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HanansunAauuasiafaui llauasasnaniniindsgin 2.1 Tnaaunslinau

wasinsnlasuulasennz uuwaunu Y uar Z Taaladnisulasuluuuaunu X

Wagannuaatidupautiian ia deiuguinIAd I Lasgau nudivandaLilu
9AUTLNAUIAIARLULEY A9 ANNANAUSITRTUA I NANNITUNNT A 11U TALN WD AN
(Maxwell's equation in time domain) Al unasniindanananiely WeldGeularean

%\I/ e s 6 o/ dl =)
wuudussndiaanysnl PML (Perfectly match layer) [9] Wariduaaanauiadluasasuanty

Ipiinazannsaunlsanauniseay TE was TM Iuasaannisi (2.1)

o s,00) af 500} $500°D _

—| P —— m— = () (2.1)
oy\ s, oy ) oz\ s, oz c ot
Tngl
®=E, p=Lg=n’ &usu TE e (2.2)
1 "y
d=H_,p=—,0=1 A5y T™ e (2.3)
n
Tepnmnztesowlsnen ldluanng (2.1) - (2.3) uanelifnngned 2.1
AN519% 2.1 ANMNNETessaudssae i lvannsAdu TE waz TM Tuan
E, avAtsznavvasann inluuuaunu X
H, B9ALUTINALTRIAUNWLIMAN Tuuawnu X
t AN
C ANHLTILAN TUBINIAIY (Free space)
n satinwiueduas (Refractive index)

] 4 k% ) [l
Sy uarS, | AMNIPIAAES PML TaasiANIue iU a1 1e9NunYes PML lugii 5

a

RINFANTI9N 2.2

AN519% 2.2 WIREasIas PML

W19 ALAas UFIauARY PML
PML 1 2 3 4 5 6 7 8
Sy S1 S 1 1 St S St S
S, 1 1 Ss Sy Ss S5 Sy Sy
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Conventional PML [9] wa W131dtaasuad PML Sy, Sy, S waz Sa aziduliamiugunis

2

s =1-j dﬁ tang (2.4)

¥

Tne p Aie szazaInqAEusiues PML wieed, di AeAduuun1ed PML ifusnge)

AegLn 2.1 uay 1) An loss angle [9]

AERLIDIANNIARLuENNIEN (2.1), D(Y, Z,1) A Aduwas Fadudeiduaue

Ausuisly 2 wwounuaa Y,Z wazanae t
2.3  ANATUNINSWUNTUTDIARAWLEI L ULALNLLIAN

dl dl dl 1 3 a = dl ;% = ac

[HasanAduLasunInazatslungasuan iatindagaudgeannn nneldseiilannd
I lufaamusdlulauunaiudilymn luannisi (2.1) WadiAzzinnsunsnszanaaadnau
waslnemsa ANdusiaduiNgyeei19IEndna9naa (ime step size) WauNNalilduang
o dld d’ o QJQ,’ A ] o dl = fdl (]
AR Taaznin 1wl Aeantiag AN LATeIAR N Ma A 1D NN Tl sraanaLly

AENNNIN

Tuaruiduasaudapaungaunsnszang lunsasnanin infinsduavilsznauludiae
dl g . dl d‘ dl I's a dl

ARLUNY (Carrier wave) LazAAUNENNanLan (Modulated wave) Tmﬂm@uwmazmmm@jq
NINARUTIGNNBALAANIN AMNAIINATIAINATT ANN9TBIAALINIALNULIEAT (Time-domain

. = = v = 4 A = )
equation) Asgniliauludlas luglaunispaululamuaisesadauignuagLas [Fanan
aunrdninsniinduaesnaunaslulamwnan (Time-domain beam propagation equation)
a I's 1 dl QI ¥ d’j 9 = aa & a
WATALATIEENITUNTNTZAaTeIARULAe I g TN A A nan A idaas il e uat b lused

LA LT AL AN

annslipauLavatluglrasnaguuesndungnuesan (Modulated - wave) fiu

dl rdlal all = d‘ a 1o o ?:/
ﬂ@uW’]‘WV]NﬂQ’]NGQ\‘]IﬂﬂNﬂQWNOL°IJ\‘1HNL‘V]’m‘]_l @, PNUU

O (y,2,t) = ¢y, 2, exp(jo,) 5)

-dl -&l v e dJ a o o 1
RINANNIIN (5) bHAUNRUNUTDUALUUINELNL AU y,Z wazoan T uay

ayiussusuaaunauiunad t azlddn
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%" - exp(jwot)gy—q’
o PN
> - exp( ja,t) P
T RN S 0
~ = at[(/>e><|0(1a)ot)] ¢atexp(1wot)+exp(1wot) p
- (jwo)¢exp<jwot>+%exp(jwot)
Fd  o(od) oy, . ofop .
A at[atj 5[(on)¢exp(1wot)]+a[aexp(mt)}
— o et & B
= (jo,) - [¢exp( jot)]+ 8t[ A exp(ont)}
_ (jwo)[ﬂexp(jwot)+exp(1w0t)—a—ﬂ
|5 5ot feied S|
ot o
. {—w&éexp(jwot) +(jo)exp( jwot)a—ﬂ
{(jwo)exp(jwot)%%+exp(jwot)%
ik S : 7~ e 0'¢
el @, exp(jo,t)d + (j20,) exp( jwt) = o) 5

WatNaNN199 (2.6), (2.7) WA (2.9) uwnuluaunian (2.1) azleqn

¢

Syczq{ ;. exp( jo,t)d + (j2a, )eXp(ja)t)

O 5508 e otian 2 052 Jexot it =
+ay[psy ayjexp(ontHaz(psz azjeXp(ont) 0

Aanailsindan exp( jo,t) aen axlidn

g(pi%]+g[pia¢j+syszqw¢ (12 )yzqa¢
C c® ot

Y

(2.10)

(2.11)
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annsi 2.11 Yazgnigand “@un1sduinswingdululaiuuean (Time-domain

beam propagation equation)’ %Qﬁﬁﬁmauﬁ@ﬂﬁuﬁgﬂu@@mm (Modulated wave),

#(y,z,t)

~ ° ~ o A A " A A
Lu@\?@’]ﬂﬂ’]m@umﬂﬁ@ﬂﬂq?uwiv\l?wqLﬂmum@\?ﬂ@uu@ﬂlu@ﬂﬂq?w (2.11) AR ARUNDN

k1l

wagantilANNdtannd ARuLAsluANNI9N (2.1) ASIBNIIRATIZENNTIUNINTEANETaY
=4 = o = Yy A ad ¢ a

paukasanaNnsdnInannduaespauuas naldszidotds W ludiefmuslulnmung,
AZANNNTOULNIZEEUNTENI9aAaN LN NNIN D9 UA T AU AR M AYINAN 10 LATEY

= ol o £ i a 'S =
ABNNA me‘ﬂﬂumimmmu@ﬂﬂfmmmmmwmn@mmimumﬂmﬂ 2N

a ' ' i @ a ax ¢ a
2.4 N199LATIZUNITHNTNSSANEURY ﬂaul,l,mmﬂszmﬁm'm'lvxl'lumL'amuuﬁﬂu

TALNULIRN

Tunszuaung il atuus luTa LN A LN ALTIF89N1TLATI LA N UL DY

pauLasazgnulslfdulnmut et s usuaninfssaetnglugili 2.2 Fanlnmudesudazdu

FeaNus (elements) Anza9 @(Y, Z,t) luudaziodiwus, ¢° (Y, 2,t) azgniszunnliag

a

lugdreenauanresnafuueeilanduglsns (Shape function or Interpolating function),

L1l

N’ (y,z) Auisfdunesnanilinsusisunisivunaasusaziedmud, ¢ (t) auau
N walfeaunan (2.12) Iae N TANATUAIuuAt asaduAaTIa AL Wy N =3

o [ a rdl dl
duiuieauuaniiuglaiuivags

¢e(y,z,t):ZNf(y,z)¢f(t) (2.12)
aunsi 2.12 mmim%ulﬁmﬂugﬂmmw’%nﬂﬁﬁmmm@ﬁ 2.13
¢ (y.2.t)={N} {4} (2.12)
gl

N;(y,z)
N;(y,2)

N} = < . (2.13)
N:(y,z)

(o} = {&®) £O . . £O) (2.14)
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22 lawudwivdiesvidnenzaeinauuatiuaasnaniniaingnuiiveaniiu

Tnueaagtanuivag rlangularsslefnents

-d

] J "i;s ’/I ‘ J‘
WNUENNIIN (2.12) adl um;“wu‘iwm«}l,ﬂmuiuimLuummmumiw (2.11) aznin

J-\J

VARANANY LasLseuiAnaL mg@ﬁfm‘w (2.11) B° ?ULﬁEI‘LIQﬁﬂ’)\iu’muﬂLﬂ‘i:r[”lﬂﬂ’]\iLL‘Ll‘Ll

NILARAY (Galerkin’s weight reSIduaT'methoﬁMﬂ’ﬂﬂW\‘]ﬂ‘ﬂum\iuﬂ‘wuﬂLﬂuﬁﬂﬂmum

//,/

weaiuileridugdng [103 [11] @~1m°nmauﬂﬁinuq1nLﬂuauma‘w@ﬁmmmmmﬂumu@m

199 ¢ Imﬂmmumumﬂuﬁmmumsuu@:mﬂumuqu‘iuumm}mumﬂmiu,mL@@Luum
- o
punszuann s IluAieduns auniseyiusifauiunaiAinduiiaunsodaueslugd

PRIANNTNTIINTINENANNITREFAIaNNI9T (2.15)

Sl L (s Lol -0} s

C dt?

1ngl

A [y dl '
{#} Fa wnmefesaunfiluuasiie ulaum
aundnuasdl i 1ee {@} fe doyayrnudioya Nvund i lulawu, ¢ (t)

{0} Ae wnimasguel (Null vector)

wiand [K]uaz [M] luannnsf (2.15) anansamldannannsi (2.16) - (2.19)
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[K] - -Ke] (2.16)
[M] =2 Me] (2.17)
] = s, {NJo{N} s d{N}o{N}’

—p-=> dydz (219
[M°] =jje:syszq{N}{N}T]dydz (2.19)

s oy oy s o0z 01

y Z

1ngl

{N} e wnirefaasileiiigiling (Vector of shape function) luannisf (2.13)

> Aa nngsaniuges Local - luvinduee A, [Ke]mz [Me] 4
e

Global wvisnd, [ K Juaz [ M]miuudnnisessaidenadinlufiedumus

& 2K dl v o = aa & a o
aziiulddnlaldnannisaasssdauds W lumafiuuslunislszanuAinauees
= o v A = [ o A o 1 i’/
ann1sduinsnindululamunaiias azmaaiiasanniseyiusinguiunatyindu tng
warmdusyiufiisuiudunisazgndnldeg luauninuning [Kluaz [M]uaz

whtloyvnTeelduannisaessaiiavas nlufiedmusiia i

25 MsdssunuAIRaUIRIENNITAUNUSIAL lENISUSERIMULLNILA  (Padé

approximation) Lag AANDINNUBILASIA-NIARFY (Crank-Nicholson algorithm)

annaunisdulwannindululamunaila ldss douds W ludedwusudtlyun
o ' 1 v dl a 49( | 1% e o o [ %
Arunias1elulnmung auntsmiiadwduanniseuiusineuiunaidusuass lu

¥
IentinusifianaanAneLtesaNnTayRUsEUi LA a1l Eaane T NNewATIA-
AlAadu (Clank-Nicholson  algorithm)  wssanesiumenanadun1sdssmnua nauaas
o & a o o o dl % ZJ/ =KX v o o a o [

ANN1FDUAUTNELALIIATUALNI AviliiasreslssanugnnIseiusing Uit a Sl

I dl Y G| v o a [ o o 4‘ = 1
ADIAD ANNTN (2.15) ﬁlﬁLﬂuZ\iﬂJﬂqﬁ"ﬂuwuﬁmﬂUﬂULQ@W@U@UMUQLZ\WT’]@U

2
o

Tuanenfinusi i sn1stszanaiuunig (Padé approximation) TeRdunausail

AngUanniei (2.15) Tusazldan
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| 2o

1 ¢} d :_([K]+i’_§[|\/|]j{¢} (2.20)

d

b (L]g] o on

gl

K]+ % [M] (g}
_gj%[M]% :_( : Cj dj (2.22)

_2%&

Waldauduiugues Padé recurrence [12] azladn

d C2 -1 0)2
—— M K{+—=2(M .
e = ({1 2 ) ez

WNUANNN9N (2.23) adluannnsh (2.15) nanlsne

_zjﬂg[m]%{mhf_gz[m]j{(»} (0} eo

C

(). (M) 5| <]+ 2 w) o2

. C

dl A o c a o/ [ [ dl =) o
ANNIN (2.24) ABANNITAYNUDINEUNTLIANDUAU UL ENINUTTHN AR

R9ANNTTN (2.24) FrannsldeaneinuaesLAsaR-1inadis (Clank-Nicholson algorithm) 16

ANRALIIRIANNNTT (2.24) Tilszninildavaglugtanannimairasauiungangn

f, { B el i Aesauiiindissyaadiunaesaaang AannIe (2.26)

1ngl

[AL{4)..=[B].{4}, (220
[A] = —Zj%[l\hl + QAtK[K]i +‘(':)—gz[|v|]ij (2.27)

[B] :—Zj%[l\ﬂi —(1—9)At([K]i +i’—§[|v|]ij (2.28)
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At e 3382108195 M999AALAAZAA WAz O RENNIIREBTAUTLAILANAYINT
a = Qddsj 4‘ I a ' dl o £ = Add’ld a 1 1
NI Ineeesstleuial 39 Awimdmnes @ ninldssilaudaiiiwnasninaz et lutgas

0 =0.5-0.8 5] Inelun1rarunnaasudnandnusiiaanld @ = 0.5

ennugnietuasiiefiasnmaasnstssinnsmeulusaionds i lufiofmus
TulALNB0A1 ALABILLNIUIATBE AN UALATLIEEZLIA19ENT1990198 WiaDARARITL
Heulauns AUIUY-LWA3T-1a7 (Courant-Friedrich-Levy condition) [13] devlatinanni
ANNANRUTIENININTULNTEEEIIANIENIN9RR AT uAazaa ludanesTINTes LATA HlRa

& AuruAreedNLAN wL IR s e U T W I A s NN (2.29)

min(l)

At < (2.29)

v
o

. = Sz A a o
Tnel mln(l) AR AINENINAUNGALRNTTE LD LIUDILAALNURMNLLLIN

q

'
=

gﬂLmummmiﬁ’]mmmm@mmuﬁiuumm"mjLL@zﬁLWimamq@ﬂuaumm (2.26)
azilunnsldAnaeauNiuAFIg] fl 9ALANIN (AUINBUNN) NIAWINAUINT TR
5197 D4 AAIANNALY UAz JA29AUINTIMUARIS] B AANAITNADT NIATUIUAWINT

Tuumsine) o qaandnly diguilisaely
26  dusaunIsiiuaastilsunsuszitauasinludiadinualulaiuuan

Tdrunsnaearstdaudd W luAaf N ud i ulALN W A 41 15UN199L AT 23NN g

wndnsraneaesaauualunsasanintin azutveanldifu 3 dunawlun Ae
- dumeuNIIBLNIe AN WA LA 1 LU WNINILISLNT (Meshing program)
- dumaulWluAe AU (Finite-element scheme)

- dURAUEANEITINTdLATA-TIIAA4Y (Clank-Nicholson algorithm or Two-point

recurrence scheme)
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2.6.1 AUABUNTHULAALNUALAL AT NN LN

lusvanarinusildninisaanuuuiasuaniniainuazudalaiuuaaniiuiaa
wwsidas Tneldllsunsn GID8.0.2  waziiudayasienandusiesldludunausalilaes

Tsunsn loun
1. AUIUTMUARAZANUILD ALNUANLA ATUANN NN UL
2. wnm (Y, Z) requsiazinung
v 1 a o A

3. YRyareeuraziafiuus AD

- ANALNURIDALNLE
S - .

- NAeLaa LA TIa90U (Local node number) AR9LaALNG

nszLnuNsANduRauaaInisuLseamulaa lillsunauuissauanslugli 2.3

tQ' v
LINFIU

Y

wiialpnrasnsasuanininfindean
Tniuutias (AN
Ineldalelsunsmusia

y

/LﬁuimﬂmmLwi@:mﬁmuﬁﬁﬁm

\ udupausielilaediaunag

A
QUNTNINU

1 v
717 2.3 nszuaunismnduneuaanisuLvefmwae T sunsuutiane

2.6.2 aunaulWlusaauus

o

:// da, | ¥ o = ad g a & % dl 1
?Juﬁl'ﬂuu@ZLﬂuﬂqiiﬁﬂ@ﬂﬂqiﬂl’ﬂﬁﬁ‘tLUHUQﬁinluﬁ]L@Z\]LN‘HL‘]N’] LLﬂﬁle_lﬁWVW]’] LU

s ulnmuzesasasuantniaiin InetiiAaesdaiinimaesuasiiefiuusisineuasiaridi
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gﬂéwmﬁmqmmm%ﬂmmLw?‘ﬂsf [K]Lmz [M]mmmmiﬁ (2.16) 04 (2.19) WAT 1N

wiand [ K]uaz [M]unAusauuviand [A]uay [B]mmumiﬁ' (2.25), (2.27) uaz

'
o o A

(2.28) Tlsunsuazinishsdayareusaziofmusnezanliluiuneun 2.6.1 Ao f16ALN
wazinia (Y,Z) 209 Local Node w89usiazlafiuusl iNaAuatuaNdnusiazaalummsng

[A]uaz [B]mmnszuaunisvesinlusfiefuus

P
bINFU

Y

AruaAnIIRmas il sunsu
AAUNUVBIDANUS = €

l

e=1

y

X v a e‘d‘ Il
PRAUDUAUDIDALNUFN € AN TLITUNTuLLLILe

E . . N\
-uinenrlvuandulvuntesasefmusm e
- . L2
- fife (1,2) 19smustiesresefiuisi e

h 2

Auwans S-parameter (S, uaz S)

a o=l 1 13
URILRALNURIN € WANA e auan 1

Y
Awauann@n A(1,7) waz B(i,j)
Tulnlusoaumusiaiandg

([4] waz [B])

Tad

wAuigaTevEali?

[A] waz [B]

AUFLTURRLIaLATIA-H AR

o a R
AANBINAN

i v
317 2.4 nezununismudunaniWlufiad s
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dupaulWlufiafmusfimnaiann awnsnagdldasnszuaunisningili 2.4 azisiu
TAdna1uausauaedni1sn1uludunaulwludie @ uAtuasin AU 1w UL AL us
Zj/ dl v o o i’/ 6 a 6 dgl 1 o/ o a
wwanzariuszaznanilddmiuduneuaesisunsu W ludiednuiazauag fuaiuauled

1 v
IHUATLAAAINANTLLNIA A LN WA It uAaU 2.6.1
2.6.3 TUADULDIDANDINHNUDILASIA-BIAAR U

oy 4 2y . = 5 :

Tunantiazfunisfleuaduuasiiqauan sy, { ¢} uazuiaunisdaduaunlug
WaAundnEuzesaduuasiqanadnll, (¢} Teeldiunind [Aluaz [B]7
Arvansldandunenaaslnlumafiuus auann1sn (2.26) nszuiun1IAINiunay
o a R T Aa o o dl ' Y o ai @ Y dl
danasnnvaIuAsA-ilnaduianinanann amnsnagdlanagii 2.5 aziulddn szazinand
T lun1sAuiudruiuduneudanasiuaaswases-ulaadu azluagiuruinaessz UL
ANNITTUEUANTUTLATI SHAN HOUL IR AAULANUTE A UM LATIAATUAINNTULNEE

LA MR 2.6.1 T4a

2.6.4 daglrumaumsinuaadidsunsuszidaudginlumadmunlulnem
1281

dl o ij/ ] ZJ/ dl 2 1 Z// 1 a k4 1

meﬁnumumﬂmmmﬁmLm ?Juﬁ]ﬂuﬂ']?LL‘]_lx‘lL‘ﬂ@LNu&ﬁﬂﬂI‘ﬂIﬂﬁ‘LLﬂ?NLLUQLNﬁ
(Meshing program), Tumnewlnlufied s (Finite-element scheme Waz Tunausanasna
209UATNA-UIAAAY (Clank-Nicholson algorithm or Two-point recurrence scheme) AN

F9uAU NTrUNUNIT N ATl TN TN Te1a T b luFla A L LU luTA LN A 2 A1N19D

agllsinagiln 2.6
27 aussouzlunsAurnaasszs i udsinludeaiualulaumuman

anssnurlunisAtuonreessilouds W ludie auuslulaiuuiganiy Snazgn
nannnele 2 WsziAuiae AauuNue1lUNNIANUANE (Accuracy) AT sEaIZnaN? 4 lunng
° . . o [ I o = aa e a
AR (Computation  time) NNIWAKIANTINREANUANN BN LEN 193 T e U T W ufied

a

i lulawnanazainanilé 2 3aiae
1. WNHANUIULDALNUG MIN1 T UADLADINITULN AR LN

2. ldlsfdugisanduiaiduinaluloaduiugean
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Auauiawnalugau denalinismnseinisunsnsyanavespauuadluusazqainantiuld
d? b dl 1 7 dl QI v 1 o [~3 v
nauIuaNllfaalungn nanalddnlainanssouslusuauusugiazdana o

= = ° 2 o
aN3901 TUTAN899E LA L N1 AU UTIUAN RS

AMUUANIIIRLAeT L sunsN

avunvesqanan =I

’

=1

A
Hlaudnyonniiai

AKAIUIN {¢}

Y

WAANNIST9LEL

[A] ()., =[B] {4},
;

Aoy oUNRUUEST O
> W 1 augn 1
f-gmmmnmvl,ﬂ{wh
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FRNNNININLANHULT
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&ryoynuuasdfiqanan i +1
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2.8  fymnnwuainauiaeluass

dd‘i’ = ad coa ° o a [y
fvmﬂwqwgwugmmma‘ummﬂﬂiumLmLuum"lu‘lmmummmmummLm‘ﬁwma‘

1% o

1 dl =® a o all 1 =3 P2
unsnszanaresnanuadlusasuanninfindennanaldazinlédn ansuzaninisaiuan

a 3

pauasluwiazaaatasunisudannadaduauinlug Inenauinesanniagadu

:// a 1 [ o . dl a g 1 a = ac &
dwazdAviniuauuiiue (Nodal point) MAnTuAINNNTULNIAKNWE szilleuds W lus

a & [ ¥ a 1 d‘a 4%/ 9«:// ¥ asl A ¥ 2’/ <
AW uazlidnazuiannisdaduniinauiugeeisla szaziai i lunisufannismiu
AzAUBLAUIUIATBNANNITTUAUTULEY eIz IUAIANNTINA9 lHIN AwauTuuaT

] o =

WNATUAINNTLLaLIeAINUFAaTIads g AN HNAaARaN 701U luTarsazinan N 1EA I

o

(Computation time) 28952817 I luFe Awmus luinwmiingn

=l

=2 L7 = a 6" a 1% dl o 1 ]
nawddnssdaudslluwfeduudlulanmuaaiazudilymauinisiwniesie
! o d‘

Py Gy o 0 Ao oo A acldey
(Space) 1@@ LL[ﬂﬂN?l'ﬂ“]qﬂﬂV]WU@%U’Nﬂ?zﬂ']?V]V]qiuﬁ\gLUEUQﬁuiﬁﬁzﬂgﬁLQ@ququiuﬂ’]?

Aunulag ladanidlu

A o A axdy = - A A = A Ao
1. LN@H’]?%LUEU%MM’JLﬂ?W:MﬂW?LLWiﬂ?MWH‘UNﬂ@uLLmsluN@?N@ﬂTWImuﬂww
5= = 1

1 14
unreudelvn  arueulvuainaauannnisutaedmustazdunn deuali

dl ] = add’l v
sraizinan? I lunnsAuInaesssIle AaRgenw i fae

1 a = Qd;lj o’/ 2 ¥ 1 a o dl i’/

2. msutieamus ussidauaailaeialludaldnasuise duusslaumas e
4 s e 4 > o Ny .
WandtlymawanlusnnunidusnasidiunaanbansiainAaulas eyl
ARINIINITLANEUIaId U uuasadeaziaa AN ndnluuFiamlu wan
Anfusesutvedmuilniuglarumaasarwuninnasuasiianazilsznauiv

ugtlaanan Huannlfdauoulnusninnauiiiniva ey

azwiuladtssidatd s i ludeawus lulawuinataridaida luGesmesscazioand

1 lunsAuaniduiiasandaaaialunnsus e fwusmiugl e amaanlunseuaunig

IWlusiadwusiiues lwanuaneinusuasAndsnisulveamuasluutlniasgluany
dl dl % = ac & a

wiaeid (Polygonal element) taWmwnanssnuzaasstiands W ludladwus lulamuna

Wldszazinanlun1sAnuanitiasad Taudanni1siuaznanaluuni 3 salil
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uny 3
suiauds lwludeaiwualulamunanldnisudsedinungilvans

wiagnuasNenTuglsed msunIsAIuIN

3.1 AMNUN

Y o o 1 a s d‘ :j/ S ad T A
andesinaeanisudeefmuiuuuglanumasnieina lussitauds v lufied
] 1 ! 14

wuilulawuinandenannldluumi 2 nanlasagine ASuulnusiiisaulaelisndu

1 a g dl :j/ ! ! o = as
AINNITLLNEALNWALLIL A RN AN aas an a1 lun1sAUIT eI le LA I
o oa a a rd”d ¥ o 1 a (3 |4I <A a
Tufefmuilulamunad luanaatinusuasldiianenisusivedwmuduuylunideine 10a
f o [ — da X o
iuFgUA ALY (polygonal element) tWafiazan A WININUATIAATUAINNITULNIEE
- | Y A A c a = = oy
e wazdana esiluuad W lufied s lulamunalanssour luGeseesssavioanld

Tunsauanpaulunga

dgll dl é’ 1 3 %3 al aal s a dl ¥
e luun? 3 Ravnanadanannisaaaszilenin g il lumefwudlulnuunanild
1 a L3 z:ll a = dl %’/
Nkt aMWALLLIUvae AN Insavafuienenisilasuilasdunenluldsunsuzes
al aa s a dd” 1 =3 6 o 1
suillendn i lwMe duululawuinaiannge nugaw waznandfafeidugisiuuy
aLlsa (Wachspress's shape function) gasiluileidugilsadndunisusiae sy
dl 1 RX acda o o a a o | [ % 1
sUMAEUAEN AABAAUNAIINNAINIII Al UE kAN sBuNIARATUgLs19senaalng

T matiansdsennaesdndduggniniaua luidnainusy

3.2 msidagsunilasluaanasnuaaseiiauns Wl uaaf U A lulALNUAITaY

a a 1
JMUINETUNULU

a a P A ) N aa
iuﬂunWﬂquwuﬁuNﬂW?Lﬂ@ﬂuufﬂ@Q‘U'—]\?@Quﬁlﬂ\iﬂTTJ‘U’JUﬂqTH’ﬂ\?Iﬂ?LLﬂ?N?EﬁLUﬂU’Jﬁ

IWluaamuslulamunaife

dl 1 a o a A dl . dl
1. adasuutlaenisutsefmusainiinpeglaiumaes (Triangular elements) @9
Husmsgun i lussideuds bW usfiefuwud i suwanawmdes (Polygonal

elements)

2. wasuuasiefiugdireildlunisauandnludefmudinning [A]uay

u

o o

[B]annidnpe farfdulndlufisadudunilavieass (inear  or  quadratic

M

] ° [%

shape  function) smLﬂuﬁqﬁﬁmﬂiwmmumiu:]_iqL@'ﬁLmuﬁgﬂmmmﬁﬂu

L1l



' dl 2 a a‘dgl ¥ 1 a & @ d‘ = ¥
mmgm LLmLummnslmmmuwuﬁuhmwmLamuumﬂugﬂmwL‘M@ﬂm Al

Warfdugdrauunlna e Waridugdsrsuuuanaailsa (Wachspress's  shape

a

function) @azl@nannlussaziaanluiadaseld

nszuaunfsaaaldsunsusstdaud s v luse AU lula U aIa iUl AT ZY
nsunsnszansresnduuadluwasuanWiaindnldanis asuuladluinendnusiag 1

gL 3.1

3.3 Wendugilsng

'
6 o/

tladadAnyninasadusanuslun1sAa uaneszida vl s W ludiedwusiduiae

1
[ % ]

nsaan ldieidugsedmiinisatuen AuaNifndAnyaesiaridugildng [7, 8] Aa den

04 a

1
=

Tddeandnagudlunatumbimasnielued s uaz Aaddugtlisiaoni, N azdiasiien

wiaiy 1 luliuatesrea@fuunn | waziAwinh 0 Niuustesauueed s

o

TwiadellaziFauinauasnuanAstesieddugldediniunisutuefmusiuuy

dl o/ 6 o/ 1 o/ 1 dl Aj [ QI
slaumasnumsgunuilsidugldsediniunisudedamuAluugvanawaanmalugs

1 ¥
AN INUSRTNLALS

3.3.1 Wendugilsredmsumsuisasinunslaumana

Warffugisrsifaniaunlddmiunisutiefwusslatnmasuma defduinalu

]
6 o/

= [ =<K dl 1 a o 1 e ' =l I aid

WEAAUALNIS TAaNNITULNIO ALNUATWI AN ARANT ugﬂmaiwmiumﬂ@wm
L4 1 o o alld 1 dl dl 6 o ! 21/ o S o

A IAMNLEUEN TUN1IANUIUNANTT TINHITBINATUIUINTUNIRINUANNI98S N A

u

WU (Area Coordinate) [10, 11]

1%

HeNrasNAnNuN Ae dRsdiuseudneungasdmasianilsenaulildaaqne
a Qi 1 o 1 a 6 o dg’ -dl dl ij/ a
P(y,z) waz an2 Tuuanegaoundsyuaeadmus fuNuiany e suisiin1eea

WHUE wanlARagLln 3.2

Wanuuald A(l,m,n) Aeiunauwasundsznaudaaivua 1,m waz n Taamn
Y Yoa e . . g d 4 e .
Rag 1N UATUEHF AU LUNUEN W AN Nuia9a1 N massEngNnTaun ldanngunis

7 3.10 — 3.1A WATNUNIAIENIARNIIUNAFINITDU IFAaINaNNI97 3.19
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faneana
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Ay nanaad
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wseld

vivdayavesdtyyinuas
4 )
nqaan i+1
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3 (v323)

P(y,z)
AP,1,2)

vnzy)

2(v2.22)

= = < = X 4 = G o o o ~o X 4
g‘ﬂ‘l’] 3.2 L@@LNMWE‘U@’]NWi@f;lllLL@ZWMVI?I@\?’&’]NLV@HNL@ﬂ@’]Mﬁ‘UﬂWu@mWﬂ@WMW

y 2

A(P,1,2) :% I \\Z 3.1(n)
Y. 1
Vot Z

A(P,2,3)=% Yy Z, U 3.1(%)
Y: 4,
1 L7

A(P,31) :E Vo TRl 3.1(P)
Yi 4
Yi 4

AL, 2,3) :% y, z, 1 3.1(%)
Y: Z,

1
aAa o

NURANAR, ( L, L, L ) Aviuuanauniaesan P(y,z) dvatinialuedmussil

1 v 1
ANURLLTURAINTDVN LA AANAITNA 3.20 = 3.2

|_i — M 3.2(n)
AL 2,3)

|_e2 — M 3.2(2)
AL 2,3)

L‘; — M 3.2(A)

T A@L2,3)
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Tunsaddeidugiinainaluiiaadudunis aruauluuatasreedmudazil 3 Tuun
d} oA dl i// a o ai o o 1 1 e o o A
T4 A MUANYNAI AN TBLO ANUFANIMREN Auuisrdugiigasyindy 3 Wefdu Ae

N;(y,z), NJ(y,z) waz N; (Y, 2) Geansnsoml@ainasnisd 3.3n - 3.3m

Ni(y,z) =L= AL2.3)
:I:(yZZS_y322)+(Zz_Za)y+(y3_y2)z:| 3.3(n)
2A
N;(v.2) e o ARLS)
> AQL2,3)
[0 v # (3= 1)y (v )7 s
2A
N (y.2) :L;:A(P_’l’z)
A(L,2,3)
:|:(y122_y221)+(21_22)y+(y2_y1)2:| 230
2A

3.3.2 Hendugtsrsdmsumsutaafianungluaiamans

Warfdugiseanldauiunisuisiedmudginanawaaniall Ganda Aerfdugilsis
wuu9Tailsa (Wachspress's. shape function). sgnuaiaualudnuddsaed N. Sukumar
waz E.A. Malsch 1&at] 2006 [8] Inelaridugilsteuninanaailsaaz gnisiauliag lumanaes

[ % a a

WAALLTIEWYITN (barycentric coordinates) FaRNANIN (3.4)

e _ Wi '
Ni (y,Z)— n (3_4)

Tae Wi (Y, z) Ae AdpuLdiduvianaasivued j aeaediuus e AdauLFidurind
AUV AUAUIUARNTBLOANUE N F9 TRAALLETIFurEnAqa p(y,z) #1190

A lFaInuRa ALY 3 gUAENN97 (3.5)



. A(j-1j,j+1)
wi(y,z) = —= = (3.5)
: A(p, i -1 AP, J,j+D)

1ngl

A(j-1]j,j+1 Aa Nufanumagulsynaudae tauad j=1j, ] +1suaau
A(p,j—1,j)An Nufanumagulsynoudetwuad j—1 juazan p(y,z)

A(D, j, j +1) A Mufauwaeuszneudaatmnd j, j +luazqn p(y.z)

Wardugtireuuunaaulsaainisoninldldiuntsutice R inusndanuawmae s
sausl 3 widnnanllls Inalusinden 3.3.21  aztlunisudeidugdirauuuanasiles
Aufuedwudgdanuvaen uaz luiaden 3322  azflunisundeidugddisuwuy

MaaLlsad iU dmuigaeat

3.3.2.1 Wendugussuuiangsidsadmsuafimunglanamans
Avduedwusglanmaey n=3;
dgl dl a 6 dl 1 o
NuNTeRANUARMMALNWINAY A
Anuauieiduginanldasdl = 350 Aa NS (Y, z), N5 (y, z)uaz N;(y,2)
o a o a a N o A e e - e
ANuUIATALLTEWTN =361 Aa W, (Y, Z) , W, (Y, Z) uaz W; (Y, Z)

Waldaunei 3.5 azladn

e CAO0L2) - A(3L2)
wi(y,z) = A(p.00)A(p.12)  A(p.31)A(pL2)
Wy, 2) e o AL23)

A(p,l,Z)A(p,2,3)
w(yz) _ AR234) A231)

- A(p.2,3)A(p,3.4) A(p.23)A(p,31)
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Swi(yz) - ABL2 AL23) . A(231)
=R A(P3DA(PL2) A(pL2)A(p.2.3) A(p.2.3)A(p.3.1)
_ABBL2)A(p.2,3)+A(L23)A(p,31)+A(231)A(p.L2)
A(pl 2)A(P.2,3)A(p.31)
CA(312)[ A(p,2.3)+A(p,31)+A(p.L2)]
- A(p12) A(p.2,3)A(p,3.)

ANaNNIYeIAeAtugUianuLaTaLlsa (@Nﬂ’]‘ﬁ/l 3.4) azl@qn

A(312)
wy(Y,2) A(p,31)A(p,12)
ZS:W?(Y’ 2) A(31,2)[ A(p.2,3)+A(p.31)+A(p.L12)]
= A(p,L2)A(p,2,3)A(p,31)

NS(y,2) =

[A(p.2,3)+ A( p,, 3’,1) +A(p.12)]

- (V2= ¥s2,)+ (2, ~ 2)y +(¥, - ¥.) 2]

2A

TuinueamaaniuginisonAtzes Ny (Y, z)uaz N;(y,z)azlsan

w;(y,2). _ A(p.13)

N;(y,2) =
Sy | |
[z yz) (2= 2)y + (- )2
2A
SO — L :A(pp,\l,z)
> wi(y,2)

_ [()’122 - yzzl)+(zl—zz)y+(y2 —yl)Z]

2A
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azmiulaan Hefdugtlssuuuanaalsaduiuedwusglanumasuaziiu darfdu
Tnaluliaadudumila (Linear shape function) Taifluileidunaaiuileidugilianinsgiu
al al o o d} ] o 1 a & dl = aca & a &
wuunaluieaduiunidmiunisutsefmusigtanmaenlussidouds i ludie s
TI1AINaNNIeT 3.20 - 3.2A vizeAINITINaN ANt 19 Heridugldnainaluiaadudiy

dl o o a & dl N o 6o !
nag iU awuislaNmasNpeduIRresieidugLsauLLnT4LLl 94

Warfdugisaunuanaailsadiniuedmusglarnmasy aziiuliniusnaniis
PeaiaridugLsedniunisAauanluszieuds lufiedwuiegnnana 15w widaves
N. Sukumar a1l 2006 Taagiil 3.3 Aa gilfaetgaasileriduglsedon 1, N, (Y, z) aeq

a (3 a
L@@Luumgﬂmummu

1
1.0

2'

3

0.0

7 3.3 Warfdugilsne N, (y,z) dwduedwmsglauman

a

33.2.2 gaagnemsmienduslseuuuntsilsadiusuiafinunglvans

=
LAREN

Tuiada 3.3.1  TaadunennaqduNaridusldanuunngdilsd g uiuiaainusial

el
N

dl o Y 431’ | o 1 o ] o o a =
anuaen ludataiidufaatgisnasuanen ugﬂﬁ"]\iLL‘]_l‘LlrJ'm@Lﬂ?@ ANUTULRALNURNU

o dl 1 dl o 1 dd‘ a g L2 dl
UIUMRLNUINNNAN AN tnelazansaaenelunsiiniedinusmiduglviimasy
Avduedwusgdivaan . n=>5;

ﬁﬁuquﬁqﬁﬁugﬂéwﬁﬁﬁqﬁ =5 ha N (Y,2),N;(y,2),N;(y,2),N;(y,2) uaz
Ns (y.2)
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AunuinauLdwisn =56 Aa W (Y, z), Wi (y,2), W;(Y,z), W, (Y,Z) uaz

W, (Y, 2)

gl

wHyJ%=A AO0L2)  _ A(BL2)
(p,0,1)A(p,L2) A(p,51)A(p,L,2)

. - A 2,3)

MHMH_MQLDMQZ$

. ~ A(2,3,4)

““%n_MgzaMgaq

. ~ A(3,4,5)

m“%n_Mgaqu¢a

wﬂ%D=A A(4,5,6) ! A(4,5,1)
(p,4,5)A(p,56) A(p,4,5)A(p,51)

iWK%U ___AGLY) AL 2,3) N A(2,3,4)

CA(p5DA(PL2)  A(p,L2)AP.2,3)  A(p,2,3)A(p,3,4)
A(3,4,5) 3 A4,5,1)
A(p,3,4)A(p,4,5)  A(p,4,5)A(p,5,1)

ANANNTVRIAATUg LT auLLINTALL 94 (@NN199 3.4 Uay 3.5) axlian

Nle(yi Z) = 5W1e(y, Z)
Z:;wj?(y,z)

A(5.1,2)
A(p,51)A(p.L,2)

= A(5,1,2) N AL, 2,3) N A(2,3,4)
A(p,5DA(p,1,2) A(p,L2)A(p,2,3) A(p,2,3)A(p,3,4)
A(3,4,5) N A(4,5,1)

| A(p,3,4)A(p.4,5)  A(p,4,5)A(p,5,1)
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N;(y,2) = et

J_Z;,W?(y,z)
A(L,2,3)
A(p,1,2)A(p,2,3)
= [ AGL2 AL23) AR234)
A(p,5DA(P,12)  A(pL2)AP,2,3) A(p,2,3)A(p,34)
. ABA4S) A(4,5,1)
| A(p,3,4)A(p,4,5)  A(p,4,5)A(p,51)

N:(y,2) = e 2L

> Wiy, 2)
j=1
A(2,3,4)
A(p,2,3)A(p,3,4)
= A(5,12) A, 2,3) A(2,3,4)
A(p,5DA(p.L2) A(p,L2)A(p,2,3) A(p,2,3)A(p,3,4)
A(3,4,5) A(4,5,1)

A(p,3,4)A(p,4,5)

N:(y,2)= e 02

A(p,4,5)A(p,5,1)

> W (y,2)
j=1
A(3,4,5)
A(P,3,4)A(p,4,5)
= AG,L2) AL 2,3) A(2,3,4)
A(p,5D)A(P.L2)  A(p.12)A(p.2,3)  A(p.2,3)A(p,3,4)
A(3,4,5) A(4,5,1)

A(p,3,4)A(p,4,5)

A(p,4,5A(p,51)
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N;(y,2) = elo2)
> (3.2

A(4,5,1)
A(p,4,5)A(p,5,1)

= A5,1,2)

A(L,2,3) N A(2,3,4)
A(p,5D)A(p,L2) A(p,L2)A(p,2,3) A(p,2,3)A(p,3,4)

AB45) A4S
A(p,3,4)A(p,4,5) A(p,4,5A(p,51)

Werdugidrauuinnganlsadanitefiuussidiiaanainnsna limumn 131 3.1

A15199 3.1 fgUWangugsuuungalsadiusuefmuagliiuaay

Wandugilsia AneuzraIWIngugls

NE(y,2) A(5.1,2) A(p.2,3)A(p,3,4) A(p, 4,5)
K(y.2)

N;(Y,2) A(l,2,3)A(p,5,1)A(p,3,4)A(p,4,5)
K(y,z)

NE(y,2) A(2,3,4) A(p,5.1)A(p.1,2) A(p.4,5)
K(y,2)

N;(y,z) A(3,4,5)A(p,5.1)A(p,1,2)A(p,2,3)
K(y.2)

NS (y;2) A(4,51)A(p,L 2)A(p,2,3)A(p,3,4)
K(y,2)

e

A(5,1,2)A(p,2,3)A(p,3,4)A(p,4,5) + AL 2,3) A(p,5,) A(p,3,4) A(p, 4,5)
K(y,2) =| +A(2,3,4)A(p,5 1) A(p,1,2)A(p,4,5) + A3,4,5)A(p,5,) A(p,1, 2) A(p, 2,3)

+A(4,51)A(p,1,2)A(p,2,3)A(p,3,4)
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Weasan A(p,a,b), a,b=12,3,4,5 Ashunauwmanuiilszneulilsanqn

p(y,z).a uaz b Faduisidulnaludaadusuniiaass y uay z Wafansunieridu

313191umN9197 3.1 udnazniulddndarsansiaidugilineia 5 defdutduazeslugilaas

a

o

nnspiuzesieiduinaludaadudunis 3 wal Asarnisananalidn fduamaaiaridu

gussAedsrtuinaTulaadufua ey y way 2 Tuanzidodouseafetdugilineis 5
Wartdu viva K(Y,z) franauanaasilaidulnaluiaadusuainans Y way Zz a1uiu 5

WAt asnanalidn fadouaesiieidugiliapedeidulnaluiaaduiuaisaes y uas

z

s rariiaidugLs L TaL sad iU AU LT RN AD ARsIdauaas

Herdulnaluloaduiuanaes y uar z visaarnasn@eulieslugilinli1san

a,+a,y+a,z+a,yz+a,y +agz’ +a,y z+a Yzt +a,y° +a,7°
bli + b2iy+ b3iZ + b4iyz 4 bSiy2 + b6i22 W b7iy22 = b8i y22 +b9iy3 + b10i23

N7 (y,2) =

e §=1,2345
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wiaen (N=10) Aradnsdauaasierdulnaluloaduiun 8 189 Y uas Z

o d o o Q
3.4 meamaynusrafenduglsuuungailes

anngefresssiiends luiedwud ulamuing) asnudTuduneuzesinlusie
amus lunismnayiusuazduniniasesiaridugisranemurnanninueswlusiediuus

LNVBNEANNANNIIN 2.18 A 2.19

Tuntsmayiusaaafsidusdirsuunnigailsa azsasaniledsaruiunzas

o o al v a o aAf vaa o I8 6 o/ |
Amiunisdaulilsunsusos Tusnadeitldasnismeuiusaesilaridugiliauuunnganlsa
Taanaad e tuiiiuAEd uneafla i duIna i aasaaun1ay (3.6)  wazlduannismn
BUNUTUDIAFIULBIAATFY

8.
wi(y,z)  f(v.2)

Nie(yl Z) =
Z:;W?(y, ) L(¥.2) (3.6)

ayiusInauiy Y uay Z aeeferidugilsnsluannis (3.6) Ae

g df, df,
aNS _dff)_Tdy  Cdy 3.7)
dy dyl f, (fz)z

()
dNF _d(f)_ 2dz tdz (3.8)
dz dzl f, (f,)

df, df df, df,, ..
LAY 1691

dy dz'dy  dz
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Qﬂzﬂﬂihﬂ{ Al =11, 5+1) J (3.9)
dy dy dy(A(p,j-LDA(p, ], j+D)
gﬂzgﬂl:ﬂ{ A(I-15,0+Y) j (3.10)
dz dz zUA(p, J-L DA(p, }, ] +1)

-:Z":d( A(j-1j,j+1) } (3.11)
= dy UA(P, 1 -1 AR, J, 1 +D)

:Z":d( A(j-1,j,j+1) ) (3.12)

=dz\ AP, i =1 ))A(P, ], +1)

1( AU =54, i+D) jmg[ A-1j. i +D) j
dy\ Ap,J -1 DA(p J,J+1)) — dz{Ap, j -1 DA(P, }.j+1)

Tuanniah (3.9)-(3.12) azannsavlilaeldnismanyiusuearsdausesiaidunssiali

fmalAG L J, j +1= Ay AP =L 1) =A taz A(p, j, j+1) = A,

1( AGi-1 . j+1) j :1[%

|

= &m (Ad% ] (3.13)
|
N

g[ AG-1JJ+D) J [Adge
dz A(p,]-l,_])A(p,_],j+l) dZ AiAz
Agdge

2

Ad% ) (3.14)

a a ¢ o 1 o o o 1 ] s
3.5 nisauninsaanduslseuasaywusaasanduglsauuunaailsadnsy
waluAgLua e RNl

AINANNNIN (2.18) WaAT (2.19) ANNTNUWON | WATWANT | Iu[Ke]LL@: [Me]

AU LIRINANNNGN (3.15) WAL (3.16) ANNAFL
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- ON. s, ON. ON.
K =[] —piﬂ L p—y%—J dydz (3.15)
e s, oy 0oy S, 0z 0Oz

M; = [5,5,0NN; |dydz (3.16)

1uﬂf1iﬁmfamﬂ'wmmm%ﬂlmw‘%ﬂeﬁ[Ke] LL@Z[Me] YDILADZLAR LN A AN
aun"97 (3.15) uaz (3.16) aziiudnsasinnisauninsaietdugliaieAmurnaniinues

Lm?ﬂsﬁ[ M® ] wazauiiinameyiusrasileiduglianeAuaniaNEnaeauvisnd [ K* ]

TumuﬁwmﬁwuﬁﬁiﬁﬁmﬁuﬁmimﬁqﬁﬁugﬂéwLL@z@wﬁuﬁmmﬁqﬁﬁugﬂéNé’qm
watAn1sUssuuaesTuddu (Simpson’s rule)  MINITANUILANITN D [Ke] LAy
[Me]iumumiﬁ' (3.15) ua¥ (3.16) azunuiAaiiuarasnisauiingaaae K(y,z) uas
m(y, z) suatsu lne

s, N, ON, S, %%

k(y,2) =—pgga“ ps-Z 2 or (3.17)
m(y,z)=s,s,qN,N, (3.18)
AN (3.15) uaz (3.16) arunanidaulma 1y
K; =] k(y,z)dydz (3.19)
M; = [[ m(y, z)dydz (3.20)

7N 3.5 edwudgUnanawasy 1 eamud gnudslifiduglasvasnsios anis

szanaAnaeenisauingsine 14 Simpson’s rule

39



= - = | ) = ' o = °
L‘ﬂ@LNuﬁlgﬂ‘Vi@WﬂLﬂ@ﬂNWZQﬂLL‘U\‘I@@ﬂLﬂu@’]&ll,ﬂ@ﬂllﬁl‘ﬂﬂ@\‘lgﬂ% 3.5 Tnaanuan
dl dl 1 ¥ a a o o dl
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(3.20) azlgi9n

Ki?:;k(yi’zi)A (3.21)
Mi? = il:m(yi’zi)A (3.22)

Tmel
A ] = p
k(y,z) waz m(y,,z)aa Adaeq k(y,z) war m(y,z) nqmaimunsess
(centroid) IBNANNINALNEDHIAIFUN |

N = I SV
A AR WUNUAIANHLNRENLRLAIALN |
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NANISILATIZANITUNSNTZANEIDIAALLAILU9ATNAN N TN

4.1 AU

WA luuninganana NANITANUI LA IZNITUNINTZ AN UDIAALLAT 1 1N9AT
m'ﬁniﬂimﬁﬂﬁma’wﬁgﬂ@@ﬂLmuﬁlﬁﬁgﬂiwﬁnwmmm T LLLYiamse (Waveguide) 484
agildauaa (90° bend) way Dualanmad udu tneldseiioudd W lufinfmusdlulamy

dl ¥ a 1 a 6 dl dl o a a rdﬂl
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a rd‘ % dl dl kY o ) a o
AnssinlaiuazanssouzluFasszazinanld lunisAusuazgniin lduFaumne iy

= ac L3 a dl 9 1 a & dl
suidends W ludledwuilulamiinaimansgunldnisuisefmuigdasaenunnsgiu

Aagninauelaeeudduaey M.Koshiba el 2000 waz A.Mekis a1l 1996

4.2  nspsARRALAMNgNABdLAsANTS Ul UIERIsEEEIaA NS AU LIRIAY

= aaal o
UBANTLLULUITNUINRUD

Tuanuananiinus lAngaagetaINgNaeslaz AN U lun19A UL B9AUTa

!
adla o L

szilaudaninane lnani1samnzinasunsnszangeesnaulas lusasuan i lniinuuuva

m9a (Photonic crystal Waveguide) #azt#i 4.1 manIninfinfsinsunfansainilsznaulddae

k1l

% o N o A o

wrieladiany3n (Dielectric Rod) Adsaisinmw N = 3.4 lusanataidluanniAnaaiiinm

n =1 TellAmAsFauandig (Lattice constant) ,a=0.58 um uaziafaasuvialagianysn

2
o { =l

.+ =0.18a uansldimgilil 4.2(n) wantlafindefinaraunilfuoudesnaufioendulun
TE #ia a/ A =0.302 #is a/ A =0.443 [2] siagul#t 4.2(2)

awniladunn, 4(y, z,t =0) ‘Lugﬂﬁ' 4.1 Aanwziluginndidau (Gaussian
pulse) ﬁlﬁmmmmﬂﬁqm =A ﬁlqm(yo,zo), YUIAAA (Spot size) ATNUWUILNU Y uay Z
=W, uaz W, ANNAIALILAY HANALAANITLNGNIZANE (propagation constant) S uangls
FaaunnaT (4.1) mmmf;m'ﬁummmﬁquﬁﬁﬁﬂﬂﬁagmﬁmLLmqﬁqquﬁﬁﬂﬁii, A=1.5um
%qmﬂmmuﬁmmmﬁmmim TE Mode 1a3uanTWialinuadngas
2 2
#(y,z,t =0) = Aexp| — % % xexp[-if(z-1z,)] @)

y z
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daaz09 A fleglu PBG
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o |
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1 1 v
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condition) [13]
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4.3.1 9asuanininiingilAsea 90 a9A1 (90° curved bend photonic crystal
circuit)
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Abstract

Inn this paper, Time-Domain Finite-Element Beam
Progagation Method (TD-FE-BPM) with using  the
pelyvgonal elements 15 presented for the analysis of XD
photonic crystal wavegnides in order 1w improve the
computation time. The performance of the proposed
method is compared with the TD-FE-BPM using all the
riangular elements, The computation results of the pulse
propagation along straight photonic crystal waveguide
demonstrate the improvement i computation tme by using
the proposed method.

Kevwords:  Tone-Doanin finite-elenvmnt beam

propagation method, polygonal  finite
element, Photonic crystal circnils

1. Intreduction

The beam propagation method {BPMJ has been
considered as one of the most widely upﬂ‘iﬁ.cﬂmﬁ far the
simulation of e light wave pﬂpﬂgarmv‘m VAN
phiotonic devices and there are many versions of BFM 1]
proposed in the last two decades. HoWever, mosy of the
BPM can treat enly forward save pmpugu[;nn Hetead i1 ds 4
difficult to take inro account backvard reflcting Waves,

The finite difference time damnin :ﬂltmd is the

one method that is powerful, and & em].'nh;ym W mﬂyzt
optical wavegnide. A research has been praposed ‘o
miprove e ei‘ﬁc:ency of the FDTD m‘ml;umgmjml
wavegnide by introducing new algmﬂm that is cﬁad the
finite difference time domain - beam plm*nmﬂ nigthod ©
(FDTD-BPM) [2]. Although FDTD-BPM progammms is
simple, but it stll suffers from the ]mutlrrwu aof the I!'ulle
difference method in treating curved bo

The BPM based on the finite elawiuﬂtwd('l'ﬁ-
FE-BPM) is the one of powerful munerical methode (3]-[5]
Faor nna]wmg the optical waveguides which are photonic
crvstal circunts, the TD-FE-BPM is the !ll1zb1;ﬁglhﬂﬂ
because it can effectively discretize the domain o
standard miangular element. Recently, the TD-FE-
using qundrnl]c I:rmumllu: rh:mﬁls‘ fia

enonmois nimbers clf triangnlar rl.cuﬂﬂnl: and nodal peint in
the stuctire of plmlmu: crystal. Th?_ the size of linear
systen of equations is oo large for computing successively
each time step.

This paper has an aim 1o propéde Vthe new
numencal weatment in ordep 10 reduce the computanon
timme in TD-FE-BPM by pedicing the size-of the sysiém
equation that depended on-the munber of nadal poing. We

9 and “mptin s chulaac.th

propose the use of the convex polygonal elements in the
fimite element scheme. Te interpolation fiusctions for the
polyzonal element are Wachspress shape function [6]
which is higher-order fumction. The linear mwiangular
element is o subset of polygonal element which has 3
nodes. A large mumber of mangular elements can be
replaced by one polygonal element. Thus, the mumber of
elements can be reduced.

The paper 15 organized e 5 sections. The
statement of the photonic crystal waveguide problems in
210 is described in Section 2. The formulation of time
doma finfle o element beam propagation method s
described i Scemon 3. The interpolation ou polygonal
clement by wising Wachspress shape function is described
i Section 4. The validation of the proposed method is
;::umnmed i a omencal example as described in

ton 5.

z
\ ﬁ? . 7|d,
B T EGL Y R
é 00e M oco
- 3 aaa 4
= 83 @06 oo
34 OO0 0® 00
4 RO080 00
6| e 2 B||d.
’/J{...H - =
d, E

Fﬁpﬂ Plyotomsc crystal waveguide sarroumded by perfectly
nuu]mlhyu (PML) regaons | 1o 8

2 Thee gndnns of 21} photonic crystal waveguide
—We consider a 2D photome erystal waveguide as
slmm. .ﬂmum example of PC bend), surmounded by
PML régions 1-8 wiilh thickness. (d, = 1.2.5.4) where the
ransverse audpwplynuudmlm are assumed 10 be y
il pectively. A 1 1 re is no vanation in the
¥ dmm W‘nh ﬂmemmg;ﬁm and the anisoropic
PML [7]. from the Maxwell's equation in time domain, the
goveruing equations for TE and T waves are as follows.

el = ad| e[ s, 5,5 &'
it e P T e it
al s, &) &5 &) £ &
O=E, pulg=l (2)
Pk p AL =l (3)

mnh:qﬁmnnﬂ}i’mﬂmﬁﬂiﬂl'ni’q'ﬁ 40 (EECON=30) 252600 2550w ingdmalulains: souinfsu]i
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Here E, and K, are the xcomponents of e
electric and magnetic fields. ¢ is the speed of light in
vacuum, i 15 the refractive index distibution aned ¢ s e
tinme.

The PML parameter s and s, are summarized in

(Table 1), Here we assume pamabolic profiles of complex
value 5, in Table | as

H
a=l—f[§] tan )
where 215 the distance nside the PML region
from the beginming of PML and & comesponds 1o loss
angle ai the end of PML [7].

Table | PML Pammeters

PML PML Reglon b
Parameter | 1 | 2 | 3 | 4| 5167 i
i 5 [s [ V][] s |5 | solies

3. The time-domain finite-element hﬂh-_
propagation formulation

expresses as a product of the slow va in;
high-frequency camier wave as

v o) m gy o r)e

Here o3, is the camer

According to the finite element meth;
domain is discretized into a finite numbep o

Galerkin's weak-form., we get the fi
AARELS Squation,

- B o ) S

at nodes. 0] is null vector. The finite-elemenl

i, | 1 5 | 518 5 E&J)‘\

-3 }m} - K] ﬂ[M]]{n'-iﬂl it
[ {35 (K]~ )| (10)
Mext, applying the Clank-Nicholson algorithi to render

the ODE in (%) info the form algebraic system of equation,
we obitain e equation for caloulating in each tine step as

[ALi#],. =[BLi#, {th
(aL =2 ] | ]+ v “3
(B =-2A[w] -a-on(K] -S| 3)

Here Ar is the time step size. The mteger [
denotes the time step index, & is imroduced 1o control the
biliey of I‘ue methiod, The value of & was appropriately

3\ Ih.!mng!ﬂfﬂ‘ivﬂﬁljl
! 3‘] is an explich time-domin formulation,
iy Ium: that governs e size of e siep
f_space discretization by the Courant-
ndition (CFL) [9] The time step size
2 following condition 1o obtain the

.n
[

length of the edge of elenent

(143

element

i 5 subeivided o a finire
¢k|nﬂ|ta.ashmm m fignre 2.
be inferpolated by nsing
lv.é}, for (i=1.2...n) and woknown

) (15}

aiven by
[_pratvetn’]

pe function NJ(y.z) for
ms terms  of  barveentnic

3, & [
Sl Y
__'#:, 2 |\ ®p
(M= £ f [5nat¥)(¥]
Here | W} is shape finction
transpose  and ‘F‘ ulh:exlmdmgmuﬂdﬂmm
element in the finite-element method. W A

" i16)
w(r.2)

where the w}(v.z)is o barycentric coordmate for
n-gon called a weighy finction for node j [11]. The weighe

mﬂﬂmm@ ‘W‘E‘m FEIT
QIWQ ASAIIAIAULIRG
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wWirs)= A <L J+l) a7 : Table 2 Number of nodal pomts and elements
R : Discretization Nodal | Etements
Here Ai -1 j.j+1) is area of wiangle for which : : pauirs
. - All riangular mesh (F 4a) 4586 8512
vertices located ar nodes j =1 f. j+1. A(p. /=1 j) is aren Al ool ]muht:FmW} T083 077
of mangle for which vertices located ar nodes p, j =17,
and A{p. j. f+1) 15 area of miangle for which vertices 118
located at nodes p, /. f+1. e
To calculnte matrix [K] and in each n-gon
rhmrnllh:mmmhmn!m!:mmﬂyﬁm—mds OODD@OOD 00
the n-gon element with the Wachspress shape finction. we D DODDDDD
proposed the integration technique by using Simpson‘s mle, al| — -
u:ﬂ:ehmelmhmmﬁmb:_ﬁn,.}.thn-mdm @) olleNoReoNoRe:
is subdivided into v sub-riangular aren. According 1o
Stuxpson’s mle, the integration can be calculates as ;OOOOODDGOG
n=1 n=34
Tacai

[URTES WITEAY ()

where f(v.zjand A are  a sompling valie @
centroid and the area of the ™ sub-triangle, respecti

" F' e 3 A stright photonic crysinl waveguads

5. Numerical example and dlwm

rrm 0443 20 a [4]
The input signal at initial tuse
Gawssian profiles in boh the amsvers
longinedingl  { z -axis)  directions
waveguide as

mpemwl:.f mmmﬂrmmmq
wave is A =1.5 g The initial TE pulse mtlﬂﬂl*‘“?'

band gap. In order to satisfy
choose time step size, Af =10

In the straight photonic: g 3 g siraig tomic crystal
3), the 2D stracnie is discretized ko i menb-ol e electric feld pater
mesh is all rangular elements as in fig upiied all m
the second mesh is all polygonal { eiememulhuwn TD-FE-BPM using all

inn figure 4b, pﬂlygoml:lmmmﬁmib:sgmd.
The munber of nodal points and Figure 7 shows the mansverse field distributions

after
discretization into 2 meshes are compared in I formpomm: mﬁmdmmeot‘sa from the

NENUUIE
g NN mum'm 188
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*"() Elociric ficid patiem st = 0 " (b} Elcctric Geld paiem st £ =10 fs.
Fignare 5 The fatial pulse an ¢ = 0 f5. (a) and the pulse propagaton ot += 10 fs. with using tnangular ebements mesh (b)

W, I;'.l' g

{a) Electnc field pattesuiat 1 = 0 fs. ) AN b ﬁelﬁu t =10,
Figure & The initial palse at ¢ = 0 5. (a) and the pulse it tth msing polygonal elements mesh (k)

Figure 7 Field distributions for TE pulse \
i Hikari, “Time-domain beam
. vol. 18, pp. 102-110, Jag,
step by using TD-FE-BPM with po
than by using triangular elements ab “Time-domin  beam

6. Conclusion N ’ cimal, vol 22, pp. 684-690, Feb. 2004,
presented i this paper. The oumber of nods
domnin discretization (FEM scheme) con be
validate the proposed method. numerical results
for analvzing the pulse propagaion in
waveguide and are compared widl

using triangolar elements. W : T e ireless
BPM with using the prop [hoch e TN cxmpan.
mml in the comp 50| -
rnducgmnl':;?uﬂdmthmk b 1 3 Wi lett.. vol. 17. pp.1426 -1428,
successively in time. The application of the proposed TD e bl)
FE-BPM in various examples such as PC bend and (9] A. Taftove, Comgutation : The Fmite
directional coupler will be next investigated. Difference Time Domain Method. Artech House, 1995,
w £ [10] M. Mever, barycentric coordinates on
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Abstract-In this paper, Time-Domain Finite-Element Beam
Fropagation Method (TD-FE-BPM) wsing polvgonal elements is
presented for the analysis of 2D photonle erystal waveguides in
order to reduce the wnkoown fn systemn equations. The
performance of the proposed method is compared with the T
FE-BFM using all the wlangular elements, The computation
vesults of the pulie propagation along stralght photonle crysial
wavegnide demonstrate the improvement in computation tine h,‘)
waing the propoved method,

Index Termi- ijndmfnmw :iam mu!}nﬂf’
anethod; Polygonal ffnite eleavent; Photonic coval oircaits

L INTRODUCTION 3
(BPM) liag been

The beam propagation method
considered as one of the most widely aised amethed far the
simmlation of the light wave pmp:'%m m?mmm plotonic
devices [11.[2] and there are so y ﬁﬂ'squ of BPM-[3]
proposed in the last two decades. However, nipst of ihe BEM
can treat only forward wave propagaten. Hence, #t is diffiendt
to take into acconnt backward reflecting waves,

The finite difference tune domaim mﬂlmd is fhe one
method hat is powerful for analyzing nyﬁ:nl wavegnides. The
FDTD-BPM has been proposed to improve the efficiency of
ihe FDTD in amalyzing optical wavepuides[2] Although
FDTD-BPM programming is siniple. but it still suffers from
the limitation of the finite difference method in D;éhilqg ciirved
bBoundary,

The BPM based on the finite element methoid (TD-FE-
BPM) is the one of powerfil numerical methods [3}-[5]. For
analyzing the opiical waveguides which are photouic crystal
circuits. the TD-FE-BEM is thé mmlﬂ-.- ‘method becatise-it can—
effectively discretize the domain o standard u‘:‘mg'uhr
element. Recently. the TD-FE-BPA nsing quadratic triangular
elements for analyzing photonic Erystal wavegnides i time
domain have been proposed [4], E'i] The disadvantage of this
technique is the use of enormous numbers of triangular
element and nodal point in the stmenire of photonic crystal.
Thus, the size of lnear svstem of equaniéns s too large for
computing successively each time step,

This paper has ancaun lo propose the new niunerical
treatment i order fo reduce the compitaion tunem TD-FE-
BPM by reducing the size of the system equation thm
depended on the number of nodal pomt. We propose the useof
ihe convelpolygondl elemenis-in the finite element scheme,

1-4244-0749-4/07/520.00 (1 2007 IEEE

The imerpolation functions for the polygonal element are
Wachspress shape function [6] which is higher-order function.
Thl;.ﬁu:ar mangnlar element is a subset of polvgonal element
wihich l‘kni. 3 nodes. A large number of miangular elements can
bz rrpht'{d by one polvgonal element. Thus, the number of
clemenis”can be reduced. The paper is organized into 3
sections: The statement of the photonic crystal waveguide
probilems in 2D is described in Section I Then the
formulation of lme domain finite element beam propagation
method is described in Section 1L The inrerpolation on
polvgonal element by using Wachspress shape finction is
described i Section IV. The validanon of the proposed
methed 15 demonstrated in o numerical example as described
in Section V.

9

11, THEEQUATIONS OF 2D PHOTONIC CRYSTAL WAVEGUIDES

We consider a 20 photonic crystal carcuit as shown in

~F|jun.- I (an example of PC bend). sumounded by PML

Jg:-gwm 18 with tickness (d, =1,2.3,4) where the ransverse

~and mmn directions are assumed to be v oand :
vespectively. Assume that there is no variation in the x
dumpnmn. With these assumptions and the anisotropic PML
. kan be desired from the Maxwell’s equation m linear
medinm and can be expressed as. the goveming

squiations for TE and TM waves.

— LI

TRy = 1 T,

U< U CEEEEEEE
Iagcoccco

| } ooo

Ao ool
@S gco oo
P00 CcCO 00
18] mel H 8]ld,
q )

Figwre 1 Photonse erystal waveguide surronnded by perfectly
matcled layer (PML) regions | o 8

r o3 M] s Mﬁ 540 &0 i

LT =l 1
E1[PJ v | ?:'.Pg E dd & o
S=E . p=lg=n (2)
b=H  p=1lw.q=1 (3)
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Here E, and H, are the x components of the electric and
magnetic fields. ¢ is the speed of light in vacumumn n is the
refractive index distribution asd ¢ is the tme.

To reduce the order of nme dervative, we use Padé

recurrence relation [8], which gives the following ordinary
differential equation (ODE) in time domain as

TS T JAGKIMGICY, MSs, Rk Yo olzot It (TWbLS 1) -2y AL (k) a1 = o) @)
Here we assume parabolic profiles of complex value s in oy c
Table 1 as ) (3] 155 1) o) | (10)
i=ls ,lﬁ] - 0 Next. applying the Clank-Nicholson algorithn to render
d, the ODE in (9) into the form algebraic system of equation, we
where o is the distance inside the PML region from the  obtain the equation for calculating in each time step as
beginning of PML and & comesponds to loss angle at the end [AL e}, =[B] {#), {1
of PML[7]. )
Ial--:.:%[ﬂl-ﬂﬁr[[ﬂl-é”?—[nl] (12)
Talble | PML Paranseters
PML PML Region —al coalpot .=
Parameter | 1 | 2 | 3 | 4] 5 | 6 | 7 ' [B] =-2/H[™t] - W‘-’fixl [”1] (13)
5, 5|5 |0 HENES™S ] mndmuutsbepmmnmgﬂ.fdummme
i/, ex. 6 is introduced 1o control the stability of the

s, 1 1 5 5|5 { ﬂ”‘\‘

M. THE TIME-DOMADN FINITE ;
Assume that the time-varving ‘_..
as a product of the slow varying mp d a1
frequency camier wive is
Dy, 2 0= @ s rhexpl fe,

formulating the finite element form

Gatlerkin's weak-formy. we get the fi

equation.
a

S B0l

where {¢] is vector confaining

nodes. {0} is null vector. The finite-element mai

afion by the Courant-Friedrich-Levy condition
in su-psm a.!shmﬂdsam&duﬁulluwmg

pain is subdivided into a fuite muuber of
went as shown in Figure 2. The field ina
be interpolated by using  shape
(F=1L2. .0 and unknown parameters

(15)

[ae]= S [t
Here | N| is shape function vector, Tdameaammpm
and E is sumation over all different elefedls in theTite-

elmaul miesh.

& shape function N'(y.z) for node
ican be expressed in of barveentric coordinmes called
weight fimction as [6],[10].[11]

wiy.z)

NULMEUITR -

ﬂW’]@ﬁ NIENNINGIRE
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where the w!(y.z)is a barycentric coordinate for n-gen  respectively.The number of nodal pownts and elements after
Mﬁda“*iﬂllﬁm“m‘btmdﬂj[llll'hewdghnmﬁm discretization into 3 meshes are compared in Table 2.

at pomt p(v.z) m n-gom can be calculated from three Table 2 Number of nodal points and elenwents
triangular areas as follows. Discretization Nodal | o et
wip sl p S+ D (a7 ‘All triangular mesh (Figure 3a) 4386 BS12
T Alp =10 g+ 1) Mixed polygonal mesh (Figure 3b) 4190 6224
Here A(j-1j. j+1} is area of triangle for which vertices | All polygonali£-gon) mesh (Figare 3¢) 3953 4077
located at nodes -1 j. f+1. A(p. -1, j) is area of wiangle -+
for which vertices located of npodesp. -1, amd =
; ; 3 : =0
Alp. j. j+1) is area of wiangle for which vertices located ar 0000@'0%0000
wodes p f. f+1. 00 eloNoRoNoNoNc,
To caleulate mamix [K] and [M] in esch n-gon A= 2_logns pulte i
element, the numerical integration st be performed. For the noo egQgpoocooe
w-gon element with the Wachspress shape function we COC00000QROO
proposed the integration tectmique by sing et b
Let the kemel fn the integration be fiv.z), the
subdivided into m sub-mangular area. Accordi A straight photonic crystal wavemnide

rule, the integration can be calculates as

firo. :me::é;m.:,y
where fiv,.z)and A are acsamplin

ceniroid and the area of the i* sub ....- Y
V. NUMERICAL EXAMF y ut.‘fi'.v N
I order to show the validity of the proposed et
carmied out a mwmerical example of oty :
waveguide which the structure is comprised
(=34 ) located in air on a square ane
a =058 gm . This photouic crystal
(PBG) for TE modes in the
@=030x2rc/a o w=043x2rc/a s
The input signal at initinl time step i
profiles in both the transverse ( v -axis) and
axis) directions propagating in a waveguide
ot =0)= #w[ [Lﬁ] [—‘]]M@I-m.

Here fis the propagation ©
the center position of the nput i
the v-axis and z-axis spot size. |
of the high frequency carmier waw
TE pulse in (19) will be confined
given wavelength is m the band photonic erystal waveguide. The
stability CFL condition, we choose stepmm-m& agrmmorﬂmele: field partem results computed by the

In the swaight photonic crvstal waveguide (Figure 33, the  TD-FE-BPM that using 3 meshes in Figure da-4c is good.
"Dmmuduunmdm!mﬂlmTﬂﬂhmmu Figmeﬁmx'slhetrmuseﬁ:lddxmmmrm

R
‘.\.\‘\.td ,,y

mnngmuelmms,me f 6a from the waveguide
e
{mixed polygonal & & vgonal elements. All the

polygonal (4-gon) dmm asshawummmh 4bmd4t mummmmmmmwomm]m

wamn'mum’m el 1N E
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"(¢) Electric field pattern at ¢ = 10 fa.
Figure 5 [u;l'rhcmﬂpﬂnu r-ﬂﬁ.

Lie, ~Timne-thonasan wave propagation m optsal
Mhatow. Technol. Lett. vol. 6, pp. 1001-1003, Ang.

The average execution time of TE piillse edch time st Obayya, “Efficient finite-element-based time-donmin beam
1 i 1 3 i § O W 1 v
using TD-FE-BPM with mixed polygon: d ) WMSWM JEEE Journal of

{A4-gon) elements is less than by usi
about 18% and 27% respectively doe fo
limear system.

\ g MMHMWMW
lication to phetonic erystal cireuin™, J Lighnvave
: Im—llmhm
Mm“fmvdmhmw
propagation analysis and ity application to photomic
JWTM vol. 12, pp. 684-600, Feb, 2004,

i this paper. The munber of nodal por | umnar and E.A. Malbsch, “Recent advances in the construction of

dm:rﬂmnm&ﬂ:[sdnu}mh < i athon Iianpp.tIﬁ-iﬂ%ﬁ
Ml PRior JrOpSgion A5 pie q-sul.ﬁ simulations”, JEEE
compared with the TD mumlszusa.m.m:L

elements. We observed that the™]
proposed  method has  the
mu:g:ulllimtimoi‘thcmm ' e photon; ;
A Taflove, Congul The Fr Difference
%“w The  redcticr rmm is 0 mmmmﬂmﬁm .
mmﬂmmmmmw [lﬂMM&Wmmwm

e e R
QIW']N\? NIEUAN1INIETINE

; u propagation using padé approximant
ol 117, mldzﬁ 1428, D, 1992,
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