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» engineering Introduction and Overview
‘ |

* Why integration?

» Photonic IC technology—focus on InP
» Early development of PICs—serial and parallel approaches

 Coherent and WDM drove needs--tunable transmitters and
receivers, or transmitter and receiver arrays resulted

» After focus on WDM due to EDFA, coherent has returned for
more spectral efficiency

» Heterodyne vs. Intradyne—optical phase locked loops
(OPLLs) for energy efficiency in sensors and communication

* \What about Active Si-Photonics



Why Integration

( ™ UCSANTA BARBARA

» engineering Motivation for Photonic Integration

The convergence of research and innovation.

* Reduced size, weight, power

* Improved performance (coupling losses, stability, etc.)
* Improved reliability (fewer pigtails, TECs...)

* Cost

@

Horizontal and vertical integration possible
- multiple functionality and arrays of chips in one
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previtierrealNetwork traffic, Data ente_r and Superc_omputer connections
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You Tub‘é = Panasonic’s Lifgyyall
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10 TFlops 2.7 dB / year 100 Th/s
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100 GFlops 2dB / year 17Tb/s
(58%/year)
10 GFlops o @ USdata network traffic 100 Gb/s
1 GFlops o * 10 Gb/s
¢ 60% > 10 log,,(1.6) dB > 2 dB
1995 2000 2005 2010

Exponential network traffic growth is driven by high-bandwidth digital applications
Video-on-demand, telepresence, wireless backhaul, cloud computing & services

Courtesy P. Winzer

( ™\ UCSANTA BARBARA
» engineering

Similar to Moore’s Law for Electronics

Mt

= A full-featured cell phone with discrete electronics would be unreliable, the
size of a large building, and unimaginably expensive to assemble, test, and
power.

= We are now beginning to make similar statements about photonic ICs and
the systems they enable

10,000,000,000

Nehalen
Dual Core Itanium 2 oly
mG6

1,000,000,000 enryn

- ®
Itanium 2 @ .Qua(?c ore
ftanium 2 ® Xeon & core DY

" [s]
ftanium 2@ &® @ pentium 4HT
Xeon ® o P @ Dual
100,000,000 - Pentit .m%. G ~
i entium
Pentium 4.: HGs
Pentium 11 @ ; @
2 Pentium IIl
S 10,000,000 Pentium MIIX -4
Pentium Pro
g Pentium gy -6-8046048
= 601 03e
S 1,000,000 80486 om @
= 1 68040
80-386 ® W68030
68020
100,000 80286 @
M 68000
8086 @
10,000
8080 @
lboose M6800
4004
1,000 T T T T T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

courtesy of T. Koch



( ™ UCSANTA BARBARA
» engineering

( ™ UCSANTA BARBARA
» engineering

New Applications include structural & industrial sensors

Bragg gratings:
* Temperature
* Pressure
* Displacement / Strain
* Damage/Delamination

Coherent Fiber Sensing
* Distributed Acoustics
* Vibration
* Flow
* Intrusion
* Perimeter Monitoring

New lasers, such as all-semiconductor
very high-speed swept lasers (>kHz

rates), are enabling new methodologies
(photo courtesy of Insight Photonic Solutions)

gration Platforms

—
Indlum Phosphide silica on Silicon (PLC)
* Exce

» Mature technology
» Complexity/propagation losses for passive

elements

* Excellent passive components
» Mature technology
* Lack of active elements

10/26/12
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Focus on InP for Actives

The convergence of research and innovation.

* Most mature and widely used
* Driven by communication and sensor applications

* Examples
— Widely tunable laser (SGDBR)

Externally modulated laser (EML)
* EAM based
* MZI based

Preamplified receiver

Transmitter/Receiver Arrays

Coherent (vector) transmitters and receivers
Wavelength converters

PIC Technology




( ™ UCSANTA BARBARA
v engineering

Focus on InP for Actives

f research and innovation

* Most mature and widely used
* Driven by communication and sensor applications

* Examples
— Widely tunable laser (SGDBR)
Externally modulated laser (EML)
* EAM based
* MZI based

Preamplified receiver

Transmitter/Receiver Arrays

Coherent (vector) transmitters and receivers
Wavelength converters

() engineering _Early Active PICs

f research and innovation

Partially transmissive mirrors and active-passive integration needed

— Etched grooves First integrated InP (laser — X) devices
. 2 1 Au-Zn
- Tunable single frequency | Ay SigN,
’ I M/M
- Laser-modulator p-inP
IEIISSEEIET Q-ACTIVE
- Laser-detector n —— e
L.A. Coldren, B.I. Miller, K. Iga, and J.A. Rentschler, “Monolithic »
two-section GalnAsP/InP active-optical-resonator devices formed

by RIE,” Appl. Phys. Letts., 38 (5) 315-7 (March, 1981).



(™ UCSANTA BARBARA
v engineering

Early Active PICs

Partially transmlsswe mirrors and active-passive integration needed

— Etched grooves First integrated InP (laser — X) devices
. 2 1 Au-Zn
- Tunable single frequency } A%j;':
- Laser-modulator p-inp
EECEEIEEES Q-ACTIVE
- Laser-detector n — o e
L.A. Coldren, B.I. Miller, K. Iga, and J.A. Rentschler, “Monolithic
two-section GaInAsP/InP active- optlcal—resonator devices formed
by RIE,” Appl. Phys. Letts., 38 (5) 315-7 (March, 1981).
DBR i Lasing | Tuning
region l' region - region
! / i Au/Zn/Au
p-InP electrode
DBR SiO, n-InP

-> DBR gratings and vertical couplers

- Tunable single frequency

/ = g"

AN \\\\\\\\\\\\\\\wmg

Light output

- Combined integration technologies n-inP Gao: INg.esASoss Pos2
Y. Tohmori, Y. Suematsu, Y. Tushima, and S. Arai, “Wavelength AMB layer v r:‘emal :u;d;fs
tuning of GalnAsP/InP integrated laser with butt-jointed built-in GalnPAsP ,z;;i:';mw Au/s:/:{u(A' e
DBR,” Electron. Lett., 19 (17) 656-7 (1983). Sctiveifayer electrode

Gag.431M057ASass Poos (A =1.60 pm)
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) engineering | Early Active PICs

re

Partially transmlsswe mirrors and active-passive integration needed

— Etched grooves First integrated InP (laser — X) devices
. 2 Au-Zn
- Tunable single frequency J/7 } A j‘.c
- Laser-modulator i [i / b-InP
EEERTERES Q-ACTIVE
- Laser-detector n ——
L.A. Coldren, B.I. Miller, K. Iga, and J.A. Rentschler, “Monolithic
two-section GaInAsP/InP active- -optical-resonator devices formed ]
by RIE,” Appl. Phys. Letts., 38 (5) 315-7 (March, 1981).
DBR B4 imiingl 57 F 2 Faning
region l’ region : region
! / i Au/Zn/Au
electrode
. . DBR Si0, |\ L=< n-InP
-> DBR gratings and vertical couplers \ pinP

E’;
TS \\\\\\\\\\\\\\\w‘mg

- Light output
- Tunable single frequency

- Combined integration technologies Gaoa INossASossPos

Y. Tohmori, Y. Suematsu, Y. Tushima, and S. Arai, “Wavelength AMB layer vV ‘la“”"" :“1“’;5
tuning of GalnAsP/InP integrated laser with butt-jointed built-in GalnPAsP / ,Z,"gi"o',?“s‘d Au/s:;u“' 2 4m)
DBR,” Electron. Lett., 19 (17) 656-7 (1983). electrode

Active layer
Gag.431M0.57ASass Poos (A, =1.60 pm)

prelectrode~. SiN. polyimid pelectrode
. ~. A Vi " (Cr/Auw)
—->EML = electroabsorption-modulated laser prsGanse— \ ’ E ot
ill i 1 pInP—i "';”'I"
- Still in production today rrs= s P
M. Suzuki, et al., J. Lightwave Technol., LT-5, pp. 1277-1285, 1987. (p2Gapep Lnrnp
(S;—Au/;u‘,

DFB laser”  EAM
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Coherent Communication Motivated Photonic Integration

nvergen f research and innovation

* In the 1980’s coherent communication was widely investigated to increase receiver
sensitivity and repeater spacing. It was also seen as a means of expanding WDM approaches
because optical filters would not be so critical.

Y. Yamamoto and T. Kimura, “Coherent optical fiber transmission systems,” IEEE J. Quantum Electron, vol. 17, no. 6, pp. 919-925, Jun. 1981.

* This early coherent work drove early photonic integration efforts—Stability; enabled phase-

locking
T. L. Koch, U. Koren, R. P. Gnall, F. S. Choa, F. Hernandez-Gil, C. A. Burrus, M. G. Young, M. Oron, and B. I. Miller, “GalnAs/GalnAsP
multiple-quantum-well integrated heterodyne receiver,” Electron. Lett., vol. 25, no. 24, pp. 1621-1623, Nov. 1989

ZERO-BIAS
MQW WAVEGUIDE
/ DETECTORS \

Integrated Coherent Receiver
(Koch, et al)

PARTIALLY TRANSMITTING
FRONT BRAGG SECTION

MQW GAIN SECTION
PHASE SECTION

HIGH REFLECTOR
BACK BRAGG SECTION
EMI-INSULATING LAYERS
BURIED RIB SEMI-INSULATING BLOCKED
SEMI-INSULATING-CLAD BURIED HETEROSTRUCTURE
PASSIVE GUIDE MQW-DBR WAVEGUIDE

* The EDFA enabled simple WDM repeaters (just amplifiers) and coherent was put on the
shelf

( ™ UCSANTA BARBARA

el PIC Enablers: Active-Passive Integration

f research and innovation

Desire lossless, reflectionless transitions between sections

PASSIVE
AcTive ACTIVE AT l PASSIVE l ACTIVE PASSIVE
l AT'VE 1 PASSIVE PASSIVE l l l 1
Vertical BUTT-JOINT ASELEGcTWE OFFSET DuaL QUANTUM WELL
Twin-Guide REGROWJH REA SROWH QuanTum WeLLS QuanTuM WeLLS INTERMIXING

/ Patterned Re-growth

Low Passive Loss
Low Passive Loss

3 Bandgaps usually desired
Need simple, high-yield process
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Coherent Communication Motivated Photonic Integration

e

f research and innovation

* In the 1980’s coherent communication was widely investigated to increase receiver
sensitivity and repeater spacing. It was also seen as a means of expanding WDM approaches
because optical filters would not be so critical.

Y. Yamamoto and T. Kimura, “Coherent optical fiber transmission systems,” IEEE J. Quantum Electron, vol. 17, no. 6, pp. 919-925, Jun. 1981.
* This early coherent work drove early photonic integration efforts—Stability; enabled phase-

locking
T. L. Koch, U. Koren, R. P. Gnall, F. S. Choa, F. Hernandez-Gil, C. A. Burrus, M. G. Young, M. Oron, and B. I. Miller, “GalnAs/GalnAsP
multiple-quantum-well integrated heterodyne receiver,” Electron. Lett., vol. 25, no. 24, pp. 1621-1623, Nov. 1989

SINGLE MODE
PARALLEL
INPUT PORT

Integrated Coherent Receiver
(Koch, et al)

PARTIALLY TRANSMITTING
FRONT BRAGG SECTION

MQW GAIN SECTION
PHASE SECTION

HIGH REFLECTOR
BACK BRAGG SECTION
EMI-INSULATING LAYERS
BURIED RIB SEMI-INSULATING BLOCKED
SEMI-INSULATING-CLAD BURIED HETEROSTRUCTURE
PASSIVE GUIDE MQW-DBR WAVEGUIDE

* The EDFA enabled simple WDM repeaters (just amplifiers) and coherent was put on the
shelf
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Offset Quantum Well Process

f research and innovation

Active—Passive Region Grating Formation InP/InGaAs Regrowth
-Defnton - .
Metalization/Anneal Passivation/Implant InP Ridge Etch

eMost Mature SGDBR Fabrication Technology
eRequires Single ‘Planar’ MOCVD Regrowth
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f research and innovation

Simple/robust QWI process

— Ability to achieve multiple band

edges with a single growth & implant

QWI For Multiple-Band Edges

( ™ UCSANTA BARBARA
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f research and innovation
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E. Skogen et al, “Post-Growth Control of the Quantum-Well Band Edge for the Monolithic Integration
of Widely-Tunable Lasers and Electroabsorption Modulators,” JSTQE, 9 (5) pp 1-8 (Sept, 2003).

r with Integrated EA-Modulator

Optimized band edges for various devices
Three band edges across wafer
Widely-tunable SGDBR laser/EAM
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Lateral waveguides/couplers

f research and innovation

Wavequide cross sections

InP —_
InGaAsP ——=um . NN s
Deeply-etched Ridge  Buried channel Surface ridge Buried rib
Higher index contrast
MMI coupler

o S
t
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Desire for Practical Tunable Lasers Motivates Integration

] f research and innovation
+ Both WDM and coherent communication systems desired tunable lasers
+ Sensor systems also needed tunable sources

* Mechanically-tuned ‘External-cavity’ tunable lasers exist, but they tend to be costly,
bulky, tune slowly, and are subject to vibration

Mode Selection
Filter

Gain Medium

Output

Mirror-1 Mirror-2

Gain Spectrum

Lasing Mode

Mode Selection
Filte

Cavity Modes
LT

7
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Solutions for Tunable Lasers

The convergence of research and innovation.

* DBR Lasers Lt out Gain Phase Rear Mirror
— Conventional DBR (<8 nm) =

— Extended Tuning DBR’s (= 32 nm)

* External Cavity Lasers (= 32 nm) /
— Littman-Metcalf/MEMs
— Thermally tuned etalon Light Out

Light Out
S il

* MEMS Tunable VCSEL (< 32 nm)

— Optically or electrically pumped e mm"lh‘ ‘
il

* DFB Array (3-4 nm X #DFBs)
— On-chip combiner + SOA
— Oir, off-chip MEMs combiner
— Thermally tuned

Widely-Tunable-X PICs

(Mostly serial integration)
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Sampled-Grating DBR: Monolithic and Integrable
SGDBR+X Widely_tunable transmitter: “Multi-Section Tunable Laser with Differing Multi-Element
*  Foundation of PIC work at UCSB Mirrors,” US Patent # 4,896,325 (January 1990)

(UCSB’90-- > Agility’99-05 > JDSU’05->)

SG—TR Laser ) ~ 6 section InP chip
- e DETECTOR — N

MZ Modulator (Front Rear \
Amplifier  Mirror Gain Phase  Mirror

: ,

Modulated FRONT MIRROR
Light Out
Tunable over I N ~
C or L-band Q waveguide MQW active Sampled
regions gratings

* Vernier tuning over 40+nm near 1550nm

* SOA external to cavity provides power control

* Currently used in many new DWDM systems (variations)
* Integration technology for much more complex PICs

J.S. Barton, et al, “Tailorable Chirp using Integrated Mach-
Zehnder Modulators with Tunable Sampled-Grating
Distributed Bragg Reflector Lasers,” ISLC, TuB3, Garmish,
(Sept, 2002)
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» engineering Spld-Gratlng DBR Laser

f research and innovation

» Uses vernier effect for multiband tuning
AMNN = N x An/n by differential mirror tuning

Supermode (multiband) tuning

\2 X T T K T
[ 1
]
3 E
g | ]
FRONT REAR a E
MIRROR GAIN PHASE MIRROR i ]
p-InP E E
Feooias, ‘l“‘\”"‘ \A‘d‘ "‘m’f”mﬂ‘:
Quantum Wells i ——"Back T T ™
Sampled Grating Sampled Grating InGaAsP ) r me¢ ¢
Waveguide| 0 |
[
n-InP) 8
(O]
L
Y
[0)
4

length

~Wave



( ™ UCSANTA BARBARA
» engineering

JDSU Roadmap Enabled by InP Monolithic Integration

e Volume deployment typically needs form factors optimized for
port count, size, power dissipation and cost

— Transceiver module form factors are MSA driven and ecosystem is
more mature

— Photonic integration is essential to achieve cost, power and size
roadmap

— ILMZ is a good example of photonic integration

|L|V| chip (~ 4mm ILMZ TOSA (~ 18mm)

@an UC SANTA BARBARA
» engineering

SGDBR-SOA-modulator transmitters @ 40 Gb/s

Research initiatives:
1. QWI/EAM :

40 Gb/s TRANSMITTER EYES:

3 tive
Pas§ive A\ c-’ o 1547nm: ER.=10.3 1554nm: ER.=12.0 1565nm: E.R.=10.5
7 1 \ A\ Active »
: | VARV i
: Vo oA & :
§ N/ Vou >
- /S X . A\
Widely-Tunable s )__(\ \\“ f,,5=32 GHz/175um—20dB/V (1536-1560nm)
SG-DBR Laser EAM N V,,=2.5V
J.W. Raring and L.A. Coldren, JSTOE 13, (1), pp. 3-14, (Jan. 2007)
2. Dual QW/TW-EAM :
40 Gb/s NRZ Acl'vs PAslslvE LASOR
1533 nm

-15-20dB/V for 600 um over range

- Open eyes for all wavelengths
- 6 — 10 dB extinction with 2.1V

M. M. Dummer, et al, OFC’08, San Diego, Mar, 2008.

3. Series Push-Pull MZ] :
Integrated load R and bypass C
30 GHz Bandwidth

40 Gb/s eyes

XX 6%

40 Gb/s error free operation nputy,_ =25V 3= 1541 nm

Low/negative chirp ” ext.ratio =75 dB
A =1556 hm A=1566 nm

ext.ratio =90 dB ext. ratio =79 dB

A. Tauke-Pedretti, etal, Photon. Tech. Lett., 18 (18) 1922-4 (2006).
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Evolution of InP Integratlon technology enables more functionality
nee |

f research and inno

Research |n|t|at|ves ngh efficiency SOA-PIN Receiver & SGDBR-TW/EAM Transmitter
Transmitter LASOR

* Data format and rate transparent 5-40Gb/s

* No filters required (same A in and out possible) —nn
* Two-stage SOA pre-amp for high sensitivity & efficiency v, °
* 2R regeneration possible

* Traveling-wave EAM with on chip loads; ~ 0 dB out/in
optical insertion loss
* Only DC biases applied to chip—photocurrent directly Receiver
drives EAM 2> 1W/40 Gb/s = 25 pJ/bit
* 4 I h tuni
0 nm wavelength tuning range Eve Diaarams
5 Gb/s NRZ 10 Gb/s NRZ
SG-DBR Laser 20 Gb/s NRZ 40 Gb/s NRZ

SOA Mirror Gain Phase Mirror Abs. n ﬂ

: ’”’”‘“""'_'.';F Vi
. < A
oGl wim - W WGhERE 0 Ghs R

Resistor QW-pin High Power  Sjgnal Monitor SOA A
SOA S / S v i

M. Dummer et al. Invited Paper Th.2.C.1, ECOC 2008.

Capacitor

( Zéﬁa?}‘{‘é‘é‘é?ﬁ‘a More functlonallty 8 x 8 MOTOR Chip

research and inno
Research |n|t|aF|ves ‘ (40 Gb/s per channel)
* 8 x 8 ‘all-optical’ crossbar switch LASOR
* SOA — Mach-Zehnder Wavelength Converters
* Quantum-well intermixing (QWI) to shift bandedge for low absorption in passive
regions
* Three different lateral waveguide structures for different curve/loss requirements
Surface Ridge
Deeply-Etched Ridge Buried-Rib

Wavelength converters

QWI for active-passive
integration interfaces

See S. Nicholes, et al, “Novel application of quantum-well intermixing implant buffer layer to enable
high-density photonic integrated circuits in InP,” IPRM '09, paper WB1.2, Newport Beach (May, 2009)

Monolithic Tunable Optical Router
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Free-space 2-D Beam Sweeper

The con 2nce of research and innovation.

Research initiatives: O areeting)  Grating Surface-Emiter
A, pr———

Concept: Wavelength sweeps beam in x-direction; Widely-tunable laser
. . . (X-steering)
1-D phased array sweeps beam in y-direction N

PIC layout:

Near-field monitors
" (adjacent channels
_ form interferometer)

input

2-D beam sweeping results:
10° x 10°

(1569 nm, 0°)

Integrated Multi-Channel PICs
(Mostly parallel integration)
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Early Wavelength-selectable Laser PIC and EAM

Electroabsortion /
Modulator Rota A v - = A

Amplifier AR Coating

1xN Combiner

A/4-Shifted
DFB Lasers

Tunable single wavelength in this case
Multiple wavelengths possible
1/N combiner loss

M. G. Young, et al., Electron. Lett., 31, pp. 1835-1836, 1995.
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th

Wavelength-selectable light sources (WSLs)

Feature 7))

® DFB-LD-array-based structure
B Wide-band tunability
B Compact & stable

Multi-A locker module

Chip size:
0.4 x2.15 mm?

Pe I'fO rmance Schematic of wide-band WSL

B WSLs for S-, C-, L- bands (orFc02)
8 array, AL~ 16 nm (AT = 25K) x 6 devices
B Multi A-locker integrated

Wide-band WSL module (orFco2)
AA ~ 40 nm (AT = 45K)

g VE’;npoweredbylnnovation NEC

© NEC Corporation 2002
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WSLs for S-, C-, L- bands applications

The convergence of research and innovation.

10 } S-band C-band L-band
0 -
E.10 |
=-20 |
HR1 .l Uil l Ll
£ 20 [ LRI L |||)ll|||1 \.. ll nh H .w\
-60 s1 s2 Wafer1 Wafer2
-70 d : I = 1 P . :
1470 1490 1510 1530 1550 1570 1590 1610
W avelength (nm)
B AL ~ 16 nm (AT 25K) @15 - 40 °C
B 6 devices — 135 channels @100-GHz ITU-T grid
B SMSR > 42 dB
B P, >~10mW@ Ips= 100 MA, lsou= 200 mA
© NEC Corporation 2002 *,- e et NEC
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PIC multi-wavelength receiver

The convergence of research and innovation.

Wavelength Demultiplexer + Detectors

arrayed waveguide

detector
array

8x2nm

J. B. D. Soole, et. al., Electron. Lett., pp. 1289-1290, 1995.
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1/64 WDM Channel Selector

— 2nd-stage

SOA gates

1 8x1 MMI Coupler

_|_— booster SOA

 —
[nput Output

front

AWG
Ist-stage

SOA gates

L —

(chip size - 7.0x 7.0 mm?)

Kikuchi (N'I'sl;), EL, Volume 39, Issue 3, p.312-314 , 2003

10/26/12

() engineering ASPICs made in the first EuroPIC MPW runs

Pulse compressor

FF MW-laser Pulse serialiser

QPSK receiver

1)

arE e

Fast optical 4x4 switch

WDM crossconnect

Pulse laser with
variable rep rate

60 GHz RoF transmitter

FG readout chip
courtesy of M. Smit

Generic InP-based PIC-technology OFC, Los Angeles, 6 Mar 2012 38/31
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Widely Deployed Commercial “WDM” PICs

EML'’s: A Modulator

Section p-InGaAs/InP Cap

Blocking

InGaAsP
Grating O 5 =\

DFB Laser
Section

Selective-Area
MOCVD Grown
MQW-SCH

Tunables & Selectable Arrays:
SG-DBR Laser 7 .;_44’- — 1 3 =

Mz Front Rear ~—
Modulator Amplifier Miror —Ga__Phase Mirror ' y
e q— -
<= H3-H354
Light Out 7 g < 0 S . -8
Tunable over Q waveguide MQW active Sampled o 1" B |
Cor L-band regions gratings P
'_‘m - - - -

UCsB z JaciLity 5 O JDSU

—
| Coliming ks MEMs it misror

(20iaX, 205% inY)

1x12DFB S-Bent  MMI

FURUKAWA ELECTRIC

=

courtesy of T. Koch

Vivetrg o).
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Commercialization of WDM PICs: 2"d Gen. PICs

Large-Scale DWDM Photonic Integrated Circuits

100Gb/s Transmit
100Gb/s Receive

\

10 x 10 Gb/s Electrical Input

CH1

CH1

DC
Control
& Bias

Optical Input
u—

10 x 10Gb/s
Electrical
Output

Optical Output | 3
—
Ao M

10 x 10Gb 1 Mo
x 10Gb/s 10 x 10 Gbls

AWG De-Multiplexer

——
—e=3
——
—=
—e=3
—
—c
—e3
—e=
—c
—=3

m

CH10

£/%
L7

“%

Y
/2

CH10

PIN Photodiode
Array

b ‘
&

Yy
(790

96/@
9
O,o/h"/'s
Ay

“Infinera
courtesy of C. Joyner
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2004 First,‘Cgmnl\erciaI Large-Scale InP PICs

f research and innovation

100 Gb/s (10 x 10Gb/s) Transmitter and Receiver PIC

10 x 10Gb/s
Electrical Input \
CH] = = —== cHI
- 5 ——==
i 5 S—e=3 3
50 — £ 2= g
2E — = P A—e=3 o‘g
< —
2 e o Ay o—=3 :;
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infinera courtesy of F. Kish

() engineering What is the 13"’ Generation of InP PICs??

2arch and innovation

— what are the critical “stable configurations”

Advanced Tx Funct

15T Generation:
* Modulation
* Tunability

« Multi-» WDM COHERENT ...

* Multi-A WDM

Optical Network Routing Functionality:

1st Generation
* Reconfigurable Optical Add/Drop Multiplexers
Research (3 Generation?)
+ Optical Packet Routing
« Wavelength Conversion
» Optical Clock Recovery

Still exploratory ...

courtesy of T. Koch

... i.e., not proven “stable applications”
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Coherent returns to extend spectral efficiency++

The convergenc f research and innovation
* Vector modulation/coherent detection utilizes full complex field to enhance spectral efficiency
* Increase bit-rate without increasing baud rate
O _Binary modulation formats q

(1 bit/symbol): P X Tx D
— Optical duobinary / =+ | *-Q-. _.#z
PSBT | 4
Mach-Zehnder
— NRZ-/ RZ-DPSK PN Modulator .
(“bipolar” ASK) | ®—* *—Q—» —a<}

A4 Delayed Self-

QO _Quaternary (2 bits/symbol): Homodyne Det.

iy 4
— NRZ-/RZ-DQPSK §4><*§ *@ @%
=

O _Polarization-multiplexed QPSK (4 bits/symbol):
— Dual-Polarization QPSK

Other approaches for S.E. improvement include QAM (both amplitude and phase) and OFDM

(Orthogonal Frequency Division Multiplexing = no guardbands) Courtesy B. Mason

( ™ UCSANTA BARBARA
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Travelin-wave InP MZM DQPSK PIC

The convergence of research and innovation.

data data

80 Gb/s
*_ —
LD —
r=1580mm o Sub-MZMs 7/2 phase shifters
AL A
Ve N\ N

50-Q termination

[ =
¥ v ) Uses novel n-
50-Q termination DC bias p-i-n structure

Wavelength range: L-band (Ap = 1.47 um)
RF input: Differential
EO interaction length: 3 mm (Sub-MZMs),
1.5 mm (xt/2-phase shifter)
Chip size: 7.5 mm x 1.3 mm

N. Kikuchi, ECOC, 10.3.1, 2007. NTT@
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( ™ UCSANTA BARBARA F

irst Multi-Channel QPSK Transmitter PIC

and ir

10 channels x 40 Gb/s net

AWG

21.5Gb/s NRZ Balanced
Receiver Eye

Nested
MZM

s S21 Frequency Response
0 —\/—'"'\\“‘\

Small-signal BW > 20GHz

10 Log ( S21) (dB, optical)
w

= 10 frequency-tunable DFB laser:
with backside power monitors
= 10(I) + 10(Q) nested Mach- v Tunable
B
= 1AWG ‘ ‘ |
= 111 integrated elements in total [PM o 5 10 15 20
on Chlp Frequency (GHz)

Zehnder modulator pairs
SW. Corzine, et al, OFC'08, PDP18, 2008 courtesy of C. Joyner UM
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2011: 500 Gb/s PM-QPSK Coherent PICs

arch and innovation

Tx PIC Architecture (5 x 114 Gb/s)

TM-to-be

Rx PIC Architecture (5x 114Gb/s)

* > 150 Integrated Functions
» 7 Different Integrated Functions

10 tunable DFBs,
20 nested MZ modulators (40 total MZMs)
All of PIC sense and control functions

infinera courtesy of F. Kish
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The convergence of research and innovation.

10000 —
; Pl‘({j()c‘fcf(i gz
- 1000 r Large-Scale DWDM PICs .,E]1 Th/s
8 I .27 500 Gb/s
o 100 f .- (PM.QPSK)
oy F 100 Gb/s
= 10 EML <> - (O0K)
& 4 .
5 1L pmem 0 <
o ] [ | y | Tunable
g i bl EML
g 0.1 F e
=3 3 R
8 ¥ -
s 0.01 3 Scaling of InP-Based Transmitter Chips
5 F LED o . L
A 0.001 @ . Utilized in TeJecommunigationg Networks
1975 1985 1995

Y. 2005 2015 2025
ear

IR I Y HE[Y Concurrent serial and parallel integration

ETF-CE I AN VL[S Next generation serial and parallel
(PM-QPSK) integration (device diversity / scale)

infinera courtesy of F. Kish
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» engineering . rtion Enables the Terabit Age:

The convergence of research and innovation.

1.12 Tb/s PM-QPSK Transmitter and Receiver PICs
1.12 Tb/s (10 x 112 Gb/s) Tx + Rx PICs (28.4 Gbaud)

10 P
A .
E \r\
0 g 1
/ e
/ & -
810 g5
- T
g - %
2 g
3 -20 w5
1 o
2 i 3dB BW >
g =
5 -30f E 26GHz
= 5 7
= N —
-8
-40 0 2 4 6 & 10 12 14 16 18 20 22 24 26
ER >30dB Frequency (GHz)

-2.5 -2 -15 -1 -0.5 o] 0.5 1 15 2 2.5
Single Arm Voltage about Bias Point (V)

1.12 Th/s Tx = Rx PICs Transmission (Back-to-Back)

- " . " . » . » . » . » - »

- . » . » L ] . = . @ L -
—CH1 _CH2  _CH3 . —CH4. _CHS. _CH6 —.CHZ. —CH8~ —CHSY.-
.

Infinera courtesy of F. Kish
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Increase modulation complexity or Baud rate?

The convergenc f research and innovation

e
SERERE *s s
HEEBNE AR 2
BEREES TRy
i i ' TX:
SRS
PDM 512-QAM PDM 256-QAM PDM 32-QAM PDM 64-QAM PDM 16-QAM
3 GBaud (54 Gb/s) 4 GBaud (64 Gb/s) 9 GBaud (90 Gb/s) 21 GBaud (256 Gb/s) 56 GBaud (448 Gb/s)
[Okamoto et al., ECOC'10] [Nakazawa et al., OFC’'10] [Zhou et al., OFC'11] [Gnauck et al., OFC’11] [Winzer et al., ECOC’10]

High D/A and A/D resolution

* More p_arallgl channels * More dispersion/impairments
* More ‘linear’ electronics needed + Costly/non-existent electronics

Or, use superchannels??

LR AR
LA S 2
*8e s
LE & T

J< 300 GHz >\
»e |
oo

i

448 Gb/s (10 subcarriers) 16-QAM 606 Gb/s (10 subcarriers) 32-QAM 1.2 Tb/s (24 subcarriers) QPSK
5 bit/s/Hz 7 bit/s/Hz 3 bit/s/Hz

2000 km transm. 2000 km transm. 7200 km transm.

[Liu et al., OFC’10] [Liu et al., ECOC’10] [Chandrasekhar et al., ECOC’09]

Courtesy P. Winzer

Optical Phase Locked Loops

To save Power and Cost?
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@ Intradyne or Heterodyne for generic sensor and

ort-reach communication applications?

The convergence of research and innovation.

Intradyne Coherent Detection

Phase and polarization diversity Typical Intradyne receiver architecture
Frequency-locked local oscillator i
Digital signal processing of received Incoming Signal - .
electrical signals |_> :: e 25 e —»
» Electronic CD compensation Polarization | 90° Optical | >X TiA DSP —

Controller  — Hybrid S+R
——  Balanczd
Deco2 —» —> A —»
[=rg Isp2

» Electronic polarization demultiplex ||
» Adaptive PMD compensation

Reference

+ Use ‘Intradyne’ without phase-locked LOs, or do we need true Heterodyne detection?
» Desire data-rate independent generic chips—when are phase-locked narrow-linewidth LOs

desired?

* High-speed A/Ds & DSPs require lots of power and are expensive to design, especially as data rate
increases

+ Some impairments can be removed with much slower, lower-power, lower-cost signal-processing
circuiits

\ UCSANTA BARBARA
\.+/ engineering

Integrated Optlcal Phase Locked Loops (OPLLs):

The convergence of research and innovation.

» Offset locking of two SGDBRs-> viable using close integration of PICs with electronics in a OPLL
* Hz-level relative frequency control, potentially over 5 THz

W &) Photodetector i e RF offset

@ Modulator

Envelope

i Modulator

coupler Optical output

locked

[=3

\_  Quasi-continuous
\ phase-locked digital

. tuning up to 5 THz
\_offsets possible

Optical Power (dBm)
=y

-1004

40

)

(%.20 o s i
% : unlocked
2, 1560 1580

2 0 s 1540
Wavelength (nm)

Ristic, et al: JLT v.28 no.4, pp526-8, Feb., 2010
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Applications/Challenges

————

Costa’s Loop for BPSK, QPSK
demodulation

Complex DSP circuits not
required, but simpler ones can
be added for CD and PMD

Challenge: Develop receivers for
high speed (>100Gbaud) or
high constellations (n-QAM)

Matched with development of
coherent sources

LIDAR

i S (AVAV g
N Vil L AV Vi

— [ ] AN

— | PLL N\, —

Very rich/challenging area
Locking tunable lasers
Arrays of locked OPLLs
Swept microwave reference

Time / Phase encoding of
directed output

Need for rapid scanning and
locking rates

mmW / THz generation

PLL

mmW modulated
optical out

Locking of two tunable lasers

Requires high-speed, high-
power UTC photodiode

Speed determined by UTC
photodiode and feedback
electronics: Can be very high

Combined with antenna designs
for complete TRX links with
free-space path

All require close integration of electronics with photonics

( ™\ UCSANTA BARBARA
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OPLL Receiver Layout

/

Ceramic carrier

Loop filter

Sampled-grating
DBR laser:
-40nm tuna-
bility

-Low linewidth

- Higher power

Two designs of
90 degree hybrid

( only the firstone is
shown in the figure):
-MMl coupler
based

-Star coupler
based

Two designs of
Photodetectors:
-QW detectors
-Uni-traveling
detectors

On-PICRF
circuit:
-Microstrip
transmission
lines

- on-chip
capacitors
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ngineering Com

lete OPLL Circuit

Reference laser i

« OPLL /oop bandwidth test setup

>

Photodetector

RF signal

| generator

ESA

Light
Source

10%
4

50%

Heterodyne OPLL  PC EDFA fmod
| Pic 1 _ PM 90%
1l Loop

EICT} Filter l _

L3 AIN o

|

RF / Offset

Signal

50%

OSA

Y

o>

ESA

— Sweeping the modulation frequency fmod, measuring the sidebands

strength on ESA.

Normalized intensity /dB
FS B
S 8

&
18
B

Frequenwl GHz

FS 8
s S

Normalized intensity / dB
&
8

MMJK

4 6
Flequenmjl GHz

20 logyo|H{ja)| (dB)

10

A
IR

-— ed Loop

-40 |+ Sim. Targeted Loop Response
Sim. Fitted Loop Response

T

50 I
100k ™ 10M

100M

Frequency (Hz)

1G
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Heterodyne Phase Noise (Swept Source)

of research and innovation.

* Phase noise is comparable to commercial RF synthesizer
< -100 dBc/Hz phase noise above 5 kHz

0.03 radl2 phase error variance ( Integration from 100Hz)

( ™ UCSANTA BARBARA
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The con

50Gb/s
BERT

70GHz
Oscilloscope

n-
H Loop
Filter

g & 8

Phase Noise (dBc/Hz)

-100

<120

-140

e SGDBR w/ Ref.@6GHz
e Signal Generator
Background Noise

1

Homodyne OPLL
Costas Loop

10 100 1k 10k 100k 1M 10M 100M 1G 10G
Frequency (Hz)

Homodyne BPSK OPLL Receiver (Phase Noise)

Optical Pattern
Ocilloscope | | Generator

— PIC

Phase Noise (dBc/Hz)

= —1 90% % ﬁ q
\ I_IAOM Q 50%

Carrier, PC 50% E
Amps
100MHz ro (KDHD m
0

-100

SGDBR w/o BPSK mod + Ref.
SGDBR w/ BPSK mod + Ref.
e Signal Generator — 100MHz
Background Noise

-40

-60
-100dBc/Hz @ above 50kHz

-80

-120

-140
1

10 100 1k 10k 100k 1M 10M 100M 1G 10G
Frequency (Hz)

Cross correlation between SG-DBR and reference lasers
-100dBc/Hz @ above 50kHz
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SG-DBR Laser Linewidth

The convergence of research and innovation.

Self-heterodyne using 25km optical fiber Reference laser (Koshin) linewidth 100kHz
10MHz linewidth for free-running SG-DBR 100kHz linewidth for locked SG-DBR laser
-30 SOMHE S Locked SGDBR only 30 Locked SGDEBR only
40 S0kHz RBW. I::;E{E,‘E;E;s %{;Né:;SK 40 gl’ngHzZRSEFx)vavn _';f:::,:f,g: R BRsK
Reference Laser
—~ -50 < 50 100kHz
T 60 T 60
g g
2 -70 E =70
-80 -80
-90 -90
-100 -100
70M 80M 90M 100M 110M 120M 130M 99.4M 99.6M 99.8M 100M 100.2M 100.4M 100.6M
Frequency (Hz) Frequency (Hz)
"\ UC SANTA BARBARA .
./ engineering OPLL Locking Speed
The convergence of research and innovation.
400MHz/512bits ON-OFF laser Frequency pull-in time ~600ns
Locking conditions: EIC output — DC, Phase lock time <10ns
External PD output — 100MHz * Worst conditions

File Control Setup Trigger Measure Analyze Utilities Help 12 Aug 2012 4:20 PM File Control Setup Trigger Measure Analyze Utilities Help 12 Aug 2012 5:38 PM

\

mmﬂ

I Unlock | Lockl UnIockI Lock I Unlock I Lock I Unlock

Phase
locking

B O o) R

Mode Edge (1)

Hode Edge (1)

InfiniiScan NA InfiniiScan NA
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BPSK Data Reception—Eyes

PRBS 231-1 signals — up to 40Gb/s BPSK data
Open eye diagrams for 25Gb/s and 40Gb/s

Homodyne OPLL

Costas Loop

50Gb/s XOR PIC
BERT 50Gb/s ﬁIT "~
‘ 1| Loop
| EICA
[] Filter
70GHz Carrier]

Oscilloscopd —

Optical Pattern
OSA I Ocilloscope I I Generator |
PC 1o BPF EDFA 0% PC  EDFA
~_| 90% pu— ECL
[aom} (0] = 0sA
PC 50%
Amps

ro (EHDD
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See Postdeadline Th3A.2

BER vs. OSNR (20Gb/s to 40Gb/s)
Error-free up to 35Gb/s , < 1.0E-7 @ 40Gb/s

1.0E-2
1.0E-3
1.0E-4
1.0E-5
1.0E-6
 1.0E-7
g 1.0E-8
1.0E-9
1.0E-10
1.0E-11
1.0E-12
1.0E-13

40Gb/s
35Gb/s
30Gb/s
25Gb/s
20Gb/s

10 12 14 16 18 20 22 24 26 28 30 32 34 36

OSNR (dB/0.1nm)

Room A



What about Si-Photonics for Active PICs?

( ™ UCSANTA BARBARA

» engineering Why Silicon Photonics?
The convergence of research and innovation.
- Harness unprecedented process control platform that gives ever-

increasing functionality per unit area at low cost

2,000,000,000 —

sk (SO T
i . 1,000,000,000 — rowens, ST
65 nm Generation Transistors ... ranamz o core S8 2
but already moving to 22nm!! wnumze . BER 2O
100,000,000 — p
5% -,’ ® Barton P
L Lo
10,000,000 —| ransisior coomt douing. e
every two years el
S ponim
Si,N,
) 1,000,000 —| e
= “”S,”"
~— 35nm ‘ 100,000 —| e
/-’;t:se
10,000 —|
Si Substrate ‘1 Al
From Intel Corp. : ‘ : ‘ ‘
Outrageous multi-layer metalizations ... 1971 1980 1990 2000 2008
-

» 2 Billion transistors onto a chip at low cost?

- Huge $$ annual investments to achieve extreme quality
of materials, precision of fab tools, process yields

* IC product development team project done when tape-out
complete!

- Extreme predictability, mature CAD tools

CMOS IC Development — a world of difference
From ICE Corp. from most of today’s photonic chip design

courtesy of T. Koch
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Why Silicon Photonics?

In brief:

1) Cost

2) Performance

3) “Saving Moore’s Law”
—very different drivers

. But can one get access to these state-of-the-art Si fabs? Likely not—however,
probably can gain access to last generation fabs generating legacy EIC products

Performance reasons:

* Ultra-high index contrast

— Low bending losses, compact devices
— Benefits of TM polarization for some apps

* High performance actives? Lower power devices?

— High confinement, small active volumes ...??

+ Potential for on-board integrated electronics

— Reduced parasitics, eliminate impedance matching issues ...~ no 50 Q loads !!!
— Low-cost, highly sophisticated CMOS drive, preamp, digital processing, ...
— Proliferation of new applications?

+ Critical to continued scaling of traditional electronic functionality? coyrtesy of T. Koch
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Hybrid-Si Laser via Wafer Bonding

DFB Cross section

p contact _- p-InGaAs )
v ey ] :/ p- InP cladding -V Mesa ) 3
Region| n contact Cproton currentm e &'ﬁﬂ’s‘ﬁ é\f‘/': S (J%

---n-InP
"~ n-InP/InGaAsP SL

sol

Region Si Substrate ~-optical mode

not to scale

w
S

N
&

s o
£ 3
7 20 g
g e
e 1560 1600 1640
g1s N
5 3
° 2 50dB
210 S
o
o
S L _
8 s
05— — \"'\Nv‘\J LJ\/M
0 100 200 300 400 500
Current (mA) 1595 1600 1605
Wavelength (nm)
Integrated AlGalnAs-silicon evanescent
racetrack laser and photodetector
Alexander W. Fangl, Richard Jonesl, Hrlndai Parkl, Oded ‘Cohens, Omri deays, BOWGFS, et aI, 2009

Mario J. Paniccia®, & John E. Bowers

5 March 2007 / Vol. 15, No. 5/ OPTICS EXPRESS 2316

(intel)‘ UCSB
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Record 340 zin-Bandwidth Product Ge/Si APD’s

rch and innovation

— Outperforming InP!!

f resea

Normal-incident mesa-type Ge/Si APDs Waveguide type Ge/Si APDs
P- and N- Conta

P-contact: p*-Ge, 0.1jm, >10*%cm’®

Absorption layer:i-Ge, lum, 5<10% em™

Charge layer: p-Si, 0.1um, 1.52107 em®

Multiplication layer: i-Si. 0.5um, 510 cm®

N-contact: n”™-Si, Ipm, >10%%m®

—~ O}
)
z
° 3
(7]
&
e & !
2 30um-dia, 1310nm, RT \#‘
x .9t M=12.6 Al
R e ME32.4
4 ‘ S |
1263 1 10 o (b)
Frequency (GHz) Receiver results @ 10_ Gl_)/s with TIA:
+ -28dBm (normal incident type)
Invited Paper at GFP 2009: + -30.4 dBm (waveguide type)

WB6  11:45 AM - 12:15PM (Invited)

Monolithic Ge/Si Avalanche Photodiodes, Y. Kang, M. Morse, M. Paniccia, Infel Corporation, Santa Clara, CA, USA, M. Zadka, Y. Saad,
G. Sarid, Numonyx Israel Ltd, Kiryat Gat, Israel, A. Pauchard, Chemin de Crey-Derrey 152, Chatel-St-Denis, Switzerland, W. S. Zaoui,
H.-W. Chen, D. Dai, J. E. Bowers, University of Caiifornia - Santa Barbara, Santa Barbara, CA, USA, H.-D. Liu, D. C. McIntosh, X. Zheng and
J. C. Campbell, University of Virginia, Charlottesville, VA, USA
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f research and innovatic

* Active InP-based Photonic ICs can be created with size, weight, power and
stability as well as system performance metrics superior to discrete solutions
in many situations. If produced in some volume, the cost can be much lower.

* Coherent approaches will be greatly improved by the use of Photonic
Integration, and numerous sensor applications may be enabled in addition to
higher-spectral-efficiency communications.

* Close integration of control/feedback electronics will be desirable in many
future PIC applications—it is required for low-cost Optical Phase Locked Loop
(OPLL) systems with conventional semiconductor lasers, but efficiency can be
high.

* New high-volume (client) applications may emerge as low-cost ,high-
performance PIC/EIC transmitter/receiver engines are developed—
interconnect, computing, sensing, communication, etc.

* Active integrated Si-photonics is rapidly emerging, and many applications are
being explored. Integrated PIC/EIC devices would appear to be compelling,
but not on the horizon yet.
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Available now
Worked examples throughout
New homework problems

New material;
VCSELs
GaN lasers

DFB, MMI, AWGR, & other
component design

FTP site with software and color
figs

Diode Lasers
and Photonic
Integrated Circuits

Larry A. Coldren
Scott W. Corzine
Milan L. Masanovic
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