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Finite Difference Beam Propagation Method(FD-BPM) &_& 4t
BLfet pk TR E % cFD-BPM - Bj 2 B
oA T M > VIESEIR G eds Bk AR - 88 - LA
M e (i F KT A BRI FDBPM k= A Gldok bk F
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Adiabatic coupler * # % Null coupler » £ % &%fjﬁ{% T
- 4w ™ Null coupler # x5 48 & <3 %% # - Null coupler 7
T E - Bt e A& critical power-transfer length » #7114t 42
mode interference couplem® A & ik & it 7 $-] cfp ik fE o K JE_
mode interference coupler éh— iEseikis » & = I fp — £k 4K - 4p
W TR R L s R BE R L E UM E BERR
AEene s > FRI4MEF A € 2 00 Null coupler #rif i — 7 iv*
ki o L KB EREM o ¥ - 26 > Null coupler Fl15 & 4

£ Adiabatic mode transformation =% i+ » 11 #F 4. extra radiation

loss frunwanted mode excitation’ ~ i & & & +* mode interference

coupler X {# £ o

Null coupler e7k3+3 = @ £ 8 : (1) coupled-waveguide

asymmetry (2) coupler taper shape ° #]* Null coupler ¥ @i
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DG F AR Bkt B o Null coupler #-53 158 /2% F (



iEip e cnie B 79— WEE L taper ) c0H 0k 505 3% - 420 taper
coupler » & ** 3 iFkGenA TR FEE LG G E TG H L
% € 7 beam splitter s iy o %j¥~ #% V-number §i ~ ik & »
T] coupler waist % = fundamental mode (even lowest order
mode) » #X 14 iU — fE kg 3 ;5 kK T — % V-number #i-] sk ke
~ coupler waist % = second mode (odd lowest order mode) -
Risjle - gk I3 o £ & coupler waist B4§iX 3 3 4 = eniv

AT R T ek EAE 5 mode splitting o A%k p 3% taper
transition 33k & |+ 5 o

Taper waist ¥ # F & % oA % » 5% % cladding mode °
Fundamental mode 3k :&°> taper waist ¥ 4] * %4 couple ¥/
second mode > * 2 7= X o Taper waist {£* % ¥ i H 8§ taper
%21555&”7‘ © EH T oowaist B I um PF o B AR SV U

T 8y MHz -

& Null coupler F 4% i&4:2 i f & #f ch piezoelectric
transducer * &g 100MHz % B cnd-dk > %4 € & coupler waist
B S Bk BP0 M - ek T s 0 - o
kg wE A mER G v RY AWM %5t §F 7 add-drop

filter ~ frequency shifter & optical switch °



T 4 BR¥ oo transducer 2 2 #k > € & coupler waist i = i
P adritFEd o 5 - R gk iEk e ~ o F taper waist
srfirst ( B,) and second ( B,) lowest-order spatial modes #-
& W ehbeatlength (Lo) #ERRE (A) TRF REFLEE
FhoomiF - iERBENL BB d L kA §488 ot AR S
fjh{v:%?é‘i #& 4 & ° coupler - transducer 25 = 7
electrically-tunable filter > - vi%‘a&‘«mﬁﬂ pass—band 3t

5.0 ¥ - v+7’°‘a§‘«mﬁi%1 &_notch #=u gL o

A=l = 2F 27 (L1
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Mk BT A §E 8 I nanometer 0 R ERE D kA~ KR

(<0.1dB) ~ SHH H ~ 2 FEeHLF 2@ - 5 o S 5] (~]
mW) o

AR RO RS o MO R (CIMHZ AR 0 B
#7 - (~100 MHZz)#E 3% % - & %l narrowband n filter » # g #g F
IR R e g X RAhA 2 g B L F e B4l ¥ zine
oxide (Zn0)4r barium sodium niobate (BSN) &g & % iF % 4 e
transducer -

¥ ¢b— #$* Null coupler 7 0ADM &_# coupler waist * UV

k3r— B tilted grating o % &~ % V-number #x £ ek & 2 338 ~



F] coupler waist > f+ & grating 7 Bragg wavelength &k 4 #-
fif 3t - J4 fundamental mode (even lowest order mode) i 3% |

second mode (odd lowest order mode) ° ¥ %fféd V-number i -] e
kg zpM 3 > B & ki - 1% V-number $&~ sk g 25 )
4> i‘%{%“ BB Drop e e o IR SBj¥ -~ % V-number -] sk
B+ =8~ 3] coupler waist 0 # & grating 1 Bragg wavelength

ek 4 WAL &4 > d second mode (odd lowest order mode)d# 4%
3] fundamental mode (even lowest order mode) » ¥ #+{é d V-number
ok kgL s a3 s H @ BB R — 15 V-number i) 0k G

=3 o J’If‘u"ﬂ—dtiﬁ“ﬁﬁﬂAdd 697 3¢ ° Grating s tilt & & RIA-2
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2. FUAA R BIRE L WGy
2.1. Scalar Paraxial BPM [i4]

BPM &+ B - f8% kT EAF Lk 2 25t e i@ = 2 o 4ok ¥
¥ 6483 B4k lelnhotlz Equation B & :

o' ¢ ¢ 2
8X2+ay2+azz+k(x,y,z) $=0 (2.1)

HP k(xy,2)=k,-n(xVY,2)
2.7
=
n(x,y,z) » 3T8F 5 & 1 e
- Bk ERAEAT 0 B R ST R A RIFR T
< > ¥ g ¢ B = Slow Varying Field -u ¥ 4p 38 gk ff -
p(x.y,2) =u(x,y,2)-e™" (2.2)
H¥Y k=k,-0
K- BHd » ki 7@ Eggentiofp g
nE_ %% 376 F (reference refractive index) o
#-(2.2) % » Helmhotlz Equation ¥ 3] :
@+21-E-a—“+@+@+(k2-|22)-u:o (2.3)
oz’ oz ox*  oy® )
(2.3)5%7 % - AP % Z 38 K 49/ » ¥ L Lk E%%Slow

Varying Envelope Approximation ’ #i&42Z+ *" i Paraxial

Approximation °



u_du dk
oz o’ oyt

PR FcampRT AAGBPN G AN B ;ﬁév&éﬁqﬁ])\ﬁ%

2j-k +(k?=k?)-u (2.4)
u(x,y,z=0) » ¥ AT a5 B9 2>0FFaug v o otk iidF e
Z_Slow Varying Field um mijp¥F zahsd 0k » Febpl )3 - =
AT UE I REAANA G BT AR R - e
A7 45 B R 48 0 i+ 4_BPM vt E ¥ #c® f# Helmhotlz Equation »x 3 &
SN, B iR Fle e Eipthenf it ¥ 2 25 W e Slow Varying
Envelope Approximation *3+4]7 F it 3 g1l R/ F z §h> v B FE
e F R A g B RERE D SA IR Y EEM L T ik
Bl enfze 2 s ¥ it = i * Wide-angle BPMf-Bi-directional

BPM % i3 & o

2.2. Simple BPM (5]
drdk R d o (- A e ) R 0 slab waveguide et it
F &0 % n(x,z) 0 §1* Paraxial Approximation @ ¥ J4:#-Helmholtz
Equation # it 5 Paraxial Wave Equation :
ou

2j -k IO ¥ ’] (2.5)
IE 0~n05_¥+ o [N (x,2)—n," |-u .

f1* Crank-Nicholson method #-ifficsa = #2355 12 £ & 3538 & o1 ¢



] u'n-¢-1_u_n n+1 2 U n+1 2 U +U ) ) u_r1+1_+_u_
2i.k..n — i Uity Uiy + |+1 i-1 4k ,n2 X,z —nsl-=
J 0 0 A7 ZAX ZAX 0 [ (I n+1/2) 0] 2
(2.6)
(2.6):87 & = — # tridiagonal #E* = f2 ;¢ :
—a-u™+b-uM—a-utt=a-u’, +c-u'+a-u’, (2.7)
H g Az
’ 2 AX?
Az Az .
b=F—7-k§-(nf(z+Az)—n§)+2-J-ko-n0
Az Az .
c=—m+7-k§-(nf(z)—n§)+2.j.k0~n0

BEE o A A - 3 Wt E R I v EE R
BLi=1qri=NehiE » & 50 B ek 08 o ok R 152 4 3
:L%-g ER A §ﬁk;§ 4 A g ek o ek B &Ti%m\%jk%ﬁﬂfﬁ
B 087233 7 FIRERER A 2E - B %0k g if
Brbooazb B s f Fac g A e T LB AR T LR D R S
e E A RSk SR F S DA ) AR AR TR o - B
MR R e B iE 2 e g Transparent Boundary Condition
(TBC) » A+ + ZBEXF LB R iTeni 5 ALt B3t 5 b o
T T Gk B F g i T BR DS dRiT e JREEM B ks w2 S
T ety o - k> TBC ¥ 1254 3 »xen ¥ radiation wave

fod s

T

BoRasly TBCH LEFERERE 4 L7 412

R St SRV B R TR DA S SRR )



*2¥ 4 * Alternating direction implicit method (ADI)#% &

= BmER .

2.3. Full-Vectorial BPM (1]

Beam Propagation Method ¥ & # #4* ko st L E A £ T
SRR G RO St SR R 1054 R ESE R o S
(scalar wave equation) » R M e B F AL T 05 7 o £ WL F #
ek &k 2 4E & transverse dimensions A7 &t 3 8 it | 2 52 1R
Wit @ESARLR  Raw TR LEFET L gREFLLE
Wi A b S R AR R R DR (B E A )
il R REL R RPETREA LT E A~ 2D
AL e

R e RS e BT LY A eSS RN kAT
transverse electric and magnetic fields<4]* Finite Difference
Method 3 *RAL & 2 #em e g & > 4258 § T4~ 4~ E A 4% initial
value problem 4 %] k f% o

d Maxwell s equations %
VxE =-jou,H
VxH = jog,n’E

V-(n*E)=0



V.H=0 (2.8)
B P on=n(xyz) A FdTE S > F g it B ehd dTs Bt
VxVxE-n’k’E =0 (2.9)
VxVx=V(V)-V?

B A RPAE3 A F P o vector Helmholtz equation % = :
V2E +n%k?E = V(V - E) (2.10)

#e K =/,

n2=gr_j

e,
B3k ik 2 perfectly insulatingCo=0)-and z invariant media

8n » . r /2 Ve A% ~ /2 Z,
8——>0) » transverse electrierfreld/ E, sics > 4258 (H, ik
Z

A ANy TR ES)

oE

VZEt+n2k2Et:Vt(Vt-Et+a—zz) (2.11)
d V.(n*E)=0 ¥ @

Vt-(nZEt)+ag—zzEz+n266EZZ =0 (2.12)
¥ & Z—:—>O

aaEZZ z—n—lzvt-(ant) (2.13)
o (2115847

VZE, +n’k’E, = -V (V,Inn’-E,) (2.14)
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E =E -e '™ & x(2.14)5
51 * slowly varying envelope approximation 1.e.

0°E,

2

,

<< 2n,k
0z

0z

¥ 18 3|7 H-eh Paraxial vector wave equation

OE,

oz =Axx Ex+Axy Ey

oE

azy =A,-E +A,-E, (2.15)

2

A E = J_ {i[iﬁ(nz - EX)}%- E +(n?-n2)-k?- EX}

-] 0? o kb
IA\yy'Ey:2 n .k'{7'Ey a[n—za(nz‘Ey) +(n2_ng)'k2'Ey
0
_- i g 2
Axy.Eyz ] i iz~£-(n2~Ey) - 0 -Ey
2-n,-k |ox | n® oy | oOxoy
i B 7 2
Ayx.Exz ] i iz-g(nz-Ex) - 0 -E,
2-n,-k oy [n° Ox | oyox

A w g B transverse electric field 4 & 2 k& 4p
oM 3AngEeh o F ARG transverse * b et Ef S L (X
%%’@iﬁ?%%ﬁéiﬁo
Mtk (l.e. A 2A,) v & (i.e. A %A, ) » BHE ~E,

EX Yy P3RS G a2 g Moo
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e 32w i Pl H-eh Paraxial vector wave equation

H
aax =B, -H,+B, -H,

Z
oH

azy =B, -H,+B, H, (2.16)
o s @y + 5

°H, , 6,1 oH
R bl Gt
n® oy

X)}+(n2—n§)-k2-Hx}

+n2 _i(iaHy
oX n?  ox

)}+(n2—n§)-k2-Hy}

BORNTHA RS TR F 7 2w B e F

P(z)=%J.(I§t*><HAt+I§th:It*)~2-da (2.17)

2.4. Semi-Vectorial BPM (2]
HodBHEa T A BRIECRTBERT
A, =A,=0
B, =B, =0 (semi-vectorial approximation)
(2.18)

¥ 4w H p At 2 TE 4o TM wave hx, y 4 &

12



“=A,-E, x polarized transverse E field (TM)

0z

oE, . .

S =ACE Y polarized transverse E field (TE)
oH . .

azx =B,-H, x polarized transverse H field (TE)

Y =B, -H, vy polarized transverse H field (TM)
(2.19)
H- Bz BB EEF €t ATk BB
hybrid é2 £255% « Xa 3 B HEC 2 BB Ed ¥ 1335 0 2 § 3
o B o s BB ERRT Y RAL B B LG
TRIZEH & g A A E 2R 8350 semi-vectorial approximation

FOUKT e Rt a2 dB 8 0 AL e 1 R RE T i 0 o

2.h. Finite Difference Scheme (2]

FD-BPM e ;2 §_ A3+ & %3 p 1% finite difference method

B> R AHERE L BT EHRALFEEFT RS
Hragana) 5
TmE+1n E (m+1 n) [2 Rm+1n mln] E (m n)+Tm -1n Ex(m_lyn)
A E ———J . (Ax)?
0 20n, 0k E (mn+1)-2-E (mn)+E (mn-1)

+[n2(m,n,l)—n§]-k2 -E,(m,n)

(Ay)?

13



TE

2-n’(m=1n,l)

-E,(mn+)+[2-R

E

m,n+1

—Rpa]-E (mn)+T

E
m,n-1

-E,(m,n-1)

™ n2(m+1,n,1) +n?(m,n,l)
RrEil,n :TmEil,n -1

TmE,n+1
A -E =3

Ho

E
m,n+l

T

RE

m,n+l

S 2-n0-k' E,(m+1,n)-2-E (mn)+E, (m-1n)
+

(Ax)*

2-n’(m,n+11)

(Ax)*

n*(mn=+11)+n*(m,n,I)

= TmE,nirl -1

n(msLn+11)-

|

n(m+Ln+1l)

n*(m+1n,1)

| n*(m+1n,l)
_nZUn—Ln+1J)_
| n*(m-1n,l)
n’(m-Ln-11)
| n*(m-1n,l)

|

n*(m,n+11)

| n*(m,n+11)
_nZUn—Ln+1J)_
| n*(m,n-11)
n’(m-Ln-11)
| n*(m,n-11)

14

o 2 vl |
VLD | e (mesn-1)

. S
nmebn=L) 3l e metn-1)

q-Eﬂm+Ln+D

11-E,(m-1Ln+1)

1|-E,(m-1n-1)

q-Egm+Ln+D

1[-E,(m-1,n+1)

1|-E,(m-1,n-1)

4—%2(m,nJ)—rﬁ]-k2-Ey(m,n)




H,(m+1n)-2-H,(mn)+H, (m-1n)

(Ax)®
B H — J TmHn+1 : Hx(m1 n +1) - [TmHn+1 +TmHn—1]' Hz(m1 n) +TmHn—1 ’ Hx(m’ n _1)
. — L4 ! ! ! :
XX X 2.n0.k (Ay)Z
—[nz(m,n,l)—ng]-kz-Hx(m,n)
He
T 2-n*(m,n,1)
™ n2m,n+1 1) +n%(m,n,1)
H,(mn+1)-2-H (mn)+H, (mn-1)
(Ay)*
o n i T H M) [T T [ H )+ T H (L)
Yo 2.0, -k (A%)?
—[nz(m,n,l)—nj]-kz-Hy(m,n)
He
. 2-n*(m,n,1)
" 2 mLn, ) +n?(m,n,1)
2
- b 4y meana)
n“(mn+11)
_ , _
— _?(m—’n’l) .Hy(m+1’n_1)
—j n“(mn-11)
BXV.Hy:S'” k- AX-AY i n’(m,n,l) :
° 15— H (m-1n+1)
. n(mn+11) |
) .
T LU UL T B
| n“(mn-11) |
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2.6. ADI method (13

(2.15)58 % ey

g
oz|E,

X } {Axx Axy }
A, A,
_ A +A,
D B,

9_
OX

ay2

n’(m+1,n,1)

__n*(mnl) |
n*(m-1n,l)

__nmnl)
n*(m+1n,l1)

nZ(m,n,1) |

P——ﬂszﬂli-me+Ln+n
‘H,(m-1n+1)
-H,(m+1n-1)

“H,(m-1n-1)

——( ’ E)}_ (N —n?)-k? . E }

2
.{a—-aﬁg.mz_n@.szx}
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1

2

1

0 , 2 |
.—.(n°-E —
¢ X)_

oxoy

OYyOX

62

82

“
.

1 * Crank-Nicholson Scheme #-(2.21) 3" &4 it

E

X

E

y

1

=

Az

"
|

AZ

@"_

2

AX
0

A C
0 B

4
s

1

D213

E
E

i

C
B

A

<

X

y

Jatt
aE

A,
D

AZ
2

AZ

A

y

A, C
0 B

M
i

0
B

E

X

E

y

J

2

FV-BPM

t(accuracy) > T2 15 ig &l 2 Az P R

derivative)s s &

\

|

D
A
0

bd

RS-

LAHF 2 T

[ A,
0
A

' D

~<

o
G

J

0

I

1 * 4o or - 78 2 A I st > F5lo ADI method 7 2

[1

i)

1+—

1
2

d

Az[ A C_'_EAy 0
2/0 B, | 2|D B
(2.22)
w5l

+_
2

gl

A C
0 B

{iS

(2.23)

¥ A T (stability)frim

REGFRE RS ¥ 4R T

£ 5 fic(mixed

'ﬁim"’}‘z\ °o

A O

D B

ol R R AR R £ 2 B e £ i

Alternating direction implicit (ADI) method & - #&2L3% % &=

NEY
=

s KRS Rehip A B RSN
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B G g e (2.23)58 B4 Crank-Nicholson Scheme §= ADI
method o Crank-Nicholson Scheme ##x3¥|= = » ADI method # 4r »
g e TF g H Bt s rrr b3V BT =t 0 @ P opure

implicit form £ #ci #& =44 o

2.7. Initial condition r[10]
Fundamental HE, mode
a. Core region ( 0<r<a )

E, :—jAﬂ~%~[T-J (—r) cosy/—lT J (—r) cos(26?+x//)}

= JAS- {T J (—r) smy/+1T 3 (—r) sm(29+y/)}

E, :A-Jl(gr)-cos(eﬂ//) (2.24)

b. Cladding region ( r>a )

_ap a(u) () |1-s w 1+s W

E, =—-JAS K (w){ -K ( r)-cosy + 5 K ( r)- cos(29+w)}
E, = jAﬂ-Vji ((‘\‘Ia){— K (—r) smt,//—lT K (—r) sm(20+:,//)}
E,=A iEU)) Kl(gr)-COS(19+l//) (2.25)

®s=-1 and assume ,/,:%
a. Core region ( 0<r<a )
E =—jAs-2.3,(4r)-cosy =0
u a

= iag-2. 0,y sing = jag-2. 3, (2.26)
u a u a

18



b. Cladding region ( r>a )

__iag. AW W s —
E, =—-JAS WK, (W) KO(ar) cosy =0
E, = JAB- A, e Wy sing - iAp-= IO (2.27)
WK, (W) a 1(W) a

2 u=ak?n?-p?
wW=a ﬂ 2 2

vi=u?+w? =k*(n? -n2)a’

Marcuse *+ 1976 £ #& 417 — B3 * eniginiE X REFHF Eu -

U=Vy/1-b = 2.4048.e 089/ (2.28)
Oy —ni

HeY p=_K
n; —n;

Aoy E LR Fu o F v=09~108F 2 H G EugnEL 3 0.75% > F

V=09~24048PF » B F EuaTEL 3 0. 5% o

2.8. Transparent Boundary Condition (3]

Helmholtz equation ®F +t ¥ 2 & ba- BEZDpd 7 F > 4o
FAFREVT - B LB RBPAREZ THREE R RE
G4l A VAL S ARt LA k@
i# FD-BPM - % £ & JATe LEH G § i R i 2

kL RERER YRR R MG AL F o BT
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it pd 7 @3 cross section Laplacian = =t # S fic i if f 2
§%%mm’@m¢mﬂiapﬁ?% - kmeE

L aEE oLt R élim“*’lﬂj*g W R e

Bt o B R ER - Mg oz B oi% # (absorbing boundary
condition, ABC) » #3* % %3 ¢t (computational window)*r * — A
AR R e ek e B g AR B Aok Rt B o
FERBERE S A oo W ABC T B 15 2 BPM kK B4
&R H e el B £ % FF S #ic(problem dependent) o
B sz ik #e(maximum absorption coefficient) ~ w ik & &
(thickness of the region) » ¥ jcén#c(functional shape)f 7 =
o PP ez g s g IR R e O P o

Hadley # 1992 & p&d% 417 — BELP % & % transparent
boundary condition, TBC > i & % & Crank-Nicholson % 4 /% J& *
B 2D e 3D R A ML R R Herig S T ot B BB
SRR AL B R E o I BT E R P A Bk Y
B L N Bpk & o St o ok BN SRR AL R 2 BE R  dok
A~ S P R 2 o
B A3 E step = n i B 0 Bic(wavenumber) k o

oE

&:_J‘.kx.E (2.29)
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g Mot
Ev .
_J . Eua
k*"Ax"KEﬁf;) (2.30)

# — B step thk, A7 R85 ho kP ek £ T g BLLE AL -

Fl 5 B A e o dod B Ben Bl FEK -
K if Re(k,)>0

k — X
*“Imk,) if Re(k,)<0 (2.31)
step = ntl @R BeniE Eh“;l;r};? v R R o
El\n/I+1 = El\r}r_ll 'eHzX'AX (2. 32>

BB B2 L5 Simple TBC » 18 % Hadley » & 11 { 3 % #ih
2 Full TBC > & E AR B0 20l ick, > AR 5 4F
R0 RT3 A gy * Simple-TBC © 4p % x> &2 ¥
Full TBC e % X FEH < %

Transparent boundary condition +* 4= ABC g2k a2t 5 + { 3
MeF D FER T R 2 F AR oAk E 4 A 2dc(problem
independent) o e #_TBC » &_3 *I4]h > &[4 @ wide-angle

propagation waves i FE ©

2.9. Perfectly Matched Layer Boundary Condition [4]
Berenger # 1994 & pF% 1) 7 - B A7auf B i 2 Perfectly

matched layer (PML) boundary conditions’ * # finite-difference

21



time domain (FDTD) method f% Maxwell s equations @ 2. {é+ 4% %

% FD-BPM f# Helmhotlz wave equation & B 48+ » ¥ 12 % < :c L
R il A E N (== gk v c
PML - & % 2 £ eniidlf > 8203 E %2 B > &PML 4 F R o -
4 e Helmhol tz wave equation

o* ot o' o n

ot ottt @ =0 (2.33)

& d anisotropic complex coordinate transformation ¥t/& ] PML

eiwave equation o

1 1 04
1- jo, lwe,n; x 1- jo, Lwe,ng iox
N - L (2.34)
1-jo,lwgn, oy 1- jo, | wgns oy
1 0 1 gy My

- wd=0
1-jo,lwe,n 02 '1- jo, lwegnipéz " ¢ ?

H

n, £_PML /i B erdq st > & 00 ig E T ERIT A B ehdT e o

o, o, o, ZPNL ¢ R HER F (anisotropic
conductivity) e

o,=0 (% z > % B3)

_ (P2
O-X O-max (5)
Oy = O (g)2 (2.35)

p AIGE w2 PML 4 Fendi 6 £ A2 enpedp
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S H_PML & enB R o

dopt o EBREGPHL AT A2 - B2F Rk o VU E T
FefifenE F pd Z AP Famibengt 2 F 8o TBC ¥+ & B i
## A 3 2> @ PML Bl $++ Jz wide spatial spectrum s &4 4p §
3 2z o F % P iE* PML boundary condition & Zf -] w1 R - HEE €
rFEl o ¢ 7 PML & $#cendc i@ it - p o PML boundary condition

& FD-BPM 15 2 ¥ 44524 o

2.10. Wide-Angle BPM (sif718]
A = 425% o Paraxials solution#3#] 3= FD-BPM 3 *T:k & i@ 4§/
P F i i ) R RPN @R F R 2 4 23 £ (phase

error) ° » 7 PRz B 4] > ¥ 04 * wide-angle FD-BPM k& % &

2
FElE o wide-angle 7 £ § 31 » LA gvk ehdt 7 b = icA :EZZ_S ;
e £ % %% - =& paraxial approximation e4F e o
2 _ 2 2 _

OV 25k ML 0UL 08 (k2 k2yu=0

0z oz ox° oy
FARLG A D = AR

(D*+2-i-k-D+P)-u=0 (2.36)

2 2 _
#¢ p=2 L% Lok
ox~ oy

D=i-(WP+k? k)

23



X i WP+k? —K)-u (2.37)

oz

(2.37);8 4~ 8 % 1% @40 2 4258 2§ $ * paraxial
approximation ® ¥ " i¢ * Taylor series expasion £ complex Pade
expansion > 2 E B - 4p ek B B =t > expansion via Pade

approximants =& fg i+ % ** Taylor series expasion °

<9u_i_Nm(P)_u

& D.(P) (2.38)

# N, {= D, FFE I P s IR N (myn) T 37 en=k #ikc o

Pade Order (m,n) | Nn D,
L 1
(1,0) ~
P P
(1, 1) 2_IZ 1+ 4|22
R 3P P’
2.2) Wl e e

Pade Order (1, 1)@ & 30 A p 2b% Hrr > FH 4prE - 4
tridiagonal matrix ; Pade Order (2,2) %A @34 & 55 g p 224 &
F£ o B8 - % pentadiagonal matrix ; Pade Order (3,3) & i@
A T0 R 22 By FH B - 5 heptdiagonal matrix e iT
e B R 0 R R S AT R R AET ALY T FEenA 3T o
B A AN

Dn-(u”“—u“)zi%.Nm.(un+l+un) (2.39)
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d n step ¥ £ ntl step

i-Az i-Az 0

(Dn_T.Nm)'u :(Dn+T'Nm)‘U (2. 40)
2125 5138 Wide-Angle 2 & 77 BPM +* #2
(1—%@) —(1+% P)-u (2.41)

F1* Multistep method ¥ 14 #-P g = 53538 D, N F|5% & f2

i-Az
o Pty N geap)arap)-@rap)
(D, Az ~ (l+a,P)1+a,P)---(1+a.P)
2 m
vy (@+aP) el
u o) -u (2.42)

% — | step FiE'LgR 4 _tridiagonal matrix - gt i F 0% 2
ﬁf‘»? B fié* L paraxial propagation ft* &0 transparent
boundary condition “vF & Z s EdE & E R N IS BT RET -
B step i B & o 4r%F 5 &L E_pentadiagonal matrix g

heptdiagonal matrix > i B i% i € 2 5 4F & o

2.11. Bidirectional BPM (9

Wide-angle BPM iv3¥it ¥ zdh* & R eniBdg > wh 7+ 2 3
907> B3 Gt B F S ATH IS B v 2 ghen B T TR S hig e B
Bf o A i JR 518 Bidirectional BPM @ & v @ 3% 0t ut(x,y,z) 22 3%

P BRI U (%Y, ) F T o AP R E ARG - R
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% 3% +&'L P(propagation matrix)f- 4 & #&*¢ T(interface matrix)

AR
{Egut}:M {EIE} M=P T ,,AP,-T, R (2 43)

[ERi = B S G R S I S s e }j} g aEL
P{%iﬂﬁ’%ﬂé@%ﬁ%wm%nﬁgﬁif&ﬁﬁm’%ﬁ
w B3F ek u(x,y,2)m % B E_time-reversed =7 BPM -
AN G FLi el e AT ge o
Incident field E;

Reflected field Ej= JI:.'JE;E

NN
2 [T,

Transmitted field Ej=—Y2 _—E: (transmitted side B)
[ees

(incident side A)

> +

I'_

H o (2.44)
o o2

LA :aX_Z—i-W-'_kOZnA(X’ y)2
0> o° 2 2

LB:aX—Z-FW'FkO nB(X,y)

L, ~ Ly : Pade-based transverse operators on the incident
side A and transmitted side B of an interface

S F LR A A G AL T a0
{EB}T{EA} (2.45)
Es Ex
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B PO ron P B
AB 2 1_\/E—1\/L—A 1+\/L—B_l\/L—A

B B e S w1 2 S SR SR S

Uy » BRI A E S U, =0
(1) = u; u; " (7 A0

(2) = #en=0,1,2, -

ut (n) u’
(a) out =M |: IFn):|
out Uin

(b) 4% |u <">\<to|erancemw RS

out

out

(n)
U+ s _ (1) 2 s
(c) { (n+1)} N'{ ™ (n):l"]l'\lg Uy {8 B & F0e ug
in a-

%
2

N=M" O<a <1 damping factor

T - =

Eﬁ&ﬁ%@{ﬁ%?%Q%ﬁﬁ»%ﬁﬁﬂ%ﬁ%ﬂﬁ%%Qﬁ%

o EY KIFE]I?T:I\’ nagEREEE

2.12. Adaptive window

f1* Adaptive window shH 77+ 12§ 4M4F 0 & crd-iviE B

E"J’—f /rt‘éi‘ @j’%%—’ ‘ i pF ’%L—E': FEV LR FE p’?—'ﬁ_{ » Gt

L OPER O R A iR §Tes o
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3. fHF %k

3. 1.

400
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2450
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130

100

a0 -

a 100

200 300 400

500

GO0 700

800

800 1000

Bl 3.0 Taper Structure (sgz,= 0.5, overlap = 1)

2D simple BPM

Parameter Value
ra_core 1pum
ra_clad Sum
rb_core ra_core * ratio
rb_clad ra_clad * ratio

dx 0.05um

dz dx
lambda 0.633 1z m
n_clad 1.49
n_core 1.52

# 3.1 2D simple BPM Parameter
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(a) Nz = 10000, overlap=0,sqz=0 (b) Nz = 10000, overlap =0, sqz =0.3

400 . - . - - - - - - 400
380t g =il
a0t g ann -
250} g 250}
200t B 200
150+ g 150 M
_--- e A
e — . . . . 100 M
s0F g a0t 1
L L L L L 1 1 1 1 1 L 1 L 1 Il 1 L 1
1000 2000 3000 4000 5000 6000 7000 G000 9000 10000 1000 2000 3000 4000 5000 6000 7000 G000 9000 10000

(c) Nz = 10000, overlap =0, sqz = 0.6 (d) Nz = 10000, overlap=0,sqz=0.8
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350} 1 380 |
300} 1 a0 f
250+ 1 250t
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100} 100}
50t J sk
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(e) Nz = 10000, overlap =0, sgz = 0.9 (F) Nz = 20000, overlap =0,sqz=0.8
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350} 1 350}
300} ao0 |
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100} 100}
50t 1 s00
. . . . . . . . . . . . . . . . . .
1000 2000 3000 4000 5000 600D 7000 BOOO 9000 10000 02 04 06 D08 1 12 14 16 18 2
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(g) Nz = 17750, overlap=0,sqz=0.9

400 T T T T T T T T

a0F B

L ! L ! L ! L !
2000 4000 B000  BO00 10000 12000 14000 16000

(i) Nz = 18100, overlap =0, sqgz = 0.9
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2000 4000 G000 8000 10000 12000 14000 16000 18000

400
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L L L L !
2000 4000 6000 BO00 10000

L L L
12000 14000 16000

16000

0z
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0.8

450
[ 400
| 350
]
I 250
| 200
I 150
| 100

[ 50
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(j) Nz = 18500, overlap =0, sqz = 0.9 (K) Nz = 19000, overlap =0, sqz=0.9

400 T T T T T T T T T 400

/0 B 350+ B

L ! L I L L ! L ! I L L ! L L ! ! L
2000 4000 6000 8000 10000 12000 14000 16000 18000 2000 4000 6000 BO000 10000 12000 14000 16000 18000

(1) Nz = 19500, overlap =0, sqz = 0.9 (m) Nz = 20000, overlap=0,sqz=0.9

400 T T T T T T T T T 400

L ! L ! L ! ! ! !
2000 4000 6000 B000 10000 12000 14000 16000 18000 02 04 0B 0B 1 12 14 16 18 2

(n) Nz = 21000, overlap =0, sqz=0.9 (0) Nz = 20000, overlap =0.5,sqz=0.9

400
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(p) Nz = 18100, overlap =0, sqz = 0.9, ratio = 0.5

! ! ! ! ! ! ! ! A L L . L n 1 n n L
2000 4000 G000 8000 10000 12000 14000 16000 18000 2000 4000 6000 G000 10000 12000 14000 16000 18000

(g) Nz = 18100, overlap =0, sqz = 0.9, ratio = 0.52

! ! ! ! ! ! ! ! A L L . L n 1 n n L
2000 4000 G000 8000 10000 12000 14000 16000 18000 2000 4000 6000 G000 10000 12000 14000 16000 18000
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3. 2. 3D SV-BPM

Parameter Value
ra_core lum
ra_clad 5um
rb_core ra_core
rb_clad ra_clad

dx 0.05um

dy dx

dz dx
lambda 0.633 zm
n_clad 1.49
n_core 1.52

% 3.27. 3D SV-BPM Parameter
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(@) sqz =0, overlap = 0, Nz = 10000
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(c) sqz = 0.5, overlap
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(e) sqz = 0.5, overlap = 2.5, Nz = 20000

350

300

250

200

150

100

a0

350

300

250

200

150

100

a0

350

300

250

200

150

100

a0

350

300

250

200

150

100

a0

350 350 350 350
300 300 300 4 am
250 250 250 4 250
200 200 200 4 20
150 150 150 4 180
100 100 . 100 {100
50 50 50 { &0
50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200
350 350 350 350
300 300 300 { 3m
250 @ 250 250 { 250
200 200 200 4 200
150 150 150 4 180
100 100 100 4 1m
50 50 50 { =
50 100 150 200 50100 150 200 50 100 150 200 50 100 150 200 50100 150 200
(F) sqz = 0.5, overlap = 2.5, Nz = 22000
350 350 350 350
300 300 300 4 am
250 250 250 4 250
200 200 200 4 20
150 150 150 4 150 ]
100 100 100 {100
50 50 50 { &0
50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200
350 350 350 350
300 300 300 { 3m
250 250 250 { 250
200 200 200 4 200
150 e 150 150 4 180
100 100 100 4 1m
50 50 50 { =
50 100 150 200 50100 150 200 50 100 150 200 50 100 150 200 50100 150 200

36



(9) sqz = 0.9, overlap
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(h) sgz = 0.9, overlap
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3.3. 3D FV-BPM

Parameter Value
ra_core 2,m
ra_clad 5um
rb_core ra_core
rb_clad ra_clad

dx 0.2um
dy dx
dz dx
lambda 15um
n_clad 1.45
n_core 1.46
% 3.3%. 3D FV-BPM Parameter
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(@) sqz = 0, overlap = 0, Nz = 5000
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(b) sqz = 0, overlap =5, Nz = 5000
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(c) sqz = 0.5, overlap = 0, Nz = 5000
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(d) sgz = 0.6, overlap = 0, Nz = 5000
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A= P AP * Finite Difference Method * f% Paraxial
Approximation of Helmholtz Equation - i# % % i pldx * TBC
(Transparent Boundary Condition) o Paraxial Approximation ©
o ¥ it w b ahlaveguide W 7 R AN & o AT HEEL S B
e Waveguide ikt f 51 i Wide-Angle Finite Difference Method
kB FER 0 b4 Pade Approximation (1,0) ~ (1,1) ~(2,2) ~
3~ -

- 4L BPM ® ¥ & Scalar.wave sk @ 4ok 2 & ¥ g iR g
142 & 3132 Vector Beam“Propagation «12 = ks fR » x F] 5 £
one-way wave equation >4 ;%% Back Reflections® g & 3li&
Bidirectional BPM = j# ks PR » FF PF % Jg coupled forward and
backward traveling waves ¥ Y3t &~ SR % o

- B GERAET RS BT R

l. 7% 2w nlxy,z)-°
2. ﬁ%l » 35 ulx,y,z=0) °
b v =Ll e P
1. 7 et % %3 A Finite Computational Domain -

2. Transverse Grid Size Ax~ Aye
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3. Longitudinal Step Size Az -
4. Reference Wavenumber k -

SR E R A NI NN -N,-m (m £_Pade Order) -
Full-Vector BPM &+ & p ¥ ¥ ¥_Scalar or Semi-Vector BPM s
% > Bidirectional BPM #_ - 4 BPM ea N & (N &3 X =t #c : 2~100) -

doimE B S8 ?

1. Grid Size (Ax and Avy)

Grid Size & -] > BPM ehi /it g % - #] o7 Grid Size ¢ &
TBC 2 2 F &t & /i oA 2 K&, ¥ 45/ Step Size k:ti -

2. Step Size (Az)

Step Size # -] » BPM e/t g% > ¥ = F] 5 TBC #7ig =
R JEfed ] Grid Size eh/i m B3E A AE o

3. Reference Wavenumber (k)

Reference Wavenumber # & 7& > BPM & % f 4 - ¥] 5 fickn
e (k—k,)-AzF B > ] o step size 2 i+ 1 Pade
Order ¥ 4 i Reference Wavenumber ez % o

4. Pade Order

Pade Order ﬁ BT UL A AR A ITE I BT o

Pade Order s»x/ifr Grid size ~ Step sizes ~ Reference
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