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Study on Topology Optimization of Optical Waveguide Devices

Considering Polarization Dependence
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Abstract Inrecent years, high performance and compact photonic devices are intensively developed to realize large
capacity photonic network. In order to develop novel photonic devices, several kinds of optimial design method using
numerical simulation have been developed. Among them, topology optimization is the most flexible optimization
method and has potential to find out unconventional photonic devices. In this report, we study on the function-ex-
pansion-based topology optimization method considering both TE and TM wave and a compact polarization splitter
is actually optimized. In our approach, finite element method (FEM) is employed to numerically analyze photonic
devices and adjoint variable method (AVM) is utilize for sensitivity analysis.

Key words Topology optimization, Finite element method, Photonic circuit devices, Function expansion method,
Polarization Splitter

goboooobobooobboooooooooobooooog

ooooog
oboooobobooooooooooobooobooooobooo

oooooooooooboobobooooooobooooobooon

1. 04000

goboooooooooooboboooboooooooooa
goboooooooooooboooooboooooooboooo

gobobooooooooooobooobOoooboooobooOoo
goboooooooooooboooobooooooboooo
gobooooooboooooboooobOoooobooobooOoo
goboooooooooooboobooobooobooboooboobooo
goboooooooooooboooobOoobooooboooo

0000000000000000000000000000
0000000000000000000000000000
0000000000000000 [1-[1400000000
000000000000000 [8-[12]000000000
0000000000000000000000000000

1 —



d
d

Design region Wy

W

port 2

01 000oo0o0oo0o0ooooooooobobo

0000000000000000000000000000
000000000000000D0000000000000
000000000000000 TEDOODODOODOOOOO
000 [8],[9],[12/00000000000000000000
000000000000000D0000000000000
00000000000000000000000

000D0D00000DD0000000D000000000
TEOTMOOO0OO00000000000000000000
000000000000000D0000000000000
0000000000000000000000000000
ooooo

2. J0obOoooboOoooobooobooooboo

2.1 00000000000000

010000000000000000000000000
0000000000000000000000000000
000000000000000 w(z,y) 000000000
0oooo (80

er(2,Y) = €ra + (erb — €ra) H(w(z,y)) (1)

0000er0e, 00000000000000000H(E) O
¢000000001000000000000e, 0 w(z,y)
000D000e&,0000e,00000000000000
000000000000000e 000000000000
H(¢)OO0DOO0ODO0O0D000000000 (8]0

0 . (< -t)
LEEY  ceenn
H(§) = 1,1(§152 e (2)
2 t -
1 (=4

000 ¢0 H(E)DODODODDO0O000000000000
lw(z,y)|<t00D00000000000000000000
00+0000000000000000000000000
00 ¢t—-000000000000000000000000
000000000000000000 w(z,y) 00000

w(z,y) =Y cifil@,y) (3)

7

0000000000 Ow(zy) D0OO0O0DOO0ODOOOOOO
000000000 o0o0oo0ooooUooo13)o
2.2 JO00OO0OOOOOOOoOoOoOon
gloooboobodog0OO00oobobooooboobooooboooo
goooooobooooboooboooooobooooboboo
gooboooobooooboooboooooooboooooa
oo

o ( 9d\ 0 [ 0B\ .
m&m&g+ay0”w)+%@—0 (4)

000 k00000000000 0p,0p,0¢0 TEOODO
goo

S S
(I):Em pw:lv py:ia q_SISyET
Sz Sy
™OODOO0O
Sy 1 Sz 1
(P:HZ7 pl‘:i77 Py = ——"> 4= SzSy
Sz Er Sy Er

00000000000s,05,000000000000000
0000000000000000 (PML : Perfectly Matched
Layer) 10000000000 00PMLOOODO s, =s, =1
000 [15]0

000000000000000000000000000
000000 @0

¢ = {N}'{®}. ()

O0oo0oU0ooOoU{N}DO0OU0O0OO0O00ODOOULOOOOOO
0000 (400000o0ob0oo0ooooooooooo
000o0ooooooo 150

[PI{®} = {u} (6)
000

[P] = [K] — 5 [M]
K- //[pxagl} AN NI

Jy dy
= 3 [ [ oty o
=3 /F —pa 2 ar

DDDDZEDDDDDDDDDDDDD/dPDDDDDD
r
DDDDDDDZFDDDDDDDDDDDDDDDDDDDD

0009/on0000000D00D0O0O0O0O0O0O00O®;, O
oobooooobood
2.3 000O0OO0OO0ODOOOOOO
goboooobobooooooobooboooobooobooOoooboo
goboooooboooboooboooooobooooboboo
gobooooboboooboboooboooooooboooooboo

) N



ggobobooobooobbuooobboobbbooooboo
goobooooooooobooboboboboboobooobog
ggoboboobobooobbuoobobboobobooooboo
gooboooooooooboobobobobobobnoobog
(AVM : Adjoint Variable Method) [5]-[12] 00000

O0010port 10000000000 0ODO (6)000ODO
OoooOo {¢}000000port nDOO0O0OODOOOOO
0oo0g Sm O

S = {®}" {gn} )

oooooooOoooOooo {g.}0000ooUooooo
ooboooooooon

{9} = 2 M) {27} ®

0o0o {¢,}0n000 port 0000000 O0OOOOOO
goboooooooooooboobo:00000000D0D O
ooooooooo S 0000 g O0O0O0OO0ODDOOODOO
ooooooo

0Sm  (05m\" 0{®) . 0 0{®)
Be: _{ &D} 9~ nl o ©)

oooOoooooooooUg (o oooooooooo
oboboooooooboboooooo

DY _ i OIP)
L =[P 5 ) (10)

000000 (10000 (9) 000000

05w _ ) yrOlP)

oe; Tci{é} (11)

oooooo{i}o0000U0ooooooooooo

[PT" {An} = {gn} (12)

00 {\.}00000000000 00000000 (11)0

gbobooboooobooooooooboOobOobOobooooon

00000000000000000000000([P|000
0000000000000000000000000000
000000000000000000 LUo0000oonn
00000000000000000000

000D (11)00000000000 [P)O000DD000
0000000000000000000000000000
OOTEOODOO

Powy / / O (NYINY dady (13)
TMOOOOO
a[P] der 1 [O{N} O{N}T
oc; __ze://eaciag{ ox oz
O{N} o{N}T
—Féh/éh/]dxdy (14)

00000000000 0e,/d¢ 0

. —

g

fo :

= 02l

] 0.2p

E — |SFE* - S

(@]

z — |SE|? - [

0_0““X““X““X““

0 50 100 150 200

Number of iterations
() 00000000000

(i) TMODOOOD0O0O

() 0000
02 0000020000000000

(b) 0O0DDOO

Oer OH (&)

aCi = (ETb _Era,)fi(x,y) af (15)
gooo
3. 0DOO00O0

3.1 00000

01000100200000000000000000
0000000000000000000000000000
000D000000D000000000000000000
000000000000000000000000000
0 [12]0



S }:(Mmm( i@%@

i=—Ng j=—N_
Xgm(“%M}ﬂ)

000 Az =W,/(2N,)0Ay =W, /(2N,) 000 O0x;0y; O
0000000000000000000000000000
ni =340ny, = 145000000 w=02 pmO000000
W,=W,0000000000d=W,/20000

3.2 0000020000

0100000000000000 A=155um0 TEDD
O0D0DOTMOOOODOO0O port 20 port 3000000
0000000000000000000000000000
W,=W,=2m0000000000000000000

— [ 851° |)
+(f_yng|)

(16)

Minimize C' = (f - |52 ’ ) +(

# (5 IS )

o20000000C000000D0O00OO0C0O0O0O00OO0
ooooooooooooo Ny=Ny=160000000

oo02000000000000000000000 port 20

port 300000000 o5 000000000000O00O0O00O
gobooooooooooboooooobooob oo
goboooooooooooboooobOooboooobooOoo
goboooooooooooboooobooooooooboooo
goboboooooooooooboooobooobooooboooo
Ooooo2b0(c)0t=000000000000000
gobooooooooooooboooobOooobooooboooo
O0o0oooodgTEDDO port 2. port 3000000000
0.480,0.480 00 O0O0TM OO0 0.480,0.480 0000000

OooooOoo0 TEOOO port 00000 0.482, 0.4820 TM

ooboooo214,0240000TMO00O000O0DOO0OO
goboboooooooooobooooobooobooooobooOoo
ooood

3.3 UOOgono

0100000000000000 A=155um0d TE

000000 port 200TMODOOODODO port 3 000
gooooooooooooboboooooobooobooooo
We=W, =3 mO000000000CO0O0O0O0DODOO
gooooooooooo

(- lsir)

+[s5") (17)

Minimize C' = (l— |52 ’ )
(B

oo wooooooooobooooooooboooboo
U0 port DOOOOOODOOOOOOOODOOOCOOOOO
oooooooobooo w=40000000000000
obooooooooooo
g3bbooooobooooooooobooobooooooa

1.0

% 0.8 — |SIE)? - |SIM)?

o
0.6

E

=< 04

£

S 02

z 7\% \ - \Sz k
O'OOM 50" 100 50200

Number of iterations
yOOOOOO0O0000O

< *’i
L‘]

yTEOOOODOOOD

(i) TMODOOOD0O0O

(b)0ODO
03 000000000000

(c)OOoOooO

goooooobooooboooboooooooboooobooboo
goooooooooooboooooooobo 2000000
ooooooooobobOdnD N,=Ny,=160000000
obO0d 2000000000000 00O00O0OC0OODOO
port 000 0OO0O0ODOOO0OO0DOODOOOOOOOOODOODO
ooobooooooooooooTEOO TMOOOOODDO
port 000000000000 0.98300.968 0000000
oooo -20dBOOOOOOOOOO0OOOOODODOODODO
gbobooooooooobodportdboooooooonOd
oboo4000000 155 pmd000000O00O00ODO0O0
oobodooboooo



Normalized power [dB]

Normalized power [dB]

4.

0

L ‘Sz'l’]E 2
_10 -
-20
-30+ ‘STE ‘ 2
I TE wave 31
-40 . . . . | . . . .
1.50 1.55 1.60
A [pm]
(a) TE O
0
L |STM|?
_10 -
=30} ‘STM 2
' TM wave 2
-40 |
1.50 1.55 1.60
A [pm]
(a) TM O
04 0O00000O0O0OOOODO
o o o

goboooooooooooboooobooooooooa
goboooooooooooboooobOooboooobooOoo

OOTECO TMOOOOODOOOOOOOOOOOOODOO

gobooooooooooobooooboooooooboobooo
goboooooooooooboooobOooboooobooOoo
goboooooooooooboooobooooooooboooo
goboboooooooooooboooobooobooooboooo
goood

(1]

(3]

g g

J. Jiang, J. Cai, G.P. Nordin, and L. Li, “Parallel microge-
netic algorithm design for photonic crystal and waveguide
structures,” Opt. Lett., Vol. 28, pp. 2381-2383, Dec. 2003.

Y. Sakamaki, T. Saida, T. Shibata, Y. Hida, T. Hashimoto,
M. Tamura, and H. Takahashi, “Y-branch waveguides with
stabilized splitting ratio designed by wavefront matching
method,” Photon. Technol. Lett., Vol. 18, pp. 817-819,
April 2006.

W. R. Frei, D. A. Tortorelli, and H. T. Johnson, “Geometry
projection method for optimizing photonic nanostructures,”
Opt. Lett., vol. 32, pp. 77-79, Jan. 2007.

J. Liu and J. Vuckovic, “Nanophotonic computational de-
sign,” Opt. Ezpress, vol. 21, no. 11, pp. 13351-13367, May
2013.

J. S. Jensen and O. Sigmund, “Systematic design of pho-
tonic crystal structures using topology optimization: Low-
loss waveguide bends,” Appl. Phys. Lett., vol. 84, no. 12,
pp- 2022—-2024, Mar. 2004.

J. S. Jensen, O. Sigmund, L. H. Frandsen, P. I. Borel, A.
Harpoth, and M. Kristensen, “Topology design and fabri-
cation of an efficient double 90° photonic crystal waveguide
bend,” IEEE Photon. Technol. Lett., vol. 17, no. 6, pp.
1202-1204, Jun. 2005.

(8]

[9]

(10]

(11]

(12]

(13]

(14]

(15]

Y. Tsuji, K. Hirayama, T. Nomura, K. Sato, and S. Nishi-
waki, “Design of optical circuit devices based on topology
optimization,” IEEE Photon. Technol. Lett., vol. 18, no. 7,
pp. 850-852, Apr. 2006.

Y. Tsuji and K. Hirayama, “Design of optical circuit de-
vices using topology optimization method with function-
expansion-based refractive index distribution,” IEEE Pho-
ton. Technol. Lett., vol. 20, no. 12, pp. 982-984, Jun. 2008.
K. Fujimoto, Y. Tsuji, K. Hirayama, T. Yasui, S. Sato, and
R. Kijima, “A study on topology optimization of optical
circuits consisting of multi-materials,” J. Lightw. Technol.,
vol. 30, no. 13, pp. 20102215, July 2012.

T. Yasui, Y. Tsuji, J. Sugisaka, and K. Hirayama, “Design of
three-dimensional optical circuit devices by using topology
optimization method with function-expansion-based refrac-
tive index distribution,” J. Lightw. Technol., vol. 31, no. 23,
pp. 3765-3770, Dec. 2013.

H. Goto, Y. Tsuji, T. Yasui, and K. Hirayama, “A study on
optimization of waveguide dispersion property using func-
tion expansion based topology optimization method,” IE-
ICE Trans. Electron., vol. E97-C, no. 7, pp. 670-676, July
2014.

Z. Zhang, Y. Tsuji, T. Yasui, and K. Hirayama, “Design
of ultra-compact triplexer with function-expansion based
topology optimization,”
3936-3950, Feb. 2015.
0oo0oo“d00000oo00 sgooooooooooog
0000000,”000 (C), submitted for publication.

A. Tguchi, Y. Tsuji, T. Yasui, and K. Hirayama, “Topology

Opt. Express, vol. 23, no. 4, pp.

optimization of optical waveguide devices based on beam
propagation method with sensitivity analysis,” J. Lightw.
Technol., to be published.

Y. Tsuji and M. Koshiba, “Finite element method using port
truncation by perfectly matched layer boundary conditions
for optical waveguide discontinuity problems,” J. Lightw.
Technol., vol. 20, no. 3, pp. 463-468, Mar. 2002.



