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Overview

®Planar Lightwave Circuit (PLC)
+*PM-DQPSK Demodulator

<+ AWG and OADM

®Integrated Photonic Device
“*Polarization Controller (SOI, Hydex™, InP)

*Numerical Simulation (FEM, BPM) and Software
®More Experience

“*Optical Telecom Network

*Nanophotonics, Microfabrication and Measurement

“*Electronic Design Automation

eSummary
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PLC PM-DQPSK Demodulator

Polarization Demux WDM [DQPSK Demodulator and 90° Hybrid]
and DeMux -
Tunable Matched Filter N
5 b G D :
Two Versions: TE& TM
Filter ) _
e =l Filter > | a 7 f_\_,_:f:Pi:/\:
E H
®
\ Ve

) I
\ pol p=C—— I
X5 per chip \—y—} —— Pﬂ

PBS — polarization beam splitter;
ROT — polarization rotator; X1
AWG — arrayed-waveguide grating; =

POL — polarizer; U r

Polarization-Multiplexing .
Differential Quadrature Phase- \ Y
Shift Keying (PM-DQPSK) X 10 per chip
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PM-DQPSK Rx Layout
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19mm x (12+2)mm; Hundreds of Elements;

Size
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Reticle and Packaging

=T e (2x) PD

B 16 SM Fiber Array Array/Header
; . PLC

Wire Bondable TEC

PLC Carrier

BUS Mask

(2x) 5 A TIAIMIMO ASIC

» Stacked-ceramic package with LGA
OStitching AWG interface for 40ch x 10G output
« To determine best phase-error compensation > PLC chip 10A for PM-DQPSK

« Density compensation for best fabrication precision

Y

160 Photodiode interconnect at 10G

» Integrated TIA/AGC/MIMO ASIC w/ Fanout.
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AWG Parameters

f0 (10) 194.00THz (1545.32nm) 194.00THz (1545.32nm)
SF (1) 100GHz (0.80nm) 100GHz (0.80nm)

Afzgr (Target) 6800GHz 6800GHz

(Din, Dout, Darr) (6.5, 6.5, 6.5) um (6.5, 6.5, 6.5) um

(Nc, nc, ns) ¢ (1.7660, 1.6050, 1.6610) (1.7680, 1.6060, 1.6550)
m #2) 26 26

Afecn®™ (Ahpgr) 6781.30GHz (54.03nm) 6777.85GHz (54.01nm)
dL #4) 25.0333um 25.0177um

Lf #5) 3079.5699um 3066.8842um

0 (#6a) 16.40 degree (1.560%6b)=24.60) 16.46 degree (1.50%6P)=24.69)
Narr ¢72) 136(204¢70) 136(204¢70)

Lu #8 (1000/1200/2000G) 0.26/0.38/1.05dB 0.26/0.38/1.05dB

Narr = 201:; Minimum radius > 90um; Four Orientations;

(#1). (group, array-waevguide, slab) index; (#2). diffraction order; (#3). free spectrum range;
(#4). adjacent length difference; (#5). Free propagation region length (Rowland Circle Radius);
(#6). power confining angle (full horn); (#7). Number of arrayed-waveguide; (#8). Loss imbalance;
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AWG Layout Detalls

/ Array pattern exactly aligned on
R both Stepper and MASK GRIDs —
R/2 for Rowland Circle: geometric info without distortion

e.g., AWG trace dL(25.0563um) error:
(max, min, mean, std) =
(2.0685, -1.0910, 0.3595, 0.5654) nm.

/O

/

/' R for non-Rowland;

Taper (e.g., 6um to 1.5um)

1. FPR fan-in and fan-out angles
(e.g., o; = a, = 30°% B, = 10°% B, = 15‘093

2. Minimum Wavegwde radius
(e.g., 100um for HYDEX®)

JFPRl

B

| i >200 Wavegmdes
© Henghua DENG 2009 Page 7 5.35x3.65 = 19.5 mm?



AWG Density and Test Map

ﬁ I/O pitch 250um
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06 11 6 Rotatortestin | EEEE R R SR g (@))
07 7.Rotatortestout 18 »,
—0f 8 PBS test out (TE Dump) B o, D
0% 9. PBS test out (TM Dump) il i v e e e e 16%¢ =
Q i0ER ' 100% oo e — g
; == AT e e —:—\:— :—i-;—i;—i R
12 = 8 ol o B B Bl -~ e} i
> i = AWG OB 5¢ S |Main
i = NG R e e T e e T e e e e e _
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é s 21.97% ™ B B ‘ :‘_‘_ ;-_‘_ : w0l =
s R 1.2% ol o
< e ' 6223% ~yed=r . . . ‘ 08\ <<
i 0 BT
141 9% 9% o7 e
e 05 | I;
21 % 04 o=
9 D
2 23% 4 o
29 o - o 3
B Y, . ot o %
L o

Size: 12Zmm*7mm m=26; dL=25.0177um; FSR=6777.85GHz: Narr=201;: R0=90um;

® AWG Density Compensation
« For balancing global and local densities

« For best fabrication precision
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AWG Performance

P15081111008-bar8-devl, port1~16 PDL scan, max pol.
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T s "‘,;r!jp.l,...u il H "'W’J W!'H Slow-Varying Path Length Errors
h' i i‘""‘ W }ﬂ' W* I iy 'Iﬂl“.i!'. 1‘ Ut !I lﬂ"'ﬂ.l'l!lp\ \‘Iﬂﬂ"
“R O
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70/ I |” il W 1 H M | ’ ‘ i i : T
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Wawelength (nm) s \
(A). Value includes fiber coupling losses of ~12dB. 525 A /‘J‘ \
(B). Skipped four outputs iz: o /ﬂ // \V\\/ﬂ \ m{ \\ n
(C). Performance 0 AL L \a A
AWG size 3mm x 5mm; 100GHz Spacing; FSR 6800GHz; 4sw W N d \ [ | / W / \ \U' i /
Insertion Loss <2.5dB; Loss uniformity <1dB; 3dB bandwidth " UV luz V;M m\w . “‘\1540 AL Le I

1530

60GHz; Crosstalk >25dB (adjacent) and >35 dB (non-adjacent);
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PM-DQPSK 90-deg Hybr!
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More PLC Devices ...

2.8mm*4.9mm

S

LS

Conformal Micro-Ring Folded-AWG |

R

Multi-Stage Filters MMI DQPSK Hybrid
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Overview

®Planar Lightwave Circuit (PLC)
+*PM-DQPSK Demodulator

<+ AWG and OADM

®Integrated Photonic Device
“*Polarization Controller (SOI, Hydex®, InP)

*Numerical Simulation (FEM, BPM) and Software
®More Experience

“*Optical Telecom Network

*Nanophotonics, Microfabrication and Measurement

“*Electronic Design Automation

eSummary
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Integrated Polarization Controller

Integrated Polarization Rotators

L s ;
1405 150 18505 15t

Wavelength (nm)
h)

al
.T'I:L'INbOg [] SiO, ] Nat:SiO, N Nat/K+:SiO, s [ SiO,
] LiNbO, |:|S'|02

=y T

Az

] InGaAsP [ InP

] InGaAsP [ InP ] InGaAsP [InP

[]InGaAsP [ InP [] InGaAsP L] InP
Previous Polarization Rotators

|

O si,N, [Sio,

Page 13

--- TM input
\'. /“-."\ ﬂf“. ]
|'| v .'I I I|l I," '|I '

PD}L—; — — [E input {
,'1
|

1EE1E  9S52  1GEGE

®Polarization controller

< Birefringence causes PMD and PDL
» Signal distortion and loss
» Bit rate and bandwidth limitation
< Polarization beam splitter (PBS)

)

< Polarization rotator (PR)

@®Realization
< Active

»  Electro-optic and thermal-strain effects

» \Voltage-controlled electrode - Difficulties
< Passive

» Anisotropic material
» Asymmetric geometry

®Material

< 1lI-V (AlGaAs/GaAs, InGaAsP/InP)
< Silica

DS

% Silicon-on-Insulator (SOI)

»  Main platform for Silicon Photonics
»  Compatible with VLSI CMOS electronics
(low cost OEIC)
»  Strong optical confinement (Compact and
low loss)
< Wy
air n0=1 w

air = 1

\
h Si | n=345

S1 Substrate

® SOl




Single-Section SOI Polarization Rotator

®Advantage
Strongly-hybridized modes.

« Easy fabrication. Compact size. Low loss.

®Principle

? AV
AV After propogating
half-beat length

@
*°*

(Phase of one component
lags 180 degree)

2
(Il)
l :
A4

Input Polarization

@Optical-Axis Rotation

< Rotation Parameter
[ n2(x,y) - H(z,y) dx dy
R— Q

[ n*(xy) - H(z,y) dedy
Q "

« Rotation Angle
» R>>1 (¢ > 45°) = x-polarized,
» R<<1(@<45°) - y-polarized;

» R=1(@=45° - PR (Single Section)
© Henghua DENG 2009
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A v
Cap Layer (112)\ dp ¥ : : P
A= e
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s— W= f
ny
Substrate
° Hx1 ° Hy1 ° ’”\H 1
25 |2 # o5 =\ 25 AT 2
21 \ 20l 2
BB E
j = ) =" ] 3
1 \\\\—:-’/// 1 &’// 1
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Full-Vectorial Finite Element Method (FV-FEM)
and Beam Propagation Method (FE-BPM)

O®FEM Mode Solver

< Obtain functional = Divide problem region = Derive elementary matrix =
Assemble global system = Solve eigenvalue equation

Vx(plVxo¢)—kilglo=0 F= / / [(Vx¢)" - (PIV x &) —kg[q) ¢" - 6]
1

<+ FEM Eigenvalue Equation

(K|{o} — 62[\[]{@} {0}
o | Ea] O .| M) [Mt2] ey o
K] = { 0] [0]] M= LJ[:ZZ?] (M 22 ]] to} = { (?)Z }

®FE-BPM lteration [Alx{d}er1 = [Bl{ o}k
Al = ZJA{,HU[U] + aAz ([K}k — kang[M], )

B, = —2jk{;,n0[ﬂf];{. — (1 — a)Az ([K]i — kgng[M];)
< Fresnel and Wide-Angle; Adaptive reference index n,; Imaginary-Distance BPM as
Mode Solver; Anisotropic Perfectly-Matched-Layer (PML) Boundary Condition

Mixed elements
(Avoid spurious modes)

®Advantages
< Accurate, efficient, and versatile (Arbitrary-shape, anisotropic, inhomogeneous, lossy)

< Non-uniform unstructured mesh & Adaptive Mesh (FDM limited by rectangular grids)

© Henghua DENG 2009 Page 15



~-EM Mesh and BPM Boundary Condition
6_ — —
53 Neumann
L ) (ﬁm) e 7 i z=10u \-‘u :z=12~,[f)|q")
_________ FDMGrids | Off-AxisBPM_ . ... ... .
of

=

Height (pm)
w

N

2 3 4 5 6
Width (pm)

Adaptive Mesh

© Henghua DENG 2009 Page 16
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Design and Characterization

=h/H

Slab Thickness/Rib Height: r

Normalized Power ( a. u. )

o

0.

o o
-

o
N

e

7

o

—
T

Single-Mode

= = SM-Cutoff Curve for (hr=0. H=

3um)

Region

Multi-Mode

14 16 18
Rlb Wldth,leb Height: s = W/H

= R

N

0

200 400 600 800
Propagation Distance z (pm)
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0.7 T ]
T a |
< |
0.6} wbsnsrensesnse]
f‘t I \InP ]
50.5} 1
© |
T ]
2041\ .
a ]
“Q ]
$0.3f- 1
C |
S :
=0.2 1
— |
= ]

3
............................................................................................ _10
1-20
-9~ PC (H=2.8um)
=¥- PC (H=48um)
.30
— ER (H=2.8um)

. e ==+ ER (H=4.8um) .
1. 500 1.520 1.540 1 560 1.580 1 606
Wavelength A (um)
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Extinction Ratio ER (dB)

@S0l PR

(). Single-mode from
1<H<10pm

(2). Normalized Charts
for various H

®|ll-V PR

Small cross-section H
for single-mode

(due to weak optical
confinement)

®Power Exchange

BPM Verifies
Analytical Formula

PC =99.60% (99.61%)
for TE- (TM-) input

QSpectraI Property
% PC>99.7% in C-band
% -25dB (-30dB)
crosstalk for 3um
(5um) device
< Suitable for DWDM

@
°oe

@
°oe



Hx1 %10 10
b . d . 7 2 2
Fabricated Device 4 . y
-6 6
15
8 -8
4 -10 i3
0.7 0.7 9 10 11 12 13 um 9 10 11 12 13 um
— 4 4
X 10 x10
895 Hx2 X Hy2
ST 7 -2 7 10
31 (28) - 31281210 | A » & 8
- 2727 1.0(1.0) 6 6
1.0 (1.0) 5 e 5 4
4 40 4 2
0
2.4(26) 1.4(1.4) 9 10 11 12 13 um 9 10 11 12 13 um
Identical TE and TM fields:
= Confined in guiding region.
5.0 (4.8) : 5.0 (4.8) f
2.7 .. ®Procedure
49 (48) 10(1.0) < BE-SOI — wafer

<+ RIE — vertical wall

<+ TMAH — slanted wall.
®Quality

<+ smooth slanted-facet
O®SEM Precision

% 0.1um — height /width
s 1°—angles

2 um —1um



Testing and Measurement

POlanzalion 100 ' I I Ol P‘CSimuIated(hl=18um)
SM Fiber Paddles —~ 9o} -- PCSimuIated(h=2:1um) I
S '@ b0 wessured (6 put) |
1 O O O Laser CCD Camera 6/ 80t M PC Measured (TMInput) |
QC" 70' \\\ §
In-Line Polarizer 2 6ol LR
m 2 .,
* PM Tapered g 90 .\
Fiber Sample 20x Lens Photodetector © 40} =\
\ Iris 5 0\
Ty @ ] §
& 20f
S-axis 3-axis Polarizing Non-Polarizing 3 axis £ 10! A
Positioner Positioner Beam Splitter Beam Splitter  positioner § , , , ‘
. 0 1000 2000 3000 4000 5000 6000
3-axis Rotator Section Length (1w m)
Positioner

®Fabrication Variation
% Optimal: (H, W, h, hr) =(4.8, 4.8, 1.8, O)um, R=1.01, L_=2572 um, PC= 99.98%
% Actual: (H, W, h, hr) =(5.0, 4.9, 1.9, 0)um, 0,,,=56", 0,erica=89", R=1.122, Ln = 2940 um
» Simulated: PC =88 % (Maximum theoretical)
» Measured: PCiyy = 75% £ 3% and PCyy, 51 = 62% = 3%
Loss 0.6 £ 0.1 dB/mm and 0.5 £ 0.1 dB/mm for TE- and TM-input, respectively.
®Analysis
< Variation of h is most important

» Simulation with h = 2.1 um fits well
» Rounding of vertical sidewall corner = Effectively increases h

© Henghua DENG 2009 Page 19



Bending and Coupling

Straight | :__a-’szal wi2_
(@) Waveguide: 8

Ll P I

—
=
—
e
X
%“"

E
%
S

SR
D Y %'A AN, R aﬁ; s i}‘%‘:qy:
S _ OO KRR RRK KRR IR
Y (h=0) Substrate Si ae: AT FANAVAYAYS .
W SRS o -0.54
: Eavaw °
Outer Facet Slanted (R=50um)  Outer Facet Vertical (R=30p m) 1 2 3 4 5 6 7 *g 2
* Adaptive Mesh .
2-1.54
£
3 -29
&)
-2.55
3

®Bending Analysis
< Asymmetric behavior  riwisnhw, (un) 2

< Change both light e

-0.6
-0.8  Offset & (um)

direction and ; ; )
polarization , ’ y
®Butt-Coupling : : j

s Optimize offset

®Taper
< Improves coupling

U S R R I
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Overview

®Planar Lightwave Circuit (PLC)
+*PM-DQPSK Demodulator

<+ AWG and OADM

®Integrated Photonic Device
“*Polarization Controller (SOI, Hydex®, InP)

*Numerical Simulation (FEM, BPM) and Software
®More Experience

“*Optical Telecom Network

*Nanophotonics, Microfabrication and Measurement

*Electronic Design Automation

eSummary
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AWG-based OADM

foldback i
Configuration |

I

I

!

I

I

|

I

3 7: 1550.120m 3?— |

!

A 8:155092mm SZ——| I ‘ :

- rATT - e;.Lg; 910 !

A 9:1551.72nm S;Z— z : :

i I

% 10: 1552.52nm 3?7 :B‘_}p}i{l}?g? 77777777777777777777 B |
2 11: 1553.330m g;z— N

12 1554.13mns:z ] Aua e

=

A 14: 1555.75nm S:Z—
o

Power(dBm)
Power(dBm)

InputB |11

-45 4

oy | |

-5:— I »—/\\_,__J"A\_‘/ v 7 gt
-€0

T
1554 1555 1%
Wavelen;

Obtained frorhwaﬁelgmombtical Spectrum Analyzer
(OSA) through Labview Software

i | lw“;l | | | OutputC ;% OutputD || | lﬂl
(1] = L
N ‘||| ‘|| || | : M

VAL : 1.

R ey

A
TV

IRENA
| [
————
50 155 1552 1553 1554 1555

| -85
-70 |
Wi i
T 1 80 T T T T
1556 1557 1547 1548 1543 1550 155
Wavelengthinm)

l
Bidirectional OADM Experiment
(Optical Spectrum)
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|
IR
IUMW(J \w 'Iw

556 1557
Wavelength{nm)

AWG, Crosstalk Analysis

] Agu Ayge A
Network Ays g Ay 9710 M1 Network
7 9:1551.480m $— - - .
2 N
# 10: 1552.30nm $— >< k Unuse [ k Unused
-] Channels w Channels
5 11: 1553.11nm 3?— = ~ : ~
: T 4 I .,
— — 15 /M 15 P Ay
16/ ___N16
. N ER—. "
Add An Ag Aq Drop
- ¥ Channel
# 11:1553.11nm
— I BSEOE E ] y

n Pass
Channels

AWG Loss-
Imbalance
/ Equalization

output

Electronic
Circuit for
Laser
Temperature
Control
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Electronic Design Automation

TE Band Structure
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Bandgap
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WL 034 PR Tt ek o &
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From Discovery

to Innovation...

with Nanocomposite Thin-Film
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Summary of Qualification

®Photonic Device and Optical Network
< AWG, OADM, OXC, DWDM, DQPSK, PBG, SOI, Hydex™, ...

< MMI, MZI, Coupler, PBS, Crossing, Bend, Taper, Micro-Ring, ...

®Simulation, Fabrication, and Measurement
< FEM, FDM, BPM, FDTD, CMT, ...

<+ OSA, PVD, SEM, XRD, AES, SCI, Profilometer, ...

@®Hardware and Software
¢ Electronic Circuit (SCH&PCB), FPGA, C, VB, IC Editors, ...

** RSoft, Apollo, Comsol/Femlab, Ansoft, AutoCAD, Matlab, ...

®Personality
«» Collaborative, Innovative, Creative, Productive, Competitive, ...
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