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Abstract

The modeling, design and simulation of optical waveguides and integrated optical
triplexer filters are presented. The work includes two subjects. One is application of
improved three-point fourth-order finite-difference method and the other is design of
triplexer optical filter for fiber-to-the-home passive optical network.

The improved three-point fourth-order finite-difference method utilizes special
format of one dimensional Helmholtz Equation and adopts generalized Douglas scheme
and boundary conditions matching at interface. The modal analysis of dielectric slab
waveguides and metal slab waveguides that support Surface Plasmon Plaritons by using
this improved fourth-order finite-difference method is compared by using traditional first-
order central difference method. The application of using improved three-point fourth-
order finite-difference method in modal analysis of optical fiber waveguide is also
provided.

The modeling, design and simulation of monolithically integrated triplexer optical
filter based on silicon wire waveguide are presented in detail. The design of this device
facilitates multi-mode interference device (MMI) and arrayed waveguide grating (AWG)
device to function as coarse wavelength division multiplexing and dense wavelength
division multiplexing respectively. The MMI is used to separate downstream signs for
upstream signal and AWG is used to further separate two down-stream signals with
different bandwidths required. This design is validated by simulation that shows excellent

performance in terms of spectral response as well as insertion loss.
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Chapter 1

Introduction

1.1 Background

The finite-difference (FD) method is an important technique in both mode solver and
beam propagation method (BPM) in terms of accuracy and efficiency. The formulas of
FD greatly affect accuracy and efficiency of the finite-difference methods. Stern [1]
derived semi-vectorial formula in which interface condition was averaged by refractive
indexes on both sides, and it is considered as the conventional FD formula with first order
accuracy. Vassallo [2] derived a formula from Taylor Expansion and matching boundary
conditions for step-index waveguide. However, this formula is second-order accurate if
interface is in the middle of grid points, which is as the same as the conventional central
difference. Yamauchi [3] provided a formula with non-uniform discretization using the
generalized Douglas scheme to increase the accuracy to second-order regardless the
position of interface. Chiou ef al. derived an improved three-point fourth-order accurate
FD formula by the Taylor series expansion and matching the interface conditions for a
step-index profile [4] .

The communication industry has been changed dramatically since the
introduction of the Internet and broad-band access networks in last decade. As the video

communication such as video telephone and video on demand (VOD) becomes popular,
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fiber-to-the-home (FTTH) is proposed as a new business model which can meet the
increasing demand of bandwidth. However, it is crucial for network providers to upgrade
their current network without increasing revenue due to competitive market. Therefore, a
key component in reducing the cost in FTTH is the optical triplexer transceiver. An
FTTH network consists of an optical line termination (OLT) in central office and optical
network units (ONU) in subscribers’ premises. At each side of ONU, the triplexer is used
to demuliplex two downstream signals to an analog receiver and a digital receiver and
couple the upstream signal to the same fiber at the same time. Similarly, at the side of
OLT, the triplexer combines two signal channels for downstream transmission when
receiving an upstream signal from the ONUs. The commonly used commercial triplexer
for FTTH passive optical network (PON) is built on assembling discrete optical
components, where the wavelength demultiplexer is based on thin film filter technology
[5] . This approach is very effective at producing triplexer filters with high performance,
but it requires labor-intensive assemblies that reduce the industrial throughout and
increase the whole cost.

Planar lightwave circuit (PLC) overcomes the shortcomings of the traditional
triplexer that assembles discrete optical components; In addition, it saves more space on

the chip and it is more suitable for auto-assembly and mass production.

1.2 Motivation

Improved fourth-order finite-difference method gains our interests because this method

can reach fourth-order accuracy in modal analysis of step-index profile waveguide as
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well as its simple algebraic form; The formulation can be easily applied to both mode
solvers and propagation algorithﬁqs without significant changes. This fourth-order method
uses less computation time to reach the same accuracy as the conventional first-order
finite-difference method does, which is also an important reason. Since this fourth-order
method doesn’t increase the number of grid points, still three points, therefore no extra
memory used to store the matrix.

Several new designs of triplexer have been reported based on PLC. Planar
waveguide wavelength demultiplexer was investigated by Li [6] . This design uses slab
waveguide to confine the beam along the vertical direction and de/multiplex three
designated waves based on waveguide diffraction grating. Planar waveguide is
particularly good for potential monolithic integration of optical and optoelectronic
elements. But, the performance of this structure is hard to meet the bandwidth
specification of ITU-T G.983 [7] . Arrayed waveguide grating (AWG) multiplexer [8] is
the most widely used device used in coarse wavelength-division multiplexing (CWDM)
and dense wavelength-division multiplexing (DWDM) systems. Lang proposed a
triplexer filter design by using AWG [9] ; however, it has the same problem to meet the
bandwidth specification of ITU-T G.983. The triplexer proposed by Shen [10] uses Bragg
grating and coupler to de/multiplex three waves and shows the similar bandwidth
problem. In addition, difficulties have been experienced while changing up-stream
channel to 1310nm as specified in ITU-T G.983. Chen proposed a structure of using
cascaded asymmetric Mach-Zehnder interferometers to yield the different bandwidth for

different channels. [11] The most recently reported design by Xu [12] uses monolithically
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integrated multi-mode interference (MMI) device as CWDM and uses AWG as DWDM.
The simulation shows that this scheme fully meets different bandwidths for different
channels specified in ITU-T G.983. Our design of triplexer filter based on silicon wire

waveguide will follow Xu’s idea.

1.3 Organization of Thesis

The derivation, discretization and validation of fourth-order finite-difference method are
presented in Chapter 2. The application of fourth-order finite-difference method in modal
analysis of thin film waveguide and optical fiber are provided in Chapter 3 and 4. Chapter
5 and 6 contain descriptions, modeling and simulation of triplexer design. The
experiment setup of testing fabricated triplexer filter is contained in Chapter 7 and 8.

Chapter 9 is the conclusion of thesis work
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Chapter 2

Comparison between First-order FD and Fourth-

order FD

In this chapter, we will derive finite-difference formulas for both first-order and fourth-
order and compare the simulation results in modal analysis of dielectric optical
waveguide to show that fourth-order finite-difference method is significant better than

first-order finite-difference method in both computation accuracy and computation time.

2.1 Derivation of First-Order FD Discretization

2.1.1 TE Mode

Assume E, =0,E, =0and H =0 and from Maxwell’s Equations we can get

: OH :
—ipH, —( 6xz ) =iwg,pun’E, [2.1]
: OH, )\ .
—iffH, —( . )= za)go,uoany [2.2]
iBE, =—iouH, [2.3]
°E,
. =—iou,H, [2.4]

from above equations, E, and H  can be expressed as
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O’E

Ezl+(n2k2 ~B)E, =0 [2.5]
2

%+(n2k2 -#)H,=0 [2.6]

based on equations[2.5], [2.6]and method to every refractive index on both sides, the

discretization can be expressed as

E, (m+1)—2Ey (m)+Ey (m—l)
(Ax)

+(n(m)2 K- ,BZ)Ey (m)=0 [2.7]

Hx(m+1)—2Hx(m)+Hx(m—1)+
(Ax)’

(n(m)2 K- ﬂz)Hx(m)= 0 [2.8]

2.1.2 TM mode

Assume £, =0,H =0 and H, =0 and from Maxwell’s Equations we can get

iBH, =ioen’E, [2.9]
OH
Y =iwen’E, [2.10]
ox
iBE, + aaiz = iou,H, [2.11]

from above equations, we can get equations for H, and £,

2 o1 aHy 272 2 o

! _&(?F}-(n k=p ) , =0 [2.12]
6 1 6 2 242 2
_GX(n_Z—E(n Ex))+(nk - B )Ex=0 [2.13]
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based on above equations[2.12], [2.13] and method to every refractive index on both

sides, the discretization can be expressed as

i .E (m+1)-(2-R.

m+1

R, )E,(m)+ T, E, (m~1)
(Ax)’ [2.14]
+(n(m)’ k= ) E,(m)=0

where TZ, = 2n’ (m:£1) and RE

_ E
w1 = 1) () O Rt = Tt

mxl

T H, (m+1) (T8 T ) H, (m)+ T H, (m-1)
(Ax)’ [2.15]
+(n(m) & = B*)H,, (m)=0

2n2(mi1)
here T, =
WIS Dot =2 k1) + 1 (m)

2.2 Derivation of Fourth-order FD Discretization
In order to increase the accuracy to fourth order, we have to use Taylor Expansion and

boundary condition to discretize instead to discretize directly from the formulations.

Therefore we cannot show explicit discretization in fourth-order situation.
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Interfaces

Figure 1: Sketch of interfaces between sampled points

We can consider magnetic field first. Using Taylor Expansion ¢, is expressed as

2 a2 3 A3 J Al 0 VIV
bogsl il F A P00,  7Hh _SpCH [2.16]
"o 2 3! o’ jlox 4z j! ox’

so we can find a relation between ¢, and ¢,

m s=m=1 _m+j Am+j
p'"a—‘il= p—_a—fho(h“) [2.17]
Ox o J! ox™

the equation[2.17] can be expressed in matrix form

g,=M,-§+0(r) [2.18]
similarly, the matrix form of ¢, can be expressed as
b1 =M, -4, +0(I") [2.19]

The interface conditions are required to match left grid point and right grid point
at the interface. From Maxwell’s equations, the following interface conditions can be

obtained

b =9, [2.20]
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1 TE case }

¢, =09, where 6 = { n’,/n’, TM case
o = ¢! +nd,
O = 04 1 o,
1(?4) _ £4) +2ndr +1n°9,

() =0(¢ +2ng; + 19} )

or denoted as

¢—R:MRL'¢_L

higher order derivatives of ¢, and ¢, can be obtained by using Helmholtz equation.

[2.21]

[2.22]

[2.23]

[2.24]

[2.25]

[2.26]

Derivation details can be found in Appendix A. From equation[2.18],[2.19] and[2.26], we

can get

¢_i+1 =M+ '¢i +0(hs)
where

A? =‘/‘:1+R 'A?RL 'A?Li

+

¢, can be expressed in terms of ¢, can its derivatives as
—edred +e.d +e.dV e s +es® +O(K
i-1 07ri 17 27 37i 47 57

b= S+ 18+ 19+ 190 + 141+ 1P + O (i)

where coefficients are given in appendix A. ¢, andg,’ terms can be solved as

[2.27]

[2.28]

[2.29]

[2.30]
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g~ (fots i)~ _

‘S—¢i—1 + S0¢i + S+¢i+1 = Dx¢1 [23 1]

ef,—e
¢, N fid, +( & —eof1)¢,- -ed,., =t P+t 410, = D§¢i [2.32]
e i—eaf

combine equation [2.31]and {2.32] to eliminate¢,f , We can get

2
o Db [2.33]
1+ gD, +g,D;
where g, = Ses—efs Og, = fie,—e Og, = fies—efs
e.fi—ef e,fi—ef, e,fi—af
the fourth-order FD will end up with
D2¢' 2 2 2
£ +k,ng, =p¢, 2.34
1+gD, +g,D; o4 =5 12:34]
or
D¢, +kin* (1+ gD, +g,D?)4,
[2.35]

= (1 +g.D, +g2Df)¢i

2.3 Numerical Boundary Condition

There are several well-known numerical boundary conditions available to use, which are
zero boundary condition, transparent boundary condition (TBC) and perfectly matched
layer (PML) boundary condition. In order to simplify the implementation and achieve
more accurate results, no complex numbers, zero boundary condition is used in both first-

order and fourth-order FD simulations since we are only interested in guided modes. Yet

10
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making the computation window big enough is very necessary to avoid reflection at the
zero boundary condition.

PML boundary condition is firstly developed by J.P Berenger and required if
leaky modes or radiation modes need to be calculated [14] . The parameters of the PML
are determined by the reflection at the interface between the cladding and PML smaller

than a give value [15] . The reflection is in the form of

22 ﬁn;loz,m&
R(0)=e 3J; [2.36]
where n,is a constant refractive index of the PML medium and can be chosen to be equal

to that of the cladding, J is the thickness of PML and «,,,, is the maximal conductivity of

PML medium.

TBC is firstly proposed by Hardley [16] and can also be used to calculate leaky

modes and radiation modes. Many researchers use TBC based on personal preference.

2.4 Solution Schemes

Solving FD method actually is equivalent to solving a large scale eigenvalue problem.
There are many numerical methods to solve eigenvalue problem, yet Shifted Inverse
Power Method (SIPM) and Implicit Re-Started Arnoldi Iteration are the two most wildly
used methods. SIPM is a clear and easy-to-understand numerical method to solve

eigenvalue problem, but SIPM can only calculate one eigenvalue every run. Instead,

11
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Arnoldi can perform multiple eigenvalue calculation and is contained in ARPACK, a
numerical software package written in Fortran 77, developed by group of researchers at
Rice University [17] . Matlab includes Arnoldi as a default build-in module to solve large

scale eigenvalue problem, which is a main drive to us to use Arnoldi as eigenvalue solver.

2.5 Assessment and Comparison

2.5.1 Weakly Guided Dielectric Waveguide

The investigated structure is a weakly guided symmetric dielectric slab waveguide with

=11.044 in the cladding and &_, =11.088 in the core. The core

core

relative permittivity

cover

width isd

core

=24, incident light wavelength is A =1.554 and computation window is

102 with zero boundary condition.

Relative Error of Propagation Constant and
CPU Time of TE Mode

A /' }
1E-5 ./-

—u— First-order error
u —e— Fourth-order error

1
-
o

41

o ]
1E-9
—v— First-order time \A
—A— Fourth-order time v

relative error
m
)
»
CPU time (second)

0.2 . 04 06 08 1
mesh size (um)
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Figure 2: Relative error of propagation constant and CPU time of TE mode in weakly

guiding waveguide with respect to mesh size
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Figure 3: Relative error of propagation constant and CPU time of TM mode in weakly

guiding waveguide with respect to mesh size

Figure 2 and Figure 3 show the relative error of propagation constant and CPU time with

respect to mesh size. The relative error of propagation constant is defined as

:Bcal - :B exact

error, = —————— [2.37]

ﬂexact

the exact value of propagation constant can be obtained by analytical solution presented

in[18] .
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Relative Error of Transverse Field of TE Mode

/.
1E-5 - ./
|
= /
| —

—u— First-order FD
T —e— Fourth-order FD

relative error

1E-13

2 .04 06 08 1
mesh size (um)

Figure 4: Relative error of transverse field of TE mode in weakly guiding waveguide with

respect to mesh size
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Figure 5: Relative error of transverse field of TM mode in weakly guiding waveguide

with respect to mesh size
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Figure 4 and Figure 5 show the relative error of transverse field with respect to mesh size.

The relative error of transverse field is defined as

i (ﬁeldcal - ﬁeldaxact )2
=1

— I=
error ., = e
ﬁe exact

[2.38]

the exact value of field at a specific grid point can also be calculated by using analytical

solutions [18] .

2.5.2 Strongly Guided Dielectric Waveguide

The investigated structure is a strongly guided symmetric dielectric slab waveguide with

refractive index »n

adang = 1101 the cladding and 7, =3 in the core. The core width

core

isd_, =1u, incident light wavelength is A =1.554 and computation window is

core

102 1 with zero boundary condition.
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Figure 6: Relative error of propagation constant and CPU time of TE mode in strongly

guiding waveguide with respect to mesh size
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Figure 7: Relative error of propagation constant and CPU time of TM mode in strongly

guiding waveguide with respect to mesh size
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Figure 8: Relative error of transverse field of TE mode in weakly guiding waveguide with

respect to mesh size
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Relative error of transverse field for TM mode
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Figure 9: Relative error of transverse field of TM mode in weakly guiding waveguide

with respect to mesh size

2.6 Summary

The above graphs show relative error of propagation constant, relative error of transverse
field and CPU time of computation versus mesh size of both TE and TM mode in
symmetric dielectric slab waveguide. It is observed that fourth-order FD is significantly
better than first-order FD, the relative errors calculated by both fourth-order FD and first-
order FD are linearly proportional to mesh size in log scale and the slope of fourth-order
error line is bigger than the slope of first-order error line. These facts are in excellent

agreement with theoretical predications. Because relative error of fourth-order FD
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o h* and the relative error of first-order FD «c /1, therefore log (error) oc 4 log(h) and

log( error) oc log(h) for fourth-order FD and first-order FD respectively. Although

fourth-order FD is more accurate than first-order FD, the computation time of fourth-
order FD is longer than first-order FD for the same number of grid points used due to the
more complex algorithm. But it is noticeable that fourth-order FD uses less number of
grid points and less computation time than first-order FD does if the same level of
accuracy is considered. Therefore we conclude that fourth-order FD is not only more

accurate but also more economic in computation time than first-order FD.
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Chapter 3

Application in Metal Slab Waveguide

It is a well-know property of metal materials that a transverse magnetic (TM), surface
plasmon plariton (SPP), wave can be guided along their boundary with another dielectric
medium [19] [20] . The size of optical waveguide using SPP can be significantly reduced
compared to the conventional waveguide limited by diffraction owing to the localization
of SPP along surface between metal and dielectric. The optical integrated circuit using
SPP is considered as one of promising candidates for nano-scale optical circuit. In this
chapter we show the superiority of using fourth-order FD to calculate guided SPP in

metal slab waveguide which has huge complex refractive index contrast at interface.

3.1 Dielectric-Metal-Dielectric (DMD) Waveguide

The Dielectric-Metal-Dielectric Waveguide supports two guided SPP modes which are
symmetric mode and anti-symmetric mode with respect to field distributions. Symmetric
means transverse field does not exhibit to zero inside metal film, instead, anti-symmetric

means transverse field exhibits to zero inside the film [21].

=4,¢,,=4,c . =-19-0.53iand core width

sub — " > “core

Consider a waveguide with &

cover

d_ _ =50nm. The incident wavelength is A =0.633u from He-Ne laser. Computation

core

window is 84 and zero boundary condition is used.
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3.1.1 Anti-symmetric Mode

Metal

Dielectric Dielectric

Normalized H field Amplitude

[=]

Relative Position

Figure 10: Modal profile of anti-symmetric mode
Figure 10 is the modal profile of anti-symmetric mode in DMD symmetric waveguide.
This figure shows clearly that this mode is guided along the metal-dielectric interface and
the transverse field exhibits to zero inside the thin metal film. The following three
figures show the comparison between fourth-order FD and first-order FD in calculation

of anti-symmetric mode.
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Figure 11: Relative error of real part of propagation constant of anti-symmetric mode in

DMD waveguide with respect to mesh size
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Figure 12: Relative error of imaginary part of propagation constant of anti-symmetric

mode in DMD waveguide with respect to mesh size
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Relative error of transverse field and CPU
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Figure 13: Relative error of transverse field and CPU time of anti-symmetric mode in

DMD waveguide with respect to mesh size

The exact value of propagation constant is calculated by using reflection pole
method (RPM) [22] and further refined by using Newton-Raphson [23] complex
algorithm. After calculating propagation constant, we can substitute it back in transfer
matrix equation to get corresponding analytical field value at every grid point. The

relative error of real part and imaginary part of propagation constant are defined as

ﬂcal (real) - ﬂexact (real )'
Broer (real )

[3.1]

error, (real ) =

B (imag ) = B (imag )‘
Bras (imag)

error, (imag) = [3.2]

and the relative error of field of propagation constant is defined as
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n

(ﬁeldcal - ﬁeldexact )2

error,,; === [3.3]
f’”’ field

3.1.2 Symmetric Mode

Metal

Dielectric Dielectric

Normalized H Field Amplitude

o

Relative Position

Figure 14: Modal profile of symmetric mode

Figure 14 is the modal profile of symmetric mode supported in DMD symmetric
waveguide. It shows symmetric mode has two peaks along interface and the field doesn’t
exhibit to zero inside thin film. The following three figures show the comparison between
fourth-order FD and first-order FD in calculation of symmetric mode. The exact values of
propagation constant and field distributions are calculated still using RPM and Newton-

Raphson algorithms.
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Figure 15: Relative error of real part of propagation constant of symmetric mode in DMD

waveguide with respect to mesh size
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Figure 16: Relative error of imaginary part of propagation constant of symmetric mode in

DMD waveguide with respect to mesh size
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Figure 17: Relative error of transverse field and CPU time of symmetric mode in DMD

waveguide with respect to mesh size

3.2 Metal-Dielectric-Metal (MDM) waveguide

This waveguide structure has permittivity of cladding £ g,, =—19-0.53i,

cover

permittivity of coree, , =4, core widthd _, =50nmand incident light wavelength

core > core

A =10.633u .Computation window is 9 and zero boundary condition is used. This

structure supports only one guided SPP mode, different from dielectric-metal-dielectric
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waveguide. The calculation of exact value of propagation constant and field in this
waveguide uses reflection pole method (RPM) which is the same as the one used in DMD

waveguide.

Relative error of real part of papagation constant of
MDM waveguide VS. mesh size
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Figure 18: Relative error of real part of propagation constant of symmetric mode in

MDM waveguide with respect to mesh size
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Figure 19: Relative error of imaginary part of propagation constant of symmetric mode in

MDM waveguide with respect to mesh size
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Figure 20: Relative error of transverse field and CPU time of symmetric mode in MDM

waveguide with respect to mesh size

3.3 Dielectric-metal (DM) Waveguide

Conventional waveguide can support guided modes under condition that it must have
more than three layers and the refractive index of core is bigger than the refractive index
of cladding. However, a single interface dielectric-metal waveguide can support a guided
mode at the interface owing to the fact that SPP can propagate along the surface between

metal and dielectric. Let’s consider a single interface waveguide with refractive index of
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dielectric n,, =1.0,, refractive index of metal n,,,,, = 0.067-4.051 and incident light

right

wavelength A =1.31x . Computation window is 30 and zero boundary condition is used.

Relative error of real part of papagation constant of
DM waveguide VS. mesh size
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Figure 21: Relative error of real part of propagation constant of symmetric mode in MD

waveguide with respect to mesh size
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Relative error of imaginary part of propagation constant of
DM waveguide VS. mesh size
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Figure 22: Relative error of imaginary part of propagation constant of symmetric mode in

MD waveguide with respect to mesh size
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Figure 23: Relative error of transverse field and CPU time of symmetric mode in MD

waveguide with respect to mesh size

3.4 Summary

This chapter compares fourth-order FD and first-order FD in modal analysis of metal slab
waveguides which have huge complex refractive index contrast. The comparisons show
the similar results as in dielectric slab waveguide, which fourth-order FD is not only
much more accurate but also more economic in computation time than first-order FD. It
is noticeable that slope of relative error calculated by first-order FD becomes smaller as
the mesh size increases in metal-dielectric-metal and dielectric-metal-dielectric
waveguides. This phenomenon cannot be explained properly unless the first-order FD
fails if the mesh size is big. As mentioned before, the interface condition of first-order FD
is averaged by refractive indexes on both sides. This method cannot work if refractive
index contrast is complex and huge plus the mesh size is big. Instead, fourth-order FD
matches interface conditions derived from Maxwell’s equations, and this allows fourth-
order FD to perform stably. Besides, we found out that first-order FD doesn’t fail in
single interface metal slab waveguide because mesh size and relative positions of grid
points are less crucial than in two interfaces metal slab waveguide. Also, it is noticed that
complexity of computation time of both first-order FD and fourth-order FD in calculation
of metal waveguide is bigger than in dielectric waveguide although the same matrix

eigenvalue solver is used. One possibility is that matrix computation involving complex
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numbers takes more time than involving real numbers. The other possibility is that
eigenvalue solver involving complex numbers is much harder to converge, which could

be the major contribution of increase of computation complexity.
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Chapter 4

Derivation of FD Formulas in Optical Fiber

Waveguide

Optical fiber waveguide is considered as special kind of two dimensional waveguides.
The cross-section of fiber waveguide is circular; therefore we can transform it from
Cartesian coordinate to cylindrical coordinate, which can simplify the Helmholtz
equation by using separation by variables. In this chapter, we will derive finite difference

formulas for both first-order FD and fourth-order FD in optical fiber waveguide.

4.1 Derivation of Scalar Helmholtz Equation

Under weakly guiding condition, transverse fields satisfy scalar Helmholtz equation

Vi +kny =0 [4.1]
in cylindrical coordinate
2 2
\72=i r3 +—17 82+6_2 [4.2]
ror\ or) r°0p- 0Oz

scalar wave equations is thus expressed as

2 2
fiogﬂ}bgé%+9%+ﬁ#w=o [4.3]
ror\ or ) r-o0p° Oz

since there is no longitudinal variation in a straight waveguide, thus &/dz°=-/". Equation

[4.3] can be simplified to
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o ( owyY) 1y 2 2
— | 2 +_.__+ k = 4.4
rar(r 6r) r* 0p’ ( a )l// 4.4]

for circular symmetric fiber, separation by variable can be used. Let’s assume
v (r,0)=4(r)0(0) [4.5]

substitute equation [4.5] into equation [4.4]
6¢(r)q)( )+la¢(r)c1>( )+ 5 (D( )¢( )+(kin* - ) p(r®(p)=0 [4.6]

equation [4.6] can be further simplified to

52¢(1’) 104@r)
0 4.7
o T o ¢(r) [4.7]
2
ifweusex’ =k2n’ - and?—%(f—) =—7'®(p)
4
since CD(¢) = CI)(go + 27r), it can be expressed as
cos(me) )
D(p)=1 . or ®(p)=exp(jmp)y=m, m=0,12,--- [4.8]
sin(me)

substitute equation [4.8] into equation[4.7], the simplest version of scalar two

dimensional Helmholtz equations in optical fiber can express as

F4(r) , 1040) (kz ) ﬂz_gjjw):o [4.9]
r

or? r or
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4.2 Derivation of FD Discretizations

4.2.1 First-order FD Discretization

By central differencing we can explicitly discretize Helmholtz equation in fiber. The
second order differential operator can be expressed as

2
2 f = 2 L¢p+l - 2 ¢p + 2 _L p-1 [4.10]
or ), (An+ Ar) Ar, ArAr, (Ar, +Ar) Ar,

and first order difference operator can be expressed as

o) 11,11
(5) @t ma 1]

substitute equation [4.10] and equation [4.11] into equation[4.9], we can get first-order
central differencing FD formula in circular optical fiber

1 2 1 m’ 2
— | S|, 4| K- -
(Ar, +Aro)(Aro r ]¢“‘ (0 r? Ar,Aro]¢p

P

1 2 1 2
+<Ar.—+Aro>[E,~_r_J¢”“_'B ?

P

[4.12]

4.2.2 Fourth-order FD Discretization

If we want to increase the accuracy to fourth-order, then we have to use Taylor
Expansion and boundary condition to discretize instead to discretize directly from the
formulations. Therefore we cannot show explicit discretization in fourth-order situation.
The method to get fourth-order FD formula in optical fiber is similar to the method in

slab waveguide except we have to re-derive boundary conditions and expression for

35



M.A.Sc: Lei Zhao McMaster — Electrical and Computer Engineer

coefficients e and f because Helmholtz equations change in optical fiber. Derivation of

interface conditions and expressions of coefficients e and f can be found in appendix B

Besides we have to get an explicit expression ¢, from equation [2.31]and[2.32] as

Pt 24 4.13
2 1+h,D? [4.13]

Where h2 = M .
ef,—ef

substitute equation [4.13] and [2.33] into equation{[4.9], we can have FD formula for

fourth-order accuracy in optical fiber as

2 2
Dx ¢,. n 1 Dx¢i " (kgnz _ II12
Y.

n =B, 4.14

i1

4.3 Summary

The initiative of using fourth-order FD is to still use three points to increase accuracy and
save computation time. In slab waveguide, fourth-order FD can be used because the
Helmbholtz equation doesn’t have first order derivative terms. Instead, in optical fiber, the

Helmbholtz equation can be discretized into equation[4.14]. If operator
1+g,D, + g,D? and 1+ h,D} are multiplied on both sides of the equation, the it will look

like
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(1+h,D}) D2, +%(1 +gD,+g,D})D,¢,

H

+(1+h,D?)(1+ gD, +g2Df)(k§ 2 —‘—;‘;ng [4.15]

= (1 + thf )(1 +& D, + gsz ),B2¢i
The corresponding matrix form of equation [4.15]is not a tri-diagonal matrix, which
means we implicitly used more than three points after discretization although we only
used three points at the beginning. This shows that it is impossible to reach fourth-order
accuracy by using Taylor expansion and matching interface conditions in optical
waveguide although we can simplify this two dimensional structure to one dimension

using separation of variables.
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Chapter S

Description of Filter Design

The design of triplexer is based on divide-and-conquer strategy. According to ITU G.983
standard that the bandwidths are 100nm, 20nm and 10nm for laser at 1310nm, DPIN at
1490nm and APIN at 1555nm respectively. Firstly, we use a 2x2 multi-mode interference
device (MMI) [25] to select wavelength at 1310nm, then we use a 1x2 arrayed waveguide
grating (AWG) as a DWDM for wavelength at 1490 and 1555. Figure 24 shows the
schematic design. The reason we use MMI and AWG is that design scheme is simple and
clear, and bandwidths at different wavelengths can be easily satisfied. In addition to
achieving different bandwidths, this design can maximally lower the cross-talk between
down-stream signals and up-stream signals. The up-stream laser signal received by laser
is the most detrimental for performance of system. ITU-T G.984.2 [25] specifies ONU
has maximum mean launched power of 7dBm, minimum sensitivity of -28dBm and
minimum extinction ratio of 10dB. Therefore, the isolation between 1490nm and 1310nm
should be bigger than 45dBm. Due to multiple filtering by both MMI and AWG, this
cross-talk is extremely weak. We use silicon wire as base waveguide because minimum
bending radius is only several micro meters and the length of AWG can be made very

small. Another important reason is cost can be very low for high volume production.
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Figure 24: Schematic design of triplexer filter
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Chapter 6

Modeling and Simulation Results

6.1 Single mode condition

Before we simulate MMI and AWG, we have to calculate the single mode condition and
the minimum bending radius of the silicon wire waveguide. The single mode condition
requires that the first high order mode is leaky and its effective index is less than the
refractive index of cladding. In our design, thickness of waveguide is 340nm and it
cannot be changed due to fabrication specification given by the foundry. We need to
change the width of waveguide and make sure this waveguide has only one guided mode
at this thickness and width. Figure 25 shows the leaky loss and effective index of the first
high order mode by using APSS [26] . From this figure, we can tell that the width has to

be smaller or equal to 0.5umto satisfy the single mode condition. In order to make the
design safe, we take the width of channel at 0.35um . Figure 26 shows the cross-sectional

structure of the waveguide we will in our design.
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Figure 25: Effective index and leaky loss of the first high order mode

Figure 26: Cross-sectional structure of silicon wire waveguide

6.2 Minimum Bending Radius

Besides the single mode condition, we also have to consider the minimum bending radius
of waveguide. Waveguide bending is inevitable in planar lightwave circuit, and the
bending loss is due to radiation at bend. The device cannot function well if bending loss
is too high. Since we use AWG in our design, the minimum bending radius of the

waveguide affects performance and size of AWG significantly. The simulation results of
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minimum bending radius of the waveguide is done by using APSS and showed in Figure

27

Bending Loss (dB/mm)

T l t I T
0.2 04 06 0.8 1.0
Bending Radius (um)

Figure 27: Bending loss of fundamental mode
Figure 27 shows that bending radius of silicon wire, strongly guiding waveguide,
can be really small, less than 1um. Therefore the bending radius of AWG has to be
bigger than the minimum bending radius of the waveguide. Actually, the bending radius

of AWG is10um in our design, which is much bigger than minimum bending radius.

6.3 MMI as CWDM

Figure 28 shows the conventional MMI in which input and output ports are not tapered.
But simulation result in Figure 29 shows this conventional MMI cannot give desired
spectrum response in terms of flatness. We have to optimize the design of input and

output ports to make the output spectrum response flat.
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Figure 28: Layout of conventional MMI
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Figure 29: Simulation result of conventional MMI without optimization

After testing on different taper shapes, we finally end up with the design in Figure
30. The width of MMI is2um , the length of coupler is73um, and the length of port
is125um . The spectrum response of MMI is in Figure 31. The simulated spectrum

response shows two peaks at 1310nm and 1522nm. The insertion loss at central
wavelength at 1310nm and the 100nm span around central wavelength are -0.15dB and -

0.75dB. Therefore, the passing band is very wide and flat.
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Fiber

Figure 30: Schematic layout of MMI

-10-1
— 20
om
=
@
& -30
== |
-40
o) ——1310nm
i -~ 1490nm &1555nm
T T T T
1.2 1.3 1.4 1.5 16 1.7

Wavelength(um)

Figure 31: Simulation result of MMI
The above design is the one after optimization on input port. If we use
conventional MMI without optimization, the spectrum response would not give us

desired bandwidth in terms of spectral flatness.
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Figure 32: Field pattern of the optimized MMI at 1310nm
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Figure 33: Field pattern of the optimized MMI at 1522nm
By examining field pattern of laser input at 1310nm and field pattern of fiber
input at 1522nm, as shown in Figure 32 and Figure 33, we found some light with very
low power, less than -40dB, goes into another port. This will not lead to any cross-talk
for the end-to-end triplexer filter performance because the light is carried mainly by high
order leaky modes and these modes will leak out before reaching the output port due to

single mode condition at the output port.
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6.4 AWG as DWDM

The two down-stream signals have relative big bandwidths and large spacing between
them. Besides, MMI filters as a CWDM before AWG. Therefore, the free spectral range
(FSR) has to be very big, larger than 200nm. We know that for AWG

c

M se = VAL [6.1]

where N . 18 the group index of the waveguide mode defined as

dN,
daf

N,=N,+f [6.2]

where N, is the effective index of the waveguide mode. The Above equations can be

found in [8] .
After calculation we found out that path difference between adjacent array

wavguides has to be extremely small, less than 5um , in order to achieve big FSR and

desired bandwidth in our case.

Figure 34: Layout of the AWG
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After tried my numbers of combinations, we finally found the following layout
shown in Figure 34. In this final design, the Rowland arc couplers are tilted 53°,
separated by 275 um and total 60 array waveguides can be fit in between. The path
difference between adjacent array waveguides is 3.54 um . We also optimized on input

port and array waveguides to achieve the minimum insertion loss. However, it is
unnecessary to optimize the output ports of AWG because they are directly connected to

detectors. Figure 35 shows simulation result.
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Figure 35: Simulation result of AWG

6.5 Integrated Circuit

By integrating optimized 2x2 MMI and 1x2 AWG, we could construct an integrated

circuit shown in Figure 36.
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Figure 36: Layout of integrated circuit

We can see from Figure 36 that AWG and MMI are both very small, less than
500um x500um . But we make the length of integrated circuit at 1cm to make sure AWG
and MMI won’t be damaged during post-fabrication process, such as cleaving and
polishing. The integrated circuit can be made this small all due to extremely small
minimum bending radius of silicon wire waveguide. The simulation result of end-to-end
spectral response of triplexer filter performed by APSS is showed in Figure 37 The
desired spectrum and bandwidths at 1310nm, 1490nm and 1555nm are achieved. But we
also found the power to detector at 1310nm is around -13dB, which can be solved by

putting Anti-reflective Coating on cross-sectional surface of the chip.
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Figure 37: Simulation of integrated circuit

In order to clarify Figure 37 , we summarized important datum of simulation

result of the whole triplexer filter in Table 1.

Table 1: Summary of simulation result of triplexer filter

Central Wavelength Loss Loss Loss
Wavelength Span atA, — AL at A, atd, + Al
A, (nm) AA (nm) (dB) (dB) (dB)
1310 100 -0.83 -0.17 -0.72
1490 20 -2.39 -1.49 -1.57
1555 10 -1.86 -1.63 -1.88
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6.6 Fabrication Considerations

The foundry provides E-Beam lithography for fabrication silicon wire based devices. The

maximal patch size is 500umx S00um and stitch error is 10nm. In addition, the

fabrication tolerance of E-Beam lithography is 10nm. Therefore, we have to take these
uncertainties into considerations during our design. But we don’t need to worry about
over-etching and under-etching thanks to the working mechanic of E-Beam Lithography.

The width of MMI is very touchy, so we have to design several MMIs with the
same parameters but different width. The with of array waveguides, path difference
between adjacent array waveguides and positions of output ports on star couplers of
AWG are all relatively sensitive, which forces us to design more AWGs with different
parameters in mentioned prospective. So the number of combinations is more than 20,
and we finally decided to fabricate only 20 circuits after considering relative importance
among these combinations and fabrication cost.

As mentioned before, we make the length of the integrated circuit at 1cm to make
sure AWG and MMI won’t be damaged after cleaving and polishing. The ports distance

is 150 um, bigger than diameter of multi-mode fiber, to guarantee that fiber can be fit in

during test. Figure 38 shows mask layout drew by AutoCAD.
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Figure 38: Mask layout of integrated circuit
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Chapter 7

Actual Device and Its Pictures

7.1 SEM Pictures

Figure 39: SEM picture of cross-section

Figure 40: SEM picture of star coupler of AWG
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Figure 41: SEM picture of top view of triplexer filter

7.2 Microscopic Pictures

Figure 42: Microscopic picture of top view of triplexer filter
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Chapter 8

Experimental Set-up and Testing

8.1 Experimental Set-up

The experimental set-up can be seen in Figure 43

Figure 43: Experimental set-up for testing triplexer filter
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8.2 Test Procedures

We first connect single mode fiber with He-Ne laser at lasing wavelength 0.6327 um ,
visible red light. The red light can help us on aligning lens fiber, input port of triplexer
filter and CCD camera due to very small area of cross section of filter. After finishing
adjust the alignment, we can change input wavelength from 0.6327um to 1310nm. Now,
we are able to see a field pattern through infrared CCD camera on the other side. This
step can let us know if the light is coupled into waveguide or not. If we see light coming
out of waveguide, we can put multi-mode fiber connected with optical power meter of

which sensitivity can go as high as -70dBm.
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Chapter 9

Conclusions

We showed that improved three-point fourth-order finite difference method is significant
better than conventional first-order finite difference method in modal analysis of optical
waveguides which includes both dielectric slab waveguides and metal waveguides that
support SPP. The superiority shows in both computation accuracy and computation time.
But we found out that this fourth-order finite difference method is only limited to one
dimensional waveguides and this method doesn’t work on a optical fiber waveguide
which can be reduced to one dimension using separation by variables.

We also showed modeling, simulation, and fabrication of triplexer optical filter
based on silicon wire waveguide in FTTH passive optical networks. The results show that
the design meets all required spectral specifications in terms of bandwidth and stream
isolation. Besides it can be made in a very small scale on 3 inch or 5 inch silicon wafer.
Therefore, we say this design is suitable for high volume production with low cost in

telecommunication industry.
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Appendix A

Helmholtz equation in slab waveguide is

Y s eng= s

from Maxwell’s curl equation we can get

¢R :¢L

1, TE case }

» =0¢, where 6 =
P =4, {n,i1 /n?, TM case

right point — left point in equation [A.1]
o’¢, ¢
E}—?ﬁk%}% -k’nig, =0

or denoted as

$p =4 +118,
where n=k’n; —k’n;
take derivative on both sides of equation [A.1] we can get

3
gx_?+k2n2¢r :ﬂ2¢l

57

[A.1]

[A.2]

[A.3]

[A.4]

[A.5]

[A.6]



M.A.Sc: Lei Zhao McMaster — Electrical and Computer Engineer

right point — left point in equation [A.6], we get
O — 08 + K'nig, —Ok*nyg, =0 [A.7]
which can be simplified to
D =04 +0ng, [A.8]
take derivative on both sides of equation [A.6]
¢ +k*n’g" = BPg" [A.9]
right point — left point of equation [A.9]
=+ 0nlg) ~n’) = B(9] /) [A10]
and we know ¢ =¢" + k’n’d , so we get
W) =gl +2n] ', [A11]
take the derivative on both sides of equation [A.9]
0 + *n?gt = p2gP) [A.12]
tight point — left point of equation [A.12]
¢ =0(¢? +2n4] +n’4} ) [A.13]

Coefficients of e and f are listed below
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Appendix B

Helmholtz equation in optical fiber is

62¢ 10¢ 2.2 m’ 2
—4+——+|k'n"——|p= B.1
6r2r6r( o= [B.1]
and
¢, =0 [B.2]
%z% [B.3]
or or
right point — left point in equation [B.1]
o ol
_afzze - af; 04, [B.4]
take derivative on both sides of [B.1]
10% 1 04 m* o4 2m’ o¢
Dol o - |+ =B = B.5
/ r or’ rzér(n r’ | or r3¢’86r [B.5]
right point — left point in equation [B.5]
0
0 =gy, [B.6]
roor

take derivative on both sides of equation [B.5]
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4 4 153¢ (kz 2 m2+2j62_¢
2 2
ror r : or (B.7]
4m +20¢ 6m’ 0 ¢
roor s 'BZ
right point — left point in equation [B.7]
# _ 4 + 63¢R 63¢L +| k*n 2 62¢R —kn 2 62¢L
N o o fot Tt or?
[B.8]

_m2+2 52¢R 82¢L
/2 (arz P J B (77¢L)

2 2
and from equation [B.1], we know B°¢, = 9 ¢L ! Q¢—L+ n2 -2 |4, Substitute it
or’ i or P
into equation [B.§8]
bl s oo

take derivative on both sides of equation [B.7]

¢(5)+1a“¢ (kz , m +3]a3¢ 6m’ +6 3¢

2 3 A2

ror' r 63r r or (B.10]
18m +66¢ 24m’ 26¢

r ar r’

¢=p

right point — left point in equation [B.10]
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6 _ 409 (6‘% a'p, ) +( w2 Oy 63¢L) m +3[a3¢R a3¢LJ
R —_
r

ort ot Lor Lot o
6m +6 62¢R 62¢L _18m2+6(6¢R _6¢L) [B.11]
r’ or’  or r or or .
24m o¢, 3¢,
(¢R ¢L ) ﬁ ( arSR - ?3[1

left hand side of [B.11]

=40 -4+ 2n ¢L+f7(n+ )¢L ¢3L+k2n§(f7%—2@)
6r or r

m2+3( 8¢L ¢) 6m’ +6

r’ or r e

right hand side of [B.11]

_p2, 00 1
=p (77 or r¢L)

from equation [B.1] and [B.5] we know

2 2
pg, =2 ¢L i%‘—’}{k?nﬁ —’;’—2]¢L

0 10 *+1)0 2m’
ﬂ2%=¢£”+———¢w(k2nz—m ) b2y,

r or’ roJor  r

The right hand side of equation [B.11] becomes

2 2 2 2
(¢L3) laar¢L [k2 2 m ;1J5¢L+2”;’ ¢_,1_8¢L __1_6¢L__1_(k2n2_1:l_2_j¢L]

r or r rort rror r

we can derive fifth order boundary condition from both sides of equation [B.11]
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3 2 2
6)_ g _p O 2M0F, 42208 m +30¢
¢R L ”ar:; - 2 nR ar n r2 or

3 12m* +9 o m*+2\0
W+ |-Emg+——=— ¢, =n ¢3L +1| k*n; ——— o,
r r ¥ or r or

3m?
_Q(anz _7)¢L

3

7

which can be simplified to

&g, 2n &’ 110 4m* +12
r r or r ¥

Coefficients of e and f are listed below

_ W _ k| nht 3 W 4m2+1
f0‘1+nT_Z§+,37W(’7+—2)_ g (77- o2

_ g0l __nht | i 3\, 7
S =+ 36+ 75| 7+ 3 |+ Texo

— 2 it _ P
=%+ 330r

32 320r
=%+t
fi=%
fs_lgso

o1 khp 1 h477(77r2—3) 1 hsn(3f7r2+l2+4m2)

+ +
87748 » 384 3840 e

pp 1, kg1 wo(nr’=3) 1wy
12 748" "9y "768  »2 3840 12
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e ——h—3+—1—h5 [B.22]
ST 1200 '
_ K
es=—1 [B.24]
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