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ABSTRACT

This thesis presents the analysis of optical beam propagation in optical waveguide by

using the finite element beam propagation method (FE-BPM). The wide angle Y-branch

waveguide, which is the small waveguide, is highly desired in the high-density integration of

optical circuits. The Y-junction optical waveguide with reflecting surface is employed for the

analysis. The structure achieves low-loss and wide branch angle. In order to treat a wide-angle

beam propagation, Pade’ approximant operator is employed. To avoid nonphysical reflection from

computational window edges, a transparent boundary condition (TBC) is also employed. In this

thesis use Crank-Nicholson algorithm for analyze the electric field in propagation direction. The

numerical results are shown as the electric field that propagated along the Y-junction optical

waveguide with reflecting surface.
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¥
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sziflow s I luaddmudmlsznovdisiunoulvgs  Wanua 6 duaou  [20]
¥
fagan 11l
3 =y =1 o . -
TUADUN 1 NMITUVIDAIUA (Discretization)

> & A 3 o ' ' aa & A o
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ar =4
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1 uFI 1A (nodal lines) M30321111Fa TMUA (nodal planes)

Line element

{a) One-dimensional

Node

Nodal line

Quadritateral
element

Triangular
element

(b) Two-dimensional

Hexahedron
element

Nodal plane

(c) Three-dimensional

4 s 1 =) '\ l& oy _ ey -y
3UN 3.2 @ededdnuan 1y () wilalid (b) a0aiid uaz (o) awiia

- { . & o aa & ; 3
Hunouh 2 madenvesilandumsdsyananioludamud (interpolation function)
A o o e ' o = o /7 G aa = = & 3/
19NN A NEARMSANTUNMTNIATAMAAT FI0A035 Iwa IuiToadald
' " o @ 4 A aa & P ~ = a - v o
vovlumsdszainaim dwmdulunsdiniiafla Wumadenitiwiaaiie Tnd Tuiivasusy
é - 3 ar
NN TOITUATIAITUNT

u(x)=a,+ax (3.30)
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4 a ' - o dar o2
Wo u(x) Aedwunlsaw | a, war a4 Wumned uez x Wudualsdu Haddud

9 ' - A o o u’:
wansmm  u(x) Ayelawveddmuan  x, uar  x, duniu

U, =a,+a.x, (3.31)

u, =a,+ax, (3.32)

A i Y Y Y 4
o w=u(x) wer w,=u(x,) gumamariicunsoud1dTaeldnguosnsues

(Cramer’s rule) #1351

WUiXs; —U X
a, =221 (3.33)
X, — X,
s =lU
a=22"4 (3.34)
xz ‘*.TI
an Y e - = - Yo o
pad lamariiausounuaaluaunising.30) Saansowou1aa il
u=Nu +N,u, (3.35)
A
L)
5 e &
N, == (3.36)
X, X
o
X=X
N, = ‘ (3.37)
X, — X,

aums(3.35) Send msdszinm wie Haidugils1a(shape function) oz N, naz N,
wiEond Hendunsiazuimniolu (interpolation functions ) H1933MAINITAIITNIDE
IndFauaaalififiuhauminGas)  duinaludvaitnsdsznamolusuguniwes
ﬁ‘lﬂ'i‘!&%(Lagrange first-order interpolating polynomial) nﬁaﬁgﬂu%‘%’wﬁaﬁﬁwmuﬁman

' " aq o Ade
MR w, uaz o, NIHNInue
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Node 1 Node 2

(a)
“1 u

Uy

(b)
1 N,
()
N, 1
AN
-'C-l .x2

(d)

! - o o d o ' o [ o
311 3.3 (2) BamuAuuDIdY () m3dsznaFadunieleidugzlsndmudaumusuuy

9 o o Po A o Y
U (c) uag (d) Wammmiﬂ'is:mmmtfhmmmzﬁwmamnummmﬁu

- o w [ o = 9 as 2
s 33 wamsflangugdiemuilandumsiszinunelunaeandesiu &
o [~1 Y o o [ O [ é =] arey ar dy
dunamiy lanmaswesilndumsiszinumeluiis wituwile nazliguaniasil
o o 9 v o ] et A A P -
1. WantumsdszinamoluaeandostuTvuan 1 Alaudunilan nuan 1 vaziilvua
é" 14 ) o n’:
ou'lisa daiu

N (x)=LN(x,)=0,N,(x)=0,N,(x,)=1 (3.38)

o as = A
2. waswvealanvumsilszanamoluianiuniis

2
. Ni(x)=1 (3.39)

i=1

ﬁumsi’fwﬁ’fun’id1fiﬂ1mnﬂ'ﬁﬁﬁﬁnﬁm-ﬁ"uﬁaﬁ%’umﬁﬂszmmmﬂ“lu Auantiadousn
dunls u Aoaihfudns Tnuaeandesiiudas Tnua  (gu u(x)=u waz u(x,)=u,
dluaumsi 331 uaz (3.32) Auandatedides dunls ¥ mwsauanIdIReYH
afuaonoluddnudld Hiimevvesdlymiudumniinoluddumduds u = u, = u,

' v I
unudou lviiaaluaumsn 3.35) vz14
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u={N+N,}u =u (3.40)
¥ ¥y o wa 4 o "
aumsteauiuravenuaiavesflansugiling
dy = c; r_'i ar 9/ =Y WY o Vv o =Y 1 c;‘ (]
WONIINT  AMWITINNEINUMIHDTUMIFUTUILI IHMIANTUMTN0TU 195U
w o a a w =
MIMOYRUTHAZMITDUTINIA  DYRUTVEIaNMITN(3.35) AD

du dN, dN,
—=—u+—=u, (3.41)
dx  dx dx

MINAUMIN (3.36) naz (337) oyWusves N awnsafimwanlddan

dN 1 dN 1
L= — i (3.42)
dx X5 =%, de  x, =%
5 i A
HazAIIY DYWUTUDY u fD
du 1
—= (—u, +u,) (3.43)
ax  ¥,-X
1 - [ Y A a @ A " " 9 d'! l w Y
namfezithuduasaiinannaNusunuluiuraaa ndaFeunanuidioInua
P, - 9 &y
M3sounnIaeINToeu 1anail
't;' .T:
Judxz JNlul+N3u2dx (3.44)

R X

' 9 P=1 [=] a e “ o o3 =
llﬂﬁ$LWBHW1\3@'1'1!‘1]'.]11]@!'1]u@uﬂkﬂﬁﬂﬁlﬂﬂﬁTUkﬂanJﬂn@TH!“IJH X, =X LLﬂSMﬂJWHQ&
o da
U  HUNAD

INudx:-;-(xz —x, u (3.45)

.tl
ar u’: = =Y 3 Y
AU dDunmIananuae 14

Vlmbc = ﬁ%ﬂ;(xz e ) (3.46)

il

nanAoilungnImlyosana ( Trapezoidal rule) 08134101 UID

Vv

ar = b A o

HADUN 3 NITATHNAUNMTVDIDAUUUA

n’: 1 =] Vv 1 o o Y 1 e o & 3 qyd
iluﬁa"lﬂnﬂ?)ﬁﬂqﬁumiﬂszmmmmmaummmmazﬂamumwuﬁaumﬂu

w Ao w aa el ) 44 ] o o - ] -

walandnguedds I luaddmua  Juasuiinuidosnuaostusen  Juaouusndoauasn
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HaEW TR R AT uoReN A3 curve fitting uAag1elsiimy unuiiez
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o o [ A i v @ v P " -
ﬂﬂﬂ\’ﬂaﬂﬁﬂuﬂ']ﬂq]@uua 35[“a1u%3ﬂ1ﬁuﬂﬂanﬁu“uﬁjzﬂ313[“8““1““3]”?}11”?71]“]57‘
Ao =

& o w d =
(3.35) ﬂﬁﬂﬂﬂgﬂﬁﬂﬂﬁuﬂ’liﬂuwuﬁﬂﬂﬂﬂuﬂ’lﬂE]UT'IL?T&JW%T:T&JV]?[G]

' > aa o ) o o A a -
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annsadoulugiaing 1das
[e]{ut =17] (3.47)

A - o == o - o  w o~ — ]
o [k] Aonmanvazvosdamud, [#] fennneindn(Column vector) yoaTrnuan hi
nawm uag  [F] AonNmes AN RO UNANTENUVDIBNTWAMBUBNNNNAND 1HUA

~ "ﬂ a v v oo g @ @ dad a @ ' ' 4
Tuvanss aumsez lntludadu useonalstamudmsvluntivzeFuiodionaneg ¥

=) i
sryyvzithugadu

e

~ A o
1ADUN 4 NTTIUOUUA (Assembly)

s 9/ aa d Vv 3/ A |1 ' 3 9 ar A
HEN“J'II'ﬂﬂﬁlJﬂ'}iBﬂL‘lJ‘uﬂLmﬂz A7 VADUTBOUND I,Huﬂumamﬂnnﬂwmmm

)
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o
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awudnad v ldulszneuiudiduszvvaumsya g FannumomanionIwn
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ﬂawmmwmmmamuﬂunaamummﬂizm)m:mwmwﬂuﬂalmnmﬁugﬂaNaﬂym::

n’: { a q‘j A o 3 as ' ¥ :L
Wanuaveailomiuiese Yupeumssmdinudinsouagudlondnmannudeiion 1
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fefmondmsuddmudnaatunaoandesruai hinswm@neniaiueyiui) e
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A — 1 S o s 9 3 PR ~ o
WeauminG.47) v saRazdmmuas i vz ldszuunimuandwoulugdwasnd

[K){u'} =[F'] (3.48)

e [K] Wuwaindquauiamssuiy uaz [o] ez [F] {hunnmeinandmiy

Ay , Aa A ¢ o o Ny =< oA @
lﬂ'ﬂll'ﬂvlll‘ﬂﬁ1Uﬂ’]llﬁ$“3@ﬂ1ﬂuBﬂﬂulﬂﬁﬂ‘ﬂﬂﬂ1ﬂ|lW53Jﬂﬂlﬂ‘Ull'JHﬁﬂanL']ﬂlﬂﬁ]ﬁﬂi'J'JJﬂu‘Uﬂﬂ
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o [ o=y L4

INNDS [u] Hay [F] INUANZ DAY UA
o - 9 v A .
Fuaoui s Milszgnalinion lvveuwa (Boundary Condition)

" P o k] Y 1
AouvzudmaumInG.4)  Suiludesdfoulvvenivavosszuunon  udavzldng

[E]{u’} :[[7':] (3.49)

A sy = a  daa A
ooy fn':lm‘llﬂﬂ']uUullﬁﬂﬂﬂﬂuﬂ‘iﬂﬁﬁﬂnlqElu"l‘il‘llﬂﬂlﬁlﬂ

EY . ' »
JUADUN 6 MIMHARAVLAZAUIUNIAIADITIDIDUY
HAMAUVDIANNISN (3.49) dwsnvzudv lddonaiomatia lunatwsg nsdion
¢ w 'y @ Y Ay a o y o
wuamsn)iuuaaldsunszna ldnavesaumsndoams aaniumsudilyning
Uszinsamagen awnsoi Wl laduss vy
o a e o v e ' = A o 3
nnfmetioiazin1dn anusiudvesmramanTan)szanandiuanesninla
3 ¥ "o o Ay 7 o u’/’ q’: " o
vnzuagiuunnanazsiouddmuanldlumsudilyumiu. uonsimiuanumiviives

& = 3 ar 5 " “ d o
namavrusnzinae lfusgiumsauy@zuuvveslangumsdsznmnwly (

2
. . N . A Yo =1 7 A 7w —
interpolation functions ) W1FHuuAazddmuAiy  nanfe  Hendumalszananolui
¥ ¥ ¥
auAvunmiuianlndifvadunamaniuaswesilyniiumnnieoiivila  Anyugms
d o A o = ' '
nsgwvasilandunslszainumoludawudovauyalieglunaiogduuy wu - g
(=) = : < [~/ 1 . & ar
‘umm‘:mzmﬂwuﬁu ( linear distribution ) nJus?fu AIUVUIA ( magnitude ) VOIFINFUMS
e z:y -3 ' as 1A ' At 4
dszanumolutiazvuogiunnane (nodes) YoIDAIUA
" ¥
dieldnamaoudy  ansmideyamarii uasalugumarmiennuns i 18

e ! 2 = Y Wy
u?)ﬂinﬂuﬁ?llﬂimﬁﬂﬂﬂﬁ1ﬁ1ﬁﬂwi]'|'§m1”11@uﬁ3l1ﬁﬂﬂ”ﬂ1ﬁﬂ?ﬂf

3.3.2 msudasszuuuny (Coordinate Transformation)
~a =Y o o dy o = a a0 o A
Tydneriwusativizimsins iz i nua TE Tuginsaivornauuer
- =) o o w o =Y da o an 4
lao1955 19 ludpamuaiiunsonundudimsiz laonasando v luadamud 1 I3 e
' a daa o ° A e A e & o ' L a
maasnaaamumziinsulasaewuunsuiy  Fuwsadfedandusisie datiow
! . & o & ¥ o . o o
TumouveaszUVINUEDE (local coordinate) Faduiludoainiluwarioywusluszuuuny
) [ =N H =Y ¥ ' ar o ¥
Ivny (global derivatives) f-uawuﬂﬁnmiﬁmﬂ?juiﬁ’agiumawmagwuﬁsmmmuuan
[l =1 A A daA |a & = a A o a a Y o Y
amwamﬂaaamumﬂuﬂsumsﬂimmqmqmﬁaumﬂmﬂmmmuﬂmwummﬁlumm
w o [ " = P = 3 o @ a o
vannilueglumeonszuuunudesiimanaounlashiminzauvesyodinaveamsoun

1 [ o @ w " [ @ ]
i Tudauae laniuaueanuduiuimsulasszuusznnanudesiusz vuunu Ing
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(global coordinate) [21]

’ ¥
WnIMINgUIzVULAUGE tagnguizuuunyInaiidoandoaiy dail

X = ‘)‘-(Lf:]?:g) (3503)
y=y(,n.98) (3.50b)
=z(&,17,4) (3.50¢)

a d

< ' ; ; L. v o ¢
Tﬂﬂﬂg]m‘lﬂmmwwuﬁuau (partial differentiation) S1EINTReUANNANRUSNs U

3
=

o s Y Y o
dmFueuut 1ddsi

0/0& 3/ ox
alon|=[J]o/dy (3.51)
dla¢ d/oz

A a o - a o P i o2 = o w o
noaIng [J] ﬂﬂl”ﬂiﬂ%’%jiﬂl'ﬂﬂu (Jacobian matrix) WQ%%!%Ulllﬂu’ﬁnﬂ’ﬁﬂqu

ox/0E OyldE 0z1dE
[J]=|ox/en ovion oz/on (3.52)
ox/o oyl 8z1dL

A ' v o ' o a o = Yo a
!.W'ﬂi]g}‘l1ﬂ1@1§“uﬁ33ﬂﬂllﬂ1ﬂ1’ff§ InIMsounasa [J] lla:ﬁi]ﬁﬁltlunlﬂﬂﬂu

o/ ox 8/0&
oloy|=[s]"e/0n (3.53)
9/ oz 8/9¢

A a  d -1 % A o a =] @ o
LUBDIUAITNY (1] L‘LIHE)’NL'J?)?ﬁﬂl'ﬂ@tﬂﬂ'ﬁﬂ“ﬁiﬂiﬂluﬂﬁ ﬂ'J13Jﬁ1]W1J'ﬁﬂ1'§llﬂﬁﬁﬁgﬂ‘lluﬂu

FmSumsdunninfe
[[[f (x, . 2)dxdyez = [[[renolengacdnds 354

'
A Yo

A A o da o a o = & Yo o =
e /] AeRmesiuuuivoamaingnladiounSaduniiaduluniadon
e ¢ £ .
3.3.3 o uAUUDIaY (Line element)

A an = 7 o 1
Tuilgmmiiaialadamuanuudu dwdadlugdn 33 (2) sazszvvunuiy

¥ @ o " 3 a o .
Wwu Lo, L, dumisamnuaunuisenINs sy uUn U UauLazsguunnanin - (Cartesian

NERNA

& at
coordinates) FILTAIAIU
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N30
L , =11
i | L T (3.56)

L, &, % 1 || x

4 - o w ¥ aa o
e x, ABITUUWNARINUDWRY k(k=12) voudu  uDZANEIIVDIDANUA [,

HAAIAITINITAIT
[ =x,—x (3.57)
- - Qs 1 o I:ly
UPWNWAALNUYUDY (local coordinate) £ AU
L=¢ (3.58a)
Ly=1-L =1-¢& (3.58b)
w a o o as w & A 9 o dy
anuduiusmsulasdmsumsmeyus Wwou 1Adatl
d d
— =, — (3.59)
d& dx
- d 1 d
3o —_— = (3.60)
dx [, d&
anuduvusnMsulasdmsusuninia naaalddadl
(3.61)

[reoac=1, [ r&)as

P ' = v d a o ar ay
%Wﬂﬁilﬂ'li{ll'l\?ﬁuﬂﬂﬂ'l'lﬁ"l fﬂlﬂ'ﬁﬂlﬁlﬂuq%ﬁﬂ’l‘iﬂ']ﬂléwu‘ﬁllaﬁiﬂTi@'l.lﬂlﬂ'iﬂ!lﬁﬂﬁu

df __1(oroL, oo, |_ _1_o o (3.62)
oL o oL, o0& ) L\ oL oL,
"\
il (3.63)

[rirhax=1, [£(1-¢) Y

dx l,

doq o ' o 7o -
namoitanugliazeyiusvaslainduagdadlumseh 3.
ar w o 9 o o on o o " ) a A o
VINANUFUAUTIIAUNMIDUTINATIUTUADM I AT NIUATAFD N UAT TN

smoaladan
%’Emuﬁsmm%«ﬁ’u (Linear element)
[{N} (N} dx = 1—8[2 1] (3.64)
61 2
ﬁmnmﬁm=}rllﬂ (.69
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I{N:}{N}Tﬂih%[_ll _1]} (3.66)
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M191an 3.1 Hﬁﬂ\ﬂﬂx‘lﬂ‘ﬁugﬂi'N’CTTH‘E‘}_IBEHMUGHLUUL?['H Lmzaqwuﬁmmﬂaﬂ“ﬁu

Element Node number (L; , Lz) {N} {N_}

y 1 (1,0) [L, } 1 [—1}
mnear = =
2 (0,1) L, I |1

3 b
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3.4 oulvveurvanwulysala (Transparent Boundary Condition)

i 3 g
3.4.1 vianmsveadeu lvveuvanuulysala
doulvveuwauuuTlsalaldsumninauelas Hadley, 1991 Tasiinannislu
a dA 3w A v Y ° 3
minszraovonlindsnuvesnauuaams nszaeeen hluenminalanmsaian1d
v w A 1q Vet ' o w ¥ ] 9
naztanuaauuas I limsuws nsgnvazneunaunvountam s lumiiaams
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ﬂ' ' Vv 5 c'l ' " @ ad - J
Goulvvevmwanvu TUsslaaivupnieldusmiuis  BPM  Taomwizda
= Vo 1 a o Y ad " o A -n A
annsangani laasil Taomsiasanmasmuindnds BPM lunerhnduuaa 2 57 150910
aumssaua Tasunue1fe 1Ny Z tazunuaavyianonny X

OE _ j O’E
oz 2k ox?

(3.67)

Ansawanuvesmulumbamsiaulasiimsgudlvgdagaias suninsa

8 't e OE OFE
— B dx=2| E" = - E——|'=-F, +F, (3.68)
Oz ; 2k ox ox
lav  F, fie wasnuieeennnmihamsiuIN
- o d' ) 3 1 3 1 o
F, A9 WAINUNWANIFHIIAIINTAIUIN

- ' - 'Yy aa er e e R %
NITNITITNIN Fb o Fﬂ ff'ul'l'iﬂwi]15ﬂ-!’l‘ﬁ‘lﬂ’lhlﬂﬂ?{nﬁﬂ'ﬁlﬂU?ﬂHﬂQuuiu'ﬂuiN
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E = E, exp(jk, x) (3.69)

Tavm £, uazan &k, dluaufadou deunumauiuluauns (3.69) aalumunisi (3.68)

v
Yo A

awnsnm £, 1daat

Re(k, JE®)|’

F, = r

(3.70)

Taof  Re(k,) Aoauasavod k,
NNAUMIAARNTIM £, WU Mardmesaves £, auduuineih i F
Vv Vv
AU INULAE NA I IZUNS NTZIWRANDINVOUHIIADI IR UG NTUA1T IR
' a o o P ' ¥ ar ¥ Y AN
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Prepagation A window
/ edge
dir ection

S = @lxy — B,z - Az) o =8lxg.2-Az)

X

UM 3.4 Aumia Tvuambun ¥ lumsdunadeu lvvouwauunTusdlaluverindu 2

Na luunuaaue x uaziinmsuninszaelunmmig z

a Y Y o A or ;
uU]lJcl‘ﬁﬁun.Jﬁf)ﬁﬂﬁOQﬂ‘iJNOu%‘UﬂJ@UWﬂﬂJH

[.@_+1k‘¢) (3.71)
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aq ¥ A ' v ~ Y A w = A o dy
ﬁnm%mauumuwsm::inuhJ"mem'ﬁmmmanymmﬂuﬂamzummu

P(x,z) = aexp(—jk x— fz) (3.72)
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& o A Ao ' =] '
WHATY AD @RS IINLY  z — Az (S IMIIDAT)

MNaums (3.72) I

#(x4,2 - Az) = f, = aexp(-jk x, - f(z - 2,)) (3.73)

- o 1
[y A0 AUMNAWNUL X, LAZ z— Az

P(xo—Ax,z - Az) = f, | =aexp(—jk (x, - Ax) - B(z-z,))  (3.74)
Sy AOAUWARWNUS X, — Ax uAz z— Az
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VINAUMI(3.73) uaz (3.74) dunsamm k, 14 Al



46

k. = —f"_ln[ﬁ—} (3.75)
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o aAa @ o o v el v o s P
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Abstract: This papar preann e anaysis of apncal barm
FIOPREALon o opical wavende Dy wimg o2 Tnite Eamen: bam
Fropagacon method FE-3PMG The wide aagle Yobranek
wavaguide, whick is 3 small wavenuds. 15 nghly cesived m dis
high-deoury inmgracon of optical crown.  Tha Y-aminon
optcal navegaide with reflectng virfece 33 smploved for ihe
aalysis. The sirecnre achieves low-loss and wide Sranch 2nyis
[o order to reat 2 wide-angle bara provaziten, Pade
spprouimant opemior i exploved To moud corpiysical
rlecion fom compumtona] windew edzas. 1 comsparam
toundany condidon (TBC) ts 2lso 2mplsvad It s papar, we use
Crask-Nicholion alzesitan for smalyze ke ehecwnc Aed i
propagaton direction The nuwsernical mesult zre shown 25 the
dleemic fa0d oo propagered zlong e Y-juascen oprical
waveguides with reatinz surince.

1. Introduction

Coxxumicatien sytoams uung opecal frer and optical
itegraned cinendis a2 interesung and impomeant In insezrnted
opreal wavenude suuonTes, chars are ™o or tmora coupled
Frides for power dviien, medulation, of mods splitng whick
212 being implemented as Yranching wevegiides, crosimg channe)
iwiches. and direcrional coupler swinches. The Y-uxcron
wavaguide, 1o 1.2 Bifwrcadon cimenmit it ooz of the by
dleents of oprcal ciredits. The wide angle Yoranch module.
which is 2 soaall module, is Eighly daurad (1),

Thae >eam profagnon metkod (3PM) s widely usad Jor dght

Fropazaton amlvas in lonzivdmally vining wavezcides (1]
Toara ora seven| 3 of BPM, 32M besed or the Faut

surier Trasfomm (FFT-32M), BPM tased on ke Fine
ffarence method (TD-BPM), and 3PV besed on e Finics
Elemor: wathod FE-BPM), namely. The finice 2letien: metnod
225 Becbidy o tewng o amalvzed element's shapa and sizs.
rezuliing in snwll mamx dmensions and less computng dme Tha
FE-39M <o be applied to stonzly pwéing wivepnde
wyongly polarization dependant wavapuda. tnd cac oianky
et the order and e cumbar of elenizan. dspeninz on o
required computaiioral acouezy. n addicosel the compitions)
2ificancy can S ioproved wilow degradns mumenzal peonsey
£)3
In s poper, we sy che light propazetion of Y-brame:
opcal wavegmnds with :aﬂe::;r.g. sarface by wing FE-B2M In
order 10 avoid nomphyzical rellection Zom compuations] window
2dzas. w2 w2 Transperent Sevedary condition (TBC) <] znd w2
2 Padé approximiant operator to anabyze wids branch angla V-
junction optical wavapuidss 3] Numencal sitwlacon i3 dora
Louzs e Y-juncton optical wavaguids at a2ch plase by iRz
Crak-Nicholsen alzesicm,

1. Bazic Equation
Accordirg @ [3], we obroin the Hllowing wids-znzle 2ynanon
for the slowly verying complex amplinude o

a2 & 247 =

p%?-l.rhn;pi—"*—:-l p2P m&lg-niple=0 O

et et ottt oyl

whers n 35 the referercs refracuve index. ¥ 15 the fee spece

wovemmter, p=/. g=x' for TZ medes, pe=lor, ¢=/ for T™
<21, 2ed Ut tem Zpfe: is neglected for TV modes,

3. Wide Angle Beam Propagation Method
Drviding the wavaguida <ross sectien {coxpuational window)

into 2 zuovber of line elamens acd spplving e sandard FEM o
30 Wik e tensparen: boundary conginor (T3C) [6). we obtain

i3 f Al {
[_\,’3“—5"-—2_:&,!:,,[.‘.!]%
KRR K, (0l

whars [46 15 e glokel elecuic £21d vactor (consider oaly TZ
x0de), {03 w2 nell vecter, JA7 and FAL 25 fnite elament paagrices.
and x fR7 relaced to computedonz wodow edges ara ziven
b

]~ l lt{\ ¥ - 9l;i";:_5_ld @
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where [N is he shape Aonction vector, T denoes a tanspose, and
I axtendch over 2 the different alemants, The paramerer by and ky,
inchuded in e s [T is, for e momen:, unkrown, )

Utlizng the P2de racumencs relanior and then we otin Pads
#area as

~2ikm, [ﬂj%—: {[E]-A-;ng [MlMel=f0} ©@
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Apphicg the Crank-Nickolsox alzontan for the propapenon
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1405 [X] - K [n] ) (D
[3], = =2k m, [ 3]

1
4
| =0.53:([£] - k5nd, [M],] ()

whare 2o is 2 propazation swep size, and subserps § ead 1!

denota the quuacices ralatad 10 the M 2nd (/=1 /* proprgadion staps,

repxevely The paameters ncladed tn the mawis X7, & 2nd
&, 2% rusemaucady determined 23

3]
T . ay
RIVES IV
Eyy=d IR, a3
Na=Yuw A

whiera the real par of &y, and Koy must be reimiczad 1o ba pasicive
to 2cseme ozly radiation ousdlow.

xn— -
z[

w o= 5m {

¥

Figze 1. Y-jucciion sptical wveguade with reflecting zurfaca

4. Numerical Results

Fizwe 1 alluscazes the shape of Yejuniron opuca] wavaruida
wits relacing swrizce which W s core widts of wavezuics. 6 is
2 angle of flectnz suriace acd J6 is e Sranch onzle The
anthogleliort R will be denzeed i 1]

B =26 =2cos7'il-4An) a4

wharz 2, and oo are a2 ential angle of raflecting sesfice mmé
L:2 o of rsfective wdex of cors mezion and claddins mezion
13DRTOVELY

nthe rauls of pumenical anzlyits. we conuder s seusnwe
2z power divider. we 2s3ume giat the core widdy, w, 13 5 m 2nd
L2 rafraciive mdex of Ove cot. 1, 20d claddicg, »,. is 1.33] 2nd
1575, raspacovely. The propazation siep uzess 10 um The p
mada 5 propagaied at &fferen: branch angles 17 thar aze 020,
20, 10° 2t the wavsleagdy . of $50 amy. Figwe 2 shows foe
slecic Bald parems of the fwmdamental TZ,, wzve tha
propazated Luough the wavezde along &t fhe vesiation of
Tanch angles. We assigned cemsverse diracnon of e impur
waveruida @ yoauin v-3uis a5 fi2 amplimde of the elaccic £20d
znd z-axis 25 ihe leagk of waveguide The resls show ket dhe
oprzal powar iz divided im0 two owpw poms 2ad when
tranch angle incrense, the ampliude of slermic fsld derrense 2t
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th# ougur ports. The zeyplivuds of elacmic Sald decrazied nhea
ke elecoic Beld propezated through che wavepude Secause of
loss chanzcienincs of davica.

3

:
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Carewnnurm
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Figwre 1. The alacoic 2aé tz propazaed toough e

wavencde at boanch angle fa) 9.2¢ ) 2 and {0 132
£ Concluzion

In this pepar, we snedy the L propagation of the Y wide
2rarch ragle waveguids with radecting wafce v vimg (e finiee
zlemen: propezaten. The FE-3PM wsmg  Pads
:pprozizmadon was employed for analyze wids branch souctires.
To zvoid rafecdon Fom the caiculzton window edzes. fhe TBC
was ecpioved The renuits of tie mamenica) amalvis show fha
#ifciancy of the Y-juncton wiweguids fhat ndicasad 10 the FE-
BPM ¢ anelyze the Vojinctor wanenuiés with reflecrng whick
is Qe wids branckicg and low loss
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ABSTRACT

Thiz paver presenis the evalation of @ paremetar Jor
conzrol oprcal power branching rafio of Y-unction
wavegnide. iTe use Y-funcrion optfcal wavegnide with
reflectivg surface which has asnymmenic Fejuncaon
shape for conzideration. The core width of straight
wavegutde ouiput port can ba adjusred to conmol the
oprical power of borh onipui poviz of Y-junciion
waveguide. In anabsis of performance of this device,
we nze the finice elemen: beam propagation mathod
The mimenical results show relanor berween the cora
widsh of sraight output port and the oprical power
brancking rario of Y juncrion wavegnide. Addifonally,
fie core width of straight ot port alse corresponds
o lengih of the reflecting swrface

Keywords: Yo junerion cptical wavegnide,
Crank-Nicholscn algorithm and Finite element beom
propagation method

1.INTRODUCTION

Presently, the communication systems using optical
fiber and optical wmregrated circuits re witeresting and
unportant.  The area of opneal communication
technology has seen an increasing demand for various
fiber-based and wavegnide-based optical components.
Passive devices for signal branching aad combining,
wavelenzth division muluplexing and demultiplexing
kave become evident In integrated optical waveguide

structnzes. There are twe or more coupled guides
produce power division, modulation, or mode splitting
which are being implemented today as braaching
waveguides, crossing channel switches, and directional
coupler switches. The Y.branch waveguide ie Ix2
bifurcation circuits, 15 one of the basic elements of
optical circuits. There are many papers tried to improve
asymmletric Y.junchion to contrel power of ouput ports
by using many techniques such as gap region [1].
reflecting surface and to on The Y-branch optical
waveguide with reflection surface 15 one of improved
structures 1o Jow loss and wide branch angle [2].

The beam propagntion methed (BPM) is the most
videly used for light propagation analysis in
longitudinally vmymg waveguides [3). There are
several versions of BPM that are BPM based on the fast
Fourier transform (FFT-BPM). BPM based on the finite
difference method (FD-BPM), and BPM based on the
fite elentent method (FE-BPM). nmmely The finite
element method (FEM) has flexibiliy in setting the
analyzed element’s shape and size, resulting in small
matrix dimensions and less computing time. Thus.
FE-BPM can be applied to strongly guiding wavegnides
and strengly polanization dependent waveguides, and
can arbitranily select the order and the aumber of
elements, depending on the required cemputanonal
accuracy. The computational efficiency can  be
mproved without degrading nnmerical accuracy by
using FE-BPM [4].

In this paper. we propose the evaluation of
paranterer for power bronching ratio of asvaumetric
Yojunction waveguide. We adjust the core width of
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straight cutput port waveguide for control oplical power
branching ratio of Y-junction waveguide We consider
Y-juacnen wavegmde with reflecting surface which has
asymametnc Y-junction shape. The techmque, that we
apalyze the performance the Y-junction optical
waveguide with reflecting surface, is the finite element
beam propagation method (FE-BPM) Ia order to avord
nonphysical reflection from computational wicdow
edges. we use mamsparent boundary cogdition (TBC)
[3]. Numerical sumulatiea is done through the
Y-junction eptical waveguide at each plane by using
Crank-Nicholsen algorithm. The power at both output
ports are changed by adjustment of the core width of
straight eutput pert at various widths. Thus, we get the
relanon behween the power branching ratics with the
core width straight ontpur port of Y-junction wavegnide
which corresponds to the length of reflecting surface

2. Y-JUNCTION WAVEGUIDE USING
REFLECTION SIDE WALL

The Y-junction opucal waveguide with reflecting
surface has model whick uses reflection at the inclined
side-wall (reflectng surface) of the waveguude 1o divide
the cptical power as Figure 1. This mode! has low-lous
and wide angle. Sice the branch angle will have to be
designed to sansfy the condition for total reflection ot
the reflecting <ucface, the high relanve refractive ndex
difference of core region and cladding region design
will be effectrve for the wide angle design and low.loss
charactensies [2].

X

s
Z

Fizure 1. Stuchwe of Y-juncnen optical wa
using side-wall reflecucn.

veguide

3. BASIC EQUATION

According 10 [4]. we abtan the following wide-angle
eguation for the slowly varving complex amplitude @

&2 2 861, 3 s
P%"L"‘a”cP%" 'zf:j;'h'-‘;'[q-n;p]p=0 (1)
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where rg1s the reference sefraclive index, kg is the free
space wavenumber, p=1, g=n’ for TE wmoedes, p=15*
g=1 for TM medes, and the term épfés 1t neglected
for TM modes.

4. FINITE ELEMENT BEAM PROPAGATION
METHOD

Dividing the waveguide cross section (computational
wiadow) into a number of line elements and applying
the standard FEM to (1) with the transparent boundary
condition (TBC) [6]. we cblain
d: i
P2 )
az-

+[X]-xn e ]){o} - [K] o) = {0} @

where ¢ 314 the global electric field  vector (consider
caly TE mode), {0} 15 a nnll vecier, [K] and fA4] as
finite element matrices, and mateix (K] ~related 1o
computatienal window edges are given by

{4}

M. ) Y AT .
(K- X Batvyiay -, DRI o o

T A |

M= [plNY )
2PN ’
[-/hp 0 Y
S
i 0 0 LI

where N7 15 the shape function vecror, T denctes a
anipose and L extends over all the different
elements. The parameter &; and ky;incinded in the
marrix (K7~ is. for the moment, unknown.

LUtilizing the Padé 1ecurrence relation and then
we obtain Padé equarion as

- ad{el - ¥.3
=2k M- K-k [M])14) = {0} (6)

bl

Fapi ot v oire TASTH i
with ;‘.,.f‘l=[‘-!]—ml[h]_"="a["‘r],i 0

and [K’}-{R"]—[K}r (%)

Applying the Crank-Nicholson algosithm for the
propaganion directicn 2 to (6)




(4140}, =[8] {e}, ®)

with

(4] = =2skom [ 4] +05a:( KT - ki, [0] JO10)

[B), = -2k, [41] -05az([ K] -&md, [M]) )1n)

where .3 15 the propazation step size. and subscript i
and i=1 denote the quantities related to the  and
(i=1)" propagation steps, respectively. The parameters

mcluded in the moutx [A7 - krand by are
automatically deternuned as
1 é,
k= B 1)
R P (R
1 2]
Ko=) —In 2 (13)
Yo, =) =ty Fhel

where the yeal partcf &;, and ¥y, must be restricted 1o
be positive 1o ensure only radiation outflow.

™

- — -—
w

Figure 2. The Y-junction waveguide with reflecting
sutface is reduced the core wadih of straight cutput port
1o wrl

S NUMERICAL RESULTS

In this section. we sinulate and aralyze performance of
Y-macuen optcal wavegmde with refleching surface
which has asymmetric Y-junction shape. In analysis, we
use the fivite element beam propagation method for
calculate the electnc field that get tough the
wavegride. In the results of numerical analysis, we
consider this structure as power divider, we assume that
the core width, w, is 6 um. and the refractive index of

the core, n;. and cladding. 5> 13 33 and 317,
respectively. The propaganon step aize is 37 um. and
branch angle (28) of waveguide is 1 dezree. We adjust
the core width of straigh output port of Y-junction
waveguide for control output power of Y.junctien
waveguide. The core width of straight ouput port 18
reduced from 6 puon to 3 qun. as Figure 2.

Figure 3. shows the electric field pattern of the
fandamental TE wave pepragation m the Y-juncron
waveguide with reflecting swface. The amphitude of
eleciric field at nlted output port 15 equal to straaght
ontput port even though the shape of Y.jnaction
waveguide 1s asymmetry. In adjustment of power at
both output ports, we chanze the core width of straigh
owtput port at variows widths. In figure 4, The core
width of straigh cutput pert is adjusted to be (a) 6 pm.
(b) 45  pm. and () 3 um. respecuvely. The
amplitude of electric field at the straight output port 1s
more than the tilted cutput port at the core width of
straight output port 6 pon. Ar the core width of straight
output pert 4.5 jun, the amplitude of electnic field at
the strazght output port i+ sunular with the tilted ourput
port. At the core width of straight cutput pont 3 pm, the
amplitude of electric field at the straight output port 15
less than the nlted output pert. Thus. we can adjust
optical power branching mtuo of this device by
changing the core width of straight cutput pont

Figure 5. shows the relancn between the power
branching 1atic with the core width straight output port
of Y-juncuen waveguide. The transition of branching
ano shows almost symmetncally charactenstic. ‘We
con find an oprmnm core width of straight output port
of Y-junction waveguide to achieve in equal power
branching ratio. The ccre wadth of straight cutput pont
corresponds 1o length of the reflecting surface of
Y-juaction wavegnide

Shoves output fielg

0008
o8 .
00w @

Zimmy

Figure 3. The  electnc field that propagated through
the Y-junction waveguide.
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Figure 4. The wput electric field and aurpur elazine
field az various core width of straight cutput waveguide
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Figure 5. Characteristics of power branching ratio with
the core width of straight output porr,

6. CONCLUSION

In this paper, we evaluate parameter for contol porwer
branching ratio of asymmetric Y-junction waveguide.
The power braching 1atic of Y-jnacticn wavegude can
be controlled by adjust the core width of staight ourput
port. The finite element beam propagation method is
applied to analyze the performance of Y-junctien
wavezuide.  In numerical results, the core width of
straight ontput port corresponds to length of reflecting
surface which affect to the power at outpur ports of
device. The adjusiment of power branching ratio of
asvmumeinc Y-juaction 45 useful for design and
improvement of other asymmetric davices.
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