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Ubiquitous, Robust, Multi-Service
Communication is Key to Quality of Life

The Internet has Dramatically changed the Way we Work and
Live

Demands on the internet will grow as more of the world
population join the modern world

Broadband, including fiber, to the home will offer a quantum
jump in residential services and drive network demand beyond
the steady x2/2yrs growth over last several years

Global Communications is Vital to National Defense

As a vital infrastructure, communications networks are under
Increasing threat and disruptions have enormous consequences

However

Scaling Networks to respond to growing capacity, performance,
security and affordability needs will require a broad range of
iInnovation

The changing industry landscape has severely reduced US
industrial research in networking to address this need

Government funding will be necessary to keep the US at the
forefront of this important technology



Communication Directions and Challenges

« ONE Network
— Data/Optical, Wireline/Wireless Convergence
— DWDM/ Connection Based Packet (MPLS) Core
— Ethernet (with WDM) Will Blur the Metro/E nterprise Boundary

 Mobility without Bandwidth Limits

- Ubiquitous, Smaller Cells Will Drive Optical Backhaul
- Opportunity for Agile, Optical Wireless?

e Global Total Presence

— Symmetric Bandwidth to End Users
— Very High Resolution Video (Holographic?) Displays

e The Network:
— Is Secure but Unconstrained
— Knows Youand Your Needs but You are in Control
— “Learns” its Own Network Management/Optimization
— Is the Computer; Is the Sensor
— Is Affordable!



State of the Telecomm Market
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Commercial Lightwave System Capacity
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Optical Networking Evolution —
A View from the '90s

WDM/Point-to-Point Transport ﬁj—@—[ﬁ ' %

— High Capacity Transmission

J

Fixed WDM/Multipoint Network
— Fixed Sharing Between Multiple Nodes
— Passive Access of Wavelength Channels

J

Photonic XC and WADM

Reconfigured WDM/Multipoint Network
— Automated Connection Provisioning
— Flexible Adjustment of Bandwidth
— Network Self-Healing/Restoration

Depends Upon Leveraging Amplifier VP!
={>= Fiber Amplifier j/—}? Wavelength Add/Drop

Wavelength Multiplexer/
Demultiplexer Wavelength Cross-Connect




Transcontinental DWDM Networks- A
Commercial Reality Today!
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Wavelength Switch
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Photonic Technology- Enabler of Today's
Wavelength Routed Optical Networks
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Network Global Expectation Model: 2010

Mean Traffic on Links N-to-N: 40- 80 Gb/s
Link: 2-4 Th/s

Node BW: 6-18 Th/s
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Reconfigurable Optical Add/Drop
Multiplexers with Electronic Grooming

Mesh-connections

N S S N Mesh Network Node

Ot ot Optimally combining the
attributes of transparent

wavelength management and
e rrrm electronic grooming for highest
W E bandwidth efficiency.

Wavelength Selective Switch

Opto-electronic
Grooming Switch
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DWDM Wavelength-Selective Switches

Switching functionality: 64 channel, 4x1 WSS on 100 GHz grid.
Additional functionality: Spectral equalization (per channel VOA),
and blocking.

Features:
* Hat & Wide passbands

®* Low losses
Low PDL
eLow PMD



How About Metro?

Carrier Views (North American Perspective)

Local Exchange Carriers Have Started With Some Pt-to-Pt WDM
Where Limited Fiber

Most Carriers Claim They Want WDM to “Feel” Like SONET-
Management, Provisioning Which Will Require ROADM, but Concern
About Cost

Integrated Transport (WDM/TDM) and Data Also on Roadmap

Technology Issues

Amplifier Value Proposition More Challenged- Shorter Distance,
Lower Capacity Demand, Fine BW Granularity Required

WDM Okay if Un-amplified
Intelligent WDM/TDM Integration will be Essential

At High Level, WDM Offers the Integrator of Native Ethernet and
SONET/SDH

Caveat

Early introduction of 40 Gb/s in Backbone Could Drive Down Cost
Making 40 Gb/s Rings in Metro Competitive to Few Channel DWDM



Metro ROADM-Silica Waveguide 1 x 9 WSC
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Today's WDM Networks

 Configurable Wavelength Layer Networks

« “Switching” at the Wavelength Layer- Bandwidth Provisioning and
Network Restoration

e OXC and ROADM available but require cost reduction

 Cost-Effective, Scalable Network , Multi-Point Networks Leveraging
the Optical Amplifier Value Proposition

« Evolving to Metro and, possibly, Enterprise/Campus

« Key Enabling Technologies Ready to be Leveraged into Adjacent
Applications and Next Network Advances

Value Proposition- Massive Bandwidth Highways Around
the World; Wavelength Routing and Bypass to Reduce Load
on Electrical Circuit Switches; Cost-Effective Enabling the
WW Internet

What's Next?



What's Next?- Near Term Enhancements

Nearer Term, but Important Research Challenges:

Continue to Drive Down Cost of Optical Subsystems with
Innovation
 Optical Monitoring Technologies

 Dynamic Allocation of Channel Bandwidth for Network
Agility and Efficiency

» Architectures to Provide the Capacity and Scalability of
DWDM with Granularity of TDM- a Softer WDM/TDM
Boundary



Optical Grooming-Time Multiplexed
WDM (T-WDM): Coloring the Packets

OC12 (622 Mb/s)

IR
Ll

Traffic
Aggregator

-1l

Filtef

10 Gb/s

OC3 (155) Mb/s

T-WDM:

(-

Allows to connect in all-optical domain sub-wavelength granularity channels
Routes channels with simple, passive optical filters

Scalability of WDM
Granularity of Electrical Time Division (TDM; SONET)



Time-Multiplexed WDM:
Ring Architecture with WDM Scalability and TDM Granularity

Deaggregator|| Aggregator Deaggregator|| Aggregator
Burst [|Tunable Burst [[Tunable
receivel|_laser receiver | _laser

*Simple optical Add/Drop.
*Sub-wavelength granularity.
*Growable to full WDM.

Single
Lambdg

drop

. +—_ 10G/40G Data Envelopes

Single
Lambdg
drop

N-Node Ring comparison:

Bandwidth # of Bandwidth Scalability
Granularity Transmitters Efficiency
/Receivers
SONET Ring 50 Mb/s N 1/N 10/40 Gb/s
T-WDM Ring 50 Mb/s N Close to 5 Th/s
100%
WDM Ring 10 or 40 Gb/s N(N-1) 100% 5 Tb/s

Zirngibl, et al, Bell Labs




What's Next ?- Longer Term Research

« Expand Role of Photonics to Layers
Above the Transport Layer

e Extend Reach of Photonics Closer to End
User

 Extend and Expand the Role of Photonics
to Non-Communications and Consumer



Beyond Transport Networks to Data Service
Networking- High-Speed Optical Switching



Evolution of Packet Switches

First Generation Second Generation
Single CPU - multiple line cards One CPU per Line Card
Single electrical backplane Central Controller for Routing Protocols
Cisco first routers (early '90s) Cisco’s second generation (7500)

Fourth Generation
Multiple shelves of Line Cards
Centralized Switch Fabric
Third Generation Optical links interconnecting Line Cards and Fabric
Central Controller for Routing Protocols Cisco’s next generation, Juniper’s Gibson
Switch Fabric for inter-connection
Cisco 12000, Juniper, Lucent’s TMX




Expanding the Role of Photonics for
the Data Packet Layer — A Roadmap

Within Current Network Architecture:
- Optical Interconnect to Expand Packet Router Capacity

- High-Speed Optical Switch Inside a Packet Router for
Cost-Effective Scaling to 10-100 Gb/s Capacity

Evolving the Converged Data/Optical Network

- In-Line Optical Packet Router
- All-Optical Data Path (Elect. Control)
- All-Optical Data and Control



Electrical to Photonic Packet Router Evolution

Line Card 25( Line Card

: [scneaur]
J
m
Line Card Line Card
m

Switch Fabric System
19" x 36" , >2KW power, expensive high-speed backplane

Opt Inter + Elect Fabric

Line Card Line Card

Elect LC + HS Optical Switch
Elect LC +Tunable Laser + AWG

Elect Con +Tunable WC + AWG o Lire Card

Opt HR+ Tunable WC +AWG

Frame



Transforming the Way We Use Light- Next
Generation Packet Routers

| From Input Port |

Buffer _l

40 G mod |
40 G mod

40 G mod

40 G mod

L




Core of Switch i1s a Passive Piece of Glass

I
o 42x 42 AWG with 99 GHz
channel spacing

« 51 GHz FWHM,
Gaussian passband

« PDL<0.2dB
 Polarization dependent wavelength

shift < 0.015 nm lﬂﬂmmtfﬁ IIWM

 Next neighbor crosstalk < -32 dB 150 1585 1500 1545 1550 1555 1560 1565
e Background crosstalk < 50 dB Wavelength [nml

 Extremely low loss: less than 4.1 dB
from any input to any output connector
(wavelength range shifts from one input
to the next)

Insertion Loss [dB]
N
o




Fast Tunable Laser Module
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Optical Packet Switching Roadmap

Payload Terminates Electrical Buffer, Label Read

| In | out
e [ W
-— >
Tunable
Laser
_ Label Read
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Optical Optical Wavelength
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IRIS Optical Domain Router (DARPA Funded)

 Load-Balanced Birkhoff Von Neuman Switches

for Architecture S

e Three Stage Architecture

— Uses wavelength conversion in SOA’s to provide
wavelength switching.

— AWG'’s used to create spatial switching

mmmmmmmmmmmmmm

SSSSSS
Memo

tage
ry

Third Stage
mmmmmmmmmmmmm

 Highly integrated InP Photonic Integrated
Circuits to Provide Wavelength Switching and
Buffering Functions

— Builds on active passive integration techniques we
have developed

— Demonstration of fast (ns) tunable lasers

— Integrated 40Gb/s wavelength conversion
— Demonstration of integrated regenerators
— Optical header coding and extraction

Potential for Compact 100 Terabit/sec
Optical Packet Router!

MFL




Wavelength Switch Module

« Wavelength switch (WS) module allows
input data streams to be switched from
one wavelength to another on
nanosecond time scales

— Packet or high speed circuit switching 5 | WS !

- The wavelength switch consists of a / L TWC
demultiplexer and an array of tunable TWe ;
wavelength converters (TWC). N : | 1: Ly

« Each Tunable wavelength converter ] : -
contains atunable laser (MFL) and a :
wavelength converter (WC). o :

 Requires integration of laser and 5 \ TWe
wavelength converter functionalities temmmmme e - oo

« Requires integration of multiple r~
parallel systems . TWC |

_________________________________



Monolithic Tunable Wavelength Converter

Two functions on same chip
— 8-channel MFL
— MZl-based WC
« 1mmlong MQW SOA
 Wavelength conversion RZto RZ at 10Gb/s

with 3dB penalty
* Integration: 11 active SOAs

log(BER)
iy

' m ' A
BmRzBKk-Bk|' '

Arzwc |1
11 t t t t t t

-24 -23 -22 -21 -20 -19 -18 -17
Received Power (dBm)




Scalability : High Channel Count MFL

» Scalable to 56-channel M FL through
monolithic integration of AWGs and
SOAs

» 15S0OA for 56 channels

e Fiber-coupled power >0 dBm
*SMSR >350dB

» Low threshold current ~2 x 35 mA
 Switching speed <5 ns

Dimension ~5 x 5 mm?
Exam ple of Emission Spectra

HR

ouT D

D. VanThourhout et d., PTL., Vol. 15, 182-184 (2003)

3 Laser Cavity R
i FSR,= 700 GHz
' D =100GHz

FSR,= 800 GHz

=100 GHz

HR



Fast Switching, Powerful Tunable Lasers for
Driving Tunable Wavelength Converters

e 8-channel MFL @ 100 GHz channel
spacing on chip without AR-coating:
— Power coupled into lens fiber > 3.5 dBm (7-

8 dBm on chip) for all wavelengths with
SOAs pumped with < 150 mA each.

 High Extinction Switching
« Turning single wavelength on and off
— No gain competition
» Abovethreshold (5dB extinction)
—  10%-90% rise time 220 ps
—  90%-10% fall time 290 ps
e From threshold (>13dB extinction)
—  10%-90% rise time 270ps
—  90%-10% fall time 460ps



High-Speed Tunable Wavelength Converter

InP integrated chip with:

40 Gb/s wavelength converter
SOA nonlinear element

Fast-tunable CW laser source
Multi-Frequency Laser

< 40mm————>

Asymmetric Mach-Zehnder Interferometric filter

A

Laser

6.5 mm

wC

v

SOA 1k

InP

N

SOA Array

<— Laser Cavity ——

HR
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IRIS Optical Data Router

— Highly Integrated Optoelectronic Chips
— Optical Data Plane Packet Routing
— Three Stage Load Balanced Architecture

First Stag Second S@EqQ Third 5tage
Packet Interconneac hl emor Packet Interzonne:
Multi — 1
Frequency[/ " Tl W] ““ >
Laser : .
' — Wavelength Routing
b —
; f DataPackets
Data | w’ . & :
\ arirlgﬁ_ - N\
ata — >
Packets

— AWWG —

MNXM

WS: WEv\éYe%\éﬁ!ength

SWIDARPA Fur
AWG: Arrayed

Waveguide Grating

S (S 70

Partially DARPA funded



Variable Delay Lines

*Continuously tunable delay line from 0 to 10 ns:

— all-pass filter ring resonators for continuous tuning from0 to t =0.32 ns
— set of discrete passive delays of t, 2t, 41, 8t (16t in fiber)

— SiO, material platform with 2% index contrast
* Loss: 2-10 dB

* Polarization dependence eliminated via polarization diversity scheme

APF
Out T
In S Aot t H — 2t [ %St— —
=X '>C§\ X :
Swl Sw2 Sw3 Swb N
t 2t 4t 8t l
APF:0® 1

o
<

6 cm >

..........

M. Rasras et al. “Integrated resonance-enhanced
variable optical delay lines”, PTL, April 2005

2x2 MZ switch



Photonic Network Evolution
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TU/e — Photonic Flip-Flop- Potential Header
Reading Technology

Dimensions <20 x 40 mm 2
Switching time < 20 ps
Switching energy <6 fJ

Martin Hill et al.,
Nature, Vol. 432, 11 Nov. 2004, pp.206-209
COBRA /TU Eindhoven / The Netherlands



Waveguide in Ultra
Compact Technology

Very Compact
Technology
prototype
(COBRA, 2000)

Compact Technology prototype
(COBRA, 1999)
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Predicted date -to-market

Ack: M. Smit, Eindoven U.



Next Generation- Key Photonic
Technologies

 High-Speed Optical Switch
 Flexible Optical Buffer

 Tunable, High-Speed Wavelength
Converter

 High-Speed (perhaps, low function)
Optical Logic

 Opto-electronic Integration (Function, Size
and Cost)

 Opto-electronic integration in silicon (?)



Driving Photonics To the End-User



FTTP Evolution: WDM PON

N Residences

Dedicated wavelength
& fiber(s) to each

@ home or business

or Businesses

Single or
dual fiber
Router
\ / ONU /- Phone
Oth = = Mol § & Vid
ther Mux/ @ ideo
——— > =
Networks WDM OLT Demux 513
PSTN / / =, O
Switch Passive: _

no electronics,

no power o~
PSTN
ONU

Central Office

 Full, independent to each subscriber
e WDMOLT handles all ’s simultaneously -- ’s are split to subs by external passive router

» Subscriber ONU's are configured to transmit/receive on on their assigned
* Advantages: different bit rates/protocols/services for each sub, easy to upgrade sub without affecting
others, good subscriber isolation, very high BW per sub possible

mm) Low-cost, innovative WDM technologies are key to cost-effective unlimited
broadband services to the home!



Transformational Communications Network:
Leveraging WDM Networks/Technologies

— g 7- 7’ 7’
v High rate Multi-access
\\ Crosslinks Network Standards| ® Lasercom

" And Interfaces
COTM Nulling
Antenna

Information Assurance,
Networking Testbed, and Protected BEM
Standards Development & Dynamic BW

Cover all Segments

Airborne LC
Terminals

High Capacity Terrestrial

LC Terminals

Mobile
Networks

High Rate Terrestrial Networks

and Ground Infrastructure




Summary

 Deployment of Configurable, Wavelength Routed Optical Networks has
Begun and will Grow

« Work to Reduce Cost, Enhance Management, Improve WDM/TDM
Integration, etc Needed, but Basic Value Proposition of Optical Networks
Established In Long Haul

 With Continued Cost Reduction, Metro Likely to Follow

* Next Directions for Photonics
-Expand to Higher Layers, Closer to End-User and
Expand to Adjacent Markets (Sensor, Consumer, etc)

 High-speed Optical Packet Routers- Challenging, but Potentially
Valuable; Phased Value Proposition Suggested

« Key New Technologies- High-speed Switch, Optical Buffer,
High-Speed (“Lite”} Address Recognition, Photonic and OE
Integration => Lot’s of exciting, impactful work to do in Photonics!



Back-Ups



Some General Learnings- One Perspective

« WDM Networks Business Model Really No Different From Earlier
TDM Systems

- Infrastructure Build is Cyclic- Backbone, Metro, Access
— Initial Large-Scale Infrastructure (eg, Amplifier) Deployment
— Long Term Line Card (TX/RCR) Business — Annuity

 Need to Crisply Understand and Carefully Apply the Value
Proposition for Amplified Systems- Balance First/Total Cost

 Right Combination of Optics and Electronics is Important

 Volumes are Critical to Cost Reduction- Adjacent Markets are
Important to Expand Optics Market



What's Been Happening During the Pause?

All Activity has not Stopped!
— Capacity Demand has continued to grow
— Strong Metro Optical Network Builds
— Finer Granularity TDM Feeds with Next Gen SONET
— Some Metro Ethernet over Fiber/Wavelength
— Focus on Network Efficiency and Opex

* Increased Focus (in US) on Government Networks (GIG BE)

« Broadband Access (DSL, Cable Modem and some FTTP) is
Growing- Will Drive Metro/Long Haul

 Broadband Wireless Growing- Further BW Driver

« Data/Optical Convergence Beginning



Summary

 Amplifier Technology Remains a Key Enabler for High-Capacity
Transmission Systems

« Reducing Cost of Line Conditioning Critical to Value Proposition
even for Long Haul Point-to-Point Systems

 Deployment of Multipoint Networks Leveraging VP of Amplifier Has

Started but Reducing Cost of Optical Networking Elements is
Essential

* Right Mix of Optical and Electronics Important to Business Model
 Volume is Key- Need to Grow Adjacent Markets as Well

e On Research Side, Time to Look Beyond Transport to Converged
Networks that May Include Role for Integrated SOAs as Well

« A Time for Cautious Optimism



64 Channel 4x4 Wavelength-Selective
Cross-Connect for 40 Gb/s Data Rates

Architecture provides:

* Non-blocking architecture

 Modular deployment

* Broadcast capability

» Spectral equalization and blocking
 Hitless switching

* >10 Tbh/s capacity on fully loaded system

# # % %




Optical Networking

Optical WDM Transport & Networking Layer

VOICE
:  VIDEO
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OPTICAL
ACCESS

Applications
Layer

Photonic Working Elements

IE Wavel ength/Space v Wavelength
Cross-Connect Switch Add/Drop MUX

SONET/ATM
Layer

Photonic Transport/
Network Layer




Overall System

« Load-Balanced Birkhoff Von Neuman Switch

« Three Stage Architecture: Space — Time — Space

« Components: Wavelength Switches (WS), Arrayed Waveguide
Gratings (AWG), Header Detectors (HD), and Time Buffers (TB)

Firgd Stag Second Stag Third Stage
FPacket Interconnec b em ary Facket Interconnec
s | : s '
- H Tl WS —
W= | l s v
- . il WS —
P PLIR
® ful <] : ° Mt ®
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° 3 - °
Tl W
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Scalability Issues for Packet Routers

e Scheduling
— Complexity increases quickly O(N2-N?2)
— Control plane bandwidth
 Single Rack limitations
— Limited bandwidth from backplane
— Power dissipation issues
— Interconnection “nightmare” in multirack systems
 |/O density
— Face plate in has connector denisty limitations
— Power dissiptaion issues
o State of art routers
— 640 Gb/s Throughput in single rack
— Multi Rack Routers not Cost-effective

DOD-N wants Scalability of > 100 Tb/s throughput
Outside Reach for Traditional Routers

Juniper M160 Cisco 12000



High Speed 0.25um InP HBT Technology

* Mixed-mode circuit performance is limited
by device scaling and integration

» Speed of mixed-mode circuits is
determined by the clock rate of

static flip-flop building block.
=> Bell Labs has developed a planar

0.25um InP DHBT technology with

Ft>250GHZ 250 :""l"|l|llll|llll|llll TTTT T TIATTTTT
- | ® SiGe
200:_ W P

150 itesse]

i 0.35um InfP

- Lucent :

100 0.25um | .

[ 0.33%

50 | i
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Network Global Expectation Model:
Terminal-to-Terminal Traffic

2008
2006
2004

2002

NETWORK TRAFFIC (T, Th/s)
YEAR (@ 2X/2YEAR)

NUMBER of NODES (N)
SK. Korotky, BL



EPIC (Electronic/Photonic Integrated Circuits)

Moore's Law An Exiraordinary OPPORTUN.TY

Photon | ~ — Smallindex contrast makes
(~350-400n current devices very large

— Large index contrast in

—Si/Si0, + 90 nm fab

capabilities (e.g. smooth walls)
nanophotonics

— Fine Feature Size

3
‘v
&W
{

Monolithically Integrated
VLSI Photonics and Electronics
on a single Silicon Chip
In a standard
CMOS-SOIlEoundry
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Network/Technology Trends

* Network- Driven by Data and Increasingly Video; Funded
by Voice

« Broadband Access Growing; FTTP Beginning; US Behind

 |Pto MPLS to Simplify Routing, Increase QoS

« National Backbone Links: Gb/s->Th/s->Pb/s via WDM

« WDM Layer Networking Reduces Demands on Electronic
Circuit Networking in Backbone Moving to Metro

» VLSI Electronics size reduction no longer increasing
speed only density

« Technology Advances in WDM Networks Offer Potential
Critical Functionality at the Packet Layer

» Recent Network Architecture and Protocol Research
Offers Potential to Overcome Some Optical Limitations for
Packet Switching/Routing



Enabling Technologies-Learnings and
Directions

Combine the Best of Photonics and Electronics

Integration is Key, But Has to Be Driven By
Value Added

Tunable Laser Deployment Should Increase to
Simplify Network Operations and Flexibility

Close Coupling Between Tech and Applications
Has Proven to be Invaluable

Volumes are Essential for Development
Investment

- Greater Ubiquity of Photonics in the Network

- Leverage Photonics Across Sensors,Security,
Medical,..



Data In Optical Domain — Network (DOD-N)

Data in Optical Domain — Netw ork

DOD-N
'ELECTRONICS IS THE BOTTLENECK

RE ROUTER
Forward Architecture)

N

~

Optical Data Router (ODR)

Forwarding/

- .
INPUT INTERFACE Routing
—-ou ™~ instructions
FROTONE f— E—

SWITCH OEO SWITCH -‘ ELECTRONIC

FABRIC FABRIC CONTROL
PLANE

OUTPUT INTERFACE ‘

Cisco GSR 12416  Demonstrate a functional Optical Data Router with
Throughput: 320 Gbls Chip-scale integrated solution (single or multiple
S monolithic chips) for an All-Optical Data Plane

Weight: 400 Ib. e Scalable to > 100 Tb/s




What's Next?

Nearer Term, but Important Research Challenges:

 Continue to Drive Down Cost, Size and Power of Optical
Subsystems through Innovation

 Improve Optical Monitoring Technologies to Enhance Network
Reliability and Fault Detection and Location

« Optical Grooming-Innovate Architectures and Network Elements
to Provide the Capacity and Scalability of DWDM with Granularity
of TDM- a Softer WDM/TDM Boundary

Longer Term, Grand Challenge:

 Expand Role of Optics to Higher Layer (above transport) to
Complement Electronics for Packet Routing/Switching

 Extend Reach of Optical Networks Closer to End Consumer



