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optical•@vortex•@soliton•@in•@the•@cylindrical•@waveguides•@filled•@by•@self•|defocusing

nonlinear•@media•D•@The•@proposed•@approach•@reveals•@the•@fascinating•@feature

of•@nonlinear•@optical•@effects•C•@however•C•@there•@is•@room•@for•@progress•@of•@compu•|

tational•@efl•Iiciency•C•@taking•@the•@practical•@use•@for•@computer•@aided•@design•@of

nonlinear•@optical•@devices•@into•@account•D

•@In•@Chapter•@5•C•@in•@order•@to•@improve•@the•@efficiency•@and•@accuracy•C•@the•@cal•|

culational•@technique•@for•@numerical•@integration•@is•@newly•@applied•@to•@the•@3•|

dimensional•@full•|vectorial•@finite•|element•@beam•@propagation•@method•D•@For

the•@efficient•@wide•|angle•@beam•@propagation•@analysis•C•@Pad6•@approximation•@is

introduced•@to•@the•@differential•@operation•@along•@propagation•@direction•D•@The

formulaŽµion•@of•@this•@proposed•@apProach•@is•@described•@in•@detail•D

•@The•@conclusions•@ofŽµhis•@paper•@are•@described•@in•@Chapter•@6•D
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2 Approximated•@Scalar•@Finite•@Element•@Analysis•@of
3•|Dimensional•@Nonlinear•@Optical•@Wavegudes

2•D1•@lntroduction

Nonlinear•@optical•@waveguides•@have•@attracted•@considerable•@attention•@be•|

cause•@of•@their•@fascinating•@features•@and•@their•@use•@in•@all•|optical•@signal•@pro•|

cessing•D•@•nYlost•@papers•@concerned•@with•@modal•@analysis•@of•@nonlinear•@optical

waveguides•@have•@dealt•@with•@a•@planar•@guiding•@structure•@in•@which•@optical

power•@is•@confined•@solely•@along•@one•@direction•@•iy•@axis•j•D•@For•@practical•@ap•|

plications•C•@however•C•@there•@may•@be•@advantages•@in•@using•@a•@channel•@guiding

structure•@in•@which•@optical•@power•@is•@confined•@along•@the•@lateral•@direction•@•ix

axis•j•@as•@well•@as•@the•@y•@direction•D

•@Recently•C•@an•@effective•@index•@method•@•iEIM•j•@•m1•n•C•@•m2•n•@and•@a•@vector•@or•@scalar

finite•@element•@method•@•iFEM•j•@•m3•nˆê•m8•n•@have•@been•@applied•@to•@modal•@analy•|

sis•@of•@nonlinear•@oPŽµical•@channel•@waveguides•D•@Although•@the•@calculational

procedure•@of•@the•@EIM•@is•@relatively•@simple•C•@it•@seems•@to•@be•@difllLcult•@to•@treat

arbitrarily•@shaped•@and•^or•@inhomogeneous•@structures•D•@On•@the•@other•@hand•C

the•@FEM•@is•@more•@effective•@for•@precise•@investigation•D•@However•C•@the•@vector

finite•@element•@solutions•@•m3•nˆê•m7•n•@have•@been•@known•@to•@include•@nonphysical•C

spurious•@solutions•D•@The•@penalty•@function•@method•@has•@been•@used•@to•@cure
this•@problem•@•m3•nˆê•m7•n•C•@but•@in•@this•@technique•C•@an•@arbitrary•@positive•@constant•C

called•@the•@penalty•@coeMcient•C•@is•@involved•C•@and•@the•@accuracy•@of•@solutions

depends•@on•@its•@magnitude•D•@Furthermore•C•@it•@is•@difficult•@to•@yield•@the•@matrix

eigenvalue•@equaŽµion•@to•@solve•@for•@the•@propagation•@consŽµanŽµ•C•@so•@iterations

are•@usually•@needed•@to•@find•@the•@propagation•@consŽµant•@aŽµ•@a•@specified•@fre•|

quency•D•@AlthoughŽµhe•@scalar•@FEM•m5•n•C•m8•nis•@apProximate•@in•@a•@strict•@sense•C

this•@approach•@has•@as•@its•@main•@advantages•F•@the•@smaller•@matrix•@dimensions•C

no•@spurious•@solutions•C•@and•@capability•@of•@easily•@computing•@the•@propagation

constant•@at•@a•@specified•@frequency•D•@ln•@•m5•n•C•@•m8•n•C•@however•C•@on•Iy•@the•@TE•|like

polarization•@is•@considered•D

•@By•@the•@way•C•@in•@the•@earlier•@finite•@element•@analyses•@of•@nonlinear•@optical

channel•@waveguides•@•m3•nˆê•m8•n•C•@the•@intensity•|dependent•@refractive•@index•@is•@as•|

sumed•@to•@be•@constant•@within•@each•@element•D•@Hence•C•@if•@the•@accuracy•@of

solutions•@needs•@to•@be•@improved•C•@the•@scale•@of•@computation•@becomes•@signifi•|

cantly•@large•D•@For•@instance•C•@in•@•m4•n•C•@•m8•n•@about•@1000•@linear•@triangular•@elements
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ˆê

are•@used•@to•@obtain•@suMciently•@converging•@solutions•D

•@In•@this•@chapter•C•@with•@a•@view•@to•@improving•@the•@efficiency•C•@of•@the•@scalar

FEINil•@which•@is•@considered•@effective•@for•@the•@analysis•@and•@design•@of•@nonlin•|

ear•@optical•@channel•@waveguides•C•@isoparametric•@elements•@are•@introduced•C

and•@the•@use•@of•@numerical•@integration•@formulae•@derived•@by•@Hammer•@et•@al•D

•m26•n•C•@•m27•n•@is•@attempted•@for•@the•@calculation•@of•@integrals•@necessary•@for•@con•|

structing•@element•@matrices•D•@Both•@TE•|like•@and•@TM•|like•@guided•@waves•@are

treated•D•@By•@means•@of•@this•@approach•C•@the•@refractive•@index•@change•@within

each•@element•@can•@be•@faithfully•@evaluated•@according•@to•@the•@electric•@field

distribution•@without•@fixing•@the•@index•@constant•@in•@each•@element•C•@and•@the

graded•|index•@nonlinear•@optical•@waveguides•@with•@curved•@boundaries•@can
also•@be•@easily•@treated•D•@Nonlinear•@elliptical•@core•@optical•@fibers•@are•C•@for•@the

first•@time•C•@analyzed•D•@lt•@is•@found•@that•C•@in•@comparison•@to•@the•@conventional

method•@without•@isoparametric•@elements•C•@the•@highly•@accurate•@solutions•@can

be•@obtained•@with•@substantially•@smaller•@computational•@effort•D•@Fiirthermore•C

graded•|index•@nonlinear•@optical•@channel•@waveguides•@are•@also•@analyzed•C•@and

the•@infiuence•@of•@refractive•|index•@profiles•@on•@propagation•@characteristics•@of

the•@nonlinear•@guided•@waves•@is•@investigated•D•@To•@date•C•@all•@the•@papers•@con•|

cerned•@with•@modal•@analysis•@of•@graded•|index•@nonlinear•@optical•@waveguides
have•@dealt•@with•@only•@the•@planar•@guiding•@structures•@•m28•nˆê•m33•n•D

2•D2•@Basic•@Equations

We•@consider•@a•@nonlinear•@optical•@channel•@waveguide•@with•@arbitrary•@cross

section•@in•@the•@xy•@plane•@and•@assume•@that•@the•@structure•@is•@uniform•@along•@the

propagation•@direction•@•iz•@axis•j•D•@From•@Maxwell•fs•@equations•C•@the•@following

Helmholtz•@equation•@is•@derived•@under•@the•@assumption•@of•@a•@vanishing•@par•|

asitic•@elecŽµric•@or•@magnetic•@field•@component•C•@Ey•ßOfor•@the•@TE•|like•C•@Ex
modes•@•imain•@fields•@are•@E•D•@and•@Hy•j•@and•@Hy•@E•@O•@for•@the•@TAil•|like•C•@EiYˆê•@modes

•imain•@fields•@are•@E•C•@and•@H•D•j•@•m27•n•C•@•m34•n•F

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@”_•{—£•{qŠèƒÀ2ƒÓ•E•@•@•i•E•j

Nvhere•@ko•@is•@the•@free•@space•@wavenumber•C•@•C8•@is•@tihe•@propagation•@constant•@along

z•@axis•C•@and•@the•@main•@field•@ip•ix•Cy•j•@and•@coefficients•@p•C•@q•@are•@written•@as

ip•@•••@Ex•C•@p•••@1•C•@q•••@n•@2 •i2•j
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for•@E•h•@modes•C•@and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ip•@••H•D•C•@p•••••@1•^n2•C•@g••1•@•i3•j

for•@EiY•@modes•D•@Assuming•@electrostrictive•@and•@thermal•@nonlinearities•@•m7•n

which•@are•@usually•@supposed•@in•@modal•@analysis•@of•@nonlinear•@optical•@waveg•|

uides•C•@the•@intensity•|dependent•@refractive•@index•@n•@is•@given•@by

n••n•ix•CŽÊ IEI2•j•D

The•@electric‹ueld•@vecŽµ•Zr•@E•@used•@in•i4•jis•@apProximaŽµed•@as

E••ExiƒR•B•\E•Diz
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1
Ex••ƒÓ•C•@E•¡••ˆêƒS•@•@•@ƒÓ•f•CƒÓƒm••

neff

Oip

•Ý–[

•i4•j

•i5a•j

•i5b•j

for•@EX•@modes•C•@and

E••Eyiy•@•\•@Eziz

Eyˆê ™‚yoƒÓ•Cƒg••ƒÓ•Eˆê‰æ
•i6a•j

•i6b•j

for•@EY•@modes•D•@Here•@i•D•C•@iy•C•@and•@i•D•@are•@the•@unit•@vectors•@in•@the•@x•C•@y•C•@and•@z

directions•C•@respectively•C•@te•@and•@yˆê•@are•@the•@Cartesian•@coordinates•@normalized

by•@the•@free•@space•@wavenumber•C•@namely•C•@tn•@•••@kox•@and•@yˆê•@ˆêˆê•@koy•C•@neff•@is•@the

effective•@refractive•@index•@defined•@as•@n•Cff•@i•@5•^ko•C•@and•@Zo•@is•@the•@free•@space

impeadance•D
•@In•@the•@case•@of•@a•@planar•@optical•@waveguide•@•i0•^ax•@i•@O•j•@the•@above•@equations

for•@the•@EX•@and•@EY•@modes•@give•@exact•@expressions•@for•@truely•@TE•@and•@TM

polarizations•C•@respectively•D

2•D3•@Finite•@Element•@Discretization

We•@divide•@the•@waveguide•@cross•@section•@into•@a•@number•@of•@isoparametric•@tri•|

angular•@elements•@as•@shown•@in•@Fig•D•@1•C•@where•@closed•@circles•@1•@to•@6•@denote

nodal•@points•@and•@open•@circles•@1•@to•@7•@denote•@sampling•@points•@used•@for•@nu•|

merical•@integration•D•@ln•@the•@isoparametric•@element•@the•@polynomial•@order

representing•@the•@geometry•@of•@an•@element•@is•@coincident•@with•@that•@interpo•|

lating•@the•@field•@in•@an•@element•D•@ln•@the•@quadratic•@isoparametric•@element•@in
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Fig•D•@1•@the•@field•@ip•@and•@the•@normalized•@Cartesian•@coordinates•@X•C•@yˆê•@can•@be

ex•D•@panded•@as

ip•@•••••@•oN•pT•o•@ip•@•pe

te•@•••••@•oN•pT•oX•pe

yˆê•••oN•pT•oyˆê•pe

•j•j•j7•|8Qƒ\•i•i•i

with

•oN•p•@ˆê••

ŒÜ1•i2ŒÜ1•|1•j

•E‰³2•i2ŒÜ•E2•|1•j

•D‰³3•i2•v‰³3•|1•j

•@•@4•E‰³1•A‰³2

•@•@4ŒÜ2ŒÜ3

•@•@4L3L•C

•iiO•j

where•@•oip•pe•@and•@•oX•p•C•C•@•oyˆê•p•C•@are•C•@respectively•C•@the•@electric•@or•@magnetic•@field

and•@the•@normalized•@Cartesian•@coordinate•@vectors•@corresponding•@to•@the
nodal•@points•@1•@to•@6•@within•@each•@element•@e•C•@•oN•p•@is•@the•@shape•@function

vector•C•@Li•C•@L2•C•@L3•@are•@the•@area•@coordinates•C•@and•@T•@denotes•@a•@transpose•D

•@Defining•@the•@local•@coordinates•@6•C•@op•@as

•E‰³1••ƒÌ•C•E‰³2••ƒÅ•C•E‰³3••1ˆêƒÌˆêƒÅ •iii•j

the•@transformation•@for•@differentiation•@is•@given•@by

•m1•••nˆê•mJ•n•m1Œùˆøˆê•m‰ò1“‡•F•n•m1Œè

•i12•j

with

J11•••••••Ý–‚•^•ÝƒÌ•••o•E‚ÖrƒÌ•pT•oåM•pe

Ji2••aY•^04•@•••@•oN6•pT•oyˆê•p•C

•DJ2i••ail•p•^On•@•••••@•o•^V•C•pT•oil•p•p•C

•D122••ayˆê ^aep•@•••F•@•oAr•C•C•pT•oyˆê•p•C

•i13a•j

•i13b•j

•i13c•j

•i13cl•j

where•@•m•v•n•@is•@the•@Jacobian•@matrix•@and•@•oIVc•p•@ii•@a•oN•p•^OC•C•@•oNn•p•@•Fˆê•••@a•oN•p•^0•j7•E
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ˆê•C

•@The•@transformation•@relation•@for•@integration•@of•@the•@function•@f•iX7Y•j•@is

given•@by
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÕ•i‹¨Œ÷ˆê••1ˆêƒÌf•iƒÌ•CƒÅ•j‹rƒÅ•@•@•i14•j

where•@I•@JI•@is•@the•@determinant•@of•@the•@Jacobian•@matrix•@and•@is•@known•@as•@the

Jacobian•D
•@Using•@•i12•j•C•@ip•f•@in•@•i5b•j•C•@•i6b•j•@is•@expressed•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@q5•^•@••••

for•@EX•@modes•C•@and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒÓƒm••

for•@EY•@modes•D

•@Applying•@the

•v1•@ˆêi•i•@•v22•o•@Nc•@•pT•@ˆê•@•vi2•o•@Nn•@•pT•j•o•@ip•@•pe

Vl•@ˆêi•iˆê•@•v2•@i•o•@AZIc•@•pT•@•{•@Ji•@i•o•@•DZVn•@•pT•j•o•@ip•@•pe

•i15•j

•ii6•j

•@•@•@•@•@•@•@•@•@•@•@•@•@finite•@elemenŽµtechnique•@to•i1•j•C•@we•@obtain

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mK•iip•j•n•oip•pˆêng•C•C•mM•iip•j•n•oip•p•@•ii7•j

with

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mK•iƒÓ•j’”ƒ‹•i‹¨•CƒÓƒm•j•oN•p•oAr•pT

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•|•vƒÏe•i˜I•C•ó7•GƒÓ•CƒÓƒm•j•oN•C•p•oNx•pT

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêˆêp•C•iX•C•@yˆê•G•@ip•C•@ip•f•j•oNy•p•oN•—•pT•ndfdyˆê•@•i18•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•mM•iƒÓ•j•nˆêŽÊƒ‹•i‹¨•CƒÓ•f•j•oN•p•oN•p’š’„•@•@•i•E9•j

where•@the•@components•@of•@the•@•oip•p•@vector•@are•@the•@values•@of•@ip•@at•@all•@nodal

points•C•@•oNx•p•@E•@a•oN•p•^adi•C•@•oN•Cˆê•p•@E•@0•oN•p•^ayˆê•C•@and•@2•C•@extends•@over•@all

different•@elements•D

•@Noting•@•i7•jˆê•i16•j•C•@the•@integrants•@in•@•i18•j•@and•@•i19•j•@are•@given•@as•@the•@func•|

tions•@of•@the•@area•@coordinates•C•@and•@thus•C•@the•@numerical•@integration•@formulae

derived•@by•@Hammer•@et•@aL•@•m26•n•C•@•m27•n•@can•@be•@directly•@applied•D•@The•@integral

calculations•@needed•@for•@constructing•@the•@matrices•m‰Ïand•mM•ncan•@be•@re•|

placed•@with•@simple•@product•|sum•@calculations•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Ll
•@•@•@•@•@•@•@•@•@•@•@•mK•iƒÓ•j•n••ŽÊ•V’@‚²•m9•E•iXi•CƒV‚²•GƒÓ‚Ç•CƒÓ1•j•oN•pƒS•oN•p‚²

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêPe•i‹T•C•FƒV‚²•GƒÓ‚²•CƒÓD

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@9
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ˆê

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@TABLE•@I

THE•@VALUES•@OF•@THE•@NVEIGHTING•@COEFFICIEN•fTS•@A•DND•@AREA•@COORDI•DN•gATES

•iŒÜli•CŒÜ2i•CŒÜ3‚Ì

•|•«•¿•Ú34•«rOƒÏ07•|O•D225

0•D•I3239415

0•D13239415

0•D13239415

0•D12593918

0•D12593918

0•D12593918

•ior•v•@a•C•@or•j

•iƒÀ•Cor•C‚Ì

•iƒb•CƒÀ•C‚Ì

•iƒb•Cor•CƒÀ•j

•i6•C•@c•C•@6•j

•iE•C•@6•C•@c•j

•iE•C•@E•C•@6•j

or••1•^3

6••••O•D05971587

7••••O•D47014206

6••O•D79742669

E••O•D10128651

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~—×2•i•v22Œî•oNc•pi•@ˆêˆêˆê•@•v12i•o˜e•pŒî•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•i•v22Œî•o‘¯•pT•Cˆê•v12ƒÃ’ß•p1•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê1ƒÏe•i‘L•Cy•|i•GƒÓ”i•CƒÓD

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~I•v172•iˆê•v2ii•oN6•pi•@•{•@•v•C•Ci•o•DZV•C•p•Ý

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•~•iˆê•v2ii•oAilc•p7•E•@•{•viii•oNn•p7•^•@•j•n•@•i20•j

•@•@•@•@•@•@•@•@•@•@•mM•iƒÓ•j•nˆêŽÊ‹l’@•uŒî•C•á—Z•j•oN•pŒî•oN•p1

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i2i•j

where•@the•@subscript•@i•@•ii••1•C•@2•C•@•E•@•E•@•E•C•@7•j•@denotes•@the•@quantity•@associated•@with

the•@sampling•@point•@i•C•@the•@values•@of•@the•@weighting•@coefficient•@VVi•@and•@the

area•@coordinates•@Lii•C•@L2i•C•@L3i•@are•@presented•@in•@Table•@1•m26•n•C•@•m27•n•D

•@The•@total•@guided•@wave•@power•@is•@evaluated•@as

•@•@•@•@•@•@•@•@•@•@•@Pˆê•ZE•H”l’wˆê”¯1–•ƒÓ12’w•@•i22•j

for•@EX•@modes•D•@and
•@•@•@•@•@•@•@•@•@•@•f

•@•@•@•@•@•@•@•@•@Pˆê•ÉˆêEƒV•‘•«ˆê

for•@EY•@modes•@•m27•n•D

•fneff•@Zo
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ˆê

•@To•@obtain•@the•@intensity•|dependent•@refractive•@index•C•@it•@is•@necessary•@to

compute•@the•@actual•@field•@ip•@without•@normalization•D•@The•@relation•@between
the•@actual•@•iip•j•@and•@the•@normalized•@•iip•j•@fields•@can•@be•@written•@as

Iipl•@•••@koV2ZoP•^nefflip•n •i24•j

for•@EX•@modes•C•@and

lipl•@•••@kovi2P•^•ineffZo•jiip1 •i25•j

for•@EY•@modes•C•@where•@the•@usual•@normalization•@procedure•@of•@the•@eigenvector
of•@•i17•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ff•|CX•D•j•@pl•i512•iiibcig•@ˆêˆêˆê•@•oq•|5•pT•mM•iq5•j•n•oq•|S•p•@ˆêi•@•i26•j

is•@considered•D

•@Equation•@•i17•j•@is•@a•@nonlinear•@generalized•@eigenvalue•@problem•@w•fhose•@eigen•|

value•@and•@eigenvect•Er•@c•Erresp•End•@t•EŠ…ƒmand•o•izS•p•C•@respectively•E•@Hence•C•Ene

can•@solve•@it•@self•|consistently•@using•@the•@following•@iterative•@scheme•F

1•j•@Specify•@the•@refractive•@index•@7z•C•@the•@wavelength•@A•@•••F•@27r•^ko•C•@and•@optical

•@•@power•@P•@as•@input•@data•D

2•j•@Assign•@initial•@values•@to•@n•Cff•@and•@•odi•p•D

3•j•@To•@obtain•@the•@nonlinear•@coefi•Itcient•@matrices•@•mK•iip•j•n•@and•@•mrv•I•iip•j•n•C•@cal•|

•@•@culate•@•oip•p•@and•@n•D

4•j•@To•@obtain•@a•@new•@set•@of•@n•Cff•@and•@•o•iz5•p•C•@solve•@the•@matrix•@eigenvalue

•@•@equation•@•i17•j•D

•@5•j•@lterate•@the•@above•@procedures•@2•j•C•@3•j•C•@and•@4•j•@until•@the•@solution•@•ieigen•|

•@•@•@•@value•j•@converges•@within•@the•@desired•@criterion•D

Optical•@power•@specified•@in•@this•@iterative•@scheme•@is•@increased•@or•@decreased

between•@a•@cerŽµain•@range•@with•@appropriate•@intervals•D•@For•@the•@linear•@case•C

the•@solution•@can•@be•@obtained•@without•@assigning•@initial•@values•C•@and•@for•@the

nonlinear•@case•C•@the•@initial•@values•@at•@each•@optical•@power•@are•@assigned•@to

the•@convergent•@solutions•@calcu•Iated•@at•@the•@previous•@power•D•@These•@initial

values•@differ•@between•@increasing•@and•@decreasing•@powers•C•@and•@thus•C•@the•@above

iteration•@scheme•@can•@evaluate•@the•@hysteresis•@nature•@of•@nonlinear•@optical

waveguides•@as•@described•@later•D
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ˆê

•—“å

2•D4•@Numerical•@Results

A•D•@Nonlinear•@Elliptical•@Core•@Fibers

As•@a•@nonlinear•@optical•@waveguide•@with•@curved•@boundaries•C•@we•@consider•@a

nonlinear•@elliptical•@core•@optical•@fibers•@as•@shown•@in•@Fig•D•@2•D•@Here•C•@for•@the

symmetric•C•@fundamental•@modes•C•@namely•C•@El•fi•@and•@Egi•@modes•C•@we•@subdivide

one•|quarter•@of•@the•@waveguide•@cross•@section•@into•@isoparametric•@elements•D

Four•@profiles•@of•@finite•@element•@mesh•@division•@are•@considered•C•@all•@of•@which•@are

shown•@in•@Fig•D•@3•C•@where•@N•D•@is•@the•@number•@of•@elements•C•@and•@the•@Neumann

condition•@•iaip•^On•@•••@O•C•@where•@a•^On•@is•@the•@outward•@normal•@deriv•Eative•j

is•@imposed•@on•@all•@the•@boundaries•@AB•C•@BC•C•@CD•C•@and•@DA•D•@The•@Dirichret

condition•@•iip•@•••@O•j•@can•@also•@be•@utilized•@on•@the•@boundaries•@BC•@and•@CD

which•@are•@located•@far•@from•@the•@core•@region•C•@however•C•@the•@difference•@between

the•@results•@obŽµained•@by•@using•@the•@Neumann•@and•@Dirichret•@conditions•@is

undistinguishable•D
•@Figure•@4•ia•j•@shows•@power•@dispersion•@curves•@for•@can•@elliptical•@core•@opticcal

fiber•@with•@Kerr•@nonlinearity•@in•@the•@core•@and•@cladding•C•@where•@the•@wavelength

A•@•••@O•D632pam•@and•@the•@following•@waveguide•@parameters•@are•@used•F

a•••FV•e2•@pam•@•C•@b•@•••@1•^vi2•@pam

ni••nio•m1•@•\•@n•fIEI2•^•i2zo•j•n

n2•E••n20•m1•\n•^IEI2•^•i2Zo•j•n

nio••1•E466•C•@n20•@•••@1•D45•C•@n•f•@•••@3•D2•@•~•@lo•f20•@m2•^w•D

Here•@n•f•@is•@the•@nonlinear•@optical•@coefficient•D

•@Figure•@4•ib•j•@shows•@power•@dispersion•@curves•@for•@an•@elliptical•@core•@opti•|

cal•@fiber•@with•@Kerr•@nonlinearity•@in•@the•@core•C•@where•@the•@wavelength•@A•@••

O•D5145pam•@and•@the•@following•@waveguide•@parameters•@are•@used•F

a•••@vilii•@pam•@•C•@b•@•••••@1•^vilE•@pam

ni••nio•m1•@•\•@n•fIEI2•^•i2z•C•j•n

n2••n20
nlo••1•D57•C•@n20••1•D55•C•@nƒm••10•|9•@m2•^W•D

•@At•@low•@optical•@power•C•@the•@results•@of•@the•@e•iarlier•@approach•@using•@conven•|

tional•@quadratic•@triangular•@elements•@with•@strcaight•@sides•@agree•@well•@with

those•@of•@the•@present•@approach•@using•@isoparametric•@triangular•@elements•D

When•@the•@power•@is•@higher•C•@however•C•@a•@significant•@discrepancy•@is•@observed•D
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•¡‚µ•D

In•@the•@present•@approach•@the•@convergence•@of•@solutions•@is•@very•@fast•@irrespecˆêˆê

tive•@of•@the•@polarization•@and•@the•@magnitude•@of•@the•@nonlinearity•C•@and•@highly

accurate•@results•@can•@be•@obtained•@xvithout•@increasing•@the•@computational•@ef•|

fort•D•@lt•@is•@found•@from•@Figs•D•@4•ia•j•@and•@•ib•j•@that•@the•@modal•@birefringence•@is

greatly•@enhanced•@with•@increasing•@optical•@power•D

NVe•@have•@found•@that•@in•@case•@of•@a•@•Fb•C•@namely•@a•@circular•@core•@optical•@fiber•C

the•@results•@of•@the•@present•@approach•@are•@in•@good•@agreement•@with•@analytical

solutions•@•m35•n•D•@lt•@is•@interesting•@to•@note•@that•@the•@power•@dispersion•@curve•@for

the•@Eii•@mode•@of•@an•@elliptical•@core•@fiber•@•ia•@•••@vX12ptm•@and•@b•@•••@1•^vi12ipam•j•@is

similar•@to•@that•@for•@the•@LPoi•@mode•@of•@a•@circular•@core•@fiber•@with•@the•@same
core•@area•@•ia•@•••••@b•@•••••@1pam•j•D

B•D•@Graded•|Index•@Nonlinear•@Channel•@Waveguides

We•@consider•@a•@graded•|index•@nonIinear•@opŽµical•@channel•@waveguide•@as•@shown

in•@Fig•D•@5•C•@where•@the•@wavelength•@A•@•••@O•D515pam•@and•@the•@following•@waveguide

parameters•@are•@used•F

•@•@t••1•D0•@pam

nf••nfo•@•\•@Ansat•o1•@ˆêˆê•@exp•mˆênfontlE12•^•i2An•C•DtZo•j•n•p

ns••n•Co•@•{•@Anf•ix•jg•iy•j

•@nc••nco
ƒÅƒv•B••••1•D55•Cnso••1•D55•CƒÁzco••••1•D0

•¢n••0•D02•C•¢nsƒ¿t••0•D04•C•@nƒm••10•|9•@m2•^W•D

Here•@the•@nonlineariŽµy•@is•@produced•@by•@a•@saturable•@system•D•@The•@refractive

index•@profile•@in•@the•@subsŽµrate•@region•@is•@assumed•@to•@be

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@f•ix•j•@•••••@exp•m•@ˆêˆê•@•ix•^d•D•@•j21

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@9•iƒR•B•j••exp•©y•^d‚Ì

for•@•etype•@1•f•@with•@Gaussian•@and•@exponential•@profiles•@in•@the•@x•@and•@y•@direc•|

tions•C•@respectively•C
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•ç•i•E‚¶•j••exp•mˆê•iƒÕ‚Ì2•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@g•ix•j•••@exp•mˆê•iy•^d•C•j2•n

for•@•etype•@2•f•@with•@Gaussian•@profiles•@in•@both•@the•@directions•C•@and

f•ix•j•••••@zL•ix•@•{•@d•D•j•@ˆê•@zL•ix•@ˆê•@d•D•j

9•ix•j••’w•jˆê—áˆê‡ˆ

13



ˆê

for•@•etype•@3•f•@with•@step•|index•@profiles•@in•@both•@the•@directions•C•@where•@iL•@is•@the

unit•|step•@function•C•@and•@d•D•@and•@dy•@are•@the•@diffusion•@lengths•@in•@the•@x•@and•@y

directions•C•@respectively•D•@A•@typical•@element•@division•@is•@shown•@in•@Fig•D•@6•C•@and

the•@Neumann•@condition•@is•@imposed•@on•@all•@the•@boundaries•@AB•C•@BC•C•@CD•C

and•@DA•D

•@Figures•@10•ia•j•@and•@•ib•j•@show•@power•@dispersion•@curves•@of•@the•@Eik•@and•@the

EYn•@modes•C•@respectively•C•@where•@d•D••dy••3pam•D•@The•@change•@in•@the•@effective

index•@with•@optical•@power•@is•@initially•@slower•C•@but•@above•@a•@certain•@threshold

the•@mode•@moves•@abruptly•@from•@the•@linear•@substrate•@into•@the•@nonlinear•@film

causing•@a•@jump•@in•@the•@effective•@index•D•@The•@threshold•@power•@of•@the•@graded•|

index•@waveguide•@•itype•@1•@or•@2•j•@is•@much•@lower•@than•@that•@of•@the•@step•|index•@one

•itype•@3•j•D•@NVhen•@decreasing•@optical•@power•C•@the•@dispersion•@curve•@exhibits•@the

hysteresis•@nature•@and•@the•@mode•@returns•@abruptly•@to•@the•@linear•@substrate•D

The•@threshold•@power•@becomes•@higher•@and•@the•@width•@of•@the•@hysŽµeresis•@loop

becomes•@also•@larger•@in•@the•@order•C•@type•@1•C•@type•@2•C•@and•@type•@3•D•@The•@hysteresis

loop•@for•@the•@step•|index•@waveguide•@is•@significantly•@different•@between•@the•@Efi

and•@the•@EYi•@modes•D

•@Figure•@8•@shows•@the•@proportions•@of•@optical•@power•@carried•@by•@the•@film•@and

substrate•@regions•@for•@the•@Efi•@and•@EYi•@modes•C•@respectively•D•@Only•@negligible

power•@propagates•@through•@the•@cover•@region•D•@NkVhen•@optical•@power•@increases

•ior•@decreases•j•C•@beyond•@the•@threshold•@power•C•@suddenly•@most•@of•@the•@power

moves•@to•@the•@film•@•ior•@substrate•j•@and•@the•@power•@inside•@the•@substrate•@•ior

film•j•@falls•@drastically•D

2•D5•@Conclusion

We•@have•@formulated•@an•@eMcienŽµapproach•@based•@on•@the•@scalar‹unite•@eI•|

ement•@method•@forŽµhe•@analysis•@of•@nonlinear•@optical•@channel•@waveguides•D

Both•@TE•|like•@and•@TM•|like•@modes•@have•@been•@treated•C•@and•@in•@order•@to•@im•|

prove•@the•@convergence•@and•@accuracy•@of•@solutions•C•@isoparametric•@elements

and•@numerical•@integration•@formulae•@derived•@by•@Hammer•@etƒ¿1•D•@have•@been

inŽµroduced•D•@Numerical•@results•@have•@been•@presented•@for•@nonlinear•@elliptical

core•@optica1‹ubers•@and•@graded•|index•@nonlinear•@optical•@channel•@waveguides•D
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚µ•@For•@the•@numerical•@advantage•C•@we•@have•@used•@the•@symlnetry•@of•@nonlinear

waveguides•C•@however•C•@it•@should•@be•@noted•@that•@its•@use•@can•@exchlde•@some

modes•@which•@may•@be•@allowable•@in•@nonlinear•@waveguides•D•@Although•@the
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ˆê

modal•@solutions•@provide•@useful•@information•@about•@the•@nonlinear•@properties

of•@the•@guided•@waves•C•@more•@involved•@beam•@propagation•@analysis•@is•@needed

in•@a•@practical•@situation•D
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characŽµeristics•@of•@a•@nonlinear•@oPŽµical•@fiber•@with•@nonlinear•@cladding•@have•@also

been•@analyzed•@•m11•n•C•@•m12•n•C•@and•@axially•@symmetric•@modes•@•m11•n•@whose•@field•@pro•|

files•@are•@similar•@to•@surface•@wave•@modes•@and•@asymmetric•@modes•@•m12•n•@whose

field•@profiles•@have•@no•@axial•@symmetry•@have•@been•@found•D•@To•@the•@best•@of•@our

knowledge•C•@however•C•@the•@excitaŽµion•@andŽµhe•@stability•@of•@these•@interesting

stationary•@modes•@have•@not•@been•@investigated•D

•@In•@this•@paper•@a•@numerical•@approach•@based•@on•@the•@finite•@element•@method

•iFEM•j•@for•@the•@fiber•@cross•@section•@and•@the•@finite•@difference•@method•@along

the•@propagaŽµion•@direction•@is•@described•@for•@3•|dimensional•@beam•@propagation

analysis•@of•@nonlinear•@optical•@fibers•D•@Pad6•@approximation•@•m36•nˆê•m41•n•@is•@ap•|

plied•@to•@the•@differential•@operator•@along•@the•@propagation•@direction•D•@With•@a

view•@to•@improving•@the•@efficiency•@of•@the•@scalar•@FEM•@which•@is•@considered•@ef•|

fective•@for•@the•@analysis•@and•@design•@of•@nonlinear•@optical•@channel•@waveguides•C

isoparametric•@elements•@are•@introduced•C•@and•@the•@use•@of•@numerical•@integra•|

tion•@formulae•@derived•@by•@Hammer•@et•@al•D•@•m14•n•C•@•m26•n•C•@•m27•n•@is•@attempted•@for

the•@calculation•@of•@integrals•@necessary•@for•@constructing•@element•@matrices•D

By•@means•@of•@this•@approach•C•@the•@refractive•@index•@change•@within•@each•@ele•|

ment•@can•@be•@faithfully•@evaluated•@according•@to•@the•@electric•@field•@disŽµribution

without•@fixing•@the•@index•@constant•@in•@each•@element•C•@and•@the•@graded•|index

nonlinear•@optical•@waveguides•@with•@curved•@boundaries•@can•@also•@be•@easily

treated•D•@Using•@the•@numerical•@approach•@developed•@here•C•@the•@modal•@and

propagation•@characteristics•@of•@optical•@fibers•@with•@linear•@core•@and•@nonlinear

cladding•@are•@analyzed•C•@and•@the•@hysteresis•@nature•@of•@the•@stationary•@mode•C

the•@linear•@LPoi•@mode•@excitation•@and•@the•@stability•@of•@the•@stationary•@mode•C
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n•D

and•@the•@spatial•@soliton•@emission•@are•@investigated•D•@Furthermore•C•@opera•|

tions•@of•@all•|optical•@logic•@gates•@using•@the•@interaction•@between•@optical•@spatial

solitons•@are•@investigated•D•@Recently•C•@optical•@logic•@gates•@which•@consist•@of•@a

five•|layer•@dielectric•@structure•@with•@a•@nonlinear•@layer•@was•@proposed•@•m4•H•g•n•C•@and

the•@fundamental•@and•@theoretical•@perspective•@for•@realizing•@all•|optical•@AND•C

OR•C•@and•@XOR•@operations•@based•@on•@the•@interaction•@of•@spatial•@solitons•@was

investigated•D•@Although•@the•@results•@are•@very•@fascinating•C•@because•@of•@the

diMculty•@ofŽµhe•@broad•@slab•|mode•@excitation•@andŽµhe•@selfˆê•@fo•@cusing•@effect•@of

nonlinear•@media•C•@the•@feasibility•@of•@these•@optical•@logic•@gates•@cannot•@be•@fully

proved•@with•@the•@2•|dimensional•@analysis•D•@For•@more•@practical•@discussion•C•@it

is•@necessary•@to•@deal•@with•@3•|dimensional•@structures•D•@Here•C•@all•|optical•@logic

gates•@with•@3•|dimensional•@geometry•@consisting•@of•@optical•@fibers•@and•@a•@non•|

linear•@film•@are•@proposed•C•@and•@their•@operations•@of•@Boolean•@arithmetric•@such

as•@AND•C•@OR•C•@and•@XOR•@logic•@functions•@are•@demonstrated•D

3•D2•@Basic•@Equations

NVe•@consider•@a•@nonlinear•@optical•@fiber•@with•@cross•@section•@in•@the•@xy•@plane•D

From•@Maxwell•fs•@equations•C•@the•@following•@Helmholtz•@equation•@is•@derived•@for

linearly•@x•|polarized•@modes•@with•@the•@electric•@field•@E•D•@•iEy•@•Fˆê•••@O•j•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•\•@••••ˆê•G•@•\

fractive•@index•@n•@is•@given•@by

02Ex a2E•D 02Ex
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ax2•@•f•@Oy2•@•f•@Ox2

where•@ko•@is•@the•@free•@space•@wavenumber•C•@and•@the•@intensity•|dependent•@reˆê

•{k•C2n2E•D•@••O•@•i27•j

n•••@n•ix•C•@y•Cz•@•G•@IEi2•j •i28•j

with•@E•@beingŽµhe•@electric•@field•@vector•D

•@The•@Helmholtz•@equation•@•i27•j•@is•@transformed•@with•@the•@substitution•@of

asolution•@of•@the•@form•@under•@the•@slowly•@varying•@envelope•@apProximaŽµion

•iSVEA•j
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@E•D•@•ix•C•@y•C•@z•j•@•••@ip•@•ix•C•@y•C•@z•jexp•iˆê•n•f•@konoz•j•@•i29•j

into•@the•@following•@equation•@for•@the•@slowly•@varying•@complex•@amplitude•@q5•F

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1›Iˆê2–Éll•{1šæ•{•Ý2ƒÓ

•{“Î•••in2•|nŒ¾•jƒÓ

Oy2

••o •i30•j
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1•C•@•D•D•D•D

where•@no•@is•@the•@reference•@refractive•@index•D

•@The•@electric•@field•@vector•@E•@used•@in•@•i28•j•@is•@approximated•@as

E•ix•C•@y•C•@z•j•@•••• ipexp•i•@ˆêˆê•@•v•@kono•@z•@•j•@ix

•|2•f•@•i•@ip•f•^•@kono•jexp•i•@ˆê2•f•@konoi•ji•@•C•D •i31•j

where•@ip•f•@•••••@Oip•^Ox•C•@i•D•@and•@iz•@are•@the•@unit•@vectors•@in•@the•@x•@and•@z

respectively•D

directions
•@•@•@•@•@•@•@•@•f

3•D3 Finite•@Element•@Discretization

Dividing•@the•@fiber•@cross•@section•@into•@a•@number•@of•@isoparametric•@triangular

elemenŽµs•m14•n•C•m26•n

we•@obtain

•mM•n

•m27•n•C•@and•@applying•@the•@finite•@element•@technique•@to•@•i30•j•C

•@d2•oip•p•@•D•@•D•D•@•Dˆê•@•C•C•@•D•C•@d•o•@ip•p

•@•@•@•@dz2•@ˆêJ•fVU•fV•hL•hˆêJ•@dz
•{•i•mK•iip•j•n•@ˆê•@kgng•mM•n•j•oip•p•@•{•@•mK•nF•oip•p•@ˆê

ˆê2ƒS‚ñoƒÁZo•mM•n

•oo•p •i32•j

with

•mK•i•@di•@•j•n•@•••••@ff•C•@•mkg•@nZ•@•ix•C•@y•C•@z•G•@ip•C•@di•f•j•@•oN•p•@•oN•pT

•@•@•@•@•@•@•@•@ˆê•o–}•p•o–}•pTˆê•o•ê•o•ê’š•ndxdy

•mM•n•@•••••@••ff•C•oN•p•oAZ•pTdxdy

ŽúFˆÈˆê“•N•pr•o”Èdr

•i33•j

•i34•j

•i35•j

where•@the•@components•@of•@the•@•oip•p•@vector•@are•@the•@values•@of•@ip•@at•@all•@nodal

points•C•@•oN•p•@is•@the•@shape•@function•@vector•C•@•oN•pr•@is•@the•@shape•@function•@vec•|

tor•@on•@the•@computational•@window•@edge•@r•C•@•oO•p•@is•@a•@null•@vector•C•@•oNx•p•@E

O•oN•p•^Ox•C•@•oN•C•p•@s•@a•oN•p•^Oy•C•@T•@denotes•@a•@transpose•C•@and•@•’e•@and•@2e•f

extend•@over•@all•@different•@elements•@and•@the•@elements•@related•@to•@the•@bound•|

ary•@r•C•@respectively•D•@The•@parameter•@k•D•@included•@in•@the•@matrix•@•mK•nr•@is•@the

wavenumber•@of•@the•@outgoing•@plane•@wave•@from•@the•@boundary•@r•@•m39•nˆê•m43•n•E

The•@integrants•@in•@•i33•j•@to•@•i35•j•@are•@given•@as•@the•@functions•@of•@the•@area•@coordi•|

nates•C•@and•@thus•C•@t•Che•@numerical•@integration•@formulae•@derived•@by•@Hammer•@et
al•E•@•m14•n•C•@•m26•n•C•@•m27•n•@can•@be•@directly•@applied•D•@The•@integral•@calculations•@needed
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–¤•A

for•@constructing•@the•@matrices•@•mK•iip•j•n•C•@•mrvf•n•C•@and•@•mK•nr•@can•@be•@replaced•@with

simple•@product•|sum•@calculations•@•m14•n•D

•@Equation•@•i32•j•@can•@be•@rewritten•@formally•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@d•oip•p
ˆê2ƒS‚ñoƒÁZo•mM•n

dz•@N
•@•@•i•mK•iip•j•n•@ˆê•@kgng•mM•n•j•oO•p

1 d
•i36•j

1•@ˆê•@ˆêˆê•Dˆê•D
•@•@•@2ƒu‚½oƒÁ‰³•B•ilz

with
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mK•iip•j•nˆê•@•mK•iip•j•n•{•mK•nr•@•i37•j

Utilizing•@Pad6•@approximation•@•m36•nˆê•m41•n•@and•@replacing•@d•^dz•@in•@the•@denomi•|

nator•@of•@•i36•j•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‹cˆê2ƒS‚ïƒÎ•B•mM•nˆê1•i•mK•iƒÓ•j•nˆêkl•E9•mM•n•j•@•i38•j

the•@fbllowing•@Pad6•@equaŽµion•@is•@obtained

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@T•v•Cfr•^•@i•@v•@d•oip•p

with

ˆêˆê
@27•f•@kono•@•mM•i•@ip•j•n

•{•i•mK•iip•j•n•@ˆê

•@•@•@•@•@•@•@•@•@•@1
•@•@•mM•n•{

•@•@•@•@dz

kg•Dg•mM•n•j•oip•p•@ˆê •oo•p •i39•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•i•m•EK•iƒÓ•j•nˆêk8ƒÎ9•mM•n•j•@•@•@•@•@•@•@•@•i40•j•@•@•@•@•@•@•@•@•@•@•@•@•@•mM•iƒÓ•j1
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@4ƒÈ8—ª

The•@Fresnel•@or•@paraxial•@equaŽµion•@is•@easily•@obtained•@from•i39•jby•@replacing

the•@matrix•mM•iƒÓ•j•nby•mM•n•D

3•D4•@Crank•|Nicholson•@Algorithm

ApPlying•@the•@Crank•|Nicholson•@algoriŽµhm•@for•@the•@propagation•@direction•C•@z•C

Žµ•Z•i39•jyields

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mA•iƒÓ•j•ni•oƒÓ•pƒS•{1•••mB•iƒÓ•j•ni•oƒÓ•pi•@•@•@•@•@•@•@•@•@•@•@•@•i41•j

with

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Ö•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mA•iƒÓ•j•n•fi••ˆê2ƒS‚ñ•BƒÅo•CŒî•mƒ‹Z•iƒÓ•j•ni

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{0•E5•¢z•i•mli•idi•j•niˆê‚½3ƒÅŒ¾•C•e•mƒ‹•^•nŒî•j•@•@•@•@•@•@•@•@•@•i42•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mB•iƒÓ•j•ni••ˆê2ƒSkono•Ci•mM•iƒÓ•j•n‚²

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê•Z•E5•¢z•i•mK•iƒÓ•j•niˆê‚ñŒ¾ƒÅ‰³•CŒî•m•EM•nƒS•j•@•@•@•@•@•@•@•@•@•i43•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@27
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ˆê•Eiˆê•D•C•Dˆê•Cˆê•CeiiiiilllV

ˆê
4

where•@Az•@is•@the•@propagation•@step•@size•C•@and•@the•@subscripts•@i•@and•@i•\1

denote•@the•@quantities•@related•@to•@the•@ith•@and•@•ii•@•\•@1•jth•@propagation•@steps•C

respectively•D

•@The•@reference•@refractive•@index•@no•@is•@renewed•@at•@each•@propagation•@step
automatically•@as•@•m39•nˆê•m41•n•C•@•m44•n

•i44•j

where•@t•@denotes•@complex•@conjugate•@and•@transpose•D

•@Equation•@•i41•j•@can•@be•@solved•@with•@the•@following•@iterative•@scheme•F

1•j•@Specify•@the•@refractive•@index•@n•C•@the•@wavelength•@A•@•••@2T•^ko•C•@and•@optical

•@•@power•@as•@input•@data•D

2•j•@Assign•@initial•@values•@of•@the•@reference•@refractive•@index•@no•@and•@the•@slowly

•@•@varying•@complex•@amplitude•@•oip•p•D

3•j•@Calculate•@coefficient•@matrices•@•mA•n•@and•@•mB•n•@and•@solve•@•i41•j•@for•@a•@new

•@•@solution•@•o•‘•pi•{i•E

4•j•@Update•@n•@from•@•i28•j•@and•@no•@from•@•i44•j•D

5•j•@lterate•@the•@above•@procedure•@2•j•C•@3•j•C•@and•@4•j•@until•@we•@reach•@the•@desired

•@•@number•@of•@iterations•@in•@the•@z•@direction•D

3•D5•@Numerical•@Results•@and•@Discussion

3•D5•D1•@Modal•@Analysis•@of•@Nonlinear•@Optical•@Fiber

The•@modal•@analysis•@•m14•n•@can•@be•@easily•@performed•@by•@setting•@d•^dz•@•••@O•@in

•i32•j•C•@and•@then•@no•@becomes•@the•@modal•@effective•@index•C•@n•Cff•C•@and•@•oip•p•@is•@the

corresponding•@modal•@•istationary•j•@field•D•@An•@iterative•@scheme•@for•@solving

this•@nonl•Einear•@generalized•@eigenvalue•@problem•@has•@already•@been•@reported
in•@•m14•n•D•@We•@consider•@a•@nonlinear•@optical•@fiber•@as•@shown•@in•@Fig•D•@9•D•@Here•C•@we

subdivide•@all•@the•@fiber•@cross•@section•@into•@360•@isoparametric•@elements•C•@and

the•@Neumann•@condition•@•iOq5•^an•@ˆêˆêˆê•@O•@with•@0•^an•@being•@the•@outward•@normal

derivative•j•@is•@imposed•@on•@all•@the•@computational•@window•@edges•D

•@Fig•D•@10•@shows•@power•@dispersion•@curves•@for•@the•@fundamental•@•iLPoi•j•@mode

of•@a•@nonlinear•@optical•@fiber•@with•@saturable•@nonlinearity•@in•@the•@cladding•C
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•º

where•@P•@is•@the•@input•@optical•@power•C•@the•@wavelength•@A•@•••@1•D3pam•C•@the•@core

diameter•@a•@•••@5pam•C•@the•@refractive•@index•@of•@the•@core•@ni•@•••@1•D57•C•@and•@the

refractive•@index•@of•@the•@cladding•@is•@given•@by ƒÄ•@•@•@•×

n2••nL•{An•C•Dt
mi•fˆêexp•iˆê31•^EililiiSlnkllll•F2t•j•n

Here•C•@the•@linear•@part•@of•@the•@nonlinear•@refractive•@index•@nL•@•••••@1•D55•C•@the•@non•|

linear•@optical•@coeMcient•@nƒm••10•|gm2•^W•C•@the•@saŽµuration•@ofŽµhe•@nonlinearity

Ansat•@•••@O•D04•C•@and•@Zo•@is•@the•@free•@space•@impedance•D

•@The•@change•@in•@the•@effective•@index•@with•@optical•@power•@is•@initially•@slower•C

but•@above•@a•@certain•@threshold•@the•@symmeŽµry•@of•@the•@mode•@is•@broken•@and•@the

field•@is•@localized•@near•@the•@core•|cladding•@boundary•@in•@nonlinear•@cladding•C

causing•@a•@jump•@in•@the•@effective•@index•D•@When•@decreasing•@optical•@power•C•@the

dispersion•@curve•@exhibits•@hysteresis•@nature•@and•@the•@mode•@returns•@abruptly

to•@the•@linear•@core•D

Figure•@ll•@showsŽµhe‹ueld•@distributions•@at•AP••0•D5mW•@and•@5•D5mW•D
When•@optical•@power•@is•@below•D•@the•@threshold•C•@most•@of•@the•@power•@is•@within

the•@core•@region•C•@but•@when•@optical•@power•@increases•@beyond•@the•@threshold•C

the•@symmetry•|breaking•@behaviour•@is•@observed•C•@suddenly•@most•@of•@the•@power

moves•@to•@the•@cladding•C•@the•@power•@inside•@the•@core•@falls•@drastically•C•@and•@the

field•@becomes•@axially•@asymmetric•D

3•D5•D2 Beam•@Propagation•@Analysis•@of•@Nonlinear•@Optical•@Fiber

We•@consider•@a•@nonlinear•@optical•@fiber•@with•@saturable•@nonlinearity•@in•@the

cladding•@and•@make•@an•@attempt•@to•@estimate•@the•@behaviour•@of•@propagating

waves•@excited•@by•@launching•@the•@linear•@LPoi•@mode•D•@The•@analysis•@condition

is•@the•@same•@as•@in•@the•@modal•@analysis•C•@except•@that•@the•@transparent•@boundary

condition•@is•@imposed•@on•@all•@the•@computational•@window•@edges•D

•@Figure•@•C12•@shows•@the•@contour•@plots•@of•@field•@amplitudes•C•@where•@the•@input

LPoi•@power•@P•@•••@O•D5mW•D•@Since•@this•@low•@input•@power•@does•@not•@stimulate

the•@cladding•@nonlinearity•C•@the•@excited•@beam•@is•@propagating•@stably•@up•@to

the•@distance•@1•@•••@200pam•C•@and•@the•@beam•@profile•@is•@quite•@similar•@to•@that•@of

the•@linear•@LPoi•@field•D•@Figure•@13•@also•@shows•@the•@contour•@plots•@for•@P•@••••

5•D5mW•D•@This•@input•@power•@is•@enough•@to•@stimulate•@the•@cladding•@nonlinearity

and•@to•@break•@the•@power•@confinement•D•@At•@the•@propagation•@distance•@1•@c•„t
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•feˆê•h•hˆêˆê•h•h•fˆêˆêNll

•D

30•@to•@70pam•C•@a•@ring•|shaped•@beam•@surrounding•@the•@core•@is•@formed•C•@and

the•@intensity•@maxima•@lie•@near•@the•@core•|cladding•@boundary•@in•@nonlinear

cladding•D•@The•@shape•@is•@quite•@similar•@to•@the•@ring•|shaped•@surface•@mode•@found

by•@assuming•@axially•@symmetric•@solutions•@•m11•n•D•@The•@axially•@symmetric•@ring

mode•@is•@unstable•C•@the•@symmetry•@is•@broken•@at•@1•@y•@70•@to•@80pam•C•@and•@the

beam•@splits•@into•@two•@packets•D•@Then•C•@these•@two•@beams•@draw•@each•@other•C•@and

coalesce•@in•@the•@core•@region•C•@but•@repulse•@each•@other•@again•C•@and•@finally•@are

emitted•@into•@the•@cladding•@region•D•@These•@emitted•@beams•@behave•@themselves

like•@spatial•@solitons•@•m10•n•C•@and•@may•@be•@applicable•@for•@constructing•@active

optical•@devices•@such•@as•@soliton•@couplers•@•m45•n•@and•@optical•@logic•@gates•@•m42•n•D

3•D5•D3 All•|Optical•@Logic•@Gates

As•@all•|optical•@logic•@gates•@with•@3•|dimensional•@structure•C•@we•@consider•@a•@wave•|

guideˆêŽµype•@nonlinear•@optical•@device•@as•@shown•@in•@Fig•D14•C•@where•@the•@wave•|

length•@A•@•••••@1•D064pam•C•@the•@core•@diameter•@a•@•••••@2pam•C•@the•@refractive•@indices•@of

core•@and•@cladding•@ni•@•••@1•D57•@and•@n2•@•••••@1•D55•C•@respectively•C•@the•@nonlinear•@film

thickness•@t•@•••@3psm•C•@and•@the•@refractive•@index•@of•@the•@nonlinear•@film•@is•@given

by

n3•@ˆê•@nL•{•¢•@

Here•C•@the•@•pinear•@part•@of•@the•@nonlinear•@refractive•@index•@nL•@•••@1•D55•C•@the•@non•|

linear•@optical•@coeMcient•@n•f•@•••@10•|9m2•^W•C•@the•@saturation•@of•@the•@nonlinearity

Ansat•@•••••@O•D04•C•@and•@Zo•@is•@the•@free•@space•@impedance•D

We•@assume•@the•@device•@input•@by•@launchingŽµhe•@linear•@LPol•@mode•@into•@the

left•@and•@right•@cores•C•@that•@is•C•@input•@ports•C•@and•@the•@output•@by•@detecting•@the

optical•@power•@in•@the•@nonlinear•@film•C•@that•@is•C•@output•@port•D•@At•@first•C•@we•@should

define•@the•@correlation•@between•@propagating•@beams•@and•@binary•@state•@in•@the

optical•@logic•@gate•D•@The•@Boolean•@logic•@state•@in•@the•@device•@considered•@here•@is

related•@to•@the•@existence•@of•@optical•@power•@in•@the•@ports•C•@in•@other•@words•C•@the

presence•^absence•@of•@power•@in•@each•@port•@represents•@the•@Boolean•@variable

such•@as•@•g1•^O•h•C•@•gH•^L•h•C•@or•@•gT•^F•h•D•CThe•@output•@Boolean•@variable•@can•@be

decided•@by•@comparing•@the•@output•@power•@to•@certain•@threshold•D

•@In•@our•@binary•@criterion•C•@the•@output•@state•@is•@set•@to•@•g1•h•@if•@the•@output•@power

in•@the•@nonlinear•@film•@occupies•@over•@50910•@of•@the•@input•@power•@per•@port•@P•C
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•DdillDNˆê

and•@is•@set•@to•@•gO•h•@otherwise•D•@For•@the•@sake•@of•@simplicity•@and•@convenience•C

we•@introduce•@the•@concept•@of•@the•@input•@power•@per•@port•@P•@to•@the•@ey•D•@pression

of•@the•@launching•@power•D•@ln•@short•C•@P•@•••@Pi•D•@for•@single•|port•@excitation•@and

P•@•F•@Pi•D•^2•@for•@double•|port•@excitation•C•@where•@Pi•D•@represents•@total•@input

power•D
•@The•@device•@length•@is•@determined•@so•@that•@spatial•@soliton•@interactions•@in

the•@device•@can•@realize•@the•@operation•@of•@Boolean•@logic•@functions•D•@Figure

15shows•@the•@condiŽµion•@of•@inpuŽµˆêport•@excitation•@and•@device•@length•@for•@the

power•@emergence•@in•@the•@outpuŽµporŽµwhich•@satis‹ues•@our•@binary•@criterion
for•@setting•@the•@variable•@•g1•h•D•@The•@region•@with•@horizontal•@lines•@denotes•@the

possible•@region•@to•@define•@the•@output•@as•@•g1•h•@for•@single•|port•@excitation•C•@and

the•@region•@with•@vertical•@lines•@also•@denotes•@the•@same•@region•@but•@for•@double•|

port•@excitation•C•@without•@relaŽµive•@phase•@difference•D•@The•@darkest•@area•@is•@the

overlap•@of•@them•D•@From•@this•@figure•@we•@can•@getŽµhe•@infbrmation•@how•@to•@choose

the•@input•@power•@and•@the•@device•@length•@in•@order•@to•@realize•@desired•@Boolean

AND•^OR•@functions•D•@ln•@addition•C•@if•@we•@consider•@the•@case•@of•@double•|port

excitation•@with•@relative•@phase•@difference•@of•@T•C•@output•@port•@is•@set•@to•@•gO•h

in•@the•@region•@of•@P•@•q•@250paW•@and•@the•@device•@length•@shorter•@than•@150pam•D

Therefore•C•@we•@can•@also•@realizeŽµhe•@XOR•@function•@by•@using•@the•@combination

of•@single•|port•@and•@double•|porŽµ•ZpPosite•|phase•@excitaŽµions•D

Figure•@16•@shows•@an•@example•@of•@AND•@gate•@operation•@with•@P•@•••@150paW•D•@ln

the•@case•@of•@single•|port•@excitation•C•@the•@launching•@LPoi•@beam•@is•@propagating

stably•@up•@to•@70pam•C•@and•@the•@beam•@profile•@is•@remaining•@as•@the•@LPoi•@mode•D

The•@input•@power•@is•@not•@so•@high•@for•@spatial•@soliton•@emission•C•@except•@for

double•|port•@in•|phase•@excitation•@at•@the•@same•@P•D•@A•@couple•@of•@LPoi•@incident

beams•@stimulates•@the•@film•@nonlinearity•C•@and•@allows•@spatial•@solitons•@to•@emit•D

At•@the•@propagation•@distance•@1•@y•@40pam•C•@the•@two•@beams•@are•@coupled•C•@and

most•@of•@the•@power•@is•@shifŽµedŽµ•ZŽµhe•@nonlinear‹u1m•@at•@l••70ƒÊm•D•@In•@our
binary•@criterion•C•@ouŽµput•@port•@is•@setŽµ•Z•e•Ž•C•C•@in•@single•|port•@excitation•@and•e•e1•C•C

in•@double•|port•@excitation•C•@and•@considering•@the•@state•@of•@input•@and•@output

ports•@in•@our•@binary•@criterion•C•@this•@optical•@logic•@gate•@acts•@as•@AND•@gate•C•@that

is•@•gO•@A•@1•@•••@1•@A•@O•@•••@O•h•@in•@single•|port•@eK•D•@cit•@at•@ion•@and•@•g1•@A•@1•@•••@1•h•@in•@double•|

port•@excitation•D•@The•@result•@•gO•@A•@O•@•••@O•h•@is•@trivial•C•@taking•@the•@situation•@that

no•@beam•@excitation•@makes•@no•@output•@into•@account•D

•@Figure•@17•@shows•@an•@example•@of•@OR•@gate•@operation•@with•@higher•@input

power•@P•@•••••@250paW•@than•@that•@in•@the•@AND•@gate•@example•D•@The•@input•@power
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•D•h

is•@high•@enough•@to•@emit•@the•@spatial•@soliton•@in•@single•|port•@excitation•D•@The

excited•@beam•@in•@the•@output•@port•@is•@moving•@to•@the•@nonlinear•@film•@in•@the

70pam•@propagation•D•@ln•@double•|port•@in•|phase•@excitation•@at•@the•@same•@P•C

the•@two•@beams•@are•@coupled•@at•@1•@c•jt•@30pam•C•@most•@of•@the•@power•@lies•@in•@the

nonlinear•@film•@at•@1•@f•jt•@40LLm•@to•@70•^•Ceni•D•@Considering•@the•@st•Eate•@of•@input•@and

output•@ports•@in•@our•@binary•@criterion•C•@this•@optical•@logic•@gate•@acts•@as•@OR
gate•C•@that•@is•C•@•gO•@V•@1•@•••@1•@V•@O•@•••••@O•h•@in•@single•|port•@excit•@at•@ion•C•@•g1•@V•@1•@•••@1•h•@in

double•|port•@exciŽµation•C•@and•@the•@trivial•@result•@of•e•e0•„0••0•f•C•D

•@Figure•@18•@shows•@an•@example•@of•@XOR•@gate•@operation•@with•@P•@•••@250LLW•D

The•@result•@of•@single•|port•@excitation•@is•@the•@same•@as•@the•@OR•@gate•@example

in•@Fig•D•@17•ia•j•C•@and•@most•@of•@the•@power•@lies•@in•@the•@nonlinear•@film•@at•@1•@••

100pam•D•@As•@mentioned•@above•C•@the•@XOR•@function•@can•@be•@realized•@by•@using

Žµhe•@combinaŽµion•@of•@single•@port•@and•@double•|port•@opposite•|phase•@excitations•D

In•@double•|port•@opposite•|phase•@excitation•C•@the•@film•@nonlinearity•@is•@not•@so

stimulated•@as•@the•@in•|phase•@excitaŽµion•@case•C•@because•@of•@the•@cancellation•@of

electric•@field•@near•@the•@core•|film•@interface•C•@and•@the•@zero•|intensity•@distribution

is•@remaining•@up•@to•@100pam•@in•@the•@nonlinear•@film•D•@ln•@the•@same•@way•@as•@the

AND•@and•@OR•@gate•@examples•C•@considering•@the•@binary•@state•@of•@input•@and

output•@ports•@in•@our•@binary•@criterion•C•@the•@XOR•@logic•@function•@can•@be•@proved

as•@ccO‡‡1••1‡‡O••0•hin•@single•|porŽµexcitation•C•g1•@e•@1••1•hin•@double•|porŽµ
excitation•C•@and•@the•@trivial•@result•@of•@•gO•@o•@O•@•••@O•h•D

•@These•@results•@show•@that•@AND•C•@OR•C•@and•@XOR•@logic•@gates•@are•@feasible

without•@changing•@the•@transverse•@structure•C•@but•@we•@should•@choose•@suitable

input•@power•C•@relative•@phase•@of•@double•|port•@excitation•C•@and•@device•@length•@for

each•@logic•@gate•@to•@link•@the•@spatial•|soliton•@interaction•@with•@•pogic•@functions•D

3•D6•@Conclusion

We•@have•@newiy•@formulated•@an•@efficient•@3•|dimensional•@beam•|propagation

approach•@based•@on•@the•@Crank•|Nicholson•@finite•@element•@method•@for•@the

analysis•@of•@nonlinear•@optical•@fibers•D•@Using•@the•@numerical•@approach•@devel•|

oped•@here•C•@both•@the•@modal•@and•@propagation•@characteristics•@of•@optical•@fibers

•grith•@linear•@core•@and•@nonlinear•@cladding•@have•@been•@analyzed•D•@We•@have•@con•|

firmed•@the•@existence•@of•@the•@symmetric•@and•@•fasymmetric•@stationary•@modes•D

When•@launching•@the•@linear•@LPoi•@mode•@with•@relatively•@high•@power•@onto•@the

fiber•@center•C•@the•@spatial•@soliton•@emission•@has•@been•@observed•D•@Furthermore•C
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–c

all•|optical•@logic•@gates•@with•@practical•C•@3ˆêˆêdimensional•@geometry•@consisting•@of

optical•@fibers•@and•@a•@nonlinear•@film•@have•@been•@proposed•C•@and•@their•@opera•|

tions•@of•@Boolean•@arithmetric•@have•@been•@demonstrated•D
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Fig•D•@9•@Nonlinear•@optical•@fiber•D
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P•mmW•n

8 10

Fig•D•@10•@Power•@dispersion•@curves•@for•@the•@fundamental•@•iLPoi•j•@mode•@of

a•@nonlinear•@optical•@fiber•@with•@saturable•@nonlinearity•@in•@the•@cladding•D

35

žO “åèi•@—£



•@ƒŒ

•ia•jsymmeŽµric•@mode•iP••0•E5mW•j•D•ib•jasymmeŽµric•@mode•iP••5•D5mW•j•D

Fig•D•@11•@Optical•@field•@distributions•D
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tained•D•@To•@obtain•@the•@intensity•|dependent•@refractive•@index•C•@it•@is•@necessary

to•@compute•@the•@actual•@electric•@field•@vector•@without•@normalization•D•@The•@re•|

lation•@between•@the•@actual•@•iE•j•@and•@the•@normalized•@•ie•j•@fields•@can•@be•@written

as

Eˆê •i54•j

with

ƒG•@•@

ƒ‰

ŒERe•m2‚½IZ•Bffge•~•i•¤•~e•j•E•E‚çd•«•n

••li•f•GtiSLz•Gz•@•i5•oet•pT•mMtt•n•oe•C•p

•@•@•{•oet•pT•mKtz•n•oei•p•j

•i55•j

•i56•j

here•@Zo•@is•@the•@free•|space•@impedance•C•@i•D•@is•@the•@unit•@vector•@in•@the•@z•@direcˆê

and•@the•@normalized•@field•@e•@is•@expanded•@as

e•@••••
ƒÑyZ

•oU•pT•oet•pe

•oV•pT•oet•pe

•I•f•@•oN•pT•oez•@•pe

•i57•j

Equation•@•i49•j•@is•@a•@nonlinear•@generalized•@eigenvalue•@problem•@whose•@eigen•|
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the•@other•@hand•C•@the•@modal•@birefringence•@of•@SFErvl•@is•@larger•@than•@that•@of
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•@•@•@•|2•z•E‰ªde•oE–S•pˆê

•@•@•@•@•@•@•@•@•@•iˆêˆê‚ñ8—ª•m˜eD•oEt•pˆêˆê•@k•Bn•BŽú•B•n•oE•B•p
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ˆê•oŽ’•p•o•êT•j•nd•«

ffe•@•m•i•oU•p•oU•pT

•{•oV•p•oV•pT•j1•@dxdy

•@•@•@•@•@•@•@d

ˆêƒSš ‘E•oE•E•p

•i66•j

•i67•j

•i68•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@i•|Tˆêˆêˆêˆêˆêva•f•@ˆê•@•i69•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1ˆêˆê•Dˆêˆê
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@22•f•@kono•@dz

Utilizing•@Pad6•@approximation•@•m36•nˆê•m41•n•@and•@replacing•@•ia2•^dz2•j•oEt•p•@in•@•i62•j

by
‰ªŒ”•o•@•@•@•@•@•@•@•@•@•@•@•@•@1—‘ˆêƒu2‚½•Bn•B•i•mKtt•n•@ˆê•@kgnl•mM•C•C•n•j‹c•oEáo1•mKt•D•n‹c•oE•A•p•i7•E•j

the•@following•@Pad6•@equation•@is•@obtained•@from•@•i62•j•@and•@•i63•j•F

•@•@•@•@•@•@•@•@•@•@•{•mš “ñ1••ll–É”_“ñ•ì”Šˆê•„•i71•j

with

•@•@•@•@•@•@•@•@•@•@•@•@•@“©ˆê‰ª•{4“Î˜_•i•mKtt•nˆê•ú‰ª•j•@•i72•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•C•C•D•h•@1
•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêˆê5•@•mK•C•E•n•@•@•@•@•@•@•@•i73•j

The•@Fresnel•@sl•ItL•@paraxialLequation•@is•@easily•@obtained•@from•@•i7•I•j•@by•@replacing

the•@matrix•@•mrvltt•n•@and•@•mKt•C•n•@by•@•mIVItt•n•@and•@•mKt•D•n•C•@respectively•D

5•D4•@Crank•|Nicholson•@Algorithm

Applying•@the•@Crank•|Nicholson•@algorithm•@for•@the•@propagation•@direction•C•@z•C

to•@•i71•j•@yields

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•mA•iip•j•ni•oip•pi•Di•@•••F•@•mB•iip•j•ni•oip•p•C•@•i74•j
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vv•fith

•@•@•@•@•@•@•@•@•mA•iƒÓ•j•nŒîˆêˆêƒu•k2‹¿•n•f•m•§

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•{•E•E5•¢z•@•m•@•mKtt•ni“ñ1”ÀllŒD•EŒ€•i75•j

•@•@•@•@•@•@•@•@•mB•iƒÓ•j•nŒîˆêˆêƒu•m2—ü•n•f•m•o–å

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê•E•E5•¢z•@•m•@•mKtt•n•f“ñ1‹E1ŒD•EŒ€•i76•j

•@•@•@•@•@•@•@•@•@•@•oƒÓ•piˆê‹÷1•n•@•@•@•@•i77•j

where•@Az•@is•@the•@propagation•@step•@size•C•@and•@the•@subscripts•@i•@and•@i•\1

den•Ete•@the•@quanŽµities•@related•@t•Ethe–ûand•iZ•\1•jŽµh•@pr•Epagati•En•@steps•C

respectively•D

•@The•@reference•@refractive•@index•@no•@is•@renewed•@at•@each•@propagation•@step
automatically•@as•@•m39•nˆê•m4•I•n•C•@•m44•n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêReƒh•{•‘•{4“v•u•@•i78•j

with

•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒ¿iˆê•oE–S•p1Œ—Œî•oEt•pi•@•@•@•@•@•@•i79•j
•@•@•@•@•@•@•@•@•@•@•@•@•@•@bi•@•••••@•oEt•p1•f•@•mˆêKtz•ni•oEx•pi•@•{•oEz•p1•f•@•mKxt•ni•oEt•pi•@•i80•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@ci•@ˆê•hˆê•••@•oEt•pi•E•@•mKtt•ni•oEt•pi•@•isl•j

where•@t•@denotes•@complex•@conjugate•@and•@transpose•D

•@Equation•@•i74•j•@can•@be•@solved•@with•@the•@following•@iterative•@scheme•F

•@1•j•@Specify•@the•@refractive•@index•@n•C•@the•@wavelength•@A•@•••@27r•^ko•C•@and•@optical

•@•@•@•@power•@as•@input•@data•D

•@2•j•@Assign•@initial•@values•@of•@the•@reference•@refractive•@index•@no•@and•@the•@slow•E•@ly

•@•@•@•@varying•@complex•@amplitude•@•oip•p•D

3•j•@Calculate•@coeflicient•@matrices•@•mA•n•@and•@•mB•n•@and•@solve•@•i74•j•@for•@a•@new

•@•@•@•@solution•@•oip•pi•f•{i•E

66

•D

••”®

Y“ï•c•c

“å•§
•w•@“å

“å“å
•@“å“ï“å—†•D•CŒ±•E—“•D•EƒÃ“å“å

ˆé“å
“å

1“å‘@ˆê“ï“å•D•@•@•D”X•D•D
•A•C•D•f £•D’÷•Œ•B•w•D•D•C•D•D•A‘@•@•D•Qtt•Q•D



Jp•C•C•Cˆê•fˆê•Dˆê•Cqˆê

v

4•j•@Update•@n•@from•@•i59•j•@and•@no•@from•@•i78•j•D

5•j•@lterate•@the•@above•@procedure•@2•j•C•@3•j•C•@and•@4•j•@until•@we•@reach•@the•@desired

•@•@number•@of•@iterations•@in•@the•@z•@direction•D

5•D5•@Numerical•@Results•@and•@Discussion

5•D5•D1 Beam•@Propagation•@Analysis•@of•@Nonlinear•@Optical•@Fiber

The•@modal•@analysis•@•m14•n•@can•@be•@easily•@performed•@by•@setting•@d•^dz•@•••••@O•@in

•i62•j•C•@and•@then•@no•@becomes•@the•@modal•@effective•@index•C•@n•Cff•C•@and•@•oip•p•@is•@the

corresponding•@modal•@•istationary•j•@field•D•@An•@iterative•@scheme•@for•@solving

this•@nonlinear•@generalized•@eigenvalue•@problem•@has•@already•@been•@reported
in•@•m14•n•D•@We•@consider•@a•@nonlinear•@optical•@fiber•@as•@shown•@in•@Fig•D•@31•D•@Here•C

we•@subdivide•@all•@the•@fiber•@cross•@section•@into•@360•@hybrid•@elements•@•iFig•D•@32•j•C

and•@in•@order•@to•@deal•@with•@the•@TE•|like•@•iLPX•j•@modes•C•@the•@magnetic•@wall•@is

imposed•@on•@the•@computational•@window•@edge•@AB•@that•@is•@parallel•@to•@x•|axis•D

•@Figure•@33•@shows•@the•@conŽµ•Zur•@plots•@of•@field•@amplitudes•@for•@an•@optical•@fiber

with•@Kerr•@nonlinearity•@in•@the•@core•C•@where•@the•@input•@LPoiˆêˆêbeam•@power

P•@•••@O•D5mW•C•@the•@wavelength•@A•@•••@O•D5145pam•C•@the•@core•@diameter•@a•@•••@2pam•C

the•@refractive•@index•@of•@the•@cladding•@n2•@•••@1•D55•C•@and•@the•@refractive•@index•@of

the•@core•@is•@given•@by

Š¥

•@•@•@•@•@•@•@•@•@•@•@nl•|1•E57•m1•{n•^IEI2•^•i2Z•B•j•n•Cn•f•@ˆê•@10•|9•@m2•^W•D

•@In•@this•@input•@power•C•@the•@exciŽµed•@beam•@is•@propagating•@stably•@up•@toŽµhe

distance•@1•@•••@200pam•C•@and•@the•@beam•@profile•@is•@quite•@similar•@to•@that•@of•@the

nonlinear•@LPoi•@field•@at•@this•@input•@power•@P•@•••••@O•D5mW•C•@and•@these•@resu•Its

show•@the•@validity•@of•@this•@beam•@propagation•@approach•D

5•D6•@Conclusion

We•@have•@newly•@formulated•@an•@eflicient•@3•|dimensional•@beam•|propagation

approach•@based•@on•@the•@Crank•|Nicholson•@finite•@element•@method•@for•@the•@anal•|

ysis•@of•@nonlinear•@optical•@fibers•D•@Using•@the•@numerical•@approach•@developed

here•C•@propagation•@characteristics•@of•@optical•@fibers•@with•@nonlinear•@core•@and

•pinear•@cladding•@hav•Ee•@been•@analyzed•@by•@launching•@the•@linear•@LPoi•@beam•D•@We

have•@confirmed•@the•@validity•@of•@thi•••@beam•@propagation•@approach•C•@in•@compar•|

ison•@with•@the•@field•@profile•@of•@propagating•@beams•@and•@nonliear•@LPoi•@modes
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iAn•@the•@nonlinear•@fiber•D•@By•@the•@use•@of•@this•@numerical•@techinique•C•@unique

features•@of•@nonlinear•@optical•@waveguides•@and•@devices•@are•@now•@imrestigat•|??

and•@the•@results•@will•@be•@reported•@in•@near•@future•D
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Fig•D•@30•@Edge•@and•@nodal•@hybrid•@elements•D
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Fig•D•@31•@Nonlinear•@optical•@fiber•@with•@nonlinear•@core•@and•@1i•fnear•@cladding•D
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Fig•D•@32•@Element•@division•@profile•D

•@•@•@•@•@•@•i216•@elements•j
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input•@wave 1•@••sO•@pam•@1•@••100pam•@1•••@lsOpam
•@•@•@•@•@•ia•j•@Scalar•@FE•|BPM

1•@••••200pam

i•q•o•Cll•j•C•Ci•E

input•@wave

i•i•i•mltli•„•Cii i•E•iCiLl•n•j•Cii

1•@••••25pam 1•@••50pam 1•@••75pam 1•@•••F100pam

i•iStl•j•C•Ci i•ill•^ll•j•Gii

Z•@•••@125ptm 1••150pam•@1••175pam
•ib•j•@Vector•@FE•|BPM•@•iEt•j

1•@••200pam

Fig•D•@33•@Electric•@Field•@Distribution
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6

This•@research•@has•@proposed•@and•@has•@formulated•@the•@numerical•@approaches

based•@on•@the‹unite•@element•@method•@for•@modal•@and•@beam•|propagation•@anal•|

ysis•@of•@3•|dimensional•@nonlinear•@optical•@waveguides•@whose•@materials•@have

intensity•|dependent•@refractive•@index•D•@ln•@general•C•@it•@is•@quite•@diMcult•@or

sometimes•@impossible•@without•@applying•@the•@numerical•@approach•@to•@assess

the•@unique•@phenomena•@of•@nonlinear•@guided•@waves•@such•@as•@optical•@bista•|

bility•C•@axially•@asymmetric•@modes•@in•@cylindrical•@optical•@waveguides•C•@spatial

soliton•@emission•C•@and•@so•@on•D•@Hence•@these•@proposed•@numerical•@approaches

reveal•@the•@interesting•@feature•@of•@nonlinear•@optical•@waveguides•@and•@inte•|

grated•@nonlinear•@optics•D

•@In•@chapter•@2•C•@a•@self•|consistent•@numerical•@approach•@based•@on•@the•@scalar

finiŽµe•@element•@meŽµhod•@is•@described•@for•@the•@analysis•@of•@both•@TE•|like•@and

TM•|like•@nonlinear•@guided•@waves•@in•@optical•@channel•@waveguides•D•@ln•@order

to•@improve•@the•@convergence•@and•@accuracy•@of•@solutions•C•@isoparametric•@ele•|

ments•@and•@numerical•@integration•@formulae•@derived•@by•@Hammer•@et•@aL•@are

introduced•D•@Numerical•@results•@are•@presented•@for•@nonlinear•@elliptical•@core

optical•@fibers•C•@and•@it•@is•@confirmedŽµhat•@in•@this•@approach•C•@highly•@accurate

soluŽµions•@can•@be•@obtained•@wiŽµh•@small•@scale•@computation•D•@Furthermore•C

graded•|index•@nonlinear•@optical•@channel•@waveguides•@are•@also•@analyzed•C•@and

the•@influence•@of•@refractive•|index•@profi•@les•@on•@propagaŽµion•@characterisŽµics•@of

the•@nonlinear•@guided•@waves•@is•@invesŽµigated•D

•@In•@chapter•@3•C•@a•@3•|dimensional•@beam•@propagation•@method•@is•@described•@for

the•@analysis•@of•@nonlinear•@optical•@fibers•C•@where•@the•@finite•@element•@and•@fi•|

nite•@difference•@methods•@are•C•@respectively•C•@utilized•@for•@discretizing•@the•@fiber

cross•@section•@and•@the•@propagation•@direction•D•@For•@efficienŽµevaluaŽµion•@of

wide•|angle•@beam•@propagation•C•@Pad6•@approximation•@is•@applied•@to•@the•@dif•|

ferential•@operator•@along•@the•@propagation•@direction•D•@ln•@order•@to•@improve•@the

efficiency•@and•@accuracy•@of•@solutions•C•@isoparametric•@elements•@and•@numeri•|

cal•@integration•@formulae•@deriv•Eed•@by•@Hammer•@et•@al•D•@are•@introduced•D•@The

propagation•@characteristics•@of•@nonlinear•@optical•@fibers•@with•@linear•@core•@and

nonlinear•@cladding•@are•@analyzed•C•@and•@unique•@features•@of•@nonlinear•@guided•|

wave•@propagation•@are•@investigated•D•@Furthermore•C•@all•|optical•@logic•@gates

with•@practical•C•@3•|dimensional•@geometry•@consisting•@of•@optical•@fibers•@and•@a

nonlinear•@film•@are•@proposed•C•@and•@their•@operations•@of•@Boolean•@arithmetric
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are•@demonstraŽµed•D

•@In•@chapter•@4•C•@a•@self•|consistent•@full•|vectorial•@approach•@based•@on•@the•@finite

element•@method•@is•@described•@for•@the•@modal•@analysis•@of•@nonlinear•@optical

channel•@waveguides•C•@and•@an•@application•@of•@conventional•@scalar•@field•@theory

to•@the•@prediction•@of•@modal•@properties•@of•@both•@TE•|like•@and•@TM•|like•@nonlin•|

ear•@guided•@modes•@is•@examined•D•@Numerical•@results•@are•@presented•@for•@nonlin•|

ear•@optical•@fibers•C•@strip•|loaded•@nonlinear•@optical•@channel•@waveguides•C•@and

multiple•|quantum•|well•|embedded•@nonlinear•@optical•@channel•@waveguides•D
Serious•@limiŽµations•@on•@the•@validity•@of•@the•@scalar•@field•@approximation•@are

found•@in•@the•@high•@power•@regime•C•@where•@nonlinearities•@are•@expected•@to•@play

an•@essential•@role•@in•@forming•@the•@stationary•@mode•D

•@In•@chapter•@5•C•@a•@3•|dimensional•@full•|vectorial•@beam•@propagation•@method

is•@described•@for•@the•@analysis•@of•@nonlinear•@optical•@waveguides•C•@where•@the

finite•@element•@and•@finite•@difference•@methods•@are•C•@respectively•C•@utilized•@for

discretizing•@the•@waveguide•@cross•@section•@andŽµhe•@propagation•@direction•D•@In

order•@to•@improve•@the•@efficiency•@and•@accuracy•@of•@solutions•C•@isoparametric

elements•@and•@numerical•@integration•@formulae•@derived•@by•@Hammer•@et•@al•D

are•@introduced•D

•@These•@numericalŽµechniques•@based•@onŽµhe•@finite•@element•@method•@deve1•|

oped•@in•@this•@research•@will•@be•@applied•@successfullyŽµ•Zthe•@computer•|aided

design•@for•@nonlinear•@oPŽµical•@waveguides•@and•@integrated•@•Dnonlinear•@oPŽµical

devices•D

74

•f

•D1“å—…“å—…—Ùãp1“ï”G’ß

“å•c1“å•w“å“å•—“åèiŒ®“ï“å“ï“åèi
–ã•|

‚Ø•D

“å

“M•§›Ü•D–•‹¦

’‹

•f
b

âÖ
•ö

••



Acknowledgements

1•@would•@like•@to•@express•@my•@sincere•@appreciation•@to•@Professor•@Masanori

Koshiba•@and•@Associate•@Professor•@Yasuhide•@Tsuji•C•@Division•@of•@Electronics

gynd•D•@lnformation•@Engineering•C•@Graduate•@School•@of•@Engineerning•C•@Hokkaido

University•C•@•@•@•@•@•@•@•@•@•@fgr•@the•@continuing•@guidance•@and•@encouragement•@during•@my

whole•@research•D

1•@•Dag•p•@alAso•@grateful•@to•@Professor•@Kiyohiko•@ltoh•C•@Professor•@Yasutaka•@Ogawa•C

and•@Professor•@Yoshikazu•@Miyanaga•C•@Division•@of•@Electronics•@and•@lnfoV’‚•‚••F

Eion•D•@E•Dngipeering•C•@Gradpate•@School•@of•@Engineerning•C•@Hokkaido•@University•C

for•@helpful•@suggestions•@and•@observations•D

1•@also•@wish•@to•@acknowledge•@numerious•@illuminating•@discussions•@of•@mem•|

bers•@in•@our•@laboratory•D

7Jr

•D

“å“å•f“å“å‘@ƒv•—“å“å•E”®
’ß•D—…“å“å“å“å“ï“å“å“å“å“ï“å



References

•m1•n•@J•D•@Chrostowski•@and•@S•D•@Chelkowski•C

•@•@•@uides•@with•@a•@nonlinear•@substrate•C‚è•C

•@•@July•@1987•D

•gAnalysis•@of•@an•@optical•@rib•@waveg•|

Opt•D•@Lett•D•C•@vol•D•@IPˆê•C•@pp•D•@528•|530•C

•m2•n•@G•D•@J•D•@M•D•@Krijnen•C•@H•D•@J•D•@W•D•@M•D•@Hoekstra•C•@and•@P•D•@V•D•@Lambeck•C•@•gA•@new

•@•@•@method•@for•@the•@calculation•@of•@propagation•@constants•@and•@field•@profiles

•@•@of•@guided•@modes•@of•@nonlinear•@channel•@waveguides•@based•@on•@the•@effective

•@•@•@index•@method•C•h•@•v•D•@Lightwave•@Technol•D•C•@vol•D•@12•C•@pp•D•@1550•|1559•C•@Sept•D

•@•@•@1994•D

•m3•n•@K•D•@Hayata•@and•@M•D•@Koshiba•C•@•gFull•@vectorial•@analysis•@of•@nonlinear•|

•@•@optical•@waveguides•C•h•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@5•C•@pp•D•@2494•|2501•C•@Dec•D

•@•@•@1988•D

•m4•n•@R•D•@D•D•@Ettinger•C•@F•D•@A•D•@Fernandez•C•@B•D•@M•D•@A•D•@Rahman•C•@and•@J•D•@B•D•@Davies•C

•@•@•@•gVector•@finite•@element•@solution•@of•@saturable•@nonlinear•@strip•|loaded•@op•|

•@•@tical•@waveguides•C•h•@JEEE•@Photon•D•@Technol•D•@Lett•D•C•@vol•D•@3•C•@pp•D•@147•|149•C

•@•@•@Feb•D•@1991•D

•m5•n•@K•D•@Hayata•@and•@M•D•@Koshiba•C•@•gSelf•|localization•@and•@spontaneous•@sym•|

•@•@metry•@breaking•@of•@optical•@fields•@propagating•@in•@strongly•@nonlinear

•@•@channel•@waveguides•F•@limitations•@of•@the•@scalar•@field•@approximation•C•h

•@•@•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@9•C•@pp•D•@1362•|1368•C•@Aug•D•@1992•D

•m6•nX•DH•D•@Wang•@and•@G•D•@K•D•@Campbrell•C•gFull•@vectorial•@simulaŽµion•@of•@bisŽµa•|

•@•@bility•@phenomena•@in•@nonlinear•|optical•@channel•@waveguides•C•h•@•v•D•@Opt•D

•@•@•@Soc•D•@Am•D•@B•C•@vo•p•D•@10•C•@pp•D•@1090•|1095•C•@June•@1993•D

•m71•@X•D•@H•D•@Wang•@and•@G•D•@K•D•@Campbrell•C•@•gSimulation•@of•@strong•@nonlinear

•@•@effects•@in•@optical•@waveguides•C•h•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@10•C•@pp•C•@2048•|

•@•@•@2055•C•@Nov•D•@1993•D

•m8•n•@Q•D•@Y•D•@Li•C•@R•D•@A•D•@Sammut•C•@and•@C•D•@Pask•C•@•gVariational•@and•@finite•@element

•@•@ana•pyses•@of•@nonlinear•@strip•@optical•@waveguides•C•h•@Opt•D•@CommzLn•D•C•@vol•D

•@•@•@94•C•@pp•D•@37•|43•C•@Apr•D•@1992•D

•m9•n•@C•DT•D•@Seaton•C•@J•DD•D•@Valera•C•@R•DL•D•@Shoemaker•C•@G•D1•D•@Stegeman•C•@J•DT•D

•@•@•@Chilwell•C•@and•@S•DD•D•@Smith•C•@•gCalculations•@of•@nonlinear•@TE•@waves•@guided

76

•D



by•@thin•@dielectric•@films•@bounded•@by•@nonlinear•@media•C•h•@IEEE•@•v•D•@QiLan•|

tzLm•@Electron•D•C•@vol•D•@QE•|21•C•@pp•D•@774•|783•C•@July•@1985•D

•m10•n•@M•DA•D•@Gubbels•C•@E•DM•D•@Wright•C•@G•D1•D•@Stegeman•C•@C•DT•D•@Seaton•C•@and•@J•DV•D

•@•@•@Moloney•C•@•gNumerical•@study•@of•@soliton•@emission•@from•@a•@nonlinear
•@•@•@waveguide•C•h•@•v•D•@Opt•D•@Soc•D•@Amer•D•@B•C•@vol•D•@4•C•@pp•D•@1837•|1842•C•@Nov•D•@1987•D

•m11•n•@A•DD•D•@Boardman•C•@G•DS•D•@Cooper•C•@and•@D•DJ•D•@Robbins•C•@•gNovel•@nonlinear

•@•@•@waves•@in•@optical•@fibers•C•h•@Opt•D•@Lett•D•C•@vol•D•@11•C•@pp•D•@112•|114•C•@Feb•D•@1986•D

•m12•n•@N•DN•D•@Akhmediev•C•@R•DF•D•@Nabiev•C•@and•@Yu•DM•D•@Popov•C•@•gAngle•|dependent

•@•@•@nonlinear•@modes•@of•@a•@cylindrical•@waveguides•C•h•@•v•D•@Opt•D•@Soc•D•@Amer•D•@B•C

•@•@•@vol•D•@7•C•@pp•D•@975•|980•C•@June•@1990•D

•m13•nK•DHayaŽµa•@and•@M•D•@Koshiba•C•gSelf•|localization•@and•@spontaneous•@sym•|

•@•@•@metry•@breaking•@of•@optical•@fields•@propagating•@in•@strongly•@nonlinear

•@•@•@channel•@waveguides•FlimiŽµations•@of•@the•@scalar•@field•@apProximation•C•h

•@•@•@•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@9•C•@pp•D•@1362•|1368•C•@Aug•D•@1992•D

•m14•n•@A•D•@Niiyama•C•@M•D•@Koshiba•C•@and•@Y•D•@Tsuji•C•@•gAn•@eflicient•@scalar•@finite•@ele•|

•@•@•@ment•@formulation•@for•@nonlinear•@optical•@channel•@waveguides•C•h•@•v•D•@Light•|

•@•@•@wave•@Technol•D•C•@vol•D•@13•C•@pp•D•@1919•|1925•C•@Sept•D•@1995•D

•m15•n•@K•D•@Hayata•@and•@M•D•@Koshiba•C•@•gFull•@vectorial•@analysis•@of•@nonlinear•|

•@•@•@optical•@waveguides•C•h•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@5•C•@pp•D•@2494•|2501•C•@Dec•D

•@•@•@1988•D

•m16•n•@R•D•@D•D•@Ettinger•C•@F•D•@A•D•@Fernandez•C•@B•D•@M•D•@A•D•@Rahman•C•@and•@J•D•@B•D•@Davies•C

•@•@•@•@•gVector•@finite•@element•@solution•@of•@saturable•@nonlinear•@strip•|loaded•@op•|

•@•@•@tical•@waveguides•C•h•@IEEE•@Photon•D•@Technol•D•@Lett•D•C•@vol•D•@3•C•@pp•C•@147•|149•C

•@•@•@Feb•D•@1991•D

•m17•n•@M•D•@Zoboli•C•@F•DD•D•@Pasquale•C•@and•@S•D•@Selleri•@•gFull•|vectorial•@and•@scalar

•@•@•@solutions•@of•@nonlinear•@optical•@fibers•C•h•@Opt•D•@Commun•D•C•@vol•D•@97•C•@pp•D•@11•|

•@•@•@•@15•C•@Apr•D•@1993•D

•m18•n•@X•DH•D•@Wang•@and•@G•DK•D•@Campbrell•C•@•gFull•@vectorial•@simulation•@of•@bista•|

•@•@•@bility•@phenomena•@in•@rionlinear•|optical•@channel•@waNreguides•C•h•@•DT•D•@Opt•D

•@•@•@Soc•D•@Am•D•@B•C•@vol•D•@10•C•@pp•D•@1090•|1095•C•@June•@1993•D

77

•D



•m19•n•@X•DH•D•@Wang•@and•@G•DK•D•@Campbrell•C•@•gSimulation•@of•@strong•@nonlinear•@ef•|

•@•@•@•@fects•@in•@optical•@waveguides•C•h•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@10•C•@pp•D•@2048•|

•@•@•@•@2055•C•@Nov•D•@1993•D

•m20•n•@S•D•@Selleri•@and•@M•@•DZoboli•C•@•gAn•@improved•@finite•@element•@method•@formu•|

•@•@•@•@lation•@for•@the•@analysis•@of•@nonlinear•@anisotropic•@dielectric•@waveguides•C•h

•@•@•@•@“•9EE•@Trƒ¿ns•D•@MicroƒÖƒ¿ve•@Theory•@Tech•D•C•@vol•D43•C•@Apr•D1995

•m21•n•@M•D•@Koshiba•C•@S•D•@Maruyama•C•@and•@K•D•@Hirayama•C•@•gA•@vector•@finite•@element

•@•@•@•@method•@with•@the•@higher•|order•@mixed•|interpolation•|type•@triangular•@el•|

•@•@•@•@ements•@for•@opŽµical•@waveguiding•@Problems•C•h•v•D•@Lightwƒ¿ve•@Technol•D•C•@vol•D

•@•@•@•@12•C•@pp•D•@495•|502•C•@Mar•D•@1994•D

•m22•n•@M•DS•D•@Alam•C•@M•D•@Koshiba•C•@K•D•@Hirayama•C•@and•@Y•D•@Hayashi•C•@•gHybrid•|mode

•@•@•@•@analysis•@of•@multilayered•@and•@multiconducŽµ•ZrŽµransmission•@lines•C•h•A1”ÇEE

•@•@•@•@Trans•D•@MTT•C•@vol•D•@45•C•@Feb•D•@1997•D

•m23•n•@S•DV•D•@Polstyanko•C•@R•D•@Dyczij•|Edlinger•@and•@J•DˆêF•D•@Lee•C•@•gFull•@wave•@vector

•@•@•@•@maxwell•@equation•@simulation•@of•@nonlinear•@self•|forcusing•@effects•@in•@three

•@•@•@•@spatial•@dimensions•C•h•@IEEE•@TTans•D•@Magnetics•C•@vol•D•@33•C•@no•D2•C•@pp•D•@1780•|

•@•@•@•@1783•C•@Mar•D•@1997•D

•m24•n•@S•DV•D•@Polstyanko•C•@R•D•@Dyczij•|Ed•pinger•@and•@J•DˆêF•D•@Lee•C•@•gFull•@vectorial

•@•@•@•@ana•pysis•@of•@a•@nonlinear•@slab•@waveguide•@based•@on•@the•@nonlinear•@hybrid

•@•@•@•@vector•@finite•@element•@meŽµhod•C•hOpt•D•v‰³ett•D•C•@vol•D21•C•@no•D2•C•@pp•D98•|100•C

•@•@•@•@Jan•D•@1996•D

•m25•nS•DV•D•@Polstyanko•@and•@J•DˆêF•D•@Lee•C•gNonlinear•@hybrid•@vector•@finite•@elemenŽµ

•@•@•@•@method•@for•@modeling•@wave•@propagation•@in•@nonlinear•@media•C•h•@Radio
•@•@•@•@Science•C•@vol•D•@31•C•@no•D•@4•C•@pp•D913•|922•C•@July•|Aug•D•@1996•D

•m26•n•@O•D•@C•D•@Zienkiewitz•C•@The•@Finite•@Element•@Method•@•i3rd•@Edition•H•C

•@•@•@•@McGraw•|Hill•C•@1977•D

London•F

•m27•n•@M•D•@Koshiba•C•@Optical•@Waveguide•@Theory•@by•@the•@Finite•@Etement•@Method•C

•@•@•@•@Tokyo•^Dordrecht•F•@KTK•@Scientific•@Publishers•^Kluwer•@Academic•@Pub•|

•@•@•@•@Iishers•C•@1992•D

78

•D

•@7•„

“å“å
•§•Eã~—í

•f—†
•@—…

“å

‹Ááè
‘·p•@•@–X

•@•w—…



•m28•n•@K•D•@Hayata•C•@M•D•@Koshiba•C•@and•@M•D•@Suzuki•C•@•gFinite•|element•@solution•@of

•@•@•@arbitrarily•@nonlinear•C•@graded•|index•@slab•@waveguides•C•h•@Electron•D•@Lett•D•C

•@•@•@vol•D•@23•C•@pp•D•@429•|431•C•@Apr•D•@1987•D

•m29•n•@K•D•@Hayata•C•@ptl•D•@Nagai•C•@and•@M•D•@Koshiba•C•@•gFinite•|element•@formalism•@for

•@•@•@nonlinear•@slab•|guided•@waves•C•h•@IEEE•@Trans•D•@Microwave•@Theory•@Tech•D•C

•@•@•@vol•D•@36•C•@pp•D•@1207•|1214•C•@Apr•D•@•I987•D

•m30•n•@K•D•@Ogusu•C•@•gNonlinear•@TE•@waves•@guided•@by•@graded•|index•@planar

•@•@•@waveguides•C•h•@Opt•D•@CommzLn•D•C•@vol•D•@63•C•@pp•D•@380•|384•C•@Sept•D•@1987•D

•m31•n•@M•D•@R•D•@Ramadas•C•@R•D•@K•D•@Varshney•C•@K•D•@Thyagarajan•C•@and•@A•D•@K•D•@Ghatak•C

•@•@•@•@•gA•@matrix•@approach•@to•@study•@the•@propagation•@characteristics•@of•@a•@gen•|

•@•@•@eral•@nonlinear•@planar•@waveguide•C•h•@•v•D•@Lightwave•@Technol•D•C•@vol•D•@7•C•@pp•D

•@•@•@•@1901•|1905•C•@Dec•D•@1989•D

•m32•n•@N•D•@Saiga•C•@•gCalculation•@of•@TE•@modes•@in•@graded•|index•@nonlinear•@optical

•@•@•@waveguides•@wiŽµh•@arbitrary•@pro‹ule•@of•@refractive•@index•C•h•v•D•@Opt•D•@Soc•C

•@•@•@•@Am•D•@B•C•@vol•D•@8•C•@pp•D•@88•|94•C•@Jan•D•@1991•D

•m33•n•@M•D•@De•@Sario•C•@A•D•@D•fOrazio•C•@V•D•@Petruzzelli•C•@and•@F•D•@Prudenzano•C•@•gProp•|

•@•@•@agation•@characteristics•@of•@nonlinear•@graded•|index•@optical•@waveguides•C•h

•@•@•@•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@10•C•@pp•D•@1565•|1571•C•@Sept•D•@1993•D

•m34•n•@M•D•@Koshiba•C•@H•D•@Saitoh•C•@M•D•@Eguchi•C

•@•@•@finiŽµe•@element•@apProachŽµ•Z•ZPŽµical

•@•@•@vol•D•@139•C•@pp•D•@166•|171•C•@Apr•D•@1992•D

and•@K•D•@Hirayama•C•@•gA•@simple•@scalar

rib•@waveguides•C•h•@IEE•@Proc•D•C•@pt•D•@•v•C

•m35•n•@R•D•@A•D•@Sammut•@and•@C•D•@Pask•C•@•gGaussian•@and•@equivalent•|step•|index•@ap•|

•@•@•@proximations•@for•@nonlinear•@waveguides•C•h•@•v•D•@Opt•D•@Soc•D•@Am•D•@B•C•@vol•D•@8•C

•@•@•@pp•D•@395•|402•C•@Feb•D•@1991•D

•m36•n•@G•DR•D•@Hadley•C•@•gWide•|angle•@beam•@propagation•@using•@Pad6•@approximant

•@•@•@operator•C•h•@Electron•D•@Lett•D•C•@vol•D•@25•C•@pp•D•@1426•|1428•C•@Oct•D•@1992•D

•m37•n•@W•DP•D•@Huang•@and•@C•DL•D•@Xu•C•@•gA•@wide•|angle•@vector•@beam•@propagation

•@•@•@•@method•C•h•@IEEE•@Photon•D•@Technol•D•@Lett•D•C•@vol•D•@4•C•@pp•D•@1118•|1120•C•@Oct•D

•@•@•@•@1992•D

•m38•n•@G•DR•D•@Hadley•C•@•gMultistep•@method•@for•@wide•|angle•@beam•@propagation•C•h

•@•@•@•@Opt•D•@Lett•D•C•@vol•D•@17•C•@pp•D•@1743•|1745•C•@Dec•D•@1992•D

79

t

–|–|—Ù“åŒœŒœ“ï“å1èi“å’š’š“åi“å“åèi•—“ï“å•÷“å—…“å•w•u“ï“ï—Ø1“åèdŒœ



•m39•n•@Y•D•@Tsuji•C•@M•D•@Koshiba•C•@and•@T•D•@Tanabe•C•@•gA•@wide•|angle•@beam•@prop•|

•@•@•@•@agation•@method•@using•@a•@finite•@element•@scheme•C•h•@Trans•D•@IEICE•C•@vol•D

•@•@•@J79•|C•|1•C•@pp•D•@381ˆêˆê388•C•@Oct•D•@1996•@•iin•@Japanese•j•D

•m40•n•@M•D•@Koshiba•@and•@Y•D•@Tsuji•C•@•gA•@wide•|angle•@finite•|element•@beam•@propa•|

•@•@•@gation•@method•C•h•@IEEE•@Photon•D•@TechnoL•@Lett•D•C•@vol•D•@8•C•@pp•D•@1208•|1210•C

•@•@•@•@Sept•D•@1996•D

•m41•n•@Y•D•@Tsuji•C•@M•D•@Koshiba•C•@and•@T•D•@Shiraishi•C•@•gFinite•@element•@beam•@prop•|

•@•@•@agation•@method•@for•@three•|dimensional•@optical•@waveguide•@structures•C•h

•@•@•@•@•v•D•@Lightwave•@Technol•D•C•@accepted•@for•@publication•D

•m42•n•@G•D•@Cancellieri•C•@F•D•@Chiaraluse•C•@E•D•@Gambi•C•@and•@P•D•@Pierleoni•C•@•gCoupled•|

•@•@•@soliton•@phoŽµ•Znic•@logic•@gates•Fpractical•@design•@procedures•C•C•C•v•vOpt•ESoc•E

•@•@•@•@Amer•D•@B•C•@vol•D•@12•C•@pp•D•@1300•|1306•C•@July•@1995•D•f

•m43•n•@Y•D•@Arai•C•@A•D•@Maruta•C•@and•@M•D•@Matsuhara•C•@•gTransparent•@boundary•@for

•@•@•@the•@finite•|element•@beam•|propagation•@method•C•h•@Opt•D•@Lett•D•C•@vol•D•@18•C•@pp•D

•@•@•@•@765•|766•C•@May•@1993•D

•m44•nF•DSchmidt•F•gAn•@adaptive•@approachŽµ•Zthe•@numerical•@sglution•@of•@Fren•|

•@•@•@snel•fs•@wave•@equation•h•C•@•v•D•@Lightwave•@Technol•D•C•@vol•D•@11•C•@pp•D•@1425•|1434•C

•@•@•@•@Sept•D•@1993•D

•m45•n•@D•DR•D•@Heatley•C•@E•DM•D•@Wright•C•@and•@G•D1•D•@Stegeman•C

•@•@•@•@Appl•D•@Phys•D•@Lett•D•C•@vol•D•@53•C•@pp•D•@172ˆêˆê174•C•@July•@1988•D

•gsoliton•@coupler•C•h

80

•D

’u

“‚”®Š{–Ö•D‰à”Q
•Ð–Q

•©•C‘•
•“ •E“ï•w



List•@of•@Author•fs•@Publications•@and•@Presentations

1•j•@Papers

•i1•j•@A•D•@Niiyama•C•@M•D•@Koshiba•C•@and•@Y•D•@Tsuji•C•@•gA•@scalar•@finite•@element

•@•@•@analysis•@of•@nonlinear•@optical•@channel•@waveguides•@using•@isopara•|

•@•@•@metric•@elements•h•C•@Trans•D•@IEICE•C•@vol•D•@J78•|C•|1•C•@pp•D•@88•|95•C•@Feb•D

•@•@•@1995•@•iin•@Japanese•j•D

•i2•jA•DNiiyama•C•@M•D•@Koshiba•C•@and•@Y•D•@Tsuji•C•gAn•@efŠŽcient•@scalar‰¾iŽµe

•@•@•@element•@formulation•@for•@nonlinear•@optical•@waveguides•h•C•@Journal•@of

•@•@•@Lightwave•@Technology•C•@vol•D•@13•C•@pp•D•@1919•|1925•C•@Sept•D•@1995•D

•i3•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•g3•|Dimensional•@beam•@propagation

•@•@•@analysis•@of•@nonlinear•@optical•@fibers•h•C•@IEICE•@Transactions•@on•@Com•|

•@•@•@munications•C•@vol•D•@E80•|B•C•@pp•D•@522•|527•C•@Apr•D•@1997•D

•i4•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•gThree•|Dimensional•@beam•@propaga•|

•@•@•@tion•@analysis•@of•@nonlinear•@optical•@fibers•@and•@optical•@logic•@gates•h•C

•@•@•@Journal•@of•@Lightwave•@Technology•C•@vol•D•@16•C•@pp•D•@162•|168•C•@Jan•D

•@•@•@1998•D

•i5•j•@T•D•@Yasui•C•@M•D•@Koshiba•C•@A•D•@Niiyama•C•@and•@Y•D•@Tsuji•C•@•gFinite•@el•|

•@•@•@ement•@beam•@propagation•@method•@for•@nonlinear•@optical•@waveg•|
•@•@•@uides•h•C•@Trans•D•@IEICE•C•@vol•D•@J81•|C•|1•C•@accepted•@for•@publication

•@•@•@•iin•@Japanese•j•D

2•j•@lnternational•@Conferences

•i1•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•gA•@simple•@and•@eflicient•@scalar•@fi•|

•@•@•@nite•@element•@approach•@to•@nonlinear•@optical•@channel•@waveguides•h•C

•@•@•@Technical•@Digest•@of•@the•@Pacific•@Rim•@Conference•@on•@Lasers•@and

•@•@•@Electro•|Optics•@•iCLEO•^Pacific•@Rim•@•f95•j•C•@pp•D•@288•|289•C•@Ju•Iy•@1995•D

•i2•j•@M•D•@Koshiba•@and•@A•D•@Niiyama•C•@•g3•|Dimensional•@beam•@propagation

•@•@•@analysis•@of•@nonlinear•@optical•@fibers•h•C•@•iinvited•@paper•j•@Proceedings

•@•@•@of•@1997•@lnternational•@Symposium•@on•@Nonlinear•@Theory•@and•@Ap•|
•@•@•@plications•@•iNOLTA•@•f97•j•C•@pp•D•@933•|936•C•@Nov•D•^Dec•D•@1997•D

3•j•@Techinical•@Reports

81

•f

“å“å“ñŽO“å’š’š“ï’š’š“ï—…“å“ï“ï“å“åèd •w“åŠ™“å“å‘Ë“å“å



111J•|i•D•C•C•E•E

•i1•j•@A•D•@N•I•@iiyama•C•@M•D•@Koshiba•C•@and•@Y•D•@Tsuji•C•@•gA•@scalar•@finite•@element

•@•@•@analysis•@of•@nonlinear•@optical•@channel•@waveguides•@using•@isopara•|

•@•@•@metric•@elements•h•C•@Technical•@Report•@of•@IEICE•C•@OPE94•|53•C•@Sept•D

•@•@•@1994•D

•i2•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•g3ˆêˆêDimensional•@beam•@propagation

•@•@•@analysis•@of•@Nonlinear•@optica•p•@fibers•h•@•C•@Technical•@Report•@of•@IEEJ•^IEICE

•@•@•@EMT•|96•|73•C•@Oct•D•@1996•D

•i3•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•gLimitations•@of•@approximate•@scalar

•@•@•@Žµheory•@for•@3•|D•@nonlinear•@optical•@Waveguides•h•CTechnical•@Report

•@•@•@of•@IEEJ•^IEICE•C•@EMT•|97•|110•C•@Nov•D•@1997•D

4•j•@Domestic•@Conferences

•i1•j•@A•D•@Niiyama•C•@M•D•@Koshiba•@and•@Y•D•@Tsuji•C•@•gApplicability•@of•@isopara•|

•@•@•@metric•@eleMents•@in•@the•@finite•|element•@analysis•@of•@nonlinear•@op•|

•@•@•@tical•@channel•@waveguides•h•C•@1994•@Joint•@Convention•@Record•C•@the

•@•@•@Hokkaido•@Chapters•@of•@the•@InsŽµitutes•@of•@Electrical•@and•@Inforlna•|

•@•@•@tion•@Engineers•C•@Japan•C•@194•C•@Oct•D•@1994•D

•i2•j•@A•D•@Niiyama•C•@M•D•@Koshiba•C•@•gFinite•@element•@analysis•@of•@nonlinear

•@•@•@oPŽµical•@waveguides•@using•@isoparameŽµric•@elements•h•CProceedings•@of

•@•@•@the•@1995•@IEICE•@General•@Conference•C•@C•|209•C•@Mar•D•@1995•D

•i3•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•gGaussian•|beam•@excitation•@and•@sta•|

•@•@•@bility•@of•@nonlinear•@guided•@waves•@in•@elliptical•|core•@optical•@fibers•h•C

•@•@•@1995JoinŽµConvention•@Record•CŽµhe•@Hokkaido•@Chapters•@of•@the•@In•|

•@•@•@stitutes•@of•@Electrical•@and•@lnformation•@Engineers•C•@Japan•C•@190•C•@Oct•D

•@•@•@1995•D

•i4•j•@T•D•@Tsuchiya•C•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•gBirefringence•@of•@non•|

•@•@•@linear•@optical•@channel•@waveguides•@with•@multiple•@quantum•@wells•h•C

•@•@•@1995•@Joint•@Convention•@Record•C•@the•@Hokkaido•@Chapters•@of•@the•@ln•|

•@•@•@stitutes•@of•@Electrical•@and•@lnformation•@Engineers•C•@Japan•C•@204•C•@Oct•D

•@•@•@1995•D

•i5•j•@T•D•@Tsuchiya•C•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•gGuicled•@modes•@in•@non•|

•@•@•@linear•@optical•@channel•@waveguides•@with•@multiple•@quantum•@wells•h•C

•@•@•@Proceedings•@of•@the•@1995•@Electronics•@Society•@Conference•@of•@IEICE•C

•@•@•@C•|202•C•@Sept•D•@1995•D

82

•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•e•@tt•@•EŒ›“å•f•ui1

“Q“åå‰T“å“å‹c—…“å“åi•—Œœ“å–|“«

•@‚Ö•g“ñ‚Ð‚µ•Df•A•D•E

•u

‡_•u

•u•E Ý•b•ˆ‹¨•¥

ŽÊ•A

“±’G•÷•P

‰Z



•i6•j•@T•D•@Tsuchiya•C•@A•D•@Niiyama•C•@M•D•@Koshiba•C•@and•@Y•D•@Tsuji•C•@•gPolarization

•@•@•@dependence•@of•@spatial•@soliton•@emission•@in•@optical•@vv•faveguides•@with

•@•@•@a•@linear•@core•@and•@nonlinear•@claddings•h•C•@1996•@Joint•@Convention

•@•@•@Record•C•@the•@Hokkaido•@Chapters•@of•@the•@lnstitutes•@of•@Electrical•@and

•@•@•@Information•@Engineers•C•@Japan•C•@220•C•@Oct•D•@1996•D

•i7•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•g3•|Di•Cmensional•@beam•@propagation

•@•@•@analysis•@of•@Nonlinear•@optical•@fibers•h•C•@Proceedings•@of•@the•@1997•@IE•|

•@•@•@ICE•@General•@Conference•C•@SC•|13•|1•C•@Mar•D•@1997•D

•i8•j•@T•D•@Yasui•C•@M•D•@Koshiba•C•@A•D•@Niiyama•@and•@Y•D•@Tsuji•C•@•gBeam•@propa•|

•@•@•@•@gation•@analysis•@of•@optical•@waveguides•@with•@linear•@cores•@and•@non•|

•@•@•@•@linear•@claddings•h•C•@1997•@Joint•@Convention•@Record•C•@the•@Hokkaido

•@•@•@•@Chapters•@of•@the•@lnstitutes•@of•@Electrical•@and•@lnformation•@Engi•|

•@•@•@•@neers•C•@Japan•C•@256•C•@Oct•D•@1997•D

•i9•j•@A•D•@Niiyama•@and•@M•D•@Koshiba•C•@•gLimitations•@of•@approximate•@scalar

•@•@•@•@theory•@for•@3•|D•@nonlinear•@optical•@Waveguides•h•C•@1997•@Joint•@Convenˆê

•@•@•@•@Žµion•@Record•CŽµhe•@Hokkaido•@ChapŽµers•@of•@the•@Institutes•@of•@Electrical

•@•@•@•@and•@lnformation•@Engineers•C•@Japan•C•@257•C•@Oct•D•@1997•D

•i10•jA•ENiiyama•@and•@M•D•@K•Eshiba•C•gLimitati•Ens•Ef•@apPr•BximaŽµe•@scalar

•@•@•@•@theory•@for•@3•|D•@nonlinear•@optical•@Waveguides•h•C•@Proceedings•@of•@the

•@•@•@•@1998•@IEICE•@General•@Conference•C•@C•|3•|82•C•@Mar•D•@1998•D

•i11•j•@T•D•@Yasui•C•@M•D•@Koshiba•C•@A•D•@Niiyama•@and•@Y•D•@Tsuji•f•C•@•gFinite•@element

•@•@•@•@beam•@propagation•@method•@for•@nonlinear•@optical•@waveguides•h•@•C•@Pro•|

•@•@•@•@ceedings•@of•@the•@1998•@IEICE•@General•@Conference•C•@C•|3•|105•C•@Mar•D

•@•@•@•@1998•D

83

•D

•E‘w•v•p•h

•@•@•@•@’“‘w•D•f

•E‹­“å•c•@•@•xs•f•E•p•G•f–š



ˆ 

•f

‡h
•@f

Ž£

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‡d•@•@•@•@•@•@•@•¹•E•C•••A•D•@•@ŠÚ•wŽµ•@•@•@•@•@•@•@•@•@•@‚È•@•@•@•@•@•@•x•E‡`‡e—ó•Jˆê•A•@•@•@•@•@•@•@•@•@•«•Š

•F“ïŽR•D

ƒSL‡d1•ã•f
•@•v•u•@•@‚Ä

t

–m

•§•|•u•@•urJ

‘\

1

Žµ
•¡

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‘w•u”n

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•A•@•@•@•@•@•@•@•@•@•v•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚®•@•@•@
‚è

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚·•@•@•@•@•@1

•@•@•@•@•uˆê•@•@•@•@•@•@•D•Q•@•@•@•@•@•v•@•@•@•u

•@•@•@•@1ˆê•@•`
•@•@–m•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@L•@•@•@•@•@•@•@•@L•@l•@•@•u•@•@•@•@•@•@•@•@•@•@•@•v•@•@•@•@•@•e•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•v
•@•@•@•@•@•@1•@•¥•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•@•@•@•|
•@•@•@•@•@L•@•@•@•@ˆê•@•@•@•@•@•@•@•@•@ˆê•@•@•@•@•@•@•u•@•@•@•@•@•@•@•@•@•@•@•@•v••r•@•@•@•@•@•@ˆê•@•@•Q

1

r

•A

•Û

•u•Qˆê

1•@•@•@•C

ƒ}•œ

ƒÑ

•@•@1•ur•D•u•E“Ò•fY•p•uˆê‰P•A•{•f•@f•p

t

•@•@•@•@—â‹p—Õ‚«
•@•C“¼‡m•çŠÓ•E•l•@•w‚²•¡

•@•@•@•@ƒ\
•@•@•@•A——•@•@•@•@•@•@•@•@•@•@•@•@•C•k
•@•@•@•@•f•u•@•@•@•@•@•@•@•f•@•@•@•@•C•v
•@•@•@•@•ç•@•@•@•@•@•@•@•@•º•@‚Ð•@•Š
•@•@•@•@•@•@•@•@ˆê•C4•è•@•@•‘•Œ‚è•A•@•@•@•O•Û•@•@r•@•@•@•A•@•@•p•@•@

‚«

•@•@•@•@ƒh•@•@•@•@ƒ†•@•@•@•@•@•@•@•@‚Ö
•@•@•@•@ˆê‚ºƒZr1•oŒ¯•€•u•@“ò
‚Ö•p @•@•@•@•E•@ljL•@“ñrr•@•|
•@•@•@•@•@•@4•@1ˆê•@•@•@•@•@•@•@ƒC›s‚¸

•@•@•@•@•@Š…•@•@•u•@•@•@•@ƒh
•@•@•@•@•@4•@•@•@‚º

•@•@•@•@•@•@•@•@•@•@•@•@•@•@“Î•@•@•@•@ƒ••f•••@•@•q•Afit•f•¡ˆê
•@•@•@•@•@•@•’ƒnƒj•@•C•@•@•x•uˆê

t•@•@•@•@•@t•x•fl•@L•jus
•@•c•@•vŒr–ì•p1’s‚¢‰æ
•@•@•@•@•@•t‚µƒn•@ƒ„•@•@”¦
•@ƒ„rL•@•@•@tbt•@F•@•y

•@•@•@•@•@ˆê•Ò•@•@•@•@•@•@•@•@•@•@•@‚Ö
•@•@•@•@•@•@‚Ö•@•@•@•@•@•@ƒwƒh•@•@

ƒ}

•gŽuŒr•Ü‹r
•@•@•@–Lr•@tPˆêˆê•@•uƒÑ‡_•@ƒm•@11‹á•ó
•@•@•v•@r1•@•@•@•@•ff•@•@•@•@•@ˆêŒû•@•@•@•@•@•@•@•@•u

•@•@ˆê•AƒA

•@•@•e—ÊƒR

•@•@•@•E1•@“ú•@•@•@E
•@•@•@I•@•@•El
•@•@•@f•@•@•@•@1

–m•gi

i

‹T

ƒÏr
ˆê•u

‡`

11

•v

L

•¶
1

•@•@•@•@•@•@‚µ‚µ•Û•v•|•@•A1•@‚µ•v‘\•«’š•@•@•@•@•@ƒÑ•@•u•E•Cf•wˆê•@•@ƒK•@•@ˆê•m•E‚·‡`•u•@•E•@•@•@h

•v—Wr•E•E‚µ

•@•@•@•@•@•@•@•@•@•@•@•@‚Äƒh‡n‚µ•DƒM•D•O•ˆ•ˆƒÏ•D‚°‡d•A•E•@•@•@•@1•@•@

ˆê

•@•@•@•@•@•@•@•u•@•@ˆê•@•@•@•@•@•@•@•@‰\•@•@•@•@•@•@•@•v•v‚Â•@•@•@•@•@•@•@•@•@•@•@•@’š•@‹T•@•f•D1•@•D•|•@•†r•@•@•@•@•@•@•@11b—R•@•v•@•w•E•@ˆê•@•@•«Ž°r•E•Aæc•@•@•@•|•u•@•|•@•E•@•@•@•@•@•|•A•`•u•@•@•@•@•@”z•@•@•@•e•‰‹I•@1•f•@•u•@•‚•`Tr
•u

•@•u•@ˆê•E•õ

•@•@•@•@ƒL•@•@•@ƒR•[•|@•@•¡•v•@•E•C•è•|•@—x•u•H
•u•¡

•u•@1ˆê•@•@Ž£•u•u

•A

•C

‚µŒÃƒŒ•u

ŒË•u

r•@•@•@•@•@•@˜F
•u•@•@•@•@ƒµ

ƒR•@•@•@•@ƒ••[•u

•g•@•@•@•@–P

•@4•u•@•v•@•@•u‚µ

‡`•u•@•@•C•u
•C

•@•u•@•A•v•@•uƒˆ
ˆê•A

•¡ ŠŽ•v

b

šMˆê•@•¨
•A

•@•A
•u•@•@•fr•v

‚æ•@ˆê

1•@•@•A

ƒÅ

•@Š••@•@•u•@•@•A
ˆó•@•v

•u•v•••@

LT

h

•v

•u

•¡

ŽN

ˆê
•u

ƒS’™

•@Œß•@•@•ˆ•u‚Ö‚©ˆê•Er•E•ÛÔ—…‹ìƒS•@•@•@•uŽ¸‚µ‰ •@•@•@Pr•D•[ƒq•@•@•@‚ºƒ†‚Å‚â•@‚Ü•@•@•@‚Ö•R•v•|•C•@•u•@•@•@•@•@•@ƒÏ•@•@•@•@•@4•v

•A•@•@•@•@p
4

•@•@•@•@ˆê•u•@•|ˆê•@“ñ
‚Ö

•u

•n

ƒŒ•Aˆê

•Û1

•u

•v

•@ƒhƒG•@•@•@•@

ƒA•@•@•@

ƒRƒU

•u‚Ö•G•H•Eƒ}‚æ•¶‚êƒR‚Ãƒm•@ƒvƒh‚µƒ†ƒÁ•w•A–´’¬•C
•@•C‚ÏƒY•@•€•A•u•`•@•Ï•@•@•v•@•@

•v•¨

‚Êƒ••@‚µ‚«•@‚Ñƒ~‚¨
h‡dIƒhŒË–ì‡c•wƒ••E•A•@•Û•h•x•E•A

•@•@ƒ†•@•f–m–·•ö•g•E‚µ
‚éŒÇr•‚”nŽ¿•@•S

•@•@ƒg‚Ä•@

‚µ•@ƒZ

‚µ•@•@•Žƒ•L•@•D
r•V•A•vƒU—w

•@•@•v•@•u•A1•[•[•£•u•@•«ƒŒ•E•@•|•DF•@ˆêƒR•f•v‡_•@•@•^•A•vr•E•@‚Ä•A•gƒq•@•@•@•@‚êƒR•@‚Ì•@•@•@ŒœŠu“ó•D•A•Eƒm‹D‹á•|•A
1•@•@•@•f—¹•@•@•@•u•@•@•e•D•@•f•@•@•@•@

ƒ†•@•@•@‚ •@•@•@•@•@ƒh

•@•@•@•@•@•@•f’û•u•EŒœŠur•@•@•@•@•@•@•@•@•@•@•@‚ºˆê•@•|•u“f•v•D•D‡_•v•E–t•D•E•E•|•o•@•@•@•@•@•@•@•@•u•@•@•@•@4
•u

•C•@•A

•@‚Ä‚è

•Dh•gˆê
•|1‚Å•@‘h•f•@

ˆê

•@•@•@•p‡`‚µ•A•@•@•v

èI•A–³
•u•D

•ˆ˜P5

•@f‡d•f•v•@ˆê‚î•@•@•uŠšh•@•@ƒ|

•@•v‰g
•@•v•DLl•O•@ˆê•v•@•@“–•@•@u•u

ƒh•@•@ƒZ•@•@•@‚è
•@•@‡_•@•o•@r

J•@•@•@‚è•@

4

•@•A•@•••@•@ˆê•v

•@–`•D“Ü‰à‚°ƒR•@4•@•@—w•@•@•Ç•@•AŒd•@L‹Þ‡l‰T•ˆ‘›‘›•v•@•w2ƒ‰ƒm•A•æ‰¾•|•@”nŒ±•ˆ—Ø•A”®•@•TF•C•BB—w•Y7Ž••v•@•@‚à•¥•u•o•E‡dƒm‚º‚¶•@‚µƒjƒ–•@•@•@‚µ‚Ó‹|Œû•A“å—wŒœ•@•f•v•@

‡d•¨•E•j

•@•@•@•@•@•@•@•@ƒw
ƒh•@ƒ]•@•@•@ƒs•@ƒm•@

‚µ

•@•@•@•@•@•@•@•@Œl
•E‡jˆê’­r•Û—Û•y•Eq•]•D

‹˜•C

p‰¸Žô‘é•C•E

•@•g•@•@•@•@•@•|‹{•@1•u‡d•@•@•@•@•@•@•@

•v

•@•@•C•|•C‡eh•@•@•AŒT‘s

•v

•@•ö•v•@

•E

•|‘ì•`•f•@ˆê“_•Ð•E•@tƒÕ•¨•@•@•@•@•@•@•@•@ƒÏ

•@•@•A•@•@•@•@•@•@•@•|
Œßèò‰ñ

‹s•@•@•@•@•@•@•@ƒS

•@•@•@‚è‚Ä•v•@•©•tr•A•@•“•@ƒm
•v•v•v•@•u•@•@•º•A•EŽ|•@‚è•u•@•@–`•@•@•@1

•@•@•@ƒÅ•@•@ˆê•u‚Ö•@ŠŽ•@•@•@•@

•@ˆê

•@•@•@ƒ“•@ƒB•O•v
•J

•@4•@•@•v
‚Ö•@•@

‚è•@•@•@•@‚µ

‚è•@•@•@•@•@•@•@•@•@•@•@•@ƒg•C•Eƒm•[ƒR•@•@‚¶‚Â•@•@•@•@•@•@•@•@‚Î

•@‚¤•@•@•@•@•@•@•@•@•@•@•@•@‚¢

F•@•vˆê•s‘ø•ª

•EŽÊ•@•@•@ŒÞ•@•@•@•@ƒG•@•@•@‚Ë

•g˜IŠu“ï

•@•@•@•w•A•g‚²
•f–ì•EMƒ€–ü

•@•@•@•@‰€•Þ•g•¢Šò•@•A•@ˆê•D‚µˆê•@ƒm‚ð•f
‚ç‚à•@•@•@•@‚Ï
•@•@•@ƒ•

•E‰S•C•D‘›‘›
•@•@•@ƒˆ•f•E•f•Z•A•E•J

•|•Aƒn
•g•D

T•@

•@•@•@•@—î
—H

•@ƒ_Ž|“ñ•A•fŠÛ•v•E•@ƒi•v

•@•@•@•@•@•@•@•@•@•@•@•@ƒG‚Ù
•@•@•@•@•@•@•@•@•@•@•@•¥•Ct•u•@•A
•@•@•@•@•@–š•x••‘`’BŽÊ—Ù•A

•@•@•@•@•@r•ˆ‘š

•@•@•@•@•@ƒ••@ˆê•h•Q•prŽO•D—_‚Ð˜k

•@•@•@Šà1”XŠ™‹|—†Œm
•@•@•@•@•@lr“ñ•`•@‚Æ4•C•@•u•@•v‹}ˆê–¦v
•@•@•@•@•@i•Gˆê‚µ‚±•æ•x•A•V•æ

•@•@•@•@•@‹T‚²•Œ•ˆ•D1‹U•ˆ•E

•@•@•@•@•@•@•@•@‚à•@•@•@•@•@•@•@•@•@•@

Lƒq•A‚µ•@•v•Gƒh•E•I•E•G•¾“ñL

•eHŒ•?•Z1•f1ŽO•´‡j
•@•@•@•@•@•E‚Å‡d•@ƒm‚±4L4•@•|h•Q
•@•@•@•@•@•@•v•«ƒÌ•D•u•u•u•@‹••E•@•íŒÈL
•@•@•@•@•@•Q•@•A•f•@L•@•GLƒjƒLƒg
•@•@•@•@•@•@ƒAf•]•@•@•@•@•@•@•u•Q–m•u•@ˆê•C•@•Q

•@•@•@•@•@l•@•@•@r•@r
•@•@•@•@•@•@ˆê•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1
•@•@•@•@•@•@•@•@•@ƒA•@‚¶•@•@ƒ••@•@•@ƒh

1•@•@•@•@•¥•@•v•vLrJLT A•f•v•v•w
lll•@•@•@•@•@•@•m•D•@•Dtr•C•@r•v‡d•D‚Ã•E•u•Qr•|

•@•@ll

•@•@•@•@•@•@”n•@•@•@•@•@•@ƒÏ•@•@•@‘Ë•@•@•@•@•@•@•Ë•v•@•@—J•@•@•@•@•@•@•@‚è•@•@•@•@•@•@•@•@•@•@•@‚½
•@•@•@•@•@•@‚Ö•@•@•@•@‚É•@•@•@‚°•@•@•@•@•@•@˜¯1•@•@•@•@‚É•@•@•v•f
•@•@•@•@•@‡j•o•½Žin“i‚²Žô

•f•@ˆ¼t•ˆƒŒ‚Æ•D•E
•@•@•@•@•@‚°•¼•@•@•@•@•@–m•@•@•@•‰
•@•@•@•@•@•@•@1•@•@•@•@•@ˆê•@•@•@•@•A

•@•@•@•@‚«•A•Q•@•@•@•k•@L•@‚î
•@•@•@ƒT•@•@•@‚µƒh•@•@•@•@•@•@‚µƒ•

ƒg•Û @•v‡`•D•f‡`‡`ˆê‚¢•u

•E‡_“û•ETƒm•æ•æ‚Æ

•@•@•@•x•@•@’Š•u•u•f•A—•ƒS•g•A
•@•@•@•@•@‚­•@•@•@•@•@•@•@•@•@•@•e•¹•j
•@•@•@•@•@ˆê•@•@•@•@•@ƒg•@•@•@•@•@•u•@•@•@•@•@•@•@•@•C•@

•A

•@•@•@•@•@Lu•@kLƒh‹æ
•@•@•@•@•¡•@•@•@LƒZ•@•v
•@•@•@•@•@•@ˆê•@•@•@•@ƒc•@•@•@•A•@•@•@•@•@•u•u•@•f•@•@•X•@ˆê
•@•@•@•@•@•@–`J•@•@•@•@•@•@lnL•@lƒhL•v
•@•@•@•@J•v•@k•@•u•@•@x
•@•@•@•@l•@t•@•u•@•@ˆêtL•@ŒÝ

•@•@•@•@•@•@•Aˆê•@•@ƒÑ•@1
•@•@•@•@•@1•@•@Tl•@4•@•f
•@•@•@•@•Ds•@l•@–`•@‚²•@t
•@•@•@•@•@•@6•@•@•@•@•@•@•C
•@•@•@•@ƒG‚µ•@•@•@•@•@•@•@•@•@•@•@‚µ
•@•@•@•@•@•@•@•@•@ƒÏ•u•@ƒˆ
•@•@•@•@•@1•@•CL•ª•A1•@•D
•@•@•@•@•@ƒm•@•u1‚µ1•u1•@4•ç•@1

•@•@•@•@•@‚è•@•@•@•@•@•@•@•@ƒ€•@•@•@•@‡`•C1•E‚¬•p•A•v•E

•@•@•@•@•@L•¡•@•@•@1

•@•@•@•@•uL•E•A•@‡`L•A•mF ²
•@•@•@•@”’•@•@1•@”èrtr4
•@•@•@•@•@•u•@•@1•vLl•@•e
•@•@•@•@•@1L•C•@•v
•@•@•@•@•@•@•@h•@•@•«•e•v•@•@•@•@•p‹C‡e‡d•E“ñ•@•u

•@•@•@•@•@•@ˆê•@•w•A•@•@•œ

Š±•u1‚È•u•²
Œ®•–’•

—Õ•E

Š·

åQ

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•v•@r•@L1•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•v•@•ú•@•jL
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒˆ•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•æ•A•@•@•Œ‚²‰¶1ˆ­

•@•@•E•@•@•@•@•@•@•ˆ•f•u•@ˆê•E•o‹…’{•ç1•÷
•w•C @•@•@•Eˆê‡hlj•ç‚«•‹•@ “Ó1‚Ä‚Å•BŽ 

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•ç•E•C•@•¨•@•@•@•@‡e•v•vƒ[kƒm

Žè•E @•@•@•@•@1Šs•u•A•ˆ•@•@
ˆê“ñ e•Û‘±”ë

•@l•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@lib•vƒ„b•vƒoLL”˜•v•@•@•@•@•@•@•@•@1‡_–å•@ƒm
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•f•@•@•@•@•u•¨•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆê•@•p•C11

•@•@•@•@•@•@•@•@•@•@ˆê•Ò•ˆŒD‚²•@“æ•A21

•@•@•@•@ƒG•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚Ö

•@•@•@•@•h•@—H—H•v–²•@•@–·v•@•@•@s

ã•“ï‹À‹À‘Ë‘Ë“å“å“åŠ]
˜_Ž£“ïi•B•‘‹c–¶‰T•w“å”Q•P•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@“Ó

•@•@•@•@ƒ^•@ƒw•@•@ƒh•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒm•@•@•@•@•@•@•@•@•@•@•@•@•@•@‚º
•@•@•@•v•vƒmƒÁŽÝ•A•C•@•@•@•@•x•@•@•@•@•@•@•@•@•@•@•A•pt
•@•@•@•@•@•j•Q11

•y•“

lt

1

‹T



•A•v•u‹™ˆê•C•C•D•O•g•÷•C

•A“ÅŒ–ˆ·–n•D•C•Dˆê•A•D•u‘X•D•‰•Ž•I“Ü•C

–n•f•@ƒRæâŽ–

ƒC•@ˆê•@‡_Œd•D

•@‚Ëƒˆ‚Ñ•@•@‚Ï•@•@‚Ê•@•@‚ä•@•@‚à•@•@‚ä•@•@‚ä•@•@ƒˆ•@•@‚Ì•@•@‚è•@•@‚¨
ŠJƒÐqOŠÕ•¿o‹r•hƒÐ•u•¿o•˜ƒÂƒ‚•‘6Œ¾•B•B

•@•Ó•ºƒÏ”z•A•cƒÏƒÀ‚²•D•A‘\8ƒR•A•c‚´••ç—•A•@“•ƒ³ƒ¿

ˆê•»•@•@•@ˆêˆÊ•@•@•@—ZƒÖ

1•@•u–`•@•@•A

Œ›‡sƒ³ŽO•B

“ñ•@•@ƒÂ•@•@ƒÂ•@•@’¹Š •@•@‚¨•@

•D‚¨

ŽÅŽO•‰

•|ˆê‘J’~•ˆ
ƒÖ•_OOƒÂ•w•@•@uƒ•‚·OƒÈ•A•D•DŠš

“å•D•E“±

•D“å“å
•T•E•c

•¡

•A

”Ûƒ¿—`9‡@•ƒ‚¢8ƒÂ
•A•r•@ŒÈ

“@

gisit

•C•@

ƒˆ•B•B•@oƒÂƒRŽ•‚¨ŠØƒz‰ž•B

“£‘Ë‹š
•@•@•@•@•D•A•ëi

•F’Ù•D•D•ˆ•j•A•à

14’s”R—Ö—HŒ@

“ï•D•c“ï
•@•@•u

‡DŽ\•Ð—_ƒRƒÄ•A•E˜c”¢

’Û•uŠ •Aˆê•B•••@ˆê•Z


