OPTICAL NETWORKING
BEST PRACTICES
HANDBOOK

John R. Vacca

1807
{|WWILEY |3
2007 [

[
NNNNNNNNNNNN

WILEY-INTERSCIENCE
A John Wiley & Sons, Inc., Publication






Innodata
File Attachment
0470075058.jpg





OPTICAL NETWORKING
BEST PRACTICES
HANDBOOK



BICENTENNIAL

1807

@WILEY
2007

BICENTENNIAL

GVINN3ILNEDI8

BICENTENNIAL

THE WILEY BICENTENNIAL-KNOWLEDGE FOR GENERATIONS

ach generation has its unique needs and aspirations. When Charles Wiley first
opened his small printing shop in lower Manhattan in 1807, it was a generation
of boundless potential searching for an identity. And we were there, helping to
define a new American literary tradition. Over half a century later, in the midst
of the Second Industrial Revolution, it was a generation focused on building the
future. Once again, we were there, supplying the critical scientific, technical, and
engineering knowledge that helped frame the world. Throughout the 20th
Century, and into the new millennium, nations began to reach out beyond their
own borders and a new international community was born. Wiley was there,
expanding its operations around the world to enable a global exchange of ideas,
opinions, and know-how.

For 200 years, Wiley has been an integral part of each generation’s journey,
enabling the flow of information and understanding necessary to meet their needs
and fulfill their aspirations. Today, bold new technologies are changing the way
we live and learn. Wiley will be there, providing you the must-have knowledge
you need to imagine new worlds, new possibilities, and new opportunities.

Generations come and go, but you can always count on Wiley to provide you the
knowledge you need, when and where you need it!

(W esie, b Py 7%&72“//?

WiLLiAM J. PESCE PETER BoOTH WILEY
PRESIDENT AND CHIEF EXECUTIVE OFFICER CHAIRMAN OF THE BOARD




OPTICAL NETWORKING
BEST PRACTICES
HANDBOOK

John R. Vacca

1807
{|WWILEY |3
2007 [

[
NNNNNNNNNNNN

WILEY-INTERSCIENCE
A John Wiley & Sons, Inc., Publication



Copyright © 2007 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by
any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted
under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior written
permission of the Publisher, or authorization through payment of the appropriate per-copy fee to the
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978)
750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030,
(201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable
for your situation. You should consult with a professional where appropriate. Neither the publisher nor
author shall be liable for any loss of profit or any other commercial damages, including but not limited to
special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at (317)
572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not
be available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com.

Library of Congress Cataloging-in-Publication Data

Vacca, John R.
Optical networking best practies handbook /by John R. Vacca.
p. cm.
Includes bibliographical references and index.
ISBN-13: 978-0-471-46052-7
ISBN-10: 0-471-46052-4
1. Optical communication. 2. Fiber optics. I. Title.

TK5103.59.V33 2007
621.382'7—dc22
2006047509

Printed in the United States of America
10 9 87 6 5 4 3 21


http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com

This book is dedicated to Sabrina.






CONTENTS

Foreword

Preface

Acknowledgments

1 Optical Networking Fundamentals

1.1  Fiber Optics: A Brief History in Time

1.1.1
1.1.2
1.1.3

The Twentieth Century of Light
Real World Applications
Today and Beyond

1.2 Distributed IP Routing

1.2.1

1.2.2

123

1.2.4

1.2.5

Models: Interaction Between Optical
Components and [P

1.2.1.1 Overlay Model
1.2.1.2 Augmented/Integrated Model
1.2.1.3 Peer Model
Lightpath Routing Solution
1.2.2.1 What Is an IGP?
1.2.2.2 The Picture: How Does MPLS Fit?
OSPF Enhancements/IS-1S
1.2.3.1 Link Type
1.2.3.2 Link Resource/Link Media Type (LMT)
1.2.3.3 Local Interface IP Address and Link ID
1.2.3.4 Traffic Engineering Metric and Remote
Interface IP Address
1.2.3.5 TLV Path Sub
1.2.3.6 TLV Shared Risk Link Group
IP Links, Control Channels, and Data Channels
1.24.1 Excluding Data Traffic From
Control Channels
1.2.42 Adjacencies Forwarding
1.2.4.3 Connectivity Two Way
1.2.4.4 LSAs of the Optical Kind

Unsolved Problems

XXi
xxiii

XXix

p—

~N 9D =

11
11
12

12

12
12
13
13

13

vii



viii

1.3

1.4

1.5

1.6

1.7

Scalable Communications: Integrated Optical Networks

1.3.1
1.3.2
1.33

1.34

The Optical Networks
The Access Network
Management and Service

1.3.3.1 The Operations Support System
Next-Generation IP and Optical Integrated Network

1.34.1 IP and Optical Integrated
Network Migration

Lightpath Establishment and Protection in Optical Networks

1.4.1

142

Reliable Optical Networks: Managing Logical

Topology

14.1.1 The Initial Phase

1.4.1.2 The Incremental Phase

1.4.1.3 The Readjustment Phase

Dimensioning Incremental Capacity

1.4.2.1 Primary Lightpath: Routing and
Wavelength Assignment

1422 Reconfiguring the Backup Lightpaths:
Optimization Formulation

Optical Network Design Using Computational Intelligence
Techniques
Distributed Optical Frame Synchronized Ring (doFSR)

1.6.1
1.6.2

Future Plans
Prototypes

Summary and Conclusions

1.7.1

1.7.2

Differentiated Reliability in Multilayer
Optical Networks
The Demands of Today

2 Types of Optical Networking Technology

2.1

2.2

Use of Digital Signal Processing

2.1.1
2.1.2
2.13
2.1.4

DSP in Optical Component Control
Erbium-Doped Fiber Amplifier Control
Microelectromechanical System Control
Thermoelectric Cooler Control

Optical Signal Processing for Optical Packet
Switching Networks

221
222
223

Packet Switching in Today’s Optical Networks
All-Optical Packet Switching Networks
Optical Signal Processing and Optical
Wavelength Conversion

CONTENTS

14

14
15
15

16
16

16
19

21

21
22
23

23

24

24

25
26

28
28

29

29
31

33

36

36
37
37
38

40

41
42

45



CONTENTS

23

24

224

225

Asynchronous Optical Packet Switching and Label
Swapping Implementations
Sychronous OTDM

Next-Generation Optical Networks as a Value
Creation Platform

23.1
232
233
234

Real Challenges in the Telecom Industry
Changes in Network Roles

The Next-Generation Optical Network
Technological Challenges

234.1 Technological Innovations in Devices,
Components, and Subsystems

2342 Technological Innovations in
Transmission Technologies

2343 Technological Innovations in
Node Technologies

2344 Technological Innovations in

Networking Software

Optical Network Research in the IST Program

24.1
242

The Focus on Broadband Infrastructure

Results and Exploitation of Optical Network
Technology Research and Development
Activities in the EU Framework Programs of the
RACE Program (1988-1995)

24.2.1 The Acts Program (1995-1999)

2.4.3 The Fifth Framework Program:

244

The IST Program 1999-2002

2431 IST Fp5 Optical Networking Projects
2432 The Lion Project: Layers Interworking
in Optical Networks
2433 Giant Project: GigaPON Access Network
2434 The David Project: Data and Voice
Integration Over WDM
2435 WINMAN Project: WDM and 1P
Network Management

Optical Network Research Objectives in
the Sixth Framework Program (2002-2009)

2441 Strategic Objective: Broadband for All
2442 Research Networking Testbeds
2443 Optical, Optoelectronic, and Photonic
Functional Components
2444 Calls for Proposals and Future
Trends

ix

46
48

49

54
54
56
58

58

58

59

60
61
62

64
65

66
66

67
68

68

68

69

69
70

70

71



2.5 Optical Networking in Optical Computing
2.5.1  Cost Slows New Adoptions
2.5.2  Bandwidth Drives Applications
2.5.3  Creating a Hybrid Computer
2.54  Computing with Photons
2.6 Summary and Conclusions
Optical Transmitters
3.1 Long-Wavelength VCSELs
3.1.1  1.3-um Vcsels
3.1.1.1 GalnNAs-Active Region
3.1.1.2 GalnNAsSb Active Region
3.1.1.3 InGaAs Quantum Dots—Active Region
3.1.1.4 GaAsSb-Active Region
3.1.2  1.55-uM Wavelength Emission
3.1.2.1 Dielectric Mirror
3.1.2.2 AlGaAsSb DBR
3.1.23 InP/Air-Gap DBR
3.1.2.4 Metamorphic DBR
3.1.2.5 Wavelength-Tunable 1.55-um
VCSELs
3.1.2.6 Other Tunable Diode Lasers
3.1.3  Application Requirements
3.1.3.1 Point-To-Point Links
3.1.32 Wavelength-Division
Multiplexed Applications
3.2 Multiwavelength Lasers
3.2.1  Mode-locking
3.2.2  WDM Channel Generation
3.2.3  Comb Flattening
3.24  Myriad Applications
3.3  Summary and Conclusions
Types of Optical Fiber
4.1  Strands and Processes of Fiber Optics
4.2 The Fiber-Optic Cable Modes
4.2.1  The Single Mode
4.2.2  The Multimode
4.3  Optical Fiber Types

4.3.1  Fiber Optics Glass
4.3.2  Plastic Optical Fiber
4.3.3  Fiber Optics: Fluid-Filled

CONTENTS

71
73
73
74
75
76

78

81
82

84
84
84
85
85

85
85
86
86

87
88

88
89

89
89

90
92
93
93

94

95

95
95
96
96
97
97
97
97



CONTENTS

4.4 Types of Cable Families
44.1  The Multimodes: OM1 and OM2
4.4.2  Multimode: OM3
443  Single Mode: VCSEL
4.5 Extending Performance
4.5.1  Regeneration
4.5.2  Regeneration: Multiplexing
4.5.3  Regeneration: Fiber Amplifiers
4.5.4  Dispersion
4.5.5 Dispersion: New Technology—Graded Index
4.5.6  Pulse-Rate Signals
4.5.7  Wavelength Division Multiplexing
4.6  Care, Productivity, and Choices
4.6.1  Handle with Care
4.6.2  Utilization of Different Types of Connectors
4.6.3  Speed and Bandwidth
4.6.4  Advantages over Copper
4.6.5 Choices Based on Need: Cost and Bandwidth
4.7  Understanding Types of Optical Fiber
4.7.1  Multimode Fiber
4.7.1.1 Multimode Step-Index Fiber
47.1.2 Multimode Graded-Index Fiber

4.7.2  Single-Mode Fiber
4.8  Summary and Conclusions

5 Carriers’ Networks

5.1  The Carriers’ Photonic Future
5.2 Carriers’ Optical Networking Revolution
5.2.1  Passive Optical Networks Evolution
52.1.1 APONs
52.1.2 EPONs

5.2.2  Ethernet PONs Economic Case
5.2.3  The Passive Optical Network Architecture
5.2.4  The Active Network Elements
5.2.4.1 The CO Chassis
5.2.4.2 The Optical Network Unit
5243 The EMS
5.2.5  Ethernet PONs: How They Work
5.2.5.1 The Managing of Upstream/Downstream
Traffic in an EPON
5252 The EPON Frame Formats
5.2.6  The Optical System Design

xi

97

98
98
98
98
98
98
99
99
99
99
99

100

100
100
100
101
101

101
103

103
104

105
106

108

108
111
112
113
113
114
116
116
117
117
118
118

118
120

121



xii

53

54

5.2.7  The Quality of Service

5.2.8  Applications for Incumbent Local-Exchange
Carriers
5.2.8.1 Cost-Reduction Applications
5.2.8.2 New Revenue Opportunities
5.2.83 Competitive Advantage

5.2.9  Ethernet PONs Benefits
5.29.1 Higher Bandwidth
5292 Lower Costs
5293 More Revenue
5.2.10 Ethernet in the First-Mile Initiative
Flexible Metro Optical Networks
5.3.1  Flexibility: What Does It Mean?
5.3.1.1 Visibility
5.3.1.2 Scalability
5.3.13 Upgradability
5.3.14 Optical Agility

5.3.2  Key Capabilities
5.3.3  Operational Business Case
5.3.4  Flexible Approaches Win

Summary and Conclusions

6 Passive Optical Components

6.1

6.2

Optical Material Systems

6.1.1  Optical Device Technologies
6.1.2  Multifunctional Optical Components

Summary and Conclusions

7 Free-Space Optics

7.1
7.2

7.3

7.4

7.5

Free-Space Optical Communication
Corner-Cube Retroreflectors

7.2.1  CCR Design and Fabrication

7.2.1.1 Structure-Assisted Assembly Design
7.2.1.2 Fabrication

Free-Space Heterochronous Imaging Reception
7.3.1  Experimental System
Secure Free-Space Optical Communication

7.4.1  Design and Enabling Components of a Transceiver
7.4.2  Link Protocol

The Minimization of Acquisition Time
7.5.1  Configuration of the Communication System

CONTENTS

122

124
124
125
126

126

127
127
128

128
129
129

129
130
130
130

130
132
133

133

137

139

144
155

158

160

160
162

163

163
163

165
167
168

168
169

170
171



CONTENTS

7.6

7.5.2

Initiation—Acquisition Protocol

75.2.1 Phase 1
7522 Phase 2
7523 Phase 3

Summary and Conclusions

8 Optical Formats: Synchronous Optical Network
(SONET)/ Synchronous Digital Hierarchy (SDH),

and Gigabit Ethernet
8.1  Synchronous Optical Network
8.1.1  Background
8.1.2  Synchronization of Digital Signals
8.1.3  Basic SONET Signal
8.1.4  Why Synchronize: Synchronous versus
Asynchronous
8.14.1 Synchronization Hierarchy
8.1.4.2 Synchronizing SONET
8.1.5  Frame Format Structure
8.1.5.1 STS-1 Building Block
8.1.5.2 STS-1 Frame Structure
8.1.5.3 STS-1 Envelope Capacity and
Synchronous Payload Envelope
8.1.54 STS-1 SPE in the Interior of STS-1
Frames
8.1.5.5 STS-N Frame Structure
8.1.6  Overheads
8.1.6.1 Section Overhead
8.1.6.2 Line Overhead
8.1.6.3 VT POH
8.1.6.4 SONET Alarm Structure
8.1.7  Pointers
8.1.7.1 VT Mappings
8.1.7.2 Concatenated Payloads
8.1.7.3 Payload Pointers
8.1.7.4 VTs
8.1.7.5 STS-1 VT1.5 SPE Columns
8.1.7.6 DS-1 Visibility
8.1.7.7 VT Superframe and Envelope
Capacity
8.1.7.8 VT SPE and Payload Capacity
8.1.8  SONET Multiplexing

xiii

173

173
174
174

175

179

179

180
180
181

182

182
182

183

183
183

184

185
186

186

187
187
188
189

192

192
192
194
196
198
198

202
202

203



xiv

8.2

8.1.10

8.1.11

8.1.12

CONTENTS

SONET Network Elements: Terminal Multiplexer

8.1.9.1 Regenerator

8.1.9.2 Add/Drop Multiplexer (ADM)
8.1.9.3 Wideband Digital Cross-Connects
8.1.9.4 Broadband Digital Cross-Connect
8.1.9.5 Digital Loop Carrier

SONET Network Configurations: Point to Point

8.1.10.1  Point-to-Multipoint
8.1.10.2  Hub Network
8.1.10.3  Ring Architecture

What Are the Benefits of SONET?

8.1.11.1  Pointers, MUX/DEMUX
8.1.11.2  Reduced Back-to-Back Multiplexing
8.1.11.3  Optical Interconnect
8.1.11.4  Multipoint Configurations
8.1.11.5  Convergence, ATM, Video3, and SONET
8.1.11.6  Grooming
8.1.11.7  Reduced Cabling and Elimination of
DSX Panels
8.1.11.8  Enhanced OAM&P
8.1.11.9  Enhanced Performance Monitoring
SDH Reference
8.1.12.1  Convergence of SONET and
SDH Hierarchies

8.1.12.2  Asynchronous and Synchronous
Tributaries

Synchronous Digital Hierarchy

8.2.1
8.2.2

8.2.3

8.2.4
8.2.5
8.2.6
8.2.7

8.2.8
8.2.9
8.2.10

SDH Standards

SDH Features and Management: Traffic Interfaces
8.2.2.1 SDH Layers

8.2.2.2 Management Functions

Network Generic Applications: Evolutionary
Pressures

8.2.3.1 Operations

Network Generic Applications: Equipment and Uses
Cross-Connect Types

Trends in Deployment

Network Design: Network Topology

8.2.7.1 Introduction Strategy for SDH

SDH Frame Structure: Outline

Virtual Containers

Supporting Different Rates

204

205
205
206
207
207

208

209
209
209

209

211
211
211
211
212
213

213
213
213

213

214

215
215
216
217

217
217

218
218
218
221
221
222
223
223
225
225



CONTENTS

8.3

8.4

Gigabit Ethernet

8.3.1  Gigabit Ethernet Basics
8.3.2  Gigabit Ethernet Standards and Layers
8.3.3  Metro and Access Standards

Summary and Conclusions

9  Wave Division Multiplexing

9.1

9.2

9.3

9.4

9.5

9.6

9.7

Who Uses WDM?
9.1.1 How is WDM Deployed?
Dense Wavelength Division Multiplexed Backbone
Deployment
9.2.1  The Proposed Architecture
IP-Optical Integration
9.3.1  Control Plane Architectures
9.3.2  Data Framing and Performance Monitoring
9.3.3  Resource Provisioning and Survivability
QoS Mechanisms
9.4.1  Optical Switching Techniques
9.4.1.1 Wavelength Routing Networks

9.4.1.2 Optical Packet-Switching Networks
94.13 Optical Burst Switching Networks
9.4.2 QoS in IP-Over-WDM Networks
9.4.2.1 QoS in WR Networks
9422 QoS in Optical Packet Switching
Networks
9423 QOS in Optical Burst Switching
Networks
Optical Access Network
9.5.1  Proposed Structure
9.5.2  Network Elements and Prototypes

9.5.2.1 OCSM
9522 OLT
9523 ONU

9.5.3  Experiments
Multiple-Wavelength Sources

9.6.1  Ultrafast Sources and Bandwidth
9.6.2  Supercontinuum Sources
9.6.3  Multiple-Wavelength Cavities

Summary and Conclusions

XV

226

227
228
229

230

233

233
234

235
235
236
237
239
240
241
242

242
243
243

243
244

245

246
249

250
252

252
252
254

254
255

255
256
257

259



xvi

10 Basics of Optical Switching

10.1

10.2

10.3

10.4

Optical Switches
10.1.1 Economic Challenges
10.1.2  Two Types of Optical Switches
10.1.3  All-Optical Switches
10.1.3.1  All-Optical Challenges
10.1.3.2  Optical Fabric Insertion Loss
10.1.3.3  Network-Level Challenges of the
All-Optical Switch
10.1.4 Intelligent OEO Switches
10.1.4.1  OxO
10.1.5 Space and Power Savings
10.1.6  Optimized Optical Nodes
Motivation and Network Architectures
10.2.1 Comparison
10.2.1.1  Detailed Comparison
10.2.1.2  Synergy Between Electrical and
Photonic Switching
10.2.2 Nodal Architectures
Rapid Advances in Dense Wavelength Division
Multiplexing Technology
10.3.1 Multigranular Optical Cross-Connect Architectures
10.3.1.1  The Multilayer MG-OXC
10.3.1.2  Single-Layer MG-OXC
10.3.1.3  An Illustrative Example
10.3.2 Waveband Switching
10.3.2.1  Waveband Switching Schemes
10.3.2.2  Lightpath Grouping Strategy
10.3.2.3  Major Benefits of WBS Networks
10.3.3 Waveband Routing Versus Wavelength Routing
10.3.3.1  Wavelength and Waveband Conversion

CONTENTS

263

263

263
264
265

266
267

267
268
269

270
271

273
274
276

279
280

282
282
283
284
285
286
286
287
287
287
288

10.3.3.2  Waveband Failure Recovery in MG-OXC

Networks

10.3.4  Performance of WBS Networks
10.3.4.1  Static Traffic
10.3.4.2  Dynamic Traffic

Switched Optical Backbone

10.4.1  Scalability

10.4.2 Resiliency

10.4.3 Flexibility

10.4.4 Degree of Connectivity

288
289

289
290
291
293
293
293
293



CONTENTS

11

12

10.4.5 Network Architecture
10.4.5.1  PoP Configuration
10.4.5.2  Traffic Restoration
10.4.5.3  Routing Methodology
10.4.5.4  Packing of IP Flows onto Optical
Layer Circuits
10.4.5.5 Routing of Primary and Backup
Paths on Physical Topology
10.5 Optical MEMS
10.5.1 MEMS Concepts and Switches
10.5.2 Tilting Mirror Displays
10.5.3 Diffractive MEMS
10.5.4 Other Applications
10.6 Multistage Switching System
10.6.1 Conventional Three-Stage Clos Switch Architecture
10.7 Dynamic Multilayer Routing Schemes
10.7.1 Multilayer Traffic Engineering with a Photonic
MPLS Router
10.7.2 Multilayer Routing
10.7.3 IETF Standardization for Multilayer
GMPLS Networks Routing Extensions

10.7.3.1  PCE Implementation
10.8 Summary and Conclusions

Optical Packet Switching

11.1 Design for Optical Networks
11.2  Multistage Approaches to OPS: Node Architectures for OPS
11.2.1 Applied to OPS
11.2.2 Reducing the Number of SOAs for a B&S Switch
11.2.3 A Strictly Nonblocking AWG-Based Switch
for Asynchronous Operation

11.3  Summary and Conclusions

Optical Network Configurations

12.1 Optical Networking Configuration Flow-Through Provisioning
12.2  Flow-Through Provisioning at Element Management Layer

12.2.1 Resource Reservation

12.2.2  Resource Sharing with Multiple NMS

12.2.3 Resource Commit by EMS

12.2.4 Resource Rollback by EMS

12.2.5 Flow-Through in Optical Networks at EMS Level

Xvii

294

294
295
297

297

298
299

299
301
301
303

303
305
307

309
311

313

313
314

318

321
321
322
323

324
325

326

326
328

328
328
328
329
329



xviii CONTENTS

12.3  Flow-Through Circuit Provisioning in the Same

Optical Network Domain 329
12.4  Flow-Through Circuit Provisioning in Multiple Optical
Network Domain 329
12.5 Benefits of Flow-Through Provisioning 330
12.6 Testing and Measuring Optical Networks 332
12.6.1 Fiber Manufacturing Phase 332
12.6.2 Fiber Installation Phase 332
12.6.3 DWDM Commissioning Phase 333
12.6.4 Transport Life Cycle Phase 334
12.6.5 Network-Operation Phase 335
12.6.6 Integrated Testing Platform 335
12.7 Summary and Conclusions 335
13  Developing Areas in Optical Networking 337
13.1 Optical Wireless Networking High-Speed
Integrated Transceivers 338
13.1.1 Optical Wireless Systems: Approaches to
Optical Wireless Coverage 339
13.1.1.1  What Might Optical Wireless Offer? 339
13.1.1.2  Constraints and Design
Considerations 340
13.1.2 Cellular Architecture 341
13.1.3 Components and Integration Approach to
Integration 341
13.1.3.1  Optoelectronic Device Design 343
13.1.3.2  Electronic Design 343
13.1.3.3  Optical Systems Design and System
Integration 344
13.2  Wavelength-Switching Subsystems 344
13.2.1 2 D MEMS Switches 345
13.2.2 3 D MEMS Switches 346
13.2.3 1 D MEMS-Based Wavelength-Selective Switch 346
13.2.3.1 1 D MEMS Fabrication 346
13.2.3.2  Mirror Control 347
13.2.3.3  Optical Performance 348
13.2.3.4  Reliability 349
13.2.4 Applications: 1-D MEMS Wavelength
Selective Switches 350
13.2.4.1  Reconfigurable OADM 350
13.2.4.2  Wavelength Cross-connect 351

13.2.4.3  Hybrid Optical Cross-connect 352



CONTENTS

14

13.3 Optical Storage Area Networks

13.3.1
13.3.2
13.33
13.3.4

13.3.5

The Light-Trails Solution

Light Trails for SAN Extension

Light-Trails for Disaster Recovery

Grid Computing and Storage Area Networks:

The Light-Trails Connection

Positioning a Light-Trail Solution for Contemporary
SAN Extension

13.4 Optical Contacting

13.4.1
13.4.2
13.4.3
13.4.4

Frit and Diffusion Bonding

Optical Contacting Itself

Robust Bonds

Chemically Activated Direct Bonding

13.5 Optical Automotive Systems

13.5.1
13.5.2
13.5.3
13.5.4
13.5.5

The Evolving Automobile
Media-Oriented Systems Transport
1394 Networks

Byteflight

A Slow Spread Likely

13.6  Optical Computing
13.7 Summary and Conclusions

Summary, Conclusions, and Recommendations

14.1 Summary

14.1.1
14.1.2
14.1.3
14.1.4

Optical Layer Survivability: Why and Why Not
What Has Been Deployed?

The Road Forward

Optical Wireless Communications

14.1.4.1  The First-Mile Problem

14.1.4.2  Optical Wireless as a Complement to
RF Wireless

14.1.43  Frequently Asked Questions

14.1.4.4  Optical Wireless System Eye Safety

14.1.4.5  The Effects of Atmospheric
Turbulence on Optical Links

14.1.4.6  Free-Space Optical Wireless Links
with Topology Control

14.1.477  Topology Discovery and Monitoring

14.1.4.8  Topology Change and the Decision-
Making Process

14.1.4.9  Topology Reconfiguration: A Free-Space
Optical Example

14.1.4.10 Experimental Results

Xix

352

353
355
359

360

361
362
362
363
363
364
365
365
366
367
367
368
369
371

374

374

374
376
377
377

378
379
380
380
381

382
382

383

383
384



XX

14.2

14.3

Conclusion

14.2.1 Advances in OPXC Technologies
14.2.1.1  The Photonic MPLS Router
14.2.1.2  Practical OPXC
14.2.1.3  The PLC-SW as the Key

OPXC Component

14.2.2 Optical Parametric Amplification
14.2.2.1  Basic Concepts
14.2.2.2  Variations on a Theme
14.2.2.3  Applications

Recommendations

14.3.1 Laser-Diode Modules

14.3.2 Thermoelectric Cooler

14.3.3 Thermistor

14.3.4 Photodiode

14.3.5 Receiver Modules

14.3.6  Parallel Optical Interconnects
14.3.6.1  System Needs
14.3.6.2  Technology Solutions
14.3.6.3  Challenges and Comparisons
14.3.6.4  Scalability for the Future

14.3.7 Optical Storage Area Networks
14.3.7.1  Storage Area Network Extension

Solutions
14.3.7.2  Reliability Analysis

Appendix: Optical Ethernet Enterprise Case Study

Al
A2
A3

A4

A5

Glossary

Index

Customer Profile

Present Mode of Operation

Future Mode of Operation

A.3.1 FMO 1: Grow the Existing Managed ATM Service

A.3.2  FMO 2: Managed Optical Ethernet Service

Comparing the Alternatives

A.4.1  Capability Comparison: Bandwidth Scalability
A4.l1.1 Improved Network Performance
A4.1.2  Simplicity
A.4.1.3  Flexibility

A.42  Total Cost of Network Ownership Analysis

Summary and Conclusions

CONTENTS

385

385
386
386

386
388

388
389
391

391

392
393
395
396
397
398
399
400
403
404

405

406
407

415

416
418
419
419
420
421
421
421
421
422
422
423

425
453



FOREWORD

From the fundamentals to the level of advance sciences, this book explains and illus-
trates how optical networking technology works. The comprehensive coverage of
fiber technology and the equipment that is used to transmit and manage traffic on a
fiber network provides a solid education for any student or professional in the net-
working arena.

The explanations of the many complex protocols that are used for transmission on
a fiber network are excellent. In addition, the chapter on developing areas in optical
networking provides insight into the future directions of fiber networking technol-
ogy. This is helpful for networking design and implementation as well as planning
for technology obsolescence and migration. The book also provides superb end-of-
chapter material for use in the classroom, which includes a chapter summary and a
list and definitions of key terms.

I highly recommend this book for networking professionals and those entering the
field of network management. I also highly recommend it to curriculum planners and
instructors for use in the classroom.

MICHAEL ERBSCHLOE

Security Consultant and Author
St. Louis, Missouri
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PREFACE

Traffic growth in the backbone of today’s networks has certainly slowed, but most
analysts still estimate that the traffic volume of the Internet is roughly doubling every
year. Every day, more customers sign up for broadband access using either cable
modem or DSL. Third-generation wireless is expected to significantly increase the
bandwidth associated with mobile communications. Major movie studios are signing
agreements that point toward video-on-demand over broadband networks. The only
technology that can meet this onslaught of demand for bandwidth in the network core
is optical.

Nevertheless, most people still visualize electrical signals when they think of
voice and data communications, but the truth is that the underlying transport of the
majority of signals in today’s networks is optical. The use of optical technologies is
increasing every day because it is the only way in which communications carriers can
scale their networks to meet the onslaught in demand affordably. A single strand of
fiber can carry more than a terabit per second of information. Optical switches con-
sume a small fraction of the space and power that is required for electrical switches.
Advances in optical technology are taking place at almost double the rate predicted
by Moore’s law.

Optical networking technologies over the past two decades have been reshaping
all telecom infrastructure networks around the world. As network bandwidth
requirements increase, optical communication and networking technologies have
been moving from their telecom origin into the enterprise. For example, in data cen-
ters today, all storage area networking is based on fiber interconnects with speeds
ranging from 1 to 10 Gbps. As the transmission bandwidth requirements increase
and the costs of the emerging optical technologies become more economical, the
adoption and acceptance of these optical interconnects within enterprise networks
will increase.

P.1 PURPOSE

The purpose of this book is to bring the reader up to speed and stay abreast of the
rapid advances in optical networking. The book covers the basic concepts of optical
communications; the evolution of DWDM and its emergence as the basis for net-
working; the merger of IP and optical, and its impact on future network control struc-
tures; as well as the detailed workings of the dominant systems in today’s optical
networking world, SONET and SDH.

xxiii
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Optical networking is presented in this book in a very comprehensive way for
nonengineers needing to understand the fundamentals of fiber, high-capacity, and
high-speed equipment and networks, and upcoming carrier services. The book helps
the reader gain a practical understanding of fiber optics as a physical medium, sort-
ing out single- versus multimode and the crucial concept of dense wave division mul-
tiplexing. This volume covers the overall picture, with an understanding of SONET
rings and how carriers build fiber networks; it reviews broadband equipment such as
optical routers, wavelength cross-connects, DSL, and cable; and it brings everything
together with practical examples on deployment of gigabit Ethernet over fiber,
MANSs, VPNs, and using managed IP services from carriers. The purpose of the book
is also to explain the underlying concepts, demystify buzzwords and jargon, and put
in place a practical understanding of technologies and mainstream solutions—all
without getting bogged down in details. It includes detailed notes and will be a valu-
able resource for years to come.

This book also helps the reader gain a practical understanding of the fundamental
technical concepts of fiber-optic transmission and the major elements of fiber net-
works. The reader can learn the differences between the various types of fiber cable,
why certain wavelengths are used for optical transmission, and the major impair-
ments that must be addressed.

This book also shows the reader how to compare the different types of optical
transmitters including LEDs, side-/surface-emitting, tuned, and tunable lasers. It also
helps the reader gain a practical understanding of why factors such as chromatic dis-
persion and polarization-mode dispersion become more important at higher bit rates
and presents techniques that can be employed to compensate for them.

This book reviews the function of various passive optical components such as
Bragg gratings, arrayed waveguides, optical interleavers, and dispersion compen-
sation modules. A practical understanding will be gained of the basic technology of
wave division multiplexing, the major areas for increasing capacity, and how SONET,
gigabit Ethernet, and other optical formats can be combined on a fiber link.

The reader will also learn the following: to evaluate the gigabit and 10-gigabit
Ethernet optical interfaces and how resilient packet ring technology might allow the
Ethernet to replace SONET in data applications; to compare and contrast the basic
categories of all-optical and OEO switches; and to evaluate the strengths and limita-
tions of these switches for edge, grooming, and core applications.

Furthermore, the book elucidates the options for free-space optical transmission
and the particular impairments that must be addressed and then discusses the funda-
mental challenges for optical routing and how optical burst switching could work
with MPLS and GMPLS to provide the basis for optical routing networks.

Finally, the book explores current and evolving public network applications,
including wavelength services/virtual dark fiber, passive optical networks (PONs),
specialized optical access, and virtual SONET rings. It reviews the OSI model and
then categorizes different networking equipment and strategies: optical routers,
cross-connects, and optical switches; and SONET multiplexers and ATM. The book
also explains jargon such as “IP over light.” The reader can gain practical insight into
where telecommunications is headed over the next 5-10 years.
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SCOPE

Throughout the book, extensive hands-on examples provide the reader with practical
experience in installing, configuring, and troubleshooting optical networking tech-
nologies. As the next generation of optical networking emerges, it will evolve from
the existing fixed point-to-point optical links to a dynamic network, with all-optical
switches, varying path lengths, and a new level of flexibility available at the optical
layer. What drives this requirement?

In the metro area network (MAN), service providers now need faster provisioning
times, improved asset utilization, and economical fault recovery techniques.
However, without a new level of functionality from optical components and subsys-
tems, optical-layer flexibility will not happen. At the same time, optical components
must become more cost effective, occupy less space, and consume less power.

This book presents a wide array of semiconductor solutions to achieve these
goals. Profiled in this book are high-efficiency TEC drivers; highly integrated moni-
toring and control solutions for transmission and pump lasers; TMS320TM DSP and
MSP430 microcontroller options ranging from the highest performance to smallest
footprint; linear products for photodiode conditioning and biasing; unique Digital
Light Processing technology; and much more.

By combining variable optics with the power of TI high-performance analog and
DSP, dynamic DWDM systems can become a reality. Real-time signal processing,
available at every optical networking node, will enable the intelligent optical layer.
This means the opportunity for advanced features such as optical signaling, auto-
discovery, and automatic provisioning and reconfiguration to occur at the optical
layer. The book’s scope is not limited to the following:

* Providing a solid understanding of fiber optics, carriers’ networks, optical net-
working equipment, and broadband services

» Exploring how glass fiber (silica) is used as a physical medium for communi-
cations

» Seeing how light is used to represent information, wavelengths, different types
of fibers, optical amplifiers, and dense wave division multiplexing

* Comparing single- and multi-mode fiber and vendors

* Seeing how carriers have built mind-boggling high-capacity fiber networks
around town, around the country, and around the planet

* Reviewing the idea of fiber rings and the two main strategies carriers use to
organize the capacity: traditional SONET/SDH channels and newer IP/ATM
bandwidth on- demand services

* Exploring the equipment, configurations, and services all carriers will be
deploying, including Gig-E service, dark fiber, managed IP services, and VPNs

 Reinforcing the reader’s knowledge with a number of practical case studies/proj-
ects to see how and where these new services can and will be deployed, and
understanding the advantages of each

* Receiving practical guidelines and templates that can be put to immediate use.
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Furthermore, the topics that are included are not limited to:

 Avalanche photodiode (APD) receivers

e DSP control and analysis

* Optical amplifiers

* Optical cross-connects

e OXCs and optical add/drop multiplexers (OADMs)

* Optical wireless solutions

 Photodiodes

* Polarization mode dispersion compensation (PMDC)
* Transmission lasers

 Variable optical attenuators

* Physical layer applications

 Serial gigabit

* Basics of SONET

e SONET and the basics of optical networking

* Advanced SONET/SDH

* Basics of optical networking

 Optical networking

P over optical networks

* WDM optical switched networks

* Scalable communications integrated optical networks
» Lightpath establishment and protection in optical networks
* Bandwidth on demand in WDM networks

 Optical network design using computational intelligence techniques

TARGET AUDIENCE

This book primarily targets senior-level network engineers, network managers, data
communication consultants, or any self-motivated individual who wishes to refresh his
or her knowledge or to learn about new and emerging technologies. Communications
and network managers should read this book as well as IT professionals, equipment
providers, carrier and service provider personnel who need to understand optical access,
metropolitan, national, and international IT architects, systems engineers, systems spe-
cialists and consultants, and senior sales representatives. This book is also ideal for:

* Project leaders responsible for dealing with specification and implementation
of communication and network projects

e Those wanting to expand their knowledge base with fiber optics, optical net-
working, VPNs, broadband IP services, applications, and trends
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* Nonengineering personnel from LECs, CLECs, IXCs, and VPN providers: cus-
tomer configuration analysts and managers, and marketing and sales managers
needing to build a structural knowledge of technologies, services, equipment,
and mainstream solutions

* Those new to the business needing to get up to speed quickly
* Telco company personnel needing to get up to speed on optical, IP, and broadband

e Personnel from hardware and infrastructure manufacturers needing to broaden
their knowledge to understand how their products fit into the bigger picture

» IS/IT professionals requiring a practical overview of optical networking tech-
nologies, services, mainstream solutions, and industry trends

* Analysts who want to improve their ability to sort hype from reality
* Decision makers seeking strategic information in plain English.

ORGANIZATION OF THIS BOOK

The book is organized into 14 chapters and one appendix and has an extensive glos-
sary of optical networking terms and acronyms. It provides a step-by-step approach
to everything one needs to know about optical networking as well as information
about many topics relevant to the planning, design, and implementation of optical
networking systems. The following detailed organization speaks for itself.

Chapter 1, Optical Networking Fundamentals, describes IP and integrated opti-
cal network solutions and discusses a network architecture for an optical and IP
integrated network as well as its migration scenario. Also, this chapter gives a
framework for an incremental use of the wavelengths in optical networks with
protection.

Chapter 2, Types Of Optical Networking Technology, reviews the optical signal
processing and wavelength converter technologies that can bring transparency to
optical packet switching with bit rates extending beyond that currently available with
electronic router technologies.

Chapter 3, Optical Transmitters, provides an overview of recent exciting progress
and discusses application requirements for these emerging optoelectronic and WDM
transmitter sources.

Chapter 4, Types Of Optical Fiber, covers fiber-optic strands and the process;
fiber-optic cable modes (single, multiple); types of optical fiber (glass, plastic, and
fluid); and types of cable families (OM1, OM2, OM3, and VCSEL).

Chapter 5, Carriers” Networks, discusses the economics, technological underpin-
nings, features and benefits, and history of EPONs.

Chapter 6, Passive Optical Components, reviews the key work going on in the
optical communication components industry.

Chapter 7, Free-Space Optics, discusses the development of an SOI/SOI wafer
bonding process to design and fabricate two-axis scanning mirrors with excellent
performance.
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Chapter 8, Optical Formats: Synchronous Optical Network (SONET)/Synchronous
Digital Hierarchy (SDH), and Gigabit Ethernet, provides an introduction to the SONET
standard.

Chapter 9, Wave Division Multiplexing, presents a general overview of the current
status and possible evolution trends of DWDM-based transport networks.

Chapter 10, Basics of Optical Switching, compares the merits of different switch-
ing technologies in the context of an all-optical network.

Chapter 11, Optical Packet Switching, focuses on the application optical net-
working packet switching. The chapter outlines a range of examples in the field of
circuit switching, and then focuses on designs in optical packet switching.

Chapter 12, Optical Network Configurations, provides an approach for the imple-
mentation of flow-through provisioning in the network layer, specifically with opti-
cal network configurations.

Chapter 13, Developing Areas in Optical Networking, describes an approach to
fabricating optical wireless transceivers that uses devices and components suitable
for integration and relatively well-developed techniques to produce them.

Chapter 14, Summary, Conclusions, and Recommendations, puts the preceding
chapters of this book into a proper perspective by summarizing the present and future
state of optical networks and concluding with quite a substantial number of very
high-level recommendations.

The appendix, Optical Ethernet Enterprise Case Study, provides an overview of
how enterprises can utilize managed optical Ethernet services to obtain the high-
capacity scalable bandwidth necessary to transform IT into a competitive advantage,
speeding up transactions, slashing lead times, and ultimately enhancing employee
productivity and the overall success of the entire company.

The book ends with a glossary of optical networking-related terms and acronyms.

JoHN R. Vacca

Author and IT Consultant
e-mail: jvacca@hti.net
http://www.johnvacca.com/
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1 Optical Networking Fundamentals

Throughout the past decade, global communications traffic in both voice and data
has grown tremendously. Communications bandwidth capacity and geographic
coverage have been substantially expanded to support this demand. These tremen-
dous advances have been enabled by optical signals sent over fiber optics networks.
However, the growth in tele- and data-communications traffic is just beginning.
People are gaining exposure to a new world of choices and possibilities as an increas-
ing number of them access the Internet via broadband. Streaming audio, teleconfer-
encing, video-on-demand, and three-dimensional (3-D) virtual reality are just a few
of the applications. Optical networking, with its inherent advantages, will be the key
in making this new world of communications possible.

But how did optical networking come about in the first place? Let us take a brief
look at the history of fiber optics.

1.1 FIBER OPTICS: A BRIEF HISTORY IN TIME

Very little is known about the first attempts to make glass. The Roman historian Pliny
attributed it to Phoenician sailors [1]. He recounted how they landed on a beach,
propped a cooking pot on some blocks of natron that they were carrying as cargo, and
made a fire over which to cook a meal. The sand beneath the fire melted and ran in a
liquid stream that later cooled and hardened into glass, to their surprise.

Daniel Colladon, in 1841, made the first attempt at guiding light on the basis of
total internal reflection in a medium [1]. He attempted to couple light from an arc
lamp into a stream of water. A large metal tube was filled with water and the cork
removed from a small hole near the bottom,demonstrating the parabolic form of jets
of water. A lamp placed opposite the jet opening illustrated total internal reflection.
John Tyndall, in 1870, demonstrated that light used internal reflection to follow a
specific path [2]. Tyndall directed a beam of sunlight at a path of water that flowed
from one container to another. It was seen that the light followed a zigzag path inside
the curved path of the water. The first research into the guided transmission of light
was marked by this simple experiment.

In 1880, William Wheeling patented this method of light transfer, called piping light
[2]. Wheeling believed that by using mirrored pipes branching off from a single source

Optical Networking Best Practices Handbook, by John R. Vacca
Copyright © 2007 John Wiley & Sons, Inc.



2 OPTICAL NETWORKING FUNDAMENTALS

of illumination (a bright electric arc), he could send light to many different rooms in the
same way that water, through plumbing, is carried within and throughout buildings.
However, the concept of piping light never caught on due to the ineffectiveness of
Wheeling’s idea and to the concurrent highly successful introduction of Edison’s
incandescent lightbulb.

Also in 1880, Alexander Graham Bell transmitted his voice as a telephone signal
through about 600 feet of free space (air) using a beam of light as the carrier (optical
voice transmission)—demonstrating the basic principle of optical communications [2].
He named his experimental device the photophone. In other words, the photophone
used free-space light to carry the human voice 200 meters. Specifically placed mirrors
reflected sunlight onto a diaphragm attached within the mouthpiece of the photophone.
A light-sensitive selenium resistor mounted within a parabolic reflector was at the other
end. This resistor was connected to a battery that was in turn wired to a telephone
receiver. As one spoke into the photophone, the illuminated diaphragm vibrated, casting
various intensities of light onto the selenium resistor. The changing intensity of light
altered the current that passed through the telephone receiver, which then converted the
light back into speech. Bell believed this invention was superior to the telephone
because it did not need wires to connect the transmitter to the receiver. Today, free-
space optical links' find extensive use in metropolitan applications. Bell went on to
invent the telephone, but he always thought the photophone was his greatest invention.

1.1.1 The Twentieth Century of Light

The first fiber optics cable was created by German medical student Heinrich Lamm
in 1930 [1]. He was the first person to assemble a bundle of optical fibers to carry an
image. Lamm’s goal was to look inside inaccessible parts of the body. He reported
transmitting the image of a lightbulb during his experiments.

In the second half of the twentieth century, fiber-optic technology experienced a
phenomenal rate of progress. With the development of the fiberscope, early success
came during the 1950s. This image-transmitting device, which used the first practi-
cal all-glass fiber, was concurrently devised by Brian O’Brien at the American
Optical Company and Narinder S. Kapany (who first coined the term fiber optics in
1956) and colleagues at the American College of Science and Technology in London.
Early on, transmission distances were limited because all-glass fibers experienced
excessive optical loss—the loss of the light signal as it traveled the fiber [2].

So, in 1956, Kapany invented the glass-coated glass rod, which was used for non-
telecommunications applications. By providing a means of protecting the beam of
light from environmental obstacles, the glass-coated glass rod helped eliminate the
biggest obstacle to Alexander Graham Bell’s photophone [1].

In 1958, Arthur L. Schawlow and Charles H. Townes invented the laser and pub-
lished “Infrared and Optical Masers” in the American Physical Society’s Physical

1. Free-space optical links are also called free-space photonics. It is the transmission of modulated visible
or infrared (IR) beams through the atmosphere via lasers, LEDs, or IR-emitting diodes (IREDs) to obtain
broadband communications.
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Review. The paper describes the basic principles of light amplification by stimulated
emission of radiation (laser), initiating this new scientific field [1].

Thus, all the preceding inventions motivated scientists to develop glass fibers that
included a separate glass coating. The innermost region of the fiber, or core,> was
used to transmit the light, while the glass coating, or cladding, prevented the light
from leaking out of the core by reflecting the light within the boundaries of the core.
This concept is explained by Snell’s law, which states that the angle at which light is
reflected is dependent on the refractive indices of the two materials—in this case, the
core and the cladding. As illustrated in Figure 1.1 [1,3], the lower refractive index of
the cladding (with respect to the core) causes the light to be angled back into the core.

The fiberscope quickly found applications in the medical field as well as in
inspections of welds inside reactor vessels and combustion chambers of jet aircraft
engines. Fiberscope technology has evolved over the years to make laparoscopic sur-
gery one of the great medical advances of the twentieth century [2].

Cladding

With cladding there is complete internal

reflection - no light escapes

Core
e

With no cladding - lig
-

Figure 1.1 Optical fiber with glass coating/cladding.

2. A core is the light-conducting central portion of an optical fiber, composed of material with a higher
index of refraction than the cladding. This is the portion of the fiber that transmits light. On the other hand,
cladding is the material that surrounds the core of an optical fiber. Its lower index of refraction, compared
to that of the core, causes the transmitted light to travel down the core. Finally, the refractive index is a prop-
erty of optical materials that relates to the speed of light in the material versus the speed of light in vacuum.
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The next important step in the establishment of the industry of fiber optics was the
development of laser technology. Only the laser diode (LD) or its lower-power
cousin, the light-emitting diode (LED), had the potential to generate large amounts of
light in a spot tiny enough to be useful for fiber optics. As a graduate student at
Columbia University in 1957, Gordon Gould popularized the idea of using lasers.? He
described the laser as an intense light source. Charles Townes and Arthur Schawlow at
Bell Laboratories supported the laser in scientific circles shortly thereafter [2].

Lasers went through several generations of development, including that of the
ruby laser and the helium—neon laser in 1960. Charles Kao proposed the possibility
of a practical use for fiber-optic telecommunication. Kao predicted the performance
levels that fiber optics could attain and prescribed the basic design and means to
make fiber optics a practical and significant communications/transmission medium.
Semiconductor lasers were first realized in 1962. Today, these lasers are the type
most widely used in fiber optics [2].

Because of their higher modulation frequency capability, lasers as important means
of carrying information did not go unnoticed by communications engineers. Light has
an information-carrying capacity 10,000 times that of the highest radio frequencies in
use. However, because it is adversely affected by environmental conditions such as
rain, snow, hail, and smog, lasers are unsuited for open-air transmissions. Working at
the Standard Telecommunication Laboratory in England in 1966, Charles Kao and
Charles Hockham (even though they were faced with the challenge of finding a trans-
mission medium other than air) published a landmark paper proposing that the optical
fiber might be a suitable transmission medium if its attenuation* could be kept under
20 decibels per kilometer (dB/km). Even for this attenuation, 99% of the light would
be lost over just 3300 feet. In other words, only 1/100th of the optical power transmit-
ted would reach the receiver. Optical fibers exhibited losses of 1000 dB/km or more at
the time of their proposal. Intuitively, researchers postulated that these high optical
losses were the result of impurities in the glass and not the glass itself. An optical loss
of 20 dB/km was within the capability of the electronics and optoelectronic compo-
nents of the day [2].

Glass researchers began to work on the problem of purifying glass through the
inspiration of Kao and Hockham’s proposal. In 1970, Robert Maurer, Donald Keck,
and Peter Schultz of Corning succeeded in developing a glass fiber that exhibited
attenuation of less than 20 dB/km, the threshold for making fiber optics a viable tech-
nology. In other words, Robert Maurer and his team designed and produced the first
optical fiber. Furthermore, the use of fiber optics was generally not available until
1970 when Robert Maurer and his team were able to produce a practical fiber. Experts
at the time predicted that the optical fiber would be useable for telecommunication

3. Alaser is a light source that produces coherent, near-monochromatic light through stimulated emission.
Now, a laser diode (LD) is a semiconductor that emits coherent light when forward biased. However, a
light-emitting diode (LED) is a semiconductor that emits incoherent light when forward-biased. Two types
of LEDs include edge-emitting and surface-emitting LEDs.

4. Attenuation is the decrease in signal strength along a fiber optic waveguide caused by absorption and
scattering. Attenuation is usually expressed in dB/km.
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transmission only if glass of very high purity was developed such that at least 1% of
the light remained after traveling 1 km (attenuation). This glass would be the purest
ever made at that time [2].

Early work on fiber-optic light sources® and detectors was slow and often had to
borrow technology developed for other reasons. For example, the first fiber-optic
light sources were derived from visible indicator LEDs. As demand grew, light
sources were developed for fiber optics that offered higher switching speed, more
appropriate wavelengths, and higher output power [2].

Closely tied to wavelength, fiber optics developed over the years in a series of
generations. The earliest fiber-optic systems were developed at an operating wave-
length of about 850 nm. This wavelength corresponds to the so-called first window
in a silica-based optical fiber, which refers to a wavelength region that offers low
optical loss. It is located between several large absorption peaks caused primarily by
moisture in the fiber and Rayleigh scattering® [2].

Because the technology for light emitters at this wavelength had already been
perfected in visible indicator LEDs, the 850-nm region was initially attractive. Low-
cost silicon detectors could also be used at the 850-nm wavelength. However, the first
window became less attractive as technology progressed because of its relatively
high 3-dB/km loss limit [2].

With a lower attenuation of about 0.5 dB/km, most companies jumped to the
second window at 1310 nm. In late 1977, Nippon Telegraph and Telephone (NTT)
developed the third window at 155 nm. It offered the theoretical minimum optical
loss for silica-based fibers, about 0.2 dB/km. Also in 1977, AT&T Bell Labs scien-
tists” interest in lightwave communication led to the installation of the first lightwave
system in an operating telephone company. This installation was the world’s first
lightwave system to provide a full range of telecommunications services—voice,
data, and video—over a public switched network. The system, extending about 1.5
miles under downtown Chicago, used glass fibers that each carried the equivalent of
672 voice channels [2].

In 1988, installation of the first transatlantic fiber-optic cable linking North
America and Europe was completed. The 3148-mile cable can handle 120,000 tele-
phone calls simultaneously.

Today, systems using visible wavelengths near 660 nm, 850 nm, 1310 nm, and
1550 nm are all manufactured and deployed along with very low-end short-distance
systems. Each wavelength has its advantages. Longer wavelengths offer higher
performance, but always come with higher costs. The shortest link lengths can be
handled with wavelengths of 660 or 850 nm. The longest link lengths require 1550-
nm wavelength systems. A fourth window, near 1625 nm, is being developed. While
it is not a lower loss than the 1550-nm window, the loss is comparable, and it might

5. A source in fiber optics is a transmitting LED or laser diode, or an instrument that injects test signals
into fibers. On the other hand, a detector is an opto-electric transducer used to convert optical power into
electrical current. It is usually referred to as a photodiode.

6. Rayleigh scattering is the scattering of light that results from small inhomogeneities of material density
or composition.
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simplify some of the complexities of long-length, multiple-wavelength communica-
tions systems [2].

1.1.2 Real World Applications

Initially, the U.S. military moved quickly to use fiber optics for improved communi-
cations and tactical systems. In the early 1970s, the U.S. Navy installed a fiber-optic
telephone link aboard the U.S.S. Little Rock. The Air Force followed suit by devel-
oping its airborne light optical fiber technology (ALOFT) program in 1976.
Encouraged by the success of these applications, military R&D programs were
funded to develop stronger fibers, tactical cables, ruggedized high-performance
components, and numerous demonstration systems showing applications across the
military spectrum [2].

Soon after, commercial applications followed. Both AT&T and GTE installed
fiber-optic telephone systems in Chicago and Boston, respectively, in 1977. These
successful applications led to an increase in fiber-optic telephone networks. Single-
mode fibers operating in the 1310-nm, and later in the 1550-nm wavelength windows
became the standard fiber installed for these networks by the early 1980s. Initially,
the computer industry, information networks, and data communications were slower
to embrace fiber. Today they too find use for a transmission system that has lighter-
weight cable, resists lightning strikes, and carries more information faster and over
longer distances [2].

Fiber-optic transmission was also embraced by the broadcast industry. The broad-
casters of the Winter Olympics in Lake Placid, New York requested a fiber-optic
video transmission system for backup video feeds in 1980. The fiber-optic feed,
because of its quality and reliability, soon became the primary video feed, making the
1980 Winter Olympics the first fiber-optic television transmission. Later, fiber optics
transmitted the first ever digital video signal at the 1994 Winter Olympics in
Lillehammer, Norway. This application is still evolving today [2].

The U.S. government deregulated telephone service in the mid-1980s, which
allowed small telephone companies to compete with the giant, AT&T. Companies
such as MCI and Sprint quickly went to work installing regional fiber-optic telecom-
munications networks throughout the world. These companies laid miles of fiber-
optic cable, allowing the deployment of these networks to continue throughout the
1980s by taking advantage of railroad lines, gas pipes, and other natural rights of
way. However, this development created the need to expand fiber’s transmission
capabilities [2].

Bell Labs transmitted a 2.5-Gb/s (gigabits per second; giga means billion) signal
over 7500 km without regeneration in 1990. For the lightwave to maintain its shape and
density, the system used a soliton laser and an erbium-doped fiber amplifier (EDFA).”
In 1998, they went one better as researchers transmitted 100 simultaneous optical
signals—each at a data rate of 10 Gb/s for a distance of nearly 250 miles (400 km).

7. An EDFA is an optical fiber doped with the rare earth element, erbium, which can amplify light in the
1550-nm region when pumped by an external light source.
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In this experiment, dense wavelength-division multiplexing (DWDM)? technology,
which allows multiple wavelengths to be combined into one optical signal, increased
the total data rate on one fiber to one terabit per second (10'? bits /s) [2].

1.1.3 Today and Beyond

DWDM technology continues to develop today. Driven by the phenomenal growth
of the Internet, the move to optical networking is the focus of new technologies as
the demand for data bandwidth increases. As of this writing, nearly 800 million
people have Internet access and use it regularly. Some 70 million or more house-
holds are wired. The World Wide Web already hosts over 5 billion web pages. And
according to estimates, people upload more than 6.8 million new web pages every
day [2].

The increase in fiber transmission capacity is an important factor in these devel-
opments, which, by the way, has grown by a factor of 400 in the past decade.
Extraordinary possibilities exist for future fiber-optic applications because of fiber-
optic technology’s immense potential bandwidth (50 THz or greater). Already, and
well underway, is the push to bring broadband services, including data, audio, and
especially video, into the home [2].

Broadband service available to a mass market opens up a wide variety of interac-
tive communications for both consumers and businesses. Interactive video networks,
interactive banking and shopping from the home, and interactive distance learning
are already realities. The last mile for optical fiber goes from the curb to the televi-
sion set. This is known as fiber-to-the-home (FTTH) and fiber-to-the-curb (FTTC),”
thus allowing video on demand to become a reality [2].

Now, let us continue with the fundamentals of optical networking by looking at
distributed IP (Internet protocol) routing.

1.2 DISTRIBUTED IP ROUTING

The idea behind the distributed IP router is to minimize routing operations in a large
optical network. In the distributed IP router, the workload is shared among nodes and
the routing is done only once.

Thus, the optical network model considered in this section consists of multiple
optical crossconnects (OXCs) interconnected by optical links and nodes in a general
topology (referred to as an optical mesh network). Each OXC is assumed to be capa-
ble of switching a data stream from a given input port to a given output port. This

8. DWDM is the transmission of many of closely spaced wavelengths in the 1550-nm region over a single
optical fiber. Wavelength spacings are usually 100 or 200 GHz, which corresponds to 0.8 or 1.6 nm.
DWDM bands include the C-band, the S-band, and the L-band.

9. Fiber-to-the-home (FTTH) is a fiber-optic service to a node located inside an individual home. Fiber-to-
the-curb (FTTC), on the other hand, is a fiber-optic service to a node connected by wires to several nearby
homes, typically on a block. And, video on demand (VOD) is a term used for interactive or customized
video delivery service.
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switching function is controlled by appropriately configuring a crossconnect table.
Conceptually, the crossconnect table consists of entries of the form <input port i, out-
put port j>, indicating that the data stream entering input port “i”” will be switched to
output port 5. A lightpath from an ingress port in an OXC to an egress port in a
remote OXC is established by setting up suitable crossconnects in the ingress, the
egress, and a set of intermediate OXCs such that a continuous physical path exists
from the ingress to the egress port. Lightpaths are assumed to be bidirectional; the
return path from the egress port to the ingress port follows the same path as the
forward path. It is assumed that one or more control channels exist between neigh-

boring OXCs for signaling purposes.

1.2.1 Models: Interaction Between Optical Components and IP

In a hybrid network, some proposed models for interaction between IP and optical
components are

* integrated/augmented

* overlay
* peer.

A key consideration in deciding which model to choose from is whether there is a
single/separate distributed IP routing and signaling protocol spanning the IP and the
optical domains. If there are separate instances of distributed IP routing protocols
running for each domain, then the following questions arise.

e How would IP QoS (quality of service) parameters be mapped into the optical
domain?

e What is the interface defined between the two protocol instances?
* What kind of information can be leaked from one protocol instance to the other?

* Would one label switching protocol run on both domains’? If that is the case,
then how would labels map to wavelengths?

The following sections will help answer some of these questions.

1.2.1.1 Overlay Model 1P is more or less independent of the optical subnetwork
under the overlay model; that is, IP acts as a client to the optical domain. In this
scenario, the optical network provides point-to-point connection to the IP domain.
The IP/multiprotocol label switching (IP/MPLS) distributed routing protocols are
independent of the distributed IP routing and signaling protocols of the optical layer.
The overlay model may be divided into two parts: static and signaled.

1.2.1.1.1 Static Overlay Model The static overlay model path endpoints are
specified through a network management system (NMS), although the paths may be
laid out statically by the NMS or dynamically by the network elements. This would



