Si-Rib AWG : 40ch-100GHz

Ao =1.55 um

2(; =W =1.0 um / Slab ns = n1(EIM) = 3.272402 /
H=0.5um

h=0.25pum (= t)

n1(EIM) = 3.2724

nO(EIM) = 2.9377

Aeff = 9.7 %

nc = 3.2003 (Semi-Vector FEM)

Nc = 3.7796 (Semi Vector FEM)

Rmin = 400 lJ,m

Ofst = 0.0 um

Slit=0.2 um

Cut=0.0 um

Sprtn = 3.0 um: Minimum separation of parallel ’

Sghz =100 GHz
Vnrghz = 10 GHz
Nfdm = 64
Nscr = 290
Ry = 518.635 um
AL =12.108 um
m = 25
Tinc = 100: Coefficient of taper inclination Y taper = (Warray - 2a) Tine/2=15pum
Dstmwg = 1.5 um

(Warray = Dstmwg — (Slit + 2 Cut) = 1.3 um, Ytaper: Taper WG length at the slab-array interface)
Dstrcv = 2.5 um

(Diaslp = 1.5 pum, Yslpe: Taper WG length at the I/O-slab interface) Yslpe = (Diaslp - 23) Tinc/2=25um
Sfbr = 100 um: WG spacing at the chip facets




Definition of AWG Parameters

Sghz : Channel spacing (GHz)

Vhrghz Vernier frequency atinput (GHz)
Diasip Tapered-core width of input WG
Warray Tapered-core width of array WG

Ao = 1.55 um
Nfdm = 64

Nscr = 290

Sghz = 100 GHZ
Vnrghz = 10 GHz
Ry = 518.635 um
Dstrcv = 2.5 um
Dstmwg = 1.5 um
AL =12.108 um
m = 25




Recess Width in RIE : Cut Minimum Gap in Photo Process : Slit

Mask

Core Thickness : Thk

Index Difference : A

sio2 | | sio2

(a) Before etching

Slit + 2Cut

SiO2 SiO2

(b) After etching



Si-Rib AWG : 40ch-100GHz

y A
SiO2 Ng
—
h
Si N, X

t
| | v S
-a 0) a X

SiO2 Ng

(a) Configuration of rib-type waveguide



Electric Field Distribution

n1(EIM) = 3.2724 ~ 0.5 % error n1(EIM) = 3.1547 ~ 4.4 % error
nO(EIM) = 2.9377 > nc = 3.2168 (EIM) NO(EIM) = 2.2951 > nc = 3.2218 (EIM)
n, =3.2003 n, =3.0864
N, =n, -2.9% =3 7796 N, =n, -2, 9% =3 9794
da da

(a) Electric field for TE mode (b) Electric field for TM mode



Electric Field Distribution

Wx1 = 0.7 um %, Wx2 = 0.9 um

o o
(@)) (0 0)
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~

Electric Field Amplitude

0.2

Position x (um)



Electric Field Amplitude

1.0

0.8

0.6

0.4

0.2

Electric Field Distribution

t=0.25 um, wy = 0.36 um

-0.4 -0.2 0 0.2 0.4 0.6 0.8

Position y (um)



nc, Nc and Nc/nc

4.2

3.8

3.6

3.4

3.2

Eigen Value for Ex'! Mode

...........................................................................................

1.5 1.55 1.6
Wavelength A (um)

1.65 1.7



nc, Nc and Nc/nc

Eigen Value for Ey'! Mode

1.4 1.45 1.5 1.55 1.6 1.65 1.7
Wavelength A (um)



FEM Analysis of Parallel Waveguides

(Beven - Bodd) _ (neven - nodd)7t
2 A

K=

P, (z) =sin®(xz)

T A
L100% =Logs = o = 2

Neven ~ nodd)

T A

4 (neven - nodd)

Lsoo, =L 3 = A
ER=-30dB

(P ER-/n(10) M - {ER-En(m)}
L 30qg =—SIN" < €xp = sin” 3 exp
K 20 (neven = nodd)TC 20
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Electric Field Amplitude

FEM Analysis

of Parallel Waveguides

Core Center Separation = 3.0 um

Ex : Even Mode
along x-axis

k=1.97x10"Cpum™ |
: Lgggp = 16.1mm

.......................................................

Position x (Nm)



Electric Field Amplitude

FEM Analysis of Parallel Waveguides

Core Center Separation = 3.0 um

.. Ex: Odd Mode
along x-axis

................................................................................................................

Position x (Lim)



The Minimum Core Center Separation

A
< D >
V2A u2W2 (D j
K = exp| —-w|—-2
2t 2t S a (L1+w)v® P a
2a 2a
Si-Rib WG by EIM Si-Rib WG by FEM
a=0.5pum D=3.0um Sprtn
A =0.097 .
Ao = 1.55 um k=1.97x107°% um~
v = 2.921980 N )
b = 0 826505 :> CT=-30dB @ L =16.1mm
D =3.0 um

K =2.45x1075 um™
CT=-30dB @L=12.9mm



Phase Fronts in Array Waveguides

52(10—2)/nc

(a) Phase relation for A = Ao (b) Phase relation for A < Ao



Interference Condition of AWG

dXx

J%W[Lﬁ JAL]+ﬂs(z)[f —g} ﬂs(z)[fl—

d1X1

ﬂs(ﬂ’)[fl—i_ 2 di X,

2,

]Jrﬂc(/?«)[Lch(J' —1)AL]+ﬂS(/1)[f +g—;()+ 2mz

1

Array WG # Array WG #(J - 1)

/////////// P - Propagation constant in Sl2b \\\\\\\\\X

B, . Propagation constant in Array WG



Multi-beam Interference in the 2nd Slab Region of AWG

O X NcfAL Nc
g2 _ . , ~1.015 m—=> — =-25um/0.8nm
52 nad e 52 :

0
-10
-20
-30
-40
-50

-60

-70

1.548 1549 155 1551 1.552
Wavelength A (um)

(a) Focused electric field E(x) and
Local Normal Mode LNM in the
output waveguide

#N_.,~40"' # Output waveguides



Theory of AWG - 1

(1) Interference condition

,BS(/I)(d_ o %x] + BEDAL = 2mz (1)

1
1:1

nC(/I)AL -m dl

(2) - - - for input/output positions satisfying f_X1: %x
1

ndD)= BNk : Effective—index of arrayWG (k= 27/A=2zv/c)
ndD)= BEAIk : Effective—index of slab (ns = neg)

(2) Dispersion of focal point x for fixed input position X;

%{leﬂ— hand side term of Eq.(1)] = 0

OPs|di A ) pnd & P, _
§k[flxl fx) POTE &Y




Theory of AWG - 2

O X AOX VO X

N, fAL
oK k oA  kov p.d

0P,

=n —i%:

= Group index
Ne= %k =" "2 P
O X _ N, f AL 3)
ov nsvd

oX  N¢fAL

SA nsAd

(4)

(3) Free spectral range (FSR)

From Eq. (1) for fixed input/output positions x; and X

ﬁc(/ﬂt)AL —2mrx = ﬂ (/1 AFSR)AL Zam + 1f

iyt
Nc A N V
deep = e A _ Nc VvV 5
FR = 0 m VESR N (5)
iyt
C
VESR = [from Egs.(2) & (5)]
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Theory of AWG - 3

(4) Free spatial range (5) Number of available channels
Spatial separation of the m-th and (m+1)-th focal X 21f
positions for the same wavelength A (fixed x1) Nch = PSR — (7)
D nsd D

LS4 )( xl—%x]+ﬂc(/1)AL 2mz=0 (1)
fy

azf X+ 2mz = ﬁsazf Xt oim + 1fz

4
Af

XESR = Xm—Xm+1= ——  (6)
nsd



Light Focusing Properties for Center and Off-center Beams

F XFsR \

m m+1 m
(a) }\, = kcenter (b) 7\4 < 7\«center




Design Procedure of AWG

Given parameters

Ry =518.6 um
AL =12.1 um

Focal length : Ry

Ns Dstmwg Dstrev Nfdm

Ry =

Nfam = 64 Ao

Ao = 1.55 (um) Path length difference AL
Schz = 100 (GHz) 5X _ Dstrov _ N¢RyAL
Dstmwg = 1.5 (um) Av SGHz Nsvo Dstmwg
Dstrev = 2.5 (um) AL = Nsvo Dstmwg Dstrev

NcSGHz Ry
ncAL m
Ao
o ncAL ‘ AI: _p A0 éy _ Ns Dstmwg DstrEvVO
Ao Nc NcSchz AL




Farfield Pattern given by Fresnel-Kirchhoff Diffraction Formula

G(p)= jj’joE(x)exp(j 27;nsxtanp]dx

g=nstanp _ns

|
p ﬂ B emax

A A
E(x)
G(0)=[" E(x)exp(j2rn0x)dx Slab ng
Discretization
- |
1 _
Gn = G(n AG) AX = zemax Xmax O
E,=E(/A
/ ( X) AQ = 1

\/ 2 Xmax




Farfield Pattern is given by the FFT of E/ Er |
N—1 jan;\f
G, = T > E, e
| — - L 5>y
0 N/|2 N -1
- Xmax Xmax
A =£A9 from g=1s j ™ FFT T
P e 3 P \ \Gn y.
N N
Pmax =§Ap ﬁ Omax =EA6
A
Pmax = — Omax
Ns
0




APZLAGZ
Ns

N
=—A
Pmax 5 p

Far-field Pattern
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>

|
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O pmax
—G,—>
0 N/2



Far-field Pattern from the Input Waveguide

2 4
E(x):exp(—zxz _2X } —> FFT[E(x)] (N =1024)
Wxp  Wx2
1.0
- - - FEM&FFT
0.9 1 BPM & FFT
08 |~ o FEM&FFT

07 |- —— BPM&FFT
0.6 ' ' '
0.5
0.4
0.3
0.2

Farfield Amplitude

Normalized 0.1
Trun(?atlon 0.0
Amplitude : ¢

Argument ¢/



Loss (dB)

Loss (dB)

Theoretical Crosstalk vs NTA ¢

70
60
50
40
30
20
10
0
1.5485 1.5495 1.5505 1.5515

Wavelength A (um)

(@) NTA ¢ =0.0085

1.5485 1.5495 1.5505 1.5515
Wavelength A (um)

() NTA £=0.134

. (BPM Calculation)

Loss (dB)

1.5485

1.5495 1.5505
Wavelength A (um)

(b) NTA & =0.08

1.5515

70
60
50
40
30
20
10

Loss (dB)

0
1.5485

1.5495 1.5505
Wavelength A (um)

(d) NTA £=0.19

1.5515



H Pawg =042

Ry" 2pawe = Nger ’Dstmwg

!

U

Nscr -

Ry -2 PAWG

Dstmwg




Crosstalk of AWG Caused by Fabrication Error

/

g,=a, exp[~jknc(N —£)AL]
nc(f) ::Bc(f)/k

AWG

A

)

™M=z

FloJ=F Lgl gg}F [G()]

14

Phase error .
Defocusing

5[nc(f)]A|— (Crosstalk degradation)

G (5) - With errors
— NO errors

Transmittance (dB)

Light focusing in 2nd slab region



Waveguide Layout for AWG Design

Cy

Parameters to be determined

o . Angleofslab PQQ~*

Lsiab : Distance between Q-Q

Basic equations

.\ AL

: L
(f + Yo +Sj)cosHj + R;sin g :_Séab

sj . Distance between A - B,

sn . Predetermined distance
between An — Bn




Equations to Determine AWG Configuration

(2N-1) equations for (2N+1) unknown values

@, Lslab
Ls'ab—(f + Y + Sy )cos&,\,
Ry = 2 - (8)
sin 6y
L

Séab —[f +Yi + Sy + Ry Oy +(N - j)AZL}cosHj

Rj = j=1~N-1) (9
J sind; — 0 - cos b, (J ) (9)

AL
sj=sN+(RN-eN—Rj-ej)+(|\|—J)7 (j=1~N-1) (10)

Choose solution under the following conditions

Min(R;) >Ry, (given by bending loss)
S; >0 (taper length)

Waveguide separation > s;, (given by mode coupling)



Layout of Array Waveguides

|
- D /2 EU;|  HU; /2
. 1| Dstmwg , .1 D
o =sin [—j — by =sin 1{&
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i

Ry Ry
V;jz(Nscr"‘l_zj)‘éo Wj:(Nscr+1_2j)'¢o

[Sstrcv ’ (1"" v anHZ]/Z

- . SGHz
So=sin"t - Ry

=N tam+1-2i)- 50

/2
0= sinl[ Dstrev J

. OAj
J=Nscr |

Rawe ( Nscr)

=] Fi




Layout of Array Waveguides

EU; HU j

(—St%WG —>

(XAWG ’:yAWG)




Layout of AWG : Vernier Input WGs

2 VirGH /
Dstrcszstrcv[1+ gr Zj =i/
GHz
&0 _ Sinl[ [;strcvj
Ry
| ) 0 L Jinit Jlast
.. ADj
OKi  Abj
ADj
Ol ,
IDi Di GDj QI | T CDi
a_égi Stpr(l)
N— A
PN R Stpr(\]|a5t)
HDj An ~n Ol
B — OJi FDi !
OKj GDj "
a_fJIast DDi




o, — Sin_l Dstrev
2Ry

é:i:(N fdm+1—2i)'o'o

Layout of AWG : Normal Output WGs

a—¢; /
IDj ID \ - S
=1 in: ; | =
L Linit Llast
OKi Hpj
. ADij
Ol |
Di IDj GDij Oli | 7 CDij
a =g Stor (1)
~—
] R Stpr(LIast)
HDj _ ) Al
OJij FDi I
OKj GDj
Q=G jast/ DDi
FDi EDi



Principle of Vernier Center Wavelength Trimming

2 VorGH 2 VorHz |
Dstrev = Dgtrev (1 ~ ﬁj —> Dstrev = Dstrey (1 + % in the current mask
YA

GHz

. Vnrghz

p=
SGHz

side)

\/ \ j=-1
\YR (Longer v;/sj\/ee)length& \
j=+1
Dstrey = 2-5 #M = Doy = 2:25 1M \ \
Dgtrev = 2.5 um

/1(1) = Acenter T jpSGHz = Acenter T jVnrghz




30-days Trial version

Absoft Pro Fortran : http://www.absoft.com/evalform.html

AutoCAD LT :
http://usa.autodesk.com/adsk/servlet/oc/offer/form?sitelD=123112&id=9247811

MathType : http://www.dessci.com/en/products/mathtype/trial.asp



How to use Pro Fortran

(1) Start Absoft Compiler - Absoft Developer Tools Interface = “No” = New Project > “Cancel”

(2) Configure - Set Default Options = “New” tab
F77 >
General - quiet
Compatibility - Fold to Upper Case
Miscellaneous - Promote REAL and COMPLEX
Format - Wide Format
Plug-ins = IMSL Library

“OK” - Save as “double-r8” - “double-r8.gui” stored in [Absoft Work Folder] - “Close”
(Note ) Setting should be -q —-N113 -W —N109

(Note Il) An Instruction of IMSL Library is in [Documentation] ... MATH.pdf etc



How to use Pro Fortran

(3) Store “double-r8.gui” in - [Absoft70] - [BIN] = [Resources] - [IDE Resources]
- [Settings]

(4) Prepare File with the Name “f.f”
Double Click “double-r8.gui” = “No” = Configure - Set Options
Target Directory - Click “...” - C: - [Absoft70] - Click “Absoft Work Folder” - “OK”
“Ctrl + F” - Double Click “f.f" > “Close” - Click “+” - “Ctrl + B” > “f.exe”

(5) “Ctrl + E” - Program Executed - Remove “f.f" > “Close” - Save changes to “double-r8.gui” ?

-2 “Yes’



Mask Data Generation Procedure

YA 71
/ /,/(Xend’Yend) (X2.Y2) | (X1.Y1)
/2 N
[ ° "
(X3,Y3) A
(Xstart’Ystart) (X4,Y4)
0 X

(a) Generation of “Line” (b) Generation of “Quadrangle”



Mask Data Generation Procedure

Overlap : 0.05~0.01um

(a) Overlap of Line’s



YA

DXF File Generation Procedure

tan ( Ostart ; Oend j

(Xend’Yend)

3 (Xstarts Y start)

(Xe Ye)

>
X

(a) Arc in clockwise direction

YA

tan ( Oend ; Ostart j

(Xend’Yend)

(X starts Y start)

(Xe Ye)

>
X

(b) Arc in counterclockwise direction



Mask Company - Mask Minimum Division Angle

Minimum Division Angle

WG Type R (um) A6 (Deg) Ao (rad) R*Aa (um)
HA-PLC 2000 ~ 5000 0.1 0.0017 3.4~85
InP & Si-Rib 50 ~ 500 0.1 0.0017 0.085 ~ 0.85
Si-Wire 5 0.1 0.0017 0.0085




Rotation of the Cell

Ya Ya
Nrot = 3 Nrot =0 Nrot =4 Nrot =5

u | F

- | :I_u)
M m L

Nrot = 2 Nrot = 1 Nrot =7 Nrot = 6



Chip Layout of AWG : 40ch-100GHz

Xdev = 5.4 mm
Ydev = 5.4 mm




Crosstalk ~ -20 dB

)
]
T

Transmission (dB)
S

Demux Properties of Si-Rib AWG : 20ch-200GHz

"‘ i

W" "' Wl

l

%35 1540 1545 1550 1555 1560 1565 1570
Wavelength (nm)

-40

i f




Demux Properties of Si-Rib AWG : 40ch-100GHz

N =290, AL=12.1 um, Lav=1.43 mm Crosstalk ~-18 dB

l‘ “1' " fl }."*l“ 11 1

1 535 1540 1 545 1 550 1555 1560 1565
Wavelength A (nm)



Test Waveguides



Test Radius of Curvature by S-Bends

Sqc=21.2 pm . _ Sqc Gap .
Gap = 0.2 um (Core edge separation) Sp = > ( > aj
Sp=10.0 pm

Y3d|3 =10 um S

Rp =20 ~ 220 um (10 um Step) Ob =Cos'1£1- 24; j
Orst = 3.0/Rp um °

< ’ < >

Ybnd = 2-Rp Singy Ybnd = 2-Rp Singy



Test Radius of Curvature by S-Bends

Sdc =21.2 Hm

Gap = 0.2 um (Core edge separation)

Sp=10.0 um
Y3d|3 =10 um

R, = 20 ~ 220 um (10 um Step)

Ot = 3.0/Rp um

‘t{ Yol T) > AT 2l Vo) 3
Oulz'l'-f) OU'::'qu OU(EEJ Ouli;l??:' Ou(i.] aj Ou('{-ﬂ 1)
Uit ufgz) it Eh ufgs)  UCEEl uig7) o) 'R uigio)  UGE) uia) it 16, ufg1s)  U(L16)
R AN ! N " A s
., e . W e w
| (\H__ﬁl__lgﬂ"Sj Y3dB Lli1'.4l A L. (‘MM_I:I(-HJBj *ad B ngu-j,gj,,«x\ | Do) Yas  u(mialN.
e, - — f e — 1 — e e o _ P — el '\.
T ¥ DS 7 ¥ NS o ¥ r—— >
oufi! /“ - fousa) | ou(#s)! / S fouia) | ouEe)! - i0u(312)
DC{E) -yl 1) Dol DO () + ¥y 1 1)
“ong = 2 RpSindy Wona =2 Fpsindy Wona =2 Fpsindy ong = 2 FpS indy ong = 2- RS indy Wona =2 Fpsindy




Test Radius of Curvature by S-Bends

R, = 20 um

Rp 10 um Step /

¥

R, = 220 um




Test 3dB Directional Coupler
Sdc =7.2 pm Sqc Gap
Gap = 0.2 um (Core edge separation) Sp = 5 ( > +aj
Sp=3.0 um
Y348 = 0~ 100 um (5 um Step)
A R = 100 pm O =C°S_1£1' 2.& j
Otst = 0.03 um ’

Ou(i’,z) Ou(\i’3)

N
~

O (i,2) OL(:'i’:’B)

< ’ < >

Ybnd = 2-Rp Singy Ybnd = 2-Rp Singy




Test 3dB Directional Coupler

Y3gg = 0 um
Y3ds 5 um Step / 298 H

Y3gg = 100 pum



Test MMI 3dB Coupler

Smmi = E);lrn
S, = Sl\glvu i szrtn +Ore Diazgo = 9 um
Sprin = 3 um (Core center separation)
Sp =3.03 um
Opb =Cos'1£1—2ij Yepi = 114 um (40 ~ 240 um : 10 um Step)
Ro Rp = 100 pm
Oftst = 0.03 um

Ny =3.272402

_ 2ng4 D2 < > < >

iazgc

Yepro = 3 =114um 00 =2-Rysing, Ybnd =2-RpSingy




Ycpr 10 um Step

Test MMI 3dB Coupler

ch| - 40 Hm




