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Abstract

In this thesis, we focus on simulation and analysis of optical
system with subwavelength scale using finite difference scheme
which include finite difference method (FDM), finite difference
beam propagation method (FD-BPM), finite difference time domain
method (FDTDM), and time-domain beam propagation method (TD-BPM).
We review many related papers and study carefully how the wave
equation and finite difference form is derived. We also implemented
most of them base on Matlab. Finally, we use these programs to
simulate some waveguide structures and validate out code by

checking the result with published data.
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VxE=—joB=—jou,u H (A. 15)
VxH=joD=jwse, E (A. 16)
V-(u,H)=0 (A 17)
V-(¢,E)=0 (A. 18)
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F AR R Y )I;u? VR R S AR T > AP ARV

e (A 15) 3
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Vx(VxE)= —jou,V x (u,H)=—jou,(Vu, xH+ u,V xH)
= —jou,(Vu, xH) = jou,u,(jos,s,E)

= —jouy (Y, xH) = jou,pu,(jos,s,E) (A.19)
FU* g 258 AP F L E
Vx(VxE)=V(V-E)-V’E (A. 20)
Foob oo AP (A 18T udr s B IR
V-(¢,E)=Ve, -E+¢V-E=0 (A.21)

%7 T “,f Mg 2 18 > NP E T

voE- Ve g (A.22)

B4 FE(A 1)@ D e 3-H

1
JOU M,

Bt #(A20) ~ (A 22)2 (A 23) =58 2l » (AL 19 B8 & FFIZ 2

H=-— VxE (A.23)

& AT DR H L > ARt

V2E+V(vg’ -Ej+k02nfE+(V,urxVXEj:0 (A. 24)
& H,

Hoe kiR % ¢ gkl REK S
ky = oz, =2 (A. 25)
BRI S B R 5
e (A. 26)

it > ¥t S NPT BV IEY (A 16)58 ¢
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Vx(VxH)= jwe,Vx(g,E) (A. 27)

V(V-H)-V’H = jos,(Ve, xE+ ¢,V <E)
= jos,(Ve, xE)+ jose, (- jou,u,H)

= joe,(Ve, xE)+k2e, 1, H (A. 28)

Foeobood (A 1TV i e 7 3

V-H :—i(wr “H) (A.29)
M,
£ 4v P ECA16) 58 A7 (8 3] e
E-— ' VxH (A. 30)
ja)gogr

B fo #-(A.29-30) 7 35 A » (AL 28):8 X FEI® 2 (5 > i R Bl Sk

= fg 0

(VX H)+ k221 HA——[Viu x(VxH)]=0 (A.31)
&

r r

AR (A 20)8 (A 35V e SR T H ot 2 47258 » Ra g Eap
LA S A LI R LS
Vi ~0 (A. 32)
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v2E+v£V‘9r -Ej+k2E=0 (A.33)
gr
x(VxH)+k*H=0 (A. 34)
&

r

ks AR el AL E S



k = kyn (A. 35)

BRI AR 8 GEVe, =0T (& WGA 1E00) 0 AT iE-
B (B3] A% 2 4255 (Helmhol tz equation)

VW + k2P =0 (A. 36)

HY 9we UL THEANITESH -

[A-1] J.D. Jackson, Classical Electrodynamics, Wiley, New York, 1999.

A-5



4 B FDM e P A 3 it

2
pyxEx:{i{ia(grEx)}_a Ex} _9 (B.1)
oyl e, Ox 0y0x
p.q
(y CE| 1 [&g CE, }
Gyéx‘p,q (n+s) ox |p,q+1 ox |, .
1 [E(p+Lg+)-E(p-1g+1) E(p+Lg-1)-E (p-1lg-1)
~(n+9) (e+w) (e+w)
1
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(n+s)(e+w)[ (p+1Lg+1)-E (p-Lg+1)-E(p+Lg-1D+E (p-1,4-1)]
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_ 1 1 e(p+lLg+DE(p+Lg+1)-s(p-Lg+)E (p-1g+1)
_(n+s) gr(p,q+1) (e+w)
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£,(p.q-1) (e+w)
1 e(p+1,q+1) e(p-1q+1)
= 4 E 1 1)-—+~—————F -1 1
e s B 2 b

_MEx(p+1,q—1)+MEX(P—Lq—1)}
2. (ma-1) . (p.g 1)

(3) #(1)& ()% 4 »(B. 1N » AP T 218 5

2
i ia(grEx) _a Ex _ 1 gr(p+1’q+l)_8r(paq+1)Ex(p+1,q+1)
oyle, Ox 0yox b (n+s)e+w) e, (p,q+1)

£(p.g+1)-¢(p-1g+1) . Lapa-1)-¢(p+lg-1)

&(p.q+1) LY & (p.q-1) b
gxp——Lq-4)—8,Q%q-4)E Q,_lq_lﬂ (B.2)
¢, (p.q-1) T
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rE :{i{ia(g,ﬂy)}a Ey} » (B.3)
ox »

g, Oy Ox0y

) OE,[ _ 1 |oE| @,
8x8y‘p,q (e+w)| oy ‘pﬂ,q VI, 0,
_ 1 Ey(p+1,q+1)—Ey(p+1,q—l)_ Ey(p—l,q+1)—Ey(p—l,q—l)
(e+w) (n+5) (n+5)

1
= [E (p+1,g+1)-E (p+1L,g-1)-E,(p- g+ 1)+ E,(p~1,¢ 1)

(e+w)n+s)

o 2[1ts)
1 { 1 gr(p+1,q+1)Ey(p+l,q+l)—£r(p+1,q—1)Ey(p+l,q—l)
&,

(e+w)|e, oy oy

1 Fa(%)l 1deE)

&
p+lg r

ox| e, Oy
(e+w) p+l,q) (n+s)

B 1 gr(p—l,q+1)Ey(p—1,q+1)—gr(p—l,q—l)Ey(p—l,q—1)}

¢(p-Lg) (n+s)
1 g,(p+1.q+1) e(p+lg-1)
- - E 1 1)- > ‘F Lag—1
(””)(“W){ &(p+1.4q) Ap+ha+l) z.(p+1.q) o+t

5~(P—19q—1)
E(p-lq+1)+ 229" (p14-1
Ap-avi)s z(p-1.q) ApLa )}

(3) #(1)E )%+ »(B.3)5V » A w3

{a {iﬁ(grEy)} azEy} ] {gr(p+l,q+l)—8r(p+l,q)

Ey(p+l,q+1)

ox g, Oy - Ox0y , - (n+s)e+w) e.(p+1,q)

&,(p+lq)-¢(p+lg-1) &,(p-1g)-¢(p-1g+1)

- - E (p+lLg—-1)+— - E (p-1lg+1
¢, (p+1q) . ) &,(p-1q) ! )

gr(p_lﬂq_l)_gr(p_LQ)E (p_lq_l):| (B' 4)
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2 2
Pl//:(al//+aal//+k02£yl//J =7 (B.5)
y p.q

axz 2 r r
o'y 2 2 2
DY -ty Sy B. 6
( ) O |p,q e(e+w)l//p+1’q ewl//p,q w(e+w)l//p_l’q ( )
o’y 2 2 2
5 _ 2y B.7
( ) ayz |p,q S(S+n)l//p’q+l ns ¥ p.a n(s_i_n)wp,qfl ( )

(3) #(1)&E2)%E %+ »(B.H)V s » A uF 3]

2 2
o +— EVWJM = Wl//p+1,q +m%_1,q
2 2 2 2
- - = = k2 )
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1. WA-Oth order (Fresnel approximation) :

0 —jP/2p P
-~ T a1 " /5, (C.1)
oz|, 1+L2 24
2p 0z|
2. WA-I1st order:
d - jP/2 - jP/2 . P2
o - J-/aﬁ B {/éP :_]1+1£/f/32 (€2)
I PR 1+J(—]]
28 éz|, 28\ 28
3. WA-2nd order
aﬁ — _JP/Zﬂ — _JP/Zﬂ :_jP/2ﬂ+P /fﬂ (C3)
2, )0 1+][ —]P/2,B] 1+P/2p
23 0z|, 28\ 1+P/4p°
4. WA-3rd order
o _ —JjP2B _ —JjP/2p . PRB+P4p
. - . . =-J 2 2 4 (C4)
oly g ool J(—iP2p+P8p) 1+3P/45° +P2/163
2 oz, 2p 1+P/2p°
5. WA-4th order
o __—JP2B _ - JP/2p
oly @ J( -jP2p+P/4p?)
28 0z, 28\ 1+3P/45% + P2 /163"
_ . P2B+3P*/8B° +P/32p8° C5)

1+P/p* +3P*/168*
6. WA-5th order
- jP/2B - jP/2p

a = =
s d ol [—j(P/2ﬂ+3P2/8ﬂ3+P3/32ﬂ5)]

o

I+ —— S
2p oz, 28 1+P/3° +3P* /163"

. P2B+P})2p° +3P° /3258 (C.6)
1+5P/45° +3P*/88* + P’ /64 8° '

7. WA-6th order
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o _ —JjP28 _ - JP/2B
ol o — j(P2p+P? 28> +3P° 328°)
2 0z, 2B\ 1+5P/48° +3P*/88* + P /643
_ . P2p+5P*/84° +3P/165° +P'/1287 .7

1+3P/25% +5P* /88" + P /16 3°

8. WA-7th order

o _ —JP2B _ - JP/2B
ozl J ol — j(P/2B +5P>/88° +3P*/163° + P*/128 )
2p oz| 2B 1+3P/28° +5P*/88* +P*/168°
_ P/2p3+3P*/43° +5P° /16 8° + P*/3257 (C.8)
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AP R &l #ion 2 Padé 3T 02+ P Bic(p,g) 2 B 0B T2 5

n=p+q-1 (C.9)
HY p=12--nf g=porp—1°F&T %k » AP L8 3 E WABPM % FEig i eh
DS - (S
1. WA-Oth order [Padé(1,0), Fresnel approximation] :

d (C.1)z8 2% 7 2 47 5]

P
D:l ) = — .1
N Y (C.10)
g
Az Az P
D- i ==N=1-/;22| — A1
Sy N=1= (m) (C.11)
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2. WA-Ist order [Padé(1,1)] : & (C.2)58 A i # 12 {8 3
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45 2p
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1- jpAz
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3—jpAz 1-j20Az
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