupled Mode
Theory (CMT). Another common method is to calculate mode coupling using entirely
numerical methods. Here, CMT will be used to derive equations for periodic
perturbations in the MMI section of a waveguide. The modes are physical solutions to
the wave equation based on materials, lightwave characteristics and waveguide
dimensions. As stated earlier, so long as there is not a perturbation in the refractive
index of the material, the only thing that changes for each mode is the phase
factorexp(—jfB,z). However, once a perturbation in the waveguide is in place both

the phase and the power in each mode can change. Yet how does one model this
perturbation effect? Furthermore, how can one design these perturbation effects to be
beneficial in integrated optics to manipulate the light in the waveguide? In order to
answer these questions, one needs to derive the General Coupled Mode Equations.

Coupled Mode Equations are a set of equations that calculate the new electric
field magnitude and phase of the affected modes. Each mode that exists within a
waveguide can be perturbed simultaneously. However, for special designs such as long
period gratings, only a few modes are strongly affected [64]. In fact, a well-designed
grating will usually be designed to couple two modes. In Chapter 4, CMT specific to
LPGs written on multimode interference waveguides will be discussed.

3.2 Derivation of the General Coupled Mode Equations

For a planar waveguide of a given dimension and material system there are
approximate modes, represented by the electric field in Equation 2-24 and repeated
here, including the amplitudes

G,(x,2)=a,E,(x2)=a, |—sin) O eun i 2.
VVeﬁr I/Vveﬂ'

(Equation 2-24 —repeated)

Where E (x,z)are solutions to the wave equation, where y-dependency is eliminated

due to the effective refractive index argument presented in section 2.2.1, here the wave
equation is
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82 2 . .
(§+az—2JE(x,z)+kzn:ﬁE(x,Z)=0. (3'1)

Typically in many integrated optical devices the refractive index variations are
not individually strong. That is the perturbed refractive index is still very close in
value to the unperturbed value. Thus one may take the unperturbed value of the
refractive index as the background refractive index and then model a perturbation
equation around this. A model of a perturbation in the dielectric permittivity is
equivalent to modeling a perturbation in the refractive index [3]. The relation is

n=.&, ,where ¢, is the relative permittivity (relative to & ) of the material.
Dielectric Permittivity Perturbation can be modeled as

g (x,3,2)=&(x, )+ Ae(x, ,2) (3-2)
= background+ perturbation.

Propagation of the lightwave is purely in the z-direction. The general wave
equation for guided modes has general solutions

E, (x,2) =E, (x)exp(-jp,z). (3-3)

The electric field distribution is E (x)and the phase isexp(—jf,z); which is dependent
on the propagation constant of the mode, S, , and the position along the z-axis.

Perturbations in the waveguide are such things as changing waveguide
dimensions or changing the dielectric constants of the materials. So long as there are
no waveguide perturbations, each mode is completely independent from one another.
The optical power distribution in an MMI can be calculated by taking the square of the
sum of all modal electric fields and is represented by Equation 2-27 in Chapter 2.

Any deviation away from the background refractive index perturbs the modes
and couples energy between them. The electric field of any mode after a perturbation
can be described as a superposition of the original modes. Therefore, general solutions
to the wave equation in the presence of the perturbation can be represented as [68]

EPerturbed(x’ Z) = Z[AV (Z)Ev (X) exp(_jﬂvz) +Bv (Z)EV ('x) exp(+jﬂvz)] . (3-4)

v=l

The value A4,(z) represents the amplitude of the forward traveling wave, while
B, (z) represents the amplitude of the backward traveling wave in the —z direction. Note
that A4, (z) is the ‘New’ value of the electric field amplitude due to the perturbation, is

dependent on z, and is analogous to the original electric field amplitudea, in Equation
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2-22 such that A4,(z=0)=a,(z=0). Recall that before any perturbation, the

amplitudes of the respective electric fields ,, a, ...are not functions of z.

If one is dealing with only forward modes coupling to other forward modes, then
Equation 3-4 simplifies to

E porurted%2)= ) [4,(2)E, (x) exp(- B, 2)]. (3-5)

For simplicity, Equation 3-5 will be used, ignoring backward traveling waves, which
are typical of short period or Bragg gratings. It is also worth noting that coupling to
radiation modes is also omitted from Equations 3-4 and 3-5; one shall assume here that
it is negligible. Only perturbations that couple forward propagating modes are
considered.

Firstly, insert the unperturbed waveguide solutions, Equation 3-3 into the wave
equation, Equation 3-1. These equations will be used for simplification in forthcoming
equations. Modes number from 1 to N, and therefore one will have N equations as

Mode 1:

azEl (x)
o’

+ (k(fn://"l - ﬂ12 JE,(x)=0

(3-6)
Mode 2:
2
9°E, () "

P (konyy = B3 )E,(x)=0

(3-7)

*

* likewise for Modes 3 through N.

Equation 3-6 is the result of inputting the Mode 1 solution, into the wave equation

and Equation 3-7 is the result of inputting the Mode 2 solution into the wave
equation. Almost identical equations are provided for Modes 3 through N.

The general solutions after the perturbation is applied, as shown in Equation
3-5, must also be substituted into the wave equation. One must also take into account
the dielectric permittivity perturbation in Equation 3-2; the substitution is

82 82 N A
{57 + BZ—Z}[;[AV (2)E, (x) exp(—JﬁVZ)]}

+(@” o + 0y Ag )[Z[Ay (2)E, (%) eXp(—jﬁvZ)]] =0

v=1
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and taking derivatives of the terms in the brackets one has

52§V2(x) +(d2Ay (2) ~2jB, dA_V(Zl -4, (z)ﬂf JEV()C)
X

N A
Sl exp-ip 2] 7

v=l

dz* dz
+ a)zluogAv (Z)Ev (.X) + a)z‘qua‘Ay (Z)EV (.X)

(3-8)
Equation 3-8 requires further simplification. Using the equations such as
Equations 3-6 and 3-7, several terms in Equation 3-8 may be cancelled as they add up to
zero. What remains from Equation 3-7 is

Z[[d ;Z”fz) ~2j8, “2 D 1 o2 e, (z)JEV(x) exp(—jﬂvz)} =0. (-9

In a typical derivation of the coupled mode equations one uses the parabolic
approximation [see examples in references 3, 10, 38, 55, 63, 68]. It is stated as follows

2
iz_ 4
dz

5L

dz

<< (3-10)

This approximation assumes that the dielectric perturbations are weak and that the mode
amplitudes vary slowly over the course of the waveguide; or likewise 4, must vary

negligibly over one wavelength.

To obtain the Coupled Mode Equations, use the parabolic approximation, then
divide byexp(-jf,z) and finally multiply by the complex conjugate of E (x)and

integrate over the cross section [63]. For a given number of modes v =1..N, one will
have N coupled mode equations with N elements each.

The coupled mode equations will calculate the change in the energy and phase
of each mode due to the perturbation. Each element of the equation will represent the
coupling between mode v-th and the u-th mode. The results of the manipulation

discussed above is

[, (OE, (dx + 0" 11,4, (2) [Ae(x,2)E, (1)E, (x)dx +

Wer Wor

_2jﬁv

o | 28, = sl (8, 8] [, (B o+
s Z -
= oy, (2)expl- j(B, - B, 2] [Ae(x,y,2)E,, (), (x)dx

Weyr

(3-11)
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The integrals in Equation 3-11 are spatial overlap integrals of the mode profiles that can
exist in the x or y—direction of the waveguide. Equation 3-11 can be simplified, as the
second term in the above equation is negligible for small perturbations Ag(x,y,z).

Also, the third term is equal to zero due to mode orthogonality.

The fourth term is known as the coupling coefficient k', ,, equal to

= JAg(x, z)E, (x)E. (x)dx . (3-12)

A slight perturbation Aeg(x, y,z) can make this integral a significant value.

Equation 3-11 can be simplified as

dA,(z) _ ;(wz,quﬂ (z)exp[— j(ﬂv -8, )Z]KV#)
dz 2jB, [E,(DE](x)dx .

(3-13)

If the wavefunctions of the modes are normalized to a power of 1W, the
orthonormalization of the modes can be written as [63]

[[EE, dxdy = U5, (3-14)

'ml

0
where 0, is the Kronecker delta function defined by, {1 for {j *Mand land mare
=m

arbitrary mode numbers. When/=m=1, the term IEV(x)E:(x)dx in Equation 3-13

Wer

becomes

B, (E; (x)x = 22“0 (3-15)

W 18|

Therefore, setting a convention such thatv < 4, | B,|>|B,|, where v is the lower order

mode. Since we are dealing with forward propagating modes —— =

v

then becomes

dA (z)

- ""ZKV,, A, @)expli(B, - B, ). (3-16)

This is the general coupled mode equation for the effect of the perturbation.
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The coupling coefficientk,, for mode numbers Vand pare affected by the

spatial overlap of the two electric field distributions. It is also affected by the value of
the dielectric permittivity perturbation, Ae&(x,y,z). In Equation 3-16, v and uare
mode numbers and take on a positive integer value.

3.3  Chapter 3 Summary

Chapter 3 focused exclusively on the mathematical theory necessary to model
the effect of a perturbation on forward propagating modes. This can be modeled using
Coupled Mode Theory derived from Maxwell’s wave equation and solutions to this
wave equation. The theory presented in Chapter 3 is essential to understanding the
mathematics underlying the topic of this thesis. Using tilted long period gratings to
tailor multi-mode images in planar optical waveguides will be discussed in the next
chapter.
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[4] Using Coupled Mode Theory to analyze Tilted
Long Period Gratings to Tailor Multimode images

4.1 Introduction

The previous two chapters examined multimode interference in planar optical
waveguides and coupled mode theory. Here, in Chapter 4, an analysis of long period
gratings written onto multimode planar optical waveguides is presented. These long
period gratings also need to be tilted to introduce an x (or y) dependency for mode
coupling. This results in a change of the output image from the multimode section of
the waveguide. The goal, for example, might be to have a 1 x 4 splitter, having 25%
of the optical power at each of the four outputs, changed, by virtue of a dynamic
grating, to a 1 x 2 splitter having 50% of the optical power at only two outputs. This is
a powerful device, as instead of having the inherent properties of a static 1 x 4 splitter,
one can create a dynamic splitter by activating a dynamic grating. The theory
developed here is a novel concept. The tilted long period grating couples core modes
to other core modes in the multimode waveguide. Usually orthogonal modes, modeled
by sine waves, cannot be coupled as their overlap integrals equal zero over the
waveguide dimension. However, as one shall see, that is where the x (or y)
dependency of the refractive index perturbation becomes important. Chapter 4 builds
significantly on the previous two chapters and references to these chapters are used.

4.2  Analysis of the Coupled Mode Equations Part I:
Perturbations with x or y-dependency

As stated in Chapter 2, thin film planar waveguides are often designed and
fabricated such that only one mode exists in the y-dimension. Using a effective
refractive index, modal interference in a rectangular waveguide can be looked at in the
x-z plane. This modal interference begets optical maxima and minima in the form of
multimode images. The electric fields contained within Equation 3-12 are still of the
form

E, (x,2)=

2 . [m/(x+dW/2)
S1in;

}exp(—jﬁﬂ) : (4-1)

eff

The goal is to couple core modes into other core modes. All modes within the
rectangular waveguide can be classified as core modes. If one models the modes
along the x-axis, they resemble sinusoidal modes. If one wishes to couple one mode to
another there must be a non-zero spatial overlap between the two modes. That means
the overlap integral over the dimension of the waveguide must be non-zero. If

Ag(x, y, z) in the coupling coefficient has no x or y dependency, that is, the perturbation
is perpendicular to the axis of propagation z, then Ag(x,y,z) > Ag(z). Taking
Equation 4-1 into account, for this case, the coupling coefficient is
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K., = As(z)exp(- B, 2) exp(—mmWi | .{@} sin‘!:@}dx . (4-2)

of Weff eff eff

Here the overlap integral j sin| 2% |sin”| 722 |ax will always integrate to zero. This
Weff eff W/;ﬂ

means that sinusoidal modes cannot couple to each other using perturbations that are

only written perpendicular to the propagation axis. Thus, one needs to use a

perturbation with an x or y-dependency.

4.3  Analysis of the Coupled Mode Equations Part II: Deﬁnmg
a Useful Refractive Index Perturbation

Dielectric waveguides are typically characterized by the refractive index rather
than the permittivity. The permittivity perturbation as appearing in Equation 3-2 in
Chapter 3 becomes

Ag(x, Y, Z) = 80 [nierturbed (X, Vs Z) - nlfackground(‘x’ Vs Z)] ¢ (4-3)
As an approximation, Equation 4-3 can be written as [3]
Ag(x,y,z)=2e.n(x,y,2z)An(x, y,z). (4-4)

In Equation 4-4 the background refractive index of the material is n(x,y,z) and the
refractive index perturbation is An(x, y,z) .

The key to making the coupling coefficients non-zero, and thus inducing core
mode to core mode coupling lies in designing the dielectric permittivity
perturbation, Ag(x,y,z). If Ag(x,y,z) has any x or y-dependency the coupling

coefficient, k,, will be non-zero. Potentially advantageous mode coupling can be

accomplished using a wide variety of exotic perturbations in X, y and z. The goal of
this chapter, however, is to analyze a perturbation that is simple, produces a non-zero
coupling coefficient and also allows strong core mode to core mode coupling over the
length of the waveguide. The last point must take into account the full coupled mode
equations and requires °‘phase matching’ using periodic perturbations. Many
refractive index structures may satisfy these requirements, though the simplest is the
tilted long period grating.

The long period grating was briefly touched upon in Chapter 1. The relatively
long periodicity of the periodic perturbation is necessary to phase match the modes.

This will become apparent later; however, one must first introduce the geometry of the
tilted long period grating.
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In order to examine the tilted long period grating, an axis system needs to be
defined as in Figure 4-1. For simplicity, tilted gratings in the x-z plane are analyzed.
Tilted gratings in the y-z plane would follow the same analysis. Note that in Figure 4-1,
O1is defined as the tilt angle away from the x-axis. Also A, is the period of the long

period grating, and A is the period of the LPG along the z-axis as in Figure 4-1. If
the angle & approaches 90° the period of the long period grating A can be relatively

short, but the z-axis component of the period, A, can be significantly longer.

x=w '\

\

Figure 4-1: Schematic of a Tilted Long Period Grating

For a complete characterization of the tilted long period grating, the amplitude
and shape of the refractive index needs to be addressed. As previously stated, one can
change the refractive index in numerous ways, such as pressure, heat, surface
corrugations or permanently photoinducing the material. Here, surface corrugations
are modeled since this would probably be the easiest way to fabricate the LPGs.

noo(z') An perturbation

Figure 4-2: Schematic of the refractive index perturbation characteristics

In Figure 4-2, n_,o(z") denotes the peak magnitude of the refractive index
change due to surface corrugation, the variable o(z")is a fraction multiple of this peak,
and An, is the peak-to-peak effect. The refractive index denoted by n, is the

background effective refractive index.
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The tilted grating in Figure 4-1 and 4-2 can be modeled as a sine/cosine
modulation of the refractive index. In order to model the tilted grating
mathematically, the equation for the refractive index change is [3]

An(x,z,0) = 0]l +cos2K 2| (4-5)

Where the variables used are defined in the paper by K. S. Lee [3] as:

z' =zcosf—xsiné (4-6)
T
K,=-- @7)
g
Ay 4-8
n o= -
co 2 ( )
A, =Acosf (4-9)

As will be seen in the following section, one should design the value A, the z
component of the grating periodicity, such that it ‘phase matches’ the two modes one is
trying to couple. It must satisfy the following equation,

27

A= :
B, —B,

(4-10)

Equation 4-10 is exactly analogous to Bragg Grating theory as described in
section 1.5 and shown in Appendix IIL

So long as one knows the propagation constants within a waveguide, the
periodicity of the grating can be calculated for maximum mode coupling. The
periodicity, A , is inversely proportional to the difference in propagation
constant [, —,3”. Since the Vv -th mode and u -th mode are both forward

propagating modes, their differences are relatively small, making it necessary to have a
long period grating.

Now calculate the new coupling coefficients given a tilted long period grating.
Substitute Equations 4-6 through 4-9 into Equation 4-4, to give the equation for the
dielectric permittivity using a tilted grating [3],

An g
2

Ag = 2¢g,n(x,y) [1 + cos(2Kg [zcosO —xsin «9])], (4-11)
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Substitute Equation 4-11 into the equation for the coupling coefficientx,,, one

|77
has the general form of coupling coefficient for a tilted grating using. The electric
field has only an x-dependence, E(x) as shown in Chapter 2. The coupling

coefficient is

-2 M i+ cof 0 - xsin6)[E,, (0E; (x)dx
K, = W j280n(x, ¥) 5 +c0s2K, (zcos@—xsind) E ,(x)E, (x)dx. (4-12)
off W
. . . 1 7€ -j¢
Using the identity, €0S¢& = —2‘ [e te ] (4-13)

Equation 4-12 is now equal to

An, 2 .
Ky = 280 ) —E [B,(E, (x)dx

el Wy

An, 1 , 2 , : .
++28n(x, ) —zi 5 exp(+;2K ,z cos6) 7 jexp(— j2K ,xsin@)E ,(x)E, (x)dx

eff W,
- ﬁw eff

An, 1 , 2 _ : .
+2¢,n(x,) Tg 5 exp(~j2K ,z cost)—— _[exp(+ J2K ,xsinO)E , (x)E, (x)dx
eff Weff
(4-14)

.Equation 4-14 is a long, complicated equation that represents only the coupling
coefficient of the coupled wave equations for a tilted grating. The next step is dertving
the full coupled mode equations using tilted long period gratings. This provides a
mathematical basis to calculate the effects of tilted long period grating on the magnitude
and phase of the existing modes within an MMI waveguide and thus the new imaging
properties. Substituting Equation 4-14 into Equation 3-16 for the coupled mode
equations:

i A |
4, (z)zaon(x,y)—iief(ﬁ""’ﬁz E, (E; (dx
weff

d —j An i\B,—B.+2K, cosf}z —j2K,xsin *
46 _—jo 2 - +Aﬂ(z)280n(x>y)—2*g—%e’(ﬂ" kot [ s0g (OE! (dx

dz 4 Wy Weff

M 1, s
AB.-B,.-2K, cosb)z 2K xsinf *
z 2 A cos) [e R, (B, ()x

22 Weff

+ A,u (z)250n(x, _,V)

(4-15)

Equation 4-15 is the coupled mode equations for a tilted grating in the x-z plane. Due
to mode orthogonality, the first term in Equation 4-15 will be equal to zero and can be
ignored.
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By looking at Equation 4-15 carefully, one can see the variables that affect the
coupled mode equations. The coupled mode equations are significantly affected by
the term in Equation 4-12,

. 1 j zcosd —j xsin -j zcos j xsin
cos(ZKg[zcosﬁ—xsm 9]): E[eﬂKg O I2Hemoind | gi2Kyzcosd ,vI2K, 6],
For the tilted long period grating one has two variables, the tilt angle & and the grating

frequency/  periodicity K, =7\7E— . The factors  exp(—j2K, xsinf) and
g
exp(+j2K  xsinf) are x dependent and must be included in the integral in Equation

4-15. This factor leads to a non-zero value for the integral.

The factors exp(j2K,zcosf)and exp(—j2K  zcosf)are not x or y dependent

and thus do no affect the overlap integral. However, they do affect whether or not the
terms of the summation in Equation 4-15 are significant or not. If there is an
exponential of the form exp(jMz)or exp(-jMz),where M #0, then it is a rapidly
oscillating term in z. A rapidly oscillating terms’ contribution to mode coupling is
insignificant over a distance that is much longer than the period of the index change or
the perturbation. The only way to make either Term 2 or Term 3 in Equation 4-15
significant and therefore make the term of the coupling coefficient a non-negligible
number is if one of these two conditions holds

B, —B,+2K, cosf~0 (4-16a)
or
B,—B,—2K, cos0~0. (4-16b)

However, it should be noted that if one chooses the tilt angle &and the grating
frequency/periodicity to make one term of the couple mode equation significant by
matching two specific modes vand u, all other terms in the coupling coefficient
become negligible by the rapid oscillation argument. Therefore, one tilted long period
grating can only be designed to ‘phase match’ two modes and two modes only.

If one uses the number v to be the lower order coupled mode and u the higher
order coupled mode such that #, > §,, then one must design for the phase matching in
Equation 4-16b.

Gratings must be designed with two modes in mind, the initial mode, and the
second mode that one wishes to couple power to. Therefore, one must also decide the
specific two modes to couple, and solve the propagation constants of these two modes.
The two modes one chooses to design a grating for are denoted pand ¢ in the

equations below. The variables pand ¢ are analogous to vand ¢ but are called
pand ¢ to distinguish them as ‘chosen’ modes.
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Using the result from Equation 4-16 only two coupled mode equations exhibit
non-negligible terms. The coupled mode equations in Equation 4-15 can be reduced to

dA 4 —J | Al’l +J sin *
p( ): ja 2 ZSOHCORE A (Z) ﬂ -8,-2K cos&) J'e J2K,x 9Eq (X)Ep (X) dx
dz 4 W 2 Wef
(4-17a)

for the first ‘chosen’ mode and

d _iw 2| An,
Aq(z): jw 2 ZSOHCORE A ( ) ,Ep -B,+2K, cosﬁ) J' —j2K xsmHE ( )E (X)d){|

dz 4 W, i Weff

. (4-17b)
for the second ‘chosen’ mode.

Using pand ¢ as the mode number, if one wanted to designed a tilted long
period grating to couple Mode #1 and Mode #5, then p=1, g=5. Here p<gand both
pand q are used to identify the specific mode numbers used in the designs.

The significant coupled mode equations for a tilted long period grating on a planar
multimode waveguide are

dd (2) _ i B An Wedl /2 ' . 7

p( ): jo 2 280nCORE A (Z) ,B -B,2K, cos€) J‘e+/2Kgxsm¢9Eq (X)Ep (x)dx

dz 4 L 2 avn |
(4-18a)

4,2 —jw 2 [ An, i otk ok vmor, e |

1= 2e.n ——A 6y, 12K, co e Y E (OE (x)dx

& 4| e 5 A j (O, (9
(4-18b)

For a complete analysis of the interaction of modes, one must do the full
calculation of Equation 4-15 including all fast oscillating terms. This is difficult,
however, as one would end up with N simultaneous differential equations of N elements
each, where N is the number of modes. Equations 4-18a and 4-18b are simpler
coupled mode equations. In order to solve the simultaneous differential equations an
algorithm such as the Runge-Kutta Method must be employed as will be discussed in
the next Chapter. The values contained in Equation 4-18 can be complex numbers and
therefore the modes will change phase and amplitude.

The phase matching condition in Equation 4-16b has two variables, the tilt
angle and grating periodicity.  One must set these variables to both phase match the
modes and also have the integral be a significant value. An optimum value of the tilt
angle for coupling between two modes is provided in Reference 3 and is repeated here

(3],
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1 (”22 ”"fo(u) )”2
Begr ) ™ Pegroan
BA
27
B

and .z, = Py

6,

OptimumTilt =tan

where 7.5, =

The coupled mode equations, Equations 4-18a and 4-18b beget

(4-19)

(4-20)

(4-21)

complex

numbers, and therefore, both the phase and the magnitude of the modes may change due
to the tilted long period grating. Ideally, all other modes other than pand g will be
unaffected by the tilted long period grating, analogous to certain wavelengths passing
through a Bragg grating filter undisturbed. This can be illustrated in Figures 4-3 through

4-5.

Figure 4—: Powuer ditribution inas : metric interference MMI

- buti

G {e Number | ~
Figure 4-4: Power distribution after a tilted LPG couples Mode #1 to Mode #8
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Figure 4-5: Square of electric field amplitude to illustrate mode coupling

Note that all other modes other than Mode #1 and Mode #8 do not change power.
Figure 4-3 shows the original power distribution in modes for a symmetric MMI where

Moo =1.563, H,p=1.30, W;ﬁ»=8 microns, z=700 microns, 4=1550 nm, An=0.01,

50 grating periods. Figure 4-4 depicts the power distribution after coupling Mode #1
to Mode #8. The power in Mode #1 is now low and the power in Mode #8 is high.
The square of the electric field amplitude is illustrated in Figure 4-5 to show the
exchange of power.

4.4  Chapter 4 Summary

In this chapter, the tilted long period grating was modelled. In order to couple
core modes to core modes, the perturbation must have an x or y dependency. The
coupling coefficients and coupled mode equations using a tilted long period grating
were derived. The tilt angle and periodicity of the tilted long period gratings are key
variables in these equations. Note that in order to see the effect of any refractive index
perturbation structure, the full form of the coupled mode equation must be used. In
order to find the optical power at any x, z point one must take the square of the
magnitude of the sum of the electric fields of all modes at that point. Since at least
two modes can potentially have a new magnitude and phase, the summation of modes
will be different, and predictability of where optical maxima and minima in the
waveguide does not hold. As one shall see in the next chapter, in lieu of this
unpredictability, simulations can be used for thorough design.
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[5] Simulation and Device Design

5.1 Introduction

The coupled mode equations for tilted long period gratings and the coupling
coefficients derived in Chapter 4 provide the basis for a simulation. This simulation is
able to calculate the new electric field magnitude and phase of the affected modes and
sum up the electric fields at all x and z points along the waveguide in order to graph the
power distribution within the MMI. By this method one need only choose the
geometry of the MMI, the characteristics of the material system and laser, and the
geometry and intensity of the tilted long period grating as the inputs. The output will
be the intensity plot within the MMI and the final output power distribution. The latter
1s important so one can design the output waveguides at the proper places in the x-axis.

5.2  Structure of the Simulation

5.2.1 Designer Decisions

The simulation discussed here was written in MATLAB. The first step to the
simulation is to choose a wavelength to work with and to input the dimensions and
material system, for example, as depicted in Figure 5-1.

A

A

Air SU-8 Ar H=Height of rib

Y

Borosilicate Glass

w=width of the rib

Figure 5-1: Schematic of a rib waveguide

The refractive indices of the SU-8, Borosilicate glass and air are entered, as the
dimensions for the rib waveguide. The refractive indices are wavelength dependent
and are shown in Figure 5-2 for SU-8 and Figure 5-3 for borosilicate glass.
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Figure 5-2: Refractive index of SU-8 versus wavelength [96]

Refractive Index of Low- Expansion Borosilicate Glass

4861 1479 F Hz are Biue
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B43.8 1472 o3 Cdare Red

Figure 5-3: Refractive index of Borosilicate Glass [97]

The width of the MMI waveguide in the x-direction influences the number of
lateral modes that can exist. The wider the dimension, the more modes can exist and
the better the image quality. However, since the length is dependent on the width, if
one has a wide waveguide one will also have a long waveguide, which is usually not
advantageous.

Once the effective refractive index of the rib is found, the mode solutions that
exist in the multimode section of the waveguide are calculated as in section 2.2.1.
These are the modes that can exist; however, these modes might not carry any power.
This is because one must calculate the overlap integral of these modes with the input
Gaussian lightwave, as shown in Equation 2-22 in Chapter 2. In order to characterize
the effect of the input Gaussian, one must choose the type of splitter interference —
general, paired or symmetric as described in section 2.3.2 and section 2.3.3. This
decision affects where to design the input waveguides. For paired interference, inputs
must be designed at W, /3or 2, /3 and for symmetric interference, the input must

be placed at the center point along x.
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The width of each input waveguide will affect the imaging as well. The wider
the input waveguide, the wider the full-width half-maximum of the Gaussian input.
The spatial shape of the input Gaussian waveguide affects the amount of coupling to
each mode in the thick multimode region. Once the placement of the input
waveguides is determined, one must choose the number of output images. Is this
design to be a 1x2 splitter, 1x3 splitter, 1x4 splitter or higher? One can estimate the
length of the multimode section in the z-dimension using Equation 2-43 for general
interference, Equation 2-44 for paired interference or Equation 2-45 for symmetric
interference in Chapter 2.

In order to construct the full modal treatment of the multimode waveguide, one
must also calculate the following variables: the propagation constants g, , effective

indices per moden the penetration depths1/y_,1/y,, and the total number of modes

o (V)
v. These variables, along with variables such as effective widthW,,, are easy to

calculate extending from the transcendental mode equation, Equation 2-17. One then
needs to model the input Gaussian as in Equation 2-23 and each mode as a sinusoid as
in Equation 2-20. The overlap integral can then be calculated as in Equation 2-22 and
the full representation of each mode, including the electric field magnitude, spatial
distribution and phase shift due to propagation can be calculated as in Equation 2-24.

It is relatively easy from this point to view the optical power distribution within
the MMIL  One need only sum up all the modes at all x and z points in order to get the
electric field magnitude as in Equation 2-25. Then calculate the power distribution
from Equation 2-27 and compare the output image to the predicted output. However,
in order to calculate the effect of a tilted long period grating, further modeling must be
done.

The design of an MMI waveguide with a tilted long period grating is an
iterative process. One is trying to find the right grating characteristics in order to
change a naturally existing splitter into a waveguide with different but useful imaging
qualities. In order to construct a simulation for this process, the user must first choose
two modes, which will dictate grating characteristics. Equation 4-10 in Chapter 4
gives the grating periodicity along the z-axis from the propagation constants of the two
modes. Equation 4-22 in Chapter 4 gives the optimum tilt angle for the long period
grating knowing the effective refractive indices for each choice of mode. The designer
next needs to input the grating profile characteristics from Equation 4-4 in Chapter 4
where a sinusoidal like profile is assumed written on the surface of the grating.
Alternatively, one can use a Fourier series to represent a different profile characteristic
like a square profile. For example, a refractive index model of a tilted grating using the
optimum angle and a Fourier series square profile,

An(x,z,0)=n,0 i Z
/s

1 )
; [r *2K, ( ZCOS (Hopﬁmumm ) —xsin (Qopﬁmumm ))J .
r=1,3,5...

(5-1)
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Furthermore, one must design where to place the grating along the MMI
structure. This can affect the imaging properties as well. In Figure 5-4 below, sector 1
is a normal MMI section where modes do not couple but only accumulate a phase.
Sector 2 is where coupling occurs. It is represented as a rectangle, but is the length of
the grating section from the start of the first angled grating to the end of the last angled
grating. Sector 3 is again a normal MMI section where the modes merely accumulate
a phase.

sectorl sector 3

= !

Where grating starts Where grating ends

Figure 5-4: Placement of the grating section along the z-axis

One must now calculate the coupling coefficients and construct the coupled
mode equations. This process is detailed in Chapter 4. In order to do a full proper
treatment of the coupled mode equations one will have N number modes and N number
of differential equations. Since with proper design, only two modes should couple, as’
an estimate, in order to save computing time, only the two differential equations that
correspond with the two chosen modes can be solved. These equations are
simultaneous differential equations and are solved numerically using Runge-Kutta
iterations. Once the iterations have been done, one should have the electric field
magnitude and phase of each mode in the x and z coordinates. Therefore, paralleling
the normal MMI case it is easy to view the optical power distribution within the MML.
One need only sum up all the electric fields of the modes at all x and z points, Equation
2-25, then calculate the power distribution from Equation 2-27. A flow chart of the
necessary steps in order to build this simulation is shown in Appendix II.

5.2.2  Runge-Kutta Iterations

The Runge-Kutta Method is used to solve a system of first order differential
equations simultaneously. There are different orders of the Runge-Kutta method,
which lead to different truncation errors in the calculations [69]. The higher the order,
the more computing power but the advantage is a corresponding lower error.
Essentially, a step-size is defined and a recalculation of all the variables is made per
step. There is also a method known as the Runge-Kutta-Fehlberg Method, which is
also known as the fifth-order Runge-Kutta method and uses an adjustable step size [69].
Designs using a fourth-order Runge-Kutta method were used. This was due to the
desire to have new calculations for the optical modes at known values along the z-axis.
This is desirable for accurate graphing in MATLAB.
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The full description of the coupled mode equations as defined in Chapter 4 is
repeated here,

dA, (z) Ja) ZKW () expj(8, -8, )| (3-16 -Repeated)

where K, is known as the Coupling Coefficient and is defined as

= [As(x,2)B, (0)E; (x)dx . (3-12 -Repeated)

Wy

For an example of how the fourth-order Runge-Kutta treats these differential
equations, let the number of modes that can exist in the waveguide be equal to 3. This is
chosen so as not to have a large number of equations in this example, however it is not a
realistic number for multimode interference devices. In the equations above, Vv
ranges from Modes 1to 3 and x ranges from Modes 1 to 3.

The simultaneous differential equations are thus

dA (Z) _JCU {KIIA (Z)exp[l(ﬁl 181) }+K12A2 (Z)CXP[,f(ﬂl -5 )Z]}

dz 4 +K13A (Z)exp[,/(ﬂl ﬂ3) ]
(5-2)
dA, (Z) _Ja) {KziA (Z)exP[ (ﬂz ﬁl)z]+K22A (Z)exp[/( )Z]}
dz 4 |+Kyu4, (Z)eXp[J(/Bz ﬂ3) ]
(5-3)
dA (Z) —Ja){l(“A (z)exp[;(,@ 131)2]+K32A (Z)exp[/(ﬁ3 ﬂz) ]}
dz 4 |+Ky,45(2) eXp[J(:B3 B, )Z]
(5-4)

If the number of modes that can exist in the x-direction of the multimode
waveguide ranges from 1..N, then one must construct N first order differential equations
and each equation will have N number of terms.

The information one is trying to obtain by solving this system of differential

equations is: new values of A ,A,,.A, at the step intervals z,z,,.z, where
z,, — 2, 1s defined as a constant step sizeh =dz. The length of the entire waveguide

in the z direction can be called Z

the z

Lengih - The user must define the number of ‘cuts’ along

Lengn 11 OFder to attain a desired resolution for the design.  The longer the device

length or the higher the desired resolution, the more cuts along z are needed and the
longer the computational time as a new set of N simultaneous differential equations

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



with N elements each needs to be solved. To calculate the value of A =dz, choose the

number of cuts, m,alongz,, ,,then
VA
b= length ) (5_5)
m
The fourth-order Runge Kutta method is executed via these five equations [69]:

q' =f(z*,4") (5-6a)
qg> = f(z"+h/2,4" + hq'/2) (5-6b)

g’ = f("+hi2, 4" +hq’ /2) (5-6¢)

q' =f(" +h,4" +hq’) . (5-6d)
AR = AF +—2—(q1 +2¢° +2¢° +q") (5-6€)

where the superscript k is used to denote the k-th discrete z-step z* and

dA . . . o .

% = f(z,4). By using this method, one obtains points in x and z and the magnitude
Z

and phase of each mode’s electric field in order to graph a full coupled mode treatment

of every mode in the x, z plane of the waveguide.
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5.3  Device Designs

Device designs were carried out using the MATLAB simulation built upon the

mathematics in the previous chapters.

simulate devices that have different material systems other than SU-8.

5.3.1 Necessary inputs and important outputs

This simulation is versatile and can be used to

Table 5-1:  Necessary inputs for Tilted LPG MMI simulation
Variable Inputs Description Value Used
A Laser Wavelength Red Laser
A =650.2nm
t, Width of the waveguide in the x | Varies
direction
H Height of the waveguide in the y | SU-8 polymer spins
direction down to 3 microns
Peore Refractive index of the core gy =1.590@ 650nm
material at 4
n, Refractive index of the material n,, =n, =1.00
above the core material at A
7 Refractive index of the material | » iown. = PsorosilicateGlass
below the core material at A =1.472@ ~ 650nm
2, angth The length of the device in z Varies — can be
predicted given a
waveguide geometry,
material and desired
signal splitter number
o, Gaussian Half Width Should be dependent
on the input waveguide
size. Taken to be ~
2.5-4 microns
x, Gaussian Displacement in the X | Placement of the input
direction waveguide — for
Symmetric, Paired or
General Interference.
Usually used
Symmetric
Interference, therefore
X = Wyl2
NUM, .. Number of ‘cuts’ along x for Varies depending on
j imaging waveguide width
NUM. . Number of ‘cuts’ along z for Varies depending on
] imaging waveguide length
1stMODE Choose a Mode to couple power | Integer ranging from 1%
from order mode to Nth
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order mode

2ndMODE Choose a Mode to couple power | Integer ranging from 1%
to order mode to Nth
order mode
An, Peak-to-Peak Index of Can vary depending on
Modulation away from the intensity of
background waveguide corrugation, or if
refractive index simulating
thermo/electro-optic or
liquid crystal ~ 0.002
estimate
NUM _PERIODS Number of grating periods Varies
GRATING PROFILE | This can be a cosine, sine, Varies. Example:

square or other — must be
described as an equation (i.e.
Square — Fourier series)

Fourier Series of a
normal square wave is

4 &1 nTx
fx)=— —sin(——
2 T

T

J

Optimum _Tilt _Angle

Choose to use an Optimum Tilt
Angle?

Equation 4-19:

OptimumTi —

Poriy ™ Mgy

2 2 2
0 _ tan“[(nz - ”e/f(u))

|

Where Grating _Starts

Choose where along the z-axis
the grating is written

Varies

Table 5-2: Important outputs from the Tilted LPG MMI simulation

Outputs Description

B, Propagation Constant for each mode
v, Phase Velocity for each mode

o, Effective index that each mode sees
Vy, 1/y., Penetration Depths

Total Number of Modes Ranges from 1...N

W Effective Width

eff

Calculation of Optimum Tilt Angle

Calculated from Equation 4-19 in
Chapter 4

Grating length and where grating ends in
Z axis

Dependent on where the grating starts,
angle and number of periods

Graph: Magnitude of E-field of each
mode at the start of the waveguide

Graph of the coupling between the input
Gaussian and the excitation of the
existing modes — to confirm Symmetric
of Paired interference
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Graph: Mode coupling

This graphs the change in E-field
amplitude of each mode over the course
of the grating

Graph: Input E-field versus Output
E-field after perturbation

This graphs the input Gaussian and then
output image, which the designer hopes
to be an advantageous splitter

Graph: Full contour plot

This graphs the power distribution in the
x-z plane of the waveguide, one can see
the change in the power distribution
compared to a normal MMI splitter
without perturbation
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5.3.2 Designs

A full description of all designs can be found in the Appendix I. However,
three of the designs are discussed here. Design #1 is that of a 1 x 2 splitter measuring
30 pm in width and 3150um in length. The image depicted in Figure 5-5 is a
depiction of the actual power distribution inside the MMI waveguide. The next figure,
Figure 5-6, shows the results of designing a tilted long period grating to couple mode #1
to mode #10 and therefore transfers power between the two. More specifically, this
grating has a period of 173.1um along the z axis, has 12 periods, is placed at z = 0 and
has a tilt angle of 88.00°. Figure 5-7 depicts the input Gaussian image versus the
output image of the 1 x 2 splitter after propagation through the wide MMI section. As
one can see there is 1 Gaussian in and 2 Gaussians out. One must design proper output
waveguides in order to capture this optical power to fabricate useful splitters. Figure
5-8 depicts the same Gaussian input, but now shows the output image after propagation
through the tilted long period grating perturbation. As one can see, no longer is the
output image a 1 x 2 splitter. Instead there is a peak at the center of the waveguide, so
it changes the 1 x 2 splitter into a through waveguide without splitting, albeit with a loss
of power.

The second design is a 1 x 5 splitter measuring 45 pm in width by 5900um in
length. Again, Figure 5-9 is a depiction of the power distribution in this normal MMI
without perturbation. Figure 5-10 depicts the power distribution with a perturbation.
Figure 5-11 shows the one input Gaussian and the five equal power outputs at the far
end of the MMI. Figure 5-12 depicts the MMI waveguide with the tilted long period
grating perturbation. Note that instead of a 1 x 5 splitter there is now a peak at the
center of the waveguide, so it changes the 1 x 5 splitter into a through waveguide
without splitting, again, with a loss of power. The tilted long period grating is
designed to couple mode #5 to mode #13 and therefore transfers power between the
two. More specifically this grating has a period of 272.2um along the z axis, has 10
periods, is placed at z =0 and has a tilt angle of 88.54°.

The third design is a 1 x 3 splitter measuring 45 pum in width by 3325um in
length. Details of both the MMI power distribution and the Gaussian input versus
output images are depicted in Figures 6-13 through 6-16. The tilted long period
grating is designed to couple mode #3 to mode #15 and therefore transfers power
between the two. More specifically this grating has a period of 181.43um along the z
axis, has 10 periods, is placed at z = 0 and has a tilt angle of 88.10°.
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MMI Image of a 1x2 splitter measuring 30 pm Width x 3150um

Designl -
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Figure 5

Length

Result of coupling mode #1 and mode #10 using\ a TiltedﬂLPG

: Designl -

6.

Figure 5

over 12 periods
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MMI Image of a 1x5 splitter measuring 45 pm Width x 5900um
Result of coupling mode #5 and mode #13 using a Tilted LPG

10: Design2

9; De51gn2

over 10 periods

Flre
Figure 5
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Figure 5-11: De81gh2 - Input Gaussian image versus MMI output imae of a 1x5 splitter
measuring 45 pm Width x 5900um Length

Figure 5-12: Design2 - Input Gaussian image versus MMI output image result using a
Tilted LPG to couple mode #5 and mode #13 over 10 periods

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-14: Design3 - Result of coupling mode #3 and mode #15 using a Tilte(i LPG
over 10 periods
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As one can see from Figures 5-5 through 5-16, the tilted long period gratings
cannot tailor the output images perfectly and there is always a loss of power that will be
radiated out of the waveguide. Despite this loss of power the strength of this concept
has finally been shown. Certainly there are uses for dynamic splitters, which can
change a natural 1 x 2 splitter into a 1 x 1 through waveguide and likewise for a 1x5
splitter and a 1 x 3 splitter depicted in Designs 1-3 above.

5.3.3 Power Loss

Depending on the application, significant power losses through an integrated
optical device can render it useless. Therefore, it is important to be able to estimate
power losses during the design phase of the device. The total losses through an MMI
device include coupling losses due to mode mismatch losses. This is due to modal
mismatch between the MMI image and the output waveguides. Losses also include
those seen in all waveguides, such as power loss due to absorption, scattering, and
reflection losses at coupler interfaces.

For an MMI without perturbations, as independent orthogonal modes propagate
along an MMI section, they interfere and self images are produced. For perfect
designs these output self images are very similar in spatial characteristic as the original
input signal. However, if output waveguides are not designed exactly at the maxima
for the image, power will be lost due to the spreading out of the pattern. This
phenomenon can be viewed by looking at the MMI examples in the previous section.
Figure 5-7 depicts an MMI without perturbation for a well designed 1 x 2 splitter.
This splitter, however, is not designed at the optimum z-length for a perfect 1x2 splitter.
One can immediately notice that the peak power is not at 0.5 (normalized) as an ideal
1x2 splitter should be. The image has been spread out. If the output waveguide was
designed with the same dimensions as the input waveguide, power will be lost. Figure
5-8 depicts an input into the MMI versus the output. One can see that the output is
skewed to the right. If one designed the input waveguide of the same dimension and
placed it in the middle of the MMI waveguide, power would be lost due to this spatial
mismatch.

Since MMI devices typically function as splitters, coupling the output of the
MMI to output waveguides is of critical importance. The coupling efficiency is
calculated from an overlap integral of the field pattern of the output and the waveguide
mode that can exist in the output waveguides [53]. The coupling efficiency can be
given by [53]

{ j A(x)B*(x)dx}

o j A(x) A" (x)dx j B(x)B’ (x)dx

n (5-7)
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where A(x)is the amplitude distribution of the output MMI image and B(x)is the
amplitude distribution of the output waveguide mode.

For the three device design examples discussed in the previous section, the
input waveguide to the MMI section carried a Gaussian input. Since multimode
imaging is based on self-imaging effects, that is the field pattern of the input is repeated
throughout the MMI waveguide, one can also model the field pattern of the MMI output
as a Gaussian

f(x)= eXpii— 1 (x —*o J } X (2-23 -Repeated)
c

2

X

As a numerical example, the output of the 1x2 splitter in Figure 5-7 can be
modeled as a Gaussian with a FWHM equal to 3.6 microns. The model of the output
waveguide is equal to the input Gaussian characteristics, with a FWHM equal to 3

. [ Je"{"i(g.sz_%z}"{‘2(3.02_6)2}5"}2 |
f{%@fﬁ) }e"*{‘i(;ﬁﬁ%) }dXJCX{‘i(aof‘;‘a) }{2(306) }d"

=.9983

This means that 99.83% of the power contained in the output Gaussian at the end of the
MMI section couples into the output waveguide.

For a strict analysis of the coupling coefficient, all modes should be analyzed
separately. One can do another overlap integral between each mode at the end of the
MMI, represented by a complex number, and the ideal Gaussian in the output
waveguide. The electric fields, with a phase, in the output waveguide would then have
to be summed, squared and integrated in order to attain the power inside. This power
can be compared to the normalized input power at the z=0, the start of the MMI, and a
power efficiency can be calculated.

The power maxima at the output of the MMI are not the only concern in optical
systems. Unintended output power coupled to output waveguides may cause problems
depending on system design. This can be illustrated by looking at Figures 5-11 and
5-12 for example #3 in the previous section.

In Figure 5-11, the output of a designed 1x5 splitter is compared to the input
Gaussian. Figure 5-12 shows the output in the ‘switched’ state, whereby the dynamic
grating is now on, a 1x1 splitter is accomplished. The 1x1 splitter has power loss, as
one can see, the output field has a smaller amplitude. This power is lost in the
sidelobes. These sidelobes themselves can cause problems. Since the waveguide
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will be designed with 5 output waveguides, but only one of them is used in the
‘switched’ state, power will continue to be coupled out of the waveguide into the four
unused waveguides. For example, the power coupled to the unused waveguides can
result in noise accumulation in an optical telecommunications system.

5.4  Chapter 5 Summary

In this chapter, design considerations, variables and methodology were
discussed. In order to simulate designs using Matlab, Runge-Kutta iterations are used
to solve the coupled mode equations, which are simultaneous differential equations. A
subset of designs was shown and from these, one can see the effect of tilted long period
gratings on the multimode imaging. For instance, the tilted long period grating can
change a natural 1x2 splitter into a 1x1 through splitter (Design 1), a natural 1x5 splitter
into a 1x1 through splitter (Design 2) or a natural 1x3 splitter into a 1x1 through splitter
(Design 3). Further designs are shown in Appendix I. Also discussed were power
loss considerations. Depending on the application, power loss as a result of the
application of a dynamic LPG may be a critically important variable.
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[6] Ideas for Fabricating Dynamic Gratings

6.1 Introduction

In order to confirm the theory and simulations contained within this thesis, one
must construct integrated optical devices. Simplistically, this confirmation can be
accomplished by creating two MMI devices of known material and dimension; one with
a long period tilted grating and one without. By coupling a laser to such a device one
will be able to view the difference in imaging, and compare it to the simulation. This,
however, is merely comparing two static devices. The power of writing a long period
tilted grating on an MMI device lies in the ability to induce a refractive index change
dynamically. Within this context, there are multiple ways to change the refractive
index of a material, and thus dynamically change the power distribution out of the
device. Such technologies are, but are not limited to, thermo-optic gratings,
electro-optic gratings and liquid crystal gratings. These technologies will be briefly
described here in order to illustrate to the reader that the theory discussed in this thesis
has practical and forward-thinking uses.

6.2  Fabrication of Two Static Polymer Devices

The easiest way to compare MMI imaging with and without the effect of a long
period grating is to construct two static devices, one as a simple MMI and one with an
LPG written on it. A comparison of the two devices lets one see what the application
of a dynamic grating could achieve. These static integrated optical devices are easiest
to manufacture using polymer as a waveguide material.

Integrated optical devices using polymers are driven by the need for low cost,
high yield, easy to manufacture devices. Such devices are used in the
telecommunications industry for such devices as splitters, couplers, routers, filters and
switches for existing telecommunications systems and new systems such as
fibre-to-the-home (FTTH) [39]. Other useful properties of optical polymers, as
opposed to semiconductor or glass waveguides, are its low optical losses, thermal
stability, physical stability, low scattering losses and low polarization-dependent losses
[39]. Polymers also have excellent thermo-optic or electro-optic properties making
them suitable for high-speed electro-optic modulators or low power consumption
thermo-optic devices [40]. Additionally, these polymer systems can have low
absorption in the wavelength range of 400nm-1600nm, which covers the critical
telecommunication windows. Furthermore, since these polymers are synthetic they
may be tailored to have a refractive index over a broad range from 1.3-1.6. In essence,
polymers can be tailored to meet the needs of a wide range of specific applications.

One such polymer, known as SU-8, is a cross-linkable negative tone epoxy
photoresist. SU-8 also has exceptional thermal stability for temperatures below 200°C
[42], is biocompatible, water impermeable, mechanically durable and chemically
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resistance [41]. Furthermore, it can be used as a waveguide material due to its
transparency, low loss, and smooth sidewalls after fabrication.

In order to use SU-8 as a waveguide material, cross-linking must occur. In this
case, cross-linking occurs by which the reactants are transformed from a low molecular
weight material into a highly cross-linked network. This is initiated by absorption of
ultraviolet (UV) light generating a strong acid for cross-linking by means of a
post-exposure thermal bake [49]. SU-8 is available in a number of formulations
dependent on desired thickness. Since one wishes to have one mode confined in the
y-axis, a thin layer is desired. As one can see from Figure 6-1, out of all the
formulations of SU-8, formulation SU-8 2002 can spin down to the thinnest film
thickness, roughly 3 microns. Once the device is completely fabricated, one would
like to efficiently couple the SU-8 device to an optical system. For example, the input
and output waveguides could couple to single mode fibres with a 9 micron diameter
core. In this case, designing the SU-8 film thickness for the most efficient power
coupling to the single mode fibre is desired to prevent unwanted power loss.

SUS-2000 Spin Speed Cutve
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Figure 6-1: Spin speed vs. Thickness curves for selected SU-8 2000 resists [49]

To create a standard multimode splitter, without a grating, one must follow the
basic fabrication steps in Figure 6-2. OMNICOAT is spun onto a cleaned wafer.
OMNICOAT is used to promote adhesion between the wafer and the SU-8 and is
manufactured by Microchem [70]. SU-8 2002 is then spun onto the wafer using a spin
speed of 1000rpm to attain a thickness of approximately 3 microns, from Figure 6-1.
The wafer is then exposed to a UV lamp through the waveguide grating mask. The
UV light in the exposed area initiates a strong acid for the cross-linking to occur [49].
The SU-8 is then developed with an SU-8 developer. Since SU-8 is a negative
photoresist, the exposed portion of the SU-8 stays and the unexposed portions are rinsed
away. The structures left over are the multimode interference waveguides.
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Clean wafer with piranha
(a) Borosilicate wafer Dehydrate wafer
y
" €— OMNICOAT Spin on OmniCoat
© <— SU-8 Spin on SU-8 2002
Initiate a soft bake
Y uvige
Expose to UV light with
< Waveguide Mask the Waveguide Mask
td Post-Exposure Bake
<— SU-8 Waveguide  Develop with SU-8 Developer
(e) Initiate a hard bake

Figure 6-2: Creation of SU-8 MMI waveguides

After the SU-8 waveguides have been fabricated (Figure 6-2), a surface relief
grating can be added by following the steps depicted in Figure 6-3. One can then have
a multimode interference device with a tilted long period grating structure physically
written on the surface.

r 4 Note the change in axis
Yy

Spin on Photoresist HPR504

(6]

Expose to UV light through the
® Grating Mask

PostExposure Bake

Obtain HPR504 Grating profile
) after developing

Reactive Ion Etch away the
HPR504 and underlying SU-8
@

Obtain a surface relief grating on

1))
SU-8 Waveguide

Figure 6-3: Creation of surface relief gratings on SU-8 waveguides

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The first step to create a surface relief grating is depicted in Figure 6-3, which is
to spin a different type of negative photoresist such as HPR504. The HPR504 layer is
exposed to UV light through the grating mask. This grating mask is specifically
designed to lay over the existing SU-8 waveguide and gratings are written at a specific
location in the z-axis. The HPR504 photoresist is then developed using a developer.
Again, the UV exposed regions of the HPR504 will stay and the rest will rinse away.
This is not the final structure however, even though one has a HPR504 grating on top of
an SU-8 waveguide. One must use a reactive ion etch (RIE) in order to write the
gratings onto the SU-8 for a single homogenous waveguide. The RIE process uses
gases O, and SF¢ in order to etch away both the HPR504 protective layer and the
uncovered SU-8 under-layer. The two static waveguides are now complete. One
need only test the unperturbed MMI versus the MMI with a surface relief grating by
coupling the same laser to each and view the output images.

The surface relief grating is equivalent to perturbing the background refractive
index. One would like to quantify this Anfor realistic waveguides. A surface
corrugation is depicted in Figure 6-4.

n'upper
Y= m
f AH .
F
P
A 4 nﬁlm
y=0

substrate

Figure 6-4: Surface relief grating

The perturbation in the effective refractive index due to the surface corrugation
can be estimated as [63]

2 2
n., —HNn
_ Sfilm eff
Any = AH ——=— (6-1)
Ny H

For example’ lf nﬁlmSU—S =1.591 s nUpperAir =1 OOO’ nsubstrateBoroSilicate =1.476 @ 650nm

light, H =3 microns, and the estimate for effective height from 2-18 (modified for
height)is  , =3.3 microns, and from Equation 2-7:
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index for a change of height of 20% such that AH =0.6 microns,
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6.3  Mechanisms for Dynamic Gratings

6.3.1 Introduction

Section 6.2 described one way to fabricate two structures, an unperturbed
MMI, and one with a perturbation in the form of a surface relief grating. By
examining these two devices, one can view the effect of the perturbation on the
multimode image. However, ideally one would like to fabricate devices in order to
switch the grating on and off in order to take advantage of the multimode image change.
Technologies that can accomplish this are thermo-optic gratings, electro-optic gratings
and liquid crystal gratings. Section 6.3, here, is devoted to discussing these
technologies.

6.3.2 Thermo-optic Gratings

The operation of thermo-optic devices is based on the thermo-optic effect,
which can be used to induce a dynamic grating. It consists of the variation of the
refractive index of the material due to the temperature variation of the material itself.
Different materials have different thermo-optic index perturbation coefficients. This
adds another variable when choosing the material system. Heaters can be formed
using thin-film metals, which can be heated up using external electronics. These
heaters can be placed periodically on top of the multimode interference section in order
to create a dynamic grating. The speed in which the grating can be turned on/off
depends on how fast one can heat the material [26]. The speed is slow compared to
such technologies as electro-optic devices, and the switching power is relatively high in
order to heat the material. Nonetheless, it is an attractive way to induce a refractive
index change due to simplicity — all dielectric materials are affected by the thermo-optic
effect.

The thermo-optic effect changes the refractive index of the material, therefore it is
fitting to recall the coupling coefficient stated in Equation 3-20,

Ky = J IAg(x, »,2)E (%, WE. (x, y)dxdy (Equation 3-20 —repeated)
Weff
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where Ag(x,y,z)is the permittivity perturbation. The permittivity perturbation is
related to the change in  refractive index by  Equation 4-4:
Ae(x,y,z) = 2gn(x,y,2)An(x,y,z). Since one is dealing with a tilted grating in the
x-z plane, one must find an expression for An(x,z) with respect to the temperature
change distribution induced by the heater and represented by AT(x,z) [26].

d
The value of the thermo-optic coefficient is }T’l:-l.87e-4/°c for SU-8 over

the range 20°C - 70°C (Figure 6-6). For example, in order to have An=0.0187, a
temperature change of about 100°C would meet the requirements. For SU-8, the
change in refractive index versus temperature is depicted in Figure 6-5 [40].

1.576

1.568- dnfdT=-1.87x10"°C

Refractive Index
-
[+ ]
-~
e

20 30 40 50 60 70 80
Temperature {C)

Figure 6-5: Variations in the refractive index of SU-8 as a function of temperature [40]

d
A mere calculation of Enis not enough. In order to quantify the effect of

AT(x,y,z) on An(x,y,z), one must solve the heat equation for the structure depicted

in Figure 6-6 and 6-7. One must also take into account the boundary condition set by
the dimensions of the MMI device. The power generation rate per area of the heater,
the thermal conductivity of the waveguide material, and the convection heat transfer
coefficient of the air and material must also be taken into account. For an example of
such a calculation, see Reference 26. One can then calculate the analytic expression
for both the change in refractive index and the coupling coefficient with respect to the
temperature-change distribution.
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Figure 6-6: Heater placement to utilize the thermo-optic effect: x-y plane
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Figure 6-7: Heater placement to utilize the thermo-optic effect: y-z plane
6.3.3  Electro-optic Gratings

Certain materials will change their properties when subjected to an electric
field. From the optical point of view, the refractive index n will change for an
anisotropic (orientation dependent) electro-optic material. One must fabricate
electrodes on an electro-optic waveguide material. An example of how an
electro-optic controllable tilted grating can be induced is shown in Figure 6-8. Here
electrodes are placed on both sides of the waveguide to achieve good penetration of the
electric field into the waveguide. This device was fabricated and simulated in
Reference 27.

Buffer claddings
-V +V -V +V -V
—1 x
&y 4 Guiding electro-optic core
-V +V -v +V -V
Substrate z

Figure 6-8: Cross-sectional view of a waveguide electro-optic grating

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The change of the refractive index due to an electric field can be expressed
simplistically as follows [59]

n(E)=n—%nfﬁ—srfﬁ]2 +... (6-2)

where n is the refractive index without any electric field present. Here ‘r’ is called the
Pockels Coefficient and ‘s’ is called the Kerr Coefficient. The dependence of the
refractive index on the electric field takes on two forms, which are material dependent
[59]:

1. The Kerr Effect; in centrosymmetric materials (i.e. gases, liquids, some crystals),
the second term of Equation 6-2, must be zero and the equation becomes

n(E)~ n—sn’E”.

2. The Pockels effect, whereby the third term in Equation 6-2 is negligible and the
equation becomes n(E) = n— %nfﬁ . (6-3)

Typically integrated optics make use of the Pockels effect and thus will be discussed
here in more detail.

For the Pockels effect, n(E) changes linearly with E, thus this effect is also
called the linear electro-optic effect. The change in refractive index for this effect is

An = —%rrfE . (6-4)

If a material exhibits the Pockels effect, the change in the effective refractive
index nes(E) can be used to create tilted long period gratings. The phase shift is equal to
the change in the propagation constant multiplied by length of the electric field,
essentially the length of the electrode, the formula is

¢ =ApL or
4= ZﬂL/ln(E) (6-5)

where A is the freespace wavelength of the laser going though the MMI device.

Substituting in Equation 6-3 for the Pockels effect and knowing that the
Pockels effect operates when a voltage is applied across two faces of the waveguide at a
distance d (E=V/d), the phase change can be written as [127]

2mL L’V
¢ = -7 .
Ay dA,

(6-6)

The above analysis of the electro-optic effect is a simplistic view of the change
of refractive index in an unspecified material due to an electric field. When one takes
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the material to be a crystal, the analysis of the electro-optical effect on a lightwave
becomes significantly more complex. The reason for this is that there are three
inter-related elements in the physical analysis that are occurring: the direction of wave
propagation k, the direction of the applied electric field E and finally the orientation of
the crystal. Furthermore, the analysis is complicated by the polarization of the
lightwave: TM or TE polarization relative to the crystal axes.

In an anisotropic crystal, if an electric field is applied in any arbitrary direction
say in the x-direction, the change in the refractive index, n, is not just along that
x-direction but can be along the x, y and z axes. The direction and magnitude of the
changes in the refractive index depends on the direction and magnitude of the applied
electric field and on the material properties of the crystal. Material properties are
represented by r, the Pockels coefficients. The Pockels coefficients is now represented
as a tensor. New refractive indices, due to an electric field, are calculated by the index
ellipsoid method [59].

The following depicts a simple example using lithium niobate as a material,
which is a uniaxial negative crystal. The term uniaxial negative means that the

principal refractive indices are as follows: n, =n, =n,,,, and n; =ng, w0, With

ne< n,. The electro-optic coefficient 7;;can be utilized when the guided mode is

polarized along the optical axis of the crystal and an electric field also lies along the
optical axis, z [27] [118]. This axis is defined by the crystal cut depicted in Figure 6-9.
Literature classifies cuts of crystals by x-cut, y-cut or z-cut which means the crystals are
cut with the major surface of the wafer perpendicular to the x, y, or z crystallographic
axis.

Propagation Direction

Transverse Direction
Crystal cut

Figure 6-9: Crystal Cut Definition for crystals

The maximum electro-optic coefficient for lithium niobate is the 7, coefficient equal to
r,; =30.8pm/V . In the case outlined in Reference 27, TM modes are utilized, with a

z-cut waveguide and an electric field along this axis. The refractive-index perturbation
. 1 = o i . . .
is thusAn ~ Er”nj E,. The refractive index for lithium niobate for this extraordinary

axis is 2.21 at 1550 nm of light. For an applied voltage of 5V over the height of the
waveguide, 3 microns, the calculation is:
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A
3e—-6
For a more precise calculation of the electric field, the electro-optic effect, and

the induced refractive index modulation, for the device depicted in Figure 6-7, an
electro-static problem solver simulation is used [27].

An~ —;—(30.86 - 12)(2.21)’\3( ) =0.000277

6.3.4 Liquid Crystal Gratings

The liquid crystal state is a distinct phase of matter that exists between a
crystalline solid state and the isotropic liquid state of a crystal [28]. There are many
types of materials that exhibit a liquid crystal state, yet common to all are a rod-like
molecular structure that has a preferred orientation; the molecules point along a
common axis called the ‘director’. This preferred orientation leads to the anisotropy of
the material and this anisotropy causes the liquid crystal to be birefringent.

Birefringence means the liquid crystal has two indices of refraction, one for
each polarization state. If the crystal is randomly oriented, a ray of light will
decompose into two rays, the ordinary and extraordinary ray — the same as the lithium
niobate crystal discussed in the previous section [59]. In a uniaxial crystal, there is
one direction such that any light in that direction ‘sees’ the same refractive index,
regardless of its state of polarization. This is because the electric field of the light
propagating along this axis is always perpendicular to this axis. This direction is
called the optic axis and for uniaxial liquid crystals is the same as the director. Thus,
light polarized parallel to the director has a different index of refraction than light
polarized perpendicular to the director.

Therefore, if one can change the direction of alignment of the liquid crystal,
relative to the input light, one can also change the refractive index the lightwave sees.
This is precisely what one seeks to accomplish when switching a grating on and off. If
the waveguide is in the ‘grating off” state, the light only ‘sees’ the refractive index of
the liquid crystal in its natural state. However, if the waveguide is in the ‘grating on’
state, the liquid crystals can be periodically upset away from the preferred orientation
and the light will ‘see’ a second index of refraction. This can be accomplished with an
external electric field as liquid crystal molecules also exhibit strong dipoles that make
them susceptible to manipulation. The liquid crystal molecules can thus be poled.

One can control the modulation of the index of the liquid crystal by changing
the applied voltage as the effective refractive index is dependent according to the poling
direction. The difficulty in fabrication arises because one is dealing with a liquid
phase material, and the molecules move. The liquid crystal must be confined in a
container. A method outlined in Holographic PDLC for Photonic Applications by
Domash et. al, proposes to use a composite electro-optic medium, which is a mixture of
polymer and nematic liquid crystal [125]. A nematic liquid crystal phase is
characterized by molecules that have no positional order but tend to point along the
director.  The composite electro-optic medium wused is called a holographic
polymer-dispersed liquid crystal (H-PDLC). It can be polymerized by a laser, causing
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a diffusion process whereby liquid crystal micro-droplets form preferentially in the
unexposed area. After this process, alternating areas of solid polymer and liquid
crystal micro-droplets form having different indices of refraction [126]. The area
exposed to the laser has only polymer, and the area not exposed to the laser has a
mixture of polymer and liquid crystal as depicted in Figure 6-10.

Polymerized monomer
with refractive index n,  Liguid crystal microdroplets
with refractive index n,_,

7 Electrodes

Polymer:Layer
Core

Substrate
Cladding

Figure 6-10: Method to create long period gratings using liquid crystals

In order to take advantage of the electro-optic properties of the liquid crystals,
electrodes must be deposited on the waveguide where the liquid crystals reside. An
applied voltage orients the liquid crystal molecular optical axis such that its refractive
index now matches that of the polymer refractive index [126]. The period structure
‘vanishes’ with the application of this electric field due to index matching of the
surrounding polymer as depicted in Figure 6-11. Light is transmitted through the
transparent material and the multimode interference section will see no grating at all.
If no voltage is applied to the electrodes, then the full influence of the long period tilted
grating is in effect as depicted in Figure 6-12. Core modes will couple with core
modes and the MMI imaging will change.

Liguid erystal molecules

Polymetized monomer
with refractive index n,  Liquid crystal microdroplets

Sighal

Polymer Layer
Core

Substrate
Cladding

Refractive index match ~ n,= n,,
Grating becomes effectively transparent

Figure 6-11: Electric field applied: liquid crystals rearrange to index match the
surrounding polymer
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Liquid crystal molecules

Polymerized monomer
with refractive.index.n,  Liquid crystal microdroplets

Signal,

-

Polymer Layer
Core

Substrate
Cladding

Refractive index mismatch n,= o,
Lightwave signals sees grating

Figure 6-12: Electric field is turned off: refractive index perturbation exists

A numerical example of the change of refractive index is accomplished using
methods similar to that of electro-optic crystals in the previous section. The refractive
index changes dependent on the applied voltage and subsequent reorientation, by angle,
of the liquid crystal molecules. This change is several orders of magnitude higher than
conventional dielectrics such as Lithium Niobate and index modulations can be as large
as large as 0.05 [128].

6.3  Chapter 6 Summary

This chapter discussed possible technologies one can use in order to create a
dynamic long period grating. In order to see the effect of a tilted long period grating
on the multimode images, one can construct two static devices, one with a tilted long
period grating and one without and compare the outputs. Dynamic gratings can
conceivably be accomplished using many technologies. This chapter specifically
discussed thermo-optic gratings, electro-optic gratings and liquid crystal gratings.
Each technology has its own considerations and advantages. The thermo-optic grating
and liquid crystal grating can produce a higher change in refractive index; however they
are slower devices than an electro-optic grating. Depending on the application, it may
be more practical to induce a dynamic grating using one technology rather than another.
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[7] Summary and Future Endeavors

7.1  Summary of Project

The goal of this thesis is to analyze the effect of perturbations on guided mode
coupling and subsequent multimode imaging within a planar multimode waveguide.
The perturbations are tilted long period gratings, as the perturbation needs an x (or y)
dependency in order to efficiently couple core modes to other core modes. The
perturbations can both change the phase and power of modes. The combined effect of
the two changes the MMI images. A background on MMIs and General Coupled
Mode equations was presented in Chapter 2 and Chapter 3 respectively. Coupled
mode theory specific to tilted long period gratings was developed in Chapter 4. A
simulation using MATLAB was based on these coupled mode equations and designs
were considered in Chapter 5. Finally, ideas for fabricating the tilted long period

- gratings dynamically was presented in Chapter 6.

The concept of coupling core modes to other core modes via a long period
grating within an MMI device is a novel concept not seen before, to the knowledge of
the writer. This was an exploratory project asking the question whether it was realistic
and possible to change the multimode images in this manner. Once an analytic
analysis was performed, it was found that theoretically it is possible to couple core
modes to core modes and change multimode images. Furthermore, with the help of a
simulation, this change can be quantified.

Using MATLAB, designs were produced in order to illustrate ‘image
switching’, assuming a dynamic grating that can be switched on and off. Chapter 5
results illustrated a 1x2 optical splitter can change into a 1x1 splitter by inducing a
change of refractive index to couple modes #1 to #10. The second design showed a
1x5 splitter can change into a 1x1 splitter by inducing coupling between mode #5 and
#13. The third design shows a 1x3 splitter can change into a 1x1 splitter by inducing
coupling between mode #3 and #15. Chapter 5 also discusses the power loss that can
occur. MMIs devices without perturbations can be designed without a loss of
significant power. Once a perturbation is in place, however, significant power loss is
observed due the multimode image changes.

The simulation depends on a large number of input variables, as does the actual
perturbed MMI device. A change in any one of these variables can drastically change
the MMI imaging and concurrently the vitally important output image. The input
lightwave has variables: wavelength of laser light, polarization and full-width half
maximum of the input beam which is dependent on the width of the input waveguide.
The input waveguide has variables: width and placement along the x-axis. As
discussed in sections 2.3.2 and 2.3.3 the placement of the input waveguides along the
x-axis dictates the excitation of core modes and also dictates the type of interference:
general interference, paired interference or symmetric interference.  For the entire
waveguide, a key variable is the material system and thickness of the core. The

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



simulation must know the wavelength dependent refractive index of the substrate, core
and cladding as well as the thicknesses of each. The simulation assumes the substrate
and cladding go to infinity in the y-dimension from the point of view of guided modes.
It is important to try to design the waveguide such that only one mode is allowed to
propagate in the y-dimension. Therefore, the core is designed to be thin, on the order
of a few microns, which is possible using thin film methods. Using the restriction of
one mode in the y-dimension allows easy calculation of the effective refractive index
from the x-z plane point of view. The width of the MMI section in the x-dimension
dictates how many modes can exist in the waveguide given the material system. The
placement and dimensions of the output waveguides is critical in order to couple light
out of the MMI device for use in other parts of the optical system. As discussed in
section 5.3.4, depending on the application, the high power loss through the devices
may render the device useless.

So far, variables discussed are for all MMI devices — with or without
perturbations. There are of course a large number of perturbation variables as well.
For the long period tilted grating, the variables are the tilt angle, periodicity of the
gratings along the z-axis and number of periods. If one wishes to induce the
perturbations by a surface relief grating, the variables are the grating topology — is the
surface relief grating imprinted as a sine wave or square wave in the y-z axis? Other
variables are the depth of the corrugation and resulting change of refractive index.
Furthermore, where one places the gratings along the z-axis can change the MMI
imaging as shown in Figure 5-4. Is there a portion of the unperturbed waveguide
before or after the tilted grating section? All these variables give the designer a wide
range of parameters for design, which is good, as one could conceive a near infinite
number of waveguides. However, as a drawback, a high number of variables may lead
to difficulties with fabrication, characterization and troubleshooting.

7.2  Future Endeavors

The variables discussed in section 7.1 were all considered within the MATLAB
program used as a basis for simulation. However, these are not the only variables that
can affect the MMI images. For example, modeled in this thesis was one grating per
MMI section. Of course, one could have multiple gratings on the MMI section,
sequentially placed. Theoretically, one could design the first grating to couple mode
#1 to mode #12, then a second grating to couple mode #3 to mode #15 or any
combination, then view the MMI imaging. Also for example, the perturbation does
not need to be modeled as a tilted long period grating. This is a simplistic structure
and allows for the analytical examination of the coupled mode equations. The
perturbation can be of an unusual shape. The definition of the change of refractive
index can be x,y, and z dependent. An example of an unusually shaped perturbation is
to induce a refractive index perturbation by a surface corrugation, and then induce
another permanent perturbation by photoinducing a refractive index change on top of
this using a photo-sensitive material system. As a future endeavor, the investigation of
multiple gratings, and unusual perturbation structures should be explored for an MMI
device. In addition, perturbations such as gratings or unusual structures can be
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induced using technologies such as thermo-optic, electro-optic or liquid crystal
materials as discussed in Chapter 6 or other technologies such as systematic strained
waveguides or even microfluidic gratings. Such technologies should be investigated
and fabricated.

The simulation written in MATLAB uses the coupled mode equations and
Runge-Kutta iterations in order to solve the change of phase and power of the individual
modes. It can output a plot of the multimode imaging, and the power output at the end
of the MMI section. What the program lacks, however, is the ability to predict where
the MMI images form in the z-length dimension or the x-dimension. In section 2.3.2
and 2.3.3, for an MMI without perturbations, the z-length for a given number of images
can be predicted. Also, in section 2.3.4, where these images appear in the x-axis can
also be predicted. However, once a perturbation is in place, one can no longer
analytically predict where these images form. The designs were thus carried out in a
logical guess and test methodology. Since there are a large number of variables, the
designer has a wealth of parameters to change in order to fine-tune the images.
However, if it is mathematically impossible to predict the image placements in the x-z
axis, as a future endeavor, one can write a program that has the ability to optimize
designs. This optimization can be in the form of a genetic algorithm. In a perfect
program, one would design an MMI of a certain dimension and material system. Then
one would input the desired spatial distribution of power at the output of the waveguide
and the program would output the perturbation characteristics such as the change of
refractive index, dependent on x, y and z, and the placement of perturbation.

The technology of ‘image switching’ by virtue of a dynamic perturbation can
have a number of uses. One of these uses can be in the realm of telecommunications.
Splitters are used in telecommunication systems in order to route wavelengths to
different optical devices or system nodes. If one can switch the MMI device such that
it goes from say a 1x1 splitter to a 1x2 splitter, one can use it for protection switching.
Wavelength protection in telecommunication systems is used to provide redundancy in
case of failure such as a severed fibre between nodes. In this case, fast switching is
desired. Therefore, one might seek to investigate electro-optic dynamic gratings as the
materials used are known for responding to an applied electric field with a quick change
in refractive index. Another application can be tunable splitters. The majority of
MMI splitters cannot change their splitting characteristics. By virtue of a switchable
refractive index perturbation, theoretically, one may be able to change a splitter from a
1x2 splitter to a 1x3 or a 1x4 splitter. This could reduce capital costs for an
organization.

In conclusion, it has been theoretically shown that multimode images can
change by virtue of core mode to core mode coupling using dynamic long period
gratings. It has also been shown that this change can be quantized by simulating
devices in MATLAB. These devices have a multitude of variables the designer can
change.  Such devices can also have a number of uses, for example in
telecommunications. Since these MMI devices are naturally all optical devices, they
concur with the industry move towards all optical systems.
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Appendix I:

Device Designs
All designs were carried out with An =0.02
Design #1) Originally a 1 x 2 splitter, convert to a throu

waveguide with loss~30%.

OUTPUT
MMI INPUT WAVEGUIDES

Effective | pimensions (microns) WAVEGUIDES Wavelength Spatial
Refractivel " (\icrons) (microns) o Width | Comments

Index Placement {Dimensions| Placement |Dimensions microns

X Z in X X (Width) in X X {Width)
1.5312 | 30 | 3150 15 3.5 22.5 3.5 650.3 3.5 .

waveguide | 106 Possible
7.5 3.5 width, 2.5 Modes inx
modeled dimension

Design: |Extra Output Waveguides - GRATING
Choose |for new images (microns)| VVhere Grating Grating
Modes starts inz Number | Period Period |~ .0 Intensity
Coupled | piacement Dimensions of Length in Z|Length in An Ieg peak-to-peak
in Xe in X Periods | (microns) z' 9 (delta ref.
First{Second Index)
1 10 15 35 0 12 173.0774 | 6.0321 (88.0027 0.02
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Design #2) Originally a 1 x 5 splitter, convert to a throu

waveguide with loss ~30%.

MM INPUT WAVEGUIDES OUTPUT
Effective | Dimensions (microns) WAVEGUIDES Wavelength Spatial
Refractive] (Microns) . . (mlcror?s) . m Width Comments
Index Placement|Dimensions X| Placement {Dimensions microns
X zZ in X (Width) in X X (Width)
1.5631 45 | 5900 22.5 3.5 4.5 3.5 650.3 3.5 .
waveguide | 165 Pos.SIbb
13.5 3.5 width, 2.5 | Modes in x
modeled | dimension
225 3.5
315 3.5
40.5 3.5

Design: |Extra Output Waveguides - GRATING
Choose |for new images (microns)| VVhere Grating Grating
Modes starts in z Number | Period Period |~ . Intensity
Coupled Pl ¢ Dimensions of Length in Z [Length in An Ieg peak-to-peak
af:r)rgen in X Periods | (microns) z 9 (delta ref.
First|Second Index)
5 13 None None 0 10 272.2059 | 6.9473 [88.5375 0.02
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Design #3) Originally a 1 x 3 splitter, convert to a through waveguide with loss #25%.

OUTPUT
: mt | INPUT REVESIIDES | wavEGUIDES Sontil
Effective | pimensions {microns) Wavelength patia
Refractive (Microns) | Placement nm Width Comments
Index in X Dimensions | Placement |Dimensions microns
X 7 X (Width) in X X (Width)
1.5631 45 | 3260 22.5 3.5 22.5 35 650.3 3.5 )
waveguide | 165 Possible
375 3.5 width, 2.5 | Modes in x
modeled dimension
7.5 3.5

Design: |Extra Output Waveguides . GRATING -
Choose |for new images (microns)| YVhere Grating Grating
Modes starts in z Number |  Period | Period |~ . Intensity
Coupled Pl t Dimensions of Length in Z |Length in An Ieg peak-to-peak
a?r:ar;('ien in X Periods | (microns) Zz 9 (delta ref.
First|Second Index)
3 15 None None 0 10 181.4322 | 6.0197 88.0987 0.02
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Design #4) Originally a 1 x 5 splitter, convert to a 1 x 2 splitter with ~30% at each
output and the rest of the power lost.

OUTPUT
MMI INPUT WAVEGUIDES
Effective | pimensions (microns) WAVEGUIDES Wavelength Spatial
Refractive| " (\ticrons) (microns) o Width Comments
Index Placement {Dimensions| Placement |Dimensions microns
X Z in X X (Width) in X X (Width)
1.57M 60 | 7000 30 3.5 6 3.5 650.3 3.5 .
waveguide 222 Possible
18 35 width, 2.5 | Modes in x
modeled dimension
30 3.5
42 3.5
54 3.5

Design: |Extra Output Waveguides _ GRATING
Choose |for new images (microns) Where Gfatmg Grating
Modes starts in z Number | = Period | Period | . Intensity
Coupled Pl t Dimensions of Length in Z |Length in An Ieg peak-to-peak
a‘i’:’;(‘e” in X Periods | (microns) z 9 (delta ref.
First;Second Index)
1 13 None None 0 10 417.1075 | 9.2547 (88.7286 0.02
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Design #5) Originally a 1 x 3 splitter, convert to a through waveguide with
unacceptable loss — may be able to refine design with fabrication

OUTPUT
MMI INPUT WAVEGUIDES
Effective | pimensions {microns) WAVEGUIDES Wavelength| Spatial
Refractive (Microns) (microns) o g Width Comments
Index Placement |Dimensions | Placement |Dimensions microns
X Z in X X (Width) in X X (Width)
1.5792 75 9100} 375 3.5 62.5 3.5 650.3 3.5
waveguide | 279 Possible
375 35 width, 2.5 | Modes in x
modeled dimension
12.5 3.5

Design: |Extra Output Waveguides - GRATING
Choose |for new images (microns) Where Qratmg Grating
Modes starts in z Number | Period | Period | .- Intensity
Coupled | pjacement Dimensions of Length in Z |Length in An Ieg peak-to-peak
in X in X Periods | (microns) z 9 (delta ref.
First{Second Index)
1 15 None None 0 10 489.8456 | 10.0205 |88.8279 0.02
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Design #6) Originally a 1 x 5 splitter, convert to a 1 x 2 splitter with ~40% at each
output and the rest of the power lost.

, MM |INPUT WAVEGUIDES |\, DVTPUT _
Effective | pimensions (microns) - Wavelength| Spatial
Refractivel ~(Microns) (microns) o Width Comments
Index Placement |Dimensions; Placement [Dimensions microns
X Z in X X (Width) in X X (Width)
1.5631 45 5900 22.5 35 4.5 3.5 650.3 3.5 .
waveguide | 165 Possible
135 35 width, 2.5 | Modes in x
modeled dimension
225 3.5
31.5 35
40.5 3.5

Design: |Extra Output Waveguides . GRATING -
Choose |for new images (microns)| Where Grating Grating
Modes starts in z Number | Period | Period |~ .. Intensity
Coupled | N Dimensions of Length in Z |Length in An Ieg peak-to-peak
a?::r)r(len in X Periods | (microns) z 9 (delta ref.
First|Second ' Index)
1 9 42 3.5 0 7 490.2597 | 10.0362 |88.8270 0.02
3 3.5
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Appendix II: Matlab Program Flowchart

Choose a wavelength to
design for

Choose a Material System
with refractive indices

4

'

Choose a Width in the x-direction to fabricate the MMI waveguide

Keep in mind:

®The width will determine the number of modes in the x-direction

®The wider the width, the more modes and the better the output image quality
sHowever, the wider the width, the longer the device

k 4

Knowing the wavelength, material system
and width, use the Effective Index Method to
find the Effective Indices

l

Choose the type of Splitter Interference —
General, Paired, or Symmetric

k 4

Choose number of output images
e.g 1 x 2 splitter, 1 x 3 splitter, 1 x4 splitter?

.
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001

General

Place input waveguides
anywhere along

Paired

Place input waveguides at % Ww or %Ww

Symmetric

. . 1
Place input waveguides at EWW

Design width of :nput waveguides —ideally single moded. This affects the input Gaussian characteristics
Calculate the Z-Length Calculate the Z-Length Estimation for the MMI Calculate the Z-Length Estimation
Estimation for the MIMI using using Equation 2-43 for the MMI using Equation 2-44
Equation 2-42 M 7 M3
= Z=— z=—|—Z
z=M(Q3L)) N T N 4
¥
Calculate:

® The Mode salutions, 51, from the transcendental Equation 2-17
» Effective refractive indices per mode Mg = 'BV tk

¢ Penetration depthsl."}’c s 1?’?’0 from Equation 2-13, 2-15

® Total number of modes N

v

Calculate the Effective Width

Pygﬁ' -Equation 2-18 ¥

Construct representation of Gaussian input -

Equation 2-23 Flx) = exp{__l_(x— x,] j|

2 .

x

Construct representations of each
mode as a sine wave. Equation 2-

0 8, ()= sm[xv(x+ AW/ 2)]
v Ww




¥

Calculate the electric field magnitude of each mode using the
Gaussian/Sine Wawve Ovetlap Integral — Equation 2-22
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: [ FEnEL(xydx

Ry =
W o,

(2

and phase shift — Equation B24

B (x5)=a, sm[w(x +dW 12)
Wd’

Constract the electric field including the magnitude, spatial distribution

exp( —78,2)

¥

To construct an MMI with a Tilted Grating for Mode Coupling
¥

To construct a simple MMI Splitter

Calewlate the electric field magnitude at any x zpoint by
summing all modes ~ Equation 2-25

N
fouz(xsz) = 21: avEu =Ip(_j)8vz)

¥

Calculate power at any %, z mode and graph using MATLAB
meshplot — Equation 2-27

1062) = /s 2 =

2

iaVEV exp(_jﬁvz>

Vel

¥

® Confirm that the Z-length and the number of output images
are equal to that predicted in Equation 2-42, 2-43 or 2-44
» Confirm that the output imeges alongthe x-dimension ate

predicted as inEquation2-46  x, = 2g-N) % Wy

END

START GRATING DESIGN SECTION:

Choose 2 modes to couple ranging from the 1st mode to the
Nth mode

Keep in mind:

® The two modes must have propagation constants whereby
the difference between the two is not too small, or the
waveguide/grating structure will be too long

» The two modes must have propagation constants whereby
the difference between the two is not too large, or the
waveguide/grating structure become impractical as lower order
modes tend to dominate

¥

This defines the periodicity of the Grating — Equation 4-10
o

8- L,
And the Tilt Angle for the grating — Equation 4-22 €®a'mmﬁ'.!’:

¥

Choose the strength and profile of the grating Fazs (x,z,ﬁ)

The grating can be sinusoidal or can be represented by a Fourier
Series to simulate structures like a square grating

¥



‘uolssiwlad 1noyum payqgiyold uononpoisdal Jaypng “Jaumo ybuAdoo ayi Jo uoissiuad yum paonpolday

0l

'

Choose where to place the grating in the z — d1rect10n

Vihere grating starts Whare grating enils

!

Construct the coupled mode equations: Use the full-coupled mode equations.

Equation 3-19 d‘zZ(Z) 29;‘2} l::: |Z v#A#(z)eXp[J{ﬁ -8, )Z]

'

Solve the simultaneous differential equations using the Runge-Kutta
iterations

v

Calculate the electric field magnitude at any %, z point by summing all
modes factoring in the new electric field amplitude and phases for the

coupled modes fwf (x, Z)

h 4

Calculate the power and output the MATLAB meshplot to see the internal
optical power distribution — be sure to pay respect to sector 1 and sector 3
phase shifts without perturbations




Appendix III: Bragg Grating Theory

H6,4m = -1
Figure A1l: Diffraction of a lightwave by a grating

Since a grating can be modeled as an optical diffraction grating as shown in
Figure Al, knowing the incident lightwave angle 4, one can predict the direction

6,into where constructive interference occurs using the following equation [10]:
. . A
nsind, :ns1nt91+mX (A1)

In Equation Al, mis an integer, A is the grating period and Ais the
wavelength at which the grating most efficiently couples. This equation is identical to
Bragg’s Law for the diffraction of x-rays off crystal surfaces at certain angles. Since
the mode propagation constant is S=(2x/A)nsind and m=-1 for first order

diffraction, Equation A1 can be written for Bragg theory:
2
=P, A2
B.=B A (A2)

Equation A2 is obviously equivalent to Equation 4-10 in Chapter 4. The phase
matching condition directly falls out of Bragg diffraction theory.
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