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Ubiquitous, Robust, MultiUbiquitous, Robust, Multi--Service Service 
Communication is Key to Quality of LifeCommunication 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 serv ices and drive network demand beyond 
the  steady x2/2 yrs growth  over last several years

• Global Communications is Vital to National Defense
• As a v ital 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  
innovation

• 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 ChallengesCommunication Directions and Challenges

• ONE Network
– Data/Optical, Wireline/Wireless Convergence
– DWDM/ Connection Based Packet (MPLS)  Core 
– Ethernet (with WDM) Will Blur the Metro/Enterprise Boundary

• Mobility  without Bandwidth Limits
- Ubiquitous, Smaller Cells Will Drive Optical Backhaul
- Opportunity for Agile, Optical Wireless? 

• Global Total Presence
– Symmetric Bandwidth to End Users
– Very High Resolution Video (Holographic?) Displays

• The Network:
– Is Secure but Unconstrained
– Knows You and 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 MarketState of the Telecomm Market

Source: Swan, RHK, Telecom Economics Program, March 4, 2003.

“ The Bubble”“ The Bubble”
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Commercial Lightwave System CapacityCommercial Lightwave System Capacity
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Optical Networking Evolution Optical Networking Evolution ––
A View from the A View from the ’’90s90s

– High Capacity Transmission

– Fixed Sharing Between Multiple Nodes 
– Passive Access of Wavelength Channels

– Automated Connection Provisioning 
– Flexible Adjustment of Bandwidth
– Network Self-Healing/Restoration

WDM/Point-to-Point Transport

Fixed WDM/Multipoint Network

Photonic XC and WADM
Reconfigured WDM/Multipoint Network

Fiber Amplif ier

Wavelength Multiplexer/
Demultiplexer

Wavelength Add/Drop

Wavelength Cross-Connect

Depends Upon Leveraging Amplifier VP!



Transcontinental DWDM NetworksTranscontinental DWDM Networks-- A  A  
Commercial Reality Today!Commercial Reality Today!
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Can cross-connect K+1 system 
(each carrying W channels) with 
K2 patch cables

Wavelength SwitchWavelength Switch
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Photonic TechnologyPhotonic Technology-- Enabler of TodayEnabler of Today’’s s 
Wavelength Routed Optical NetworksWavelength Routed Optical Networks

Function

Scale
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Network Global Expectation Model:       Network Global Expectation Model:       
Mean Traffic on LinksMean Traffic on Links
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Reconfigurable Optical Add/Drop Reconfigurable Optical Add/Drop 
Multiplexers with Electronic GroomingMultiplexers with Electronic Grooming

Opto-electronic 
Grooming Switch

Wavelength Selective SwitchWSS WSS

W
S

S

W
S

S

W E

N S S N Mesh Network Node
Optimally  combining the 
attributes  of transparent 
wavelength management and 
electronic grooming for h ighest 
bandwidth efficiency.

Mesh-connections

Scalability
Efficiency



DWDM WavelengthDWDM Wavelength--Selective SwitchesSelective Switches

Switching functionality: 64 channel, 4×1 WSS on 100 GHz gr id.

Additional functionality: Spectral equalization (per channel VOA), 
and blocking.

Features:
• Flat & Wide passbands

• Low losses

• Low PDL

• Low PMD



How About Metro?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, Prov isioning 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
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al., IEEE 
Photon. 
Technol. Lett., 
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TodayToday’’s WDM Networkss WDM Networks

• Configurable Wavelength Layer Networks
• “ Switching” at the Wavelength Layer- Bandwidth Prov isioning and  

Network Restoration
• OXC and ROADM available but require cost reduction
• Cost-Effective, Scalable Network , Multi-Point Networks Leveraging 

the Optical Amplifier Value Proposition 
• Evolv ing to Metro and, possibly , Enterprise/Campus
• Key Enabling Technologies Ready to be Leveraged into Adjacent 

Applications and Next Network Advances

� Value Proposit ion- 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? 



WhatWhat’’s Next?s Next?-- Near Term EnhancementsNear 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 GroomingOptical Grooming--Time Multiplexed Time Multiplexed 
WDM (TWDM (T--WDM): Coloring the PacketsWDM): Coloring the Packets

.. .. ..
Traffic

Aggregator

OC3 (155) Mb/s

OC12 (622 Mb/s)

10 Gb/s ……….

Filter

….

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 Div ision (TDM;SONET)



TimeTime--Multiplexed WDM:Multiplexed WDM:
Ring Architecture withRing Architecture with WDM Scalability and TDM GranularityWDM Scalability and TDM Granularity
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WhatWhat’’s Next ?s Next ?-- Longer Term ResearchLonger Term Research

• Expand Role of Photonics to Layers 
Above the Transport Layer

• 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 Beyond Transport Networks to Data Service 
NetworkingNetworking-- HighHigh--Speed Optical SwitchingSpeed Optical Switching



Evolution of Packet SwitchesEvolution of Packet Switches
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Expanding the Role of Photonics for Expanding the Role of Photonics for 
the Data Packet  Layer the Data Packet  Layer –– A RoadmapA 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

Evolv ing the Converged Data/Optical Network

- In-Line Optical Packet Router
- All-Optical Data Path (Elect. Control)
- All-Optical Data and Control
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Electrical to Photonic Packet Router EvolutionElectrical to Photonic Packet Router Evolution

� Opt Inter + Elect Fabric

� Elect LC + HS Optical Switch

� Elect LC +Tunable Laser + AWG

� Elect Con +Tunable WC + AWG

� Opt HR+ Tunable WC +AWG
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Transforming the Way We Use LightTransforming the Way We Use Light-- Next Next 
Generation Packet RoutersGeneration Packet Routers



• 42 x  42 AWG with 99 GHz
channel spacing 

• 51 GHz FWHM,
Gaussian passband

• PDL < 0.2 dB
• Polarization dependent wavelength 

shift < 0.015 nm 
• Next neighbor crosstalk < -32 dB
• Background crosstalk < 50 dB
• Extremely  low loss:  less than 4.1 dB 

from any input to any output connector
(wavelength range shifts from one input 
to the next)
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Core of Switch is a Passive Piece of GlassCore of Switch is a Passive Piece of Glass
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Fast Tunable Laser ModuleFast Tunable Laser Module

• Tunes between 64 ITU 
channels in less than 45 ns 

• Wavelocker feedback improves 
frequency accuracy and 
prevents long-term drift

With Locker
Without Locker

Result: 64 port x 40 Gb/s per 
port Optical Switch Fabric



Optical Packet Switching RoadmapOptical Packet Switching Roadmap
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IRIS Optical Domain Router (DARPA Funded)IRIS Optical Domain Router (DARPA Funded)

• Load-Balanced Birkhoff Von Neuman Switches 
for Architecture

• Three Stage Architecture
– Uses wavelength conversion in SOA’s to provide 

wavelength switching.
– AWG’s used to create spatial switching

• 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!
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Wavelength Switch ModuleWavelength Switch Module

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

– Packet or high speed circuit switching
• The wavelength switch consists of a 

demultiplexer and an array of tunable 
wavelength converters (TWC).

• Each  Tunable wavelength converter 
contains a tunable laser (MFL) and a 
wavelength converter (WC).

• Requires integration of laser and 
wavelength converter functionalit ies

• Requires integration of multiple 
parallel  systems
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Monolithic Tunable Wavelength Converter Monolithic Tunable Wavelength Converter 

• Two functions on same chip
– 8-channel MFL
– MZI-based WC

• 1mm long MQW SOA
• Wavelength conversion RZ to RZ at 10Gb/s  

with 3dB penalty

• Integration: 11 act ive SOAs
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D. VanThourhout et al., PTL., Vol. 15, 182-184 (2003)

Example of Emission Spectra

Passive Section:
Buried Rib Waveguide

Active Section:
Buried Channel SOA

InP

InGaAsP (l g=1.3mm)

MQW
p:InP

M etal Contact

Mater ial Structure for Passive-Active
Monolithic I ntegration

k

1-k

FSR1= 700 GHz
Dl = 100 GHz

FSR2= 800 GHz
Dl = 100 GHz

HR
HR

Laser Cavity

OUT

• Scalable to 56-channel M FL through 
monoli thic integration of AWGs and 
SOAs

• 15SOA for 56 channels
• Fiber-coupled power > 0 dBm
• SM SR > 35 dB
• Low threshold current ~ 2 x 35 mA
• Switching speed < 5 ns

Scalability : High Channel Count MFLScalability : High Channel Count MFL

Dimension ~ 5 x 5 mm2



Fast Switching, Powerful Tunable Lasers for Fast Switching, Powerful Tunable Lasers for 
Driving  Tunable Wavelength ConvertersDriving  Tunable Wavelength Converters

• 8-channel MFL @ 100 GHz channel 
spacing on chip without AR-coat ing:

– 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

• Above threshold (5dB extinct ion)
– 10%-90% rise time 220 ps
– 90%-10% fall time 290 ps

• From threshold (>13dB extinction)
– 10%-90% rise time 270ps

– 90%-10% fall time 460ps
1ns



HighHigh--Speed Tunable Wavelength ConverterSpeed Tunable Wavelength Converter

InP integrated chip with:
• 40 Gb/s wavelength converter

– SOA nonlinear element
– Asymmetric Mach-Zehnder Interferometric filter

• Fast-tunable CW laser source
– Multi-Frequency Laser

k

1-k

HR

HR

SOA

SOA Array

WC-SOA MZI

l j j = 1..8

l sig l sig & l j

MFL

WC

InP

Laser Cavity 

WC
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6.5 mm 
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– Wavelength Switching With AWGs

– DARPA Funded Program

WS

AWG
NxM

IRIS Optical Data RouterIRIS Optical Data Router

– Optical Data Plane Packet Routing
– Three Stage Load Balanced Architecture

Multi
Frequency

Laser Wavelength
Converter

Data

AWG
NxM

Buffer

– Highly Integrated Optoelectronic Chips

Wavelength Routing
of Data Packets

Wavelength Routing
of Data Packets

Buffering
of Data 
Packets

WS: Wavelength
Switch

AWG: Arrayed
Waveguide Grating

Partially DARPA funded



Variable Delay LinesVariable Delay Lines

•Continuously tunable delay line from 0 to 10 ns:

– all-pass filter ring resonators for continuous tuning from 0 to t = 0.32 ns

– set of discrete passive delays of t , 2t , 4t , 8t (16t  in fiber)

– SiO2 material platform with 2% index contrast

• Loss: 2-10 dB

• Polarization dependence eliminated via polarization diversity scheme

6 cm 

2 
cm

 
t 2t 4t 8t

APF: 0 ® t

2x2 MZ switch

Sw2

t0-t

0-t

2t

Sw3 Sw5Sw1

In
Out

8t

APF

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



Photonic Network EvolutionPhotonic Network Evolution
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TU/e TU/e –– Photonic FlipPhotonic Flip--FlopFlop-- Potential Header Potential Header 
Reading TechnologyReading Technology

1C O B R AC O B R AC O B R AC O B R A

Photonic flip -flop

10 mmmmm

D im en s io n s <  20 x  40 mmmmm 2

Sw i tc h in g  t im e <  20 p s
Sw i tc h in g  en erg y <  6 fJ

Martin  H ill e t a l., 
N ature, Vol. 432, 11 N ov. 2004, pp.206-209
C O BR A / TU  E indhoven / The N etherlands



1990 1995 2000 2005 2010 2015 2020

Predicted date -to-market

Waveguide in Ultra 
Compact Technology

1 mmmmm1 mmmmm
Very Compact
Technology 
prototype
(COBRA, 2000)
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Ack:  M. Smit, Eindoven U.



Next GenerationNext Generation-- Key Photonic Key Photonic 
TechnologiesTechnologies

• 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 EndDriving Photonics To the End--UserUser



WDM OLT

FTTP Evolution: WDM PONFTTP Evolution: WDM PON

• Full,  independent � to each subscriber
• WDM OLT 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
Low-cost, innov ative WDM technologies are key to cost-effective unlimited 
broadband serv ices to the home!

Router

PSTN
Switch

Internet

PSTN

Other
Networks

WDM
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Demux
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TV

Phone

Video

PC

Central Office
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or Businesses
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dual fiber
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& fiber(s) to each
home or business

Passive:
no electronics,

no power

ONU

ONU

ONU



Transformational Communications Network:     Transformational Communications Network:     
Leveraging WDM Networks/TechnologiesLeveraging WDM Networks/Technologies

Airborne LC
Terminals 

High Capacity 
Mobi le

Networks

Information Assurance,
Networking Testbed, and
Standards Development

Cover all Segments

Network Standards
And Interfaces

High Rate Terrestrial Networks
and Ground Infrastructure

Protected BEM
& Dynamic BW

COTM Nul ling 
Antenna

High rate
Crosslinks

Multi-access
Lasercom

Terrestrial
LC Terminals



SummarySummary

• 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!



BackBack--UpsUps



Some General Some General LearningsLearnings-- One PerspectiveOne 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



WhatWhat’’s Been Happening  During the Pause?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



SummarySummary

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

• Reducing Cost of Line Conditioning Crit ical 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

• 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



Architecture prov ides:

• Non-blocking architecture

• Modular deployment

• Broadcast capability

• Spectral equalization and blocking

• Hitless switching

• >10 Tb/s capacity  on fully  loaded system

64 Channel 464 Channel 4××4 Wavelength4 Wavelength--Selective Selective 
CrossCross--Connect for 40 Gb/s Data RatesConnect for 40 Gb/s Data Rates
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Overall SystemOverall 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)



Scalability Issues for Packet RoutersScalability Issues for Packet Routers

• Scheduling
– Complexity increases quickly O(N2-N3)
– Control plane bandwidth

• Single Rack limitations
– Limited bandwidth from backplane
– Power dissipation issues
– Interconnection “nightmare” in multirack systems

• I/O density
– Face plate in has connector denisty limitations
– Power dissiptaion issues

• 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

� � � � � � � � �
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• Speed of mixed-mode c ircuits  is
determined by the c lock rate of 
static fl ip-f lop build ing block.

• Speed of mixed-mode c ircuits  is
determined by the c lock rate of 
static fl ip-f lop build ing block.
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High  Speed 0.25um InP HBT TechnologyHigh  Speed 0.25um InP HBT Technology

• Mixed-mode circuit performance is limited
by device scaling and in tegration

=> Bell Labs has developed a planar
0.25um InP DHBT technology with 
Ft > 250 GHz.

• Mixed-mode circuit performance is limited
by device scaling and in tegration

=> Bell Labs has developed a planar
0.25um InP DHBT technology with 
Ft > 250 GHz.



BackBack--upsups



Network Global Expectation Model:Network Global Expectation Model:
TerminalTerminal--toto--Terminal TrafficTerminal Traffic
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EPIC (Electronic/Photonic Integrated Circuits)EPIC (Electronic/Photonic Integrated Circuits)

[[ 33 ]]
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Network/Technology TrendsNetwork/Technology Trends

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

• Broadband Access Growing; FTTP Beginning; US Behind
• IP to MPLS to Simplify Rout ing, Increase QoS
• National Backbone Links: Gb/s->Tb/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 TechnologiesEnabling Technologies--LearningsLearnings and and 
DirectionsDirections

• 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 Data In Optical Domain –– Network (DODNetwork (DOD--N)N)
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WhatWhat’’s Next? 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


