Optical Network Design and Planning

Jane M. Simmons

Table of Contents

Chapter 1. Introduction to Optical Networks 1
1.1 Brief Evolution of Optical NetWorks.........ccccecererieineneneineneecenceee 1
1.2 Geographic Hierarchy of Optical Networks ..........ccceceveveenenencnencncriennn 3
1.3 Layered Architectural Model..........c.ooeoiiireieiiniiieeeeeeee e 5
1.4 Interface to the Optical Layer ........ccccocevirieieiienieieieecee e 7
1.5 Configurable Optical NetWOTKS .........cccecevuerierieeriiieinieneeeeeieecee e 8
1.6 TErMINOIOZY -...euveeieiirieieiietiieee ettt 10
1.7 Network Design and Network Planning ............ccccoevereereninenencncneneennes 14
1.8 Focus on Practical Optical Networks.........ccccecevuirieiriereneinenececseeenen 15

Chapter 2. Optical Network Elements 17
2.1 Basic Optical COMPONENLS.......ceeeruereeieerirrierietirieniereeeeseeseesesseeesesseeeseneas 18
2.2 Optical Terminal........ccceceeuieieieieieieeieiereee ettt eas 19

2.2.1 SI0t FIEXIDIIEY ...cveveeiiieiiieiciieeriei et 20
2.3 Optical-Electrical-Optical (O-E-O) Architecture...........cocuvereeverereeneenenne. 22
2.3.1 O-E-O Architecture at Nodes of Degree-TWO .........cccceeveeriereeeerennene 22
2.3.2 O-E-O Architecture at Nodes of Degree-Three or Higher ................. 23
2.3.3 Advantages of the O-E-O Architecture............cooveevrerieiecnseniererennnes 25
2.3.4 Disadvantages of the O-E-O Architecture ..........ccccecveceeerveeerrieiennnn 26
2.4 OADMS (ROADMS) ...ttt ettt et sesae e eeseses 27
2.4.1 Configurability ........cccevevieieririeieieiesieieeiei et 29
2.4.2 Wavelength vs. Waveband Granularity .........c.cccccoeeenevcnncccnncnnn. 30
2.4.3 Wavelength REUSE .......ccccevieiiiniiiiirircteeeeee e 30
2.4.4 Automatic Power EqUalization.........c..coceceevevinenieenenenineneneceieene 32
2.4.5 Edge Configurability ..........cccocecivieinneniniieineeneeeeeeeeeeeeenee 32
2.4.6 MUILICASE ...ttt 33
2.4.7 SI0t FIEXIDIIEY ..cuvviveienieiinieieiieiesieee et 33
2.4.8 East/West Separability.........ccceceeirerieirinieieeneieesee s 34
2.4.9 Broadcast-and-Select and Wavelength-Selective Architectures ........ 34
2.5 Multi-Degree OADMS ..ottt 36
2.5.1 Optical Terminal to OADM to OADM-MD Upgrade Path................ 40
2.5.2 First-Generation OADM-MD Technology .........cccceeveirenieneecevennne 41
2.5.3 Second-Generation OADM-MD Technology..........ccccecverieniecruennnne. 42
2.6 OPtical SWILCRES ....cueevieeeieeieiiieieerees ettt 44
2.6.1 O-E-O Optical SWItCh ......ccoverieiriiieieesieeeeee e 44

2.6.2 Photonic SWItCH .....oocviiieiiieieceeecee ettt 46



Optical Network Design and Planning - Table of Contents

2.6.3 All-Optical SWItCH .....oveeieiiieiieiieeiecee et 46
2.7 Hierarchical SWItChes........cccoueuiivieiriiiiiniciicecee e 49
2.8 Adding Edge Configurability to @ NOde .........ccecvrevenieeninieinereecnene 50

2.8.1 Adjunct EAge SWiItCh ......ccoecevirieiiiniiiiineneeece e 51

2.8.2 Flexible TranSponders...........cccveeeverierereerienienieerieienienieesesensesseennens 52
2.9 Optical REACK.........ccveiiiiiieieiee et 53
2.10 Integrating WDM Transceivers in the Client Layer.........c.cccccveeeennnene. 55
2.11 Photonic Integrated CIirCUILS..........ecvruererierieierieieieeieneeeeeerieeee e 56
2.12 Multi-Fiber-Pair SYStemS ........ccceivviieiririeieerieiesesee et 57

Chapter 3. Routing Algorithms 61
3.1 Shortest Path AlIZOTIthmS..........coeriiiririieee e 63
3.2 Routing Metrics

3.2.1 Fewest-Hops Path vs. Shortest-Distance Path

3.2.2 Shortest-Distance Path vs. Minimum-Regeneration Path................... 67
3.3 Generating a Set of Candidate Paths............cccocovevirinenniiieceeeee 68

3.3.1 K-Shortest Paths Strategy .........ccoeeeveirerierieirereeeeeesee e 68

3.3.2 Bottleneck-Avoidance Strategy..........ccocevereeirierienieenenieeeeseseeeeeens 69
3.4 ROULING StrAtEEICS ...eeveeerieiirieieieieriesieetsie et ste et te ettt se e see e enens 71

3.4.1 Fixed-Path ROUtING ......cceciverieieiieiecieieeeieeeee e 71

3.4.2 Alternative-Path ROUING ........ccvevevirieieieiesieiecieeee s 71

3.4.3 Dynamic-Path ROULING ......ccccverievinieieeieiiieiciceeeee e 73
3.5 Avoiding Infeasible Paths ..........ccccooeieinieieiniirieieeeee e 75

3.5.1 Capturing the Available Equipment in the Network Model................ 75

3.5.2 Predeployment of EQUIPMENt .........ccceeveieiirieieiieieeeieieeeeee e
3.6 Diverse Routing for Protection ...........cccccevereerenienieineneneeeneeceeseeenes

3.6.1 Shortest Pair of Disjoint Paths

3.6.2 Shortest Pair of Disjoint Paths: Dual-Sources/Dual-Destinations...... 84

3.6.3 Shared Risk Link Groups (SRLGS).....ccceveveieriiniirieieiene e 87

3.6.4 Routing Strategies With Protected Demands.........c..c.ccoeecerenieeruennene. 91
3.7 ROULNG OTAET ...ttt ettt 92
3.8 Multicast ROULING .....c.coeeuiriiiiiieieceiese et 93

3.8.1 Multicast Protection..........ccvueererueirirucinieiiiniercinieensieeseereeseveenene 97
3.9 Routing with Inaccurate Information.............ceceveeivenenerceneneinereceee 97

Chapter 4. Regeneration 101
4.1 Factors That Affect Regeneration ...........cccocevervevireniencienieniecreneceee 102

4.1.1 Optical IMPAIMENLS .....cueerereiierieeiieiee et eeene 102

4.1.2 Mitigation of Optical Impairments...........cceceeveruerieerierieeeesereeeeeeenes 103

4.1.3 Network Element Effects.........coeevvueenniecnneinincniecrecenecene 104

4.1.4 Transmission System Design.........cccceverieieirenieinereiecsere e 105

4.1.5 Fiber Plant Specifications ...........cceceverieireniereeerieceeesieieee e 107

4.1.6 System Regeneration RUles ...........ccooerieirinecineneeceeeeeeee 107
4.2 Routing with Noise Figure as the Link Metric .........ccoceevevreviecenenieneennnn 108

4.2.1 Network Element Noise Figure ..........ccoceviviieieieenenieineseeee e 110



Optical Network Design and Planning - Table of Contents

4.2.2 Tmpact of the OADM without Wavelength Reuse...........cccoevevrnenen. 111
4.3 Link ENGINeering.........ccceevirieiririenininieneeeeienieteeeie sttt et 113
4.3.1 Cohesive System DeSign ........ccoevueiririeieinenieieenieieceesereeeseeees 113
4.4 Regeneration Strate@ies.........coveeeererrerieirenieieierienieeeresteseeeeie e neesessenees 114
4.4.1 Islands of TranSparenCy .........cccccueeeerereeererienirereneeeniesieseeneesesaenens 114
4.4.2 Designated Regeneration Sites.........ccceceeererieirerienieinenieneeeneneenees 116
4.4.3 Selective ReZENeration ..........ccceueeeeirenieererenieenienienncsieseeeere e 118
4.5 Regeneration ArChiteCIUIES ... ..coverveuiruirieieirieieieesie ettt 119
4.5.1 Back-to-Back WDM Transponders..........c.ccoeeeeeriereeereneneneeennenens 120
4.5.2 Regenerator Cards .........ccecceeeveieeeienieieieeieieiee et 122
4.5.3 All-Optical REZENErators..........cocerueererieieirierieeeieeieeeceie st 125
Chapter 5. Wavelength Assignment 127
5.1 Role of Regeneration in Wavelength Assignment ............ccceeveeererienenens 128
S2 Multi-Step RWA ..ottt 130
5.2.1 Alleviating Wavelength Contention...........cccoeeeeeeeireriesinerenieeenens 131
5.30nNe-Step RWA ... 132
5.4 Wavelength Assignment Strate@ies ........ccceceeereeieirerieereieieeseseeeenens 136
SA T FIrSt-Filtu e 137
5.4.2 MOSE-USEA......coviierieiieieieiieiesieiete ettt ettt sse st sse s esensens 139
5.4.3 Relative Capacity LOSS .....cceveieirieieirieieieieieiee e eee e 139
5.4.4 Qualitative COMPATISON......c.eveverieierieierieieresteaeeeeeseessesessessesesessens 141
5.5 Subconnection OTAETING........ceceveirierieieieienieteteeeteeeesaeseesessessesesessens 141
5.6 Bi-directional Wavelength ASSigNment.............ccccecveerierieenierieieserieeenens 143
5.7 Wavelengths of Different Optical Reach..........ccccocveevecininieieciniineieenns 144
5.8 Wavelength Contention and Network Efficiency.........cccocevevnicncnnccnnns 146
5.8.1 Backbone Network Study .........ccecevevieininernincniceceecsee 147
5.8.2 Metro Network Study ........ccoeeeeererieininieiieniciecseseeseeeseee e 149
5.8.3 Study COnCIUSIONS ...cuvvervieenieiirierieiriesieteteieeteeee e 151
Chapter 6. Grooming 153
6.1 End-to-End MUltipleXing .........cccoceeiririeniniinenieeeeieieeee e 155
6.2 GTOOIMINE ......evitenieiieterienietesteste e te sttt ettt et st e st e st s be e eneeaese st eaesbeeesensens 157
6.3 Grooming Node ATChiteCture..........cccevveieirierieieeicieeee e 159
6.3.1 Grooming Switch at the Nodal Core.........ccoeveerenieneeirineecreee 159
6.3.2 Grooming Switch at the Nodal Edge..........cccecveinenieieninineicieee 160
6.4 Selection of GTOOMING STLES .....eveeeueriiieieierierieeeteretee e 163
6.5 Backhaul Strate@ies ........coocvrueiririerieeirieieiee ettt neeeens 164
6.6 Grooming TradeofTS........ocerieiririeieisiee e 166
6.6.1 Cost vs. Path DIStance ..........cocvueveeereeeninieecninicineiccnieeeee e 166
6.6.2 COSt VS. CAPACILY ..evineeeieeiieienieiesieieetete ettt ee st ese e esesnene 168
6.6.3 Grooming Design GUIdelines ............cocevveeeenieieinereieeseee e 169
6.7 GIOOMING SIIALEZICS .....eevieerieeireeieieeerteeeeeiestesteteeteaeeesesaeseesesseseeneeneesens 169
6.7.1 Initial Bundling and ROULING ..........c.ccerveriecieenieieieeieieeseiee e 169

6.7.2 Grooming OPETAtiONS .........ccveeieverveieerierieseresieaeeesessesesessessesesessens 170



Optical Network Design and Planning - Table of Contents

6.8 Grooming NetWork Study .........ccecveeiririeiieiieiceeeeee e 176
6.8.1 Grooming Switches at AILNOdES .........ccccevvvveinericineiniicinecenee 176
6.8.2 Grooming Switches at a Subset of the Nodes ..........ccccceveiinecnnnee 178

6.9 Evolving Techniques for Grooming Bursty Traffic .........ccccceovenennenee 179
6.9.1 Selective Randomized Load Balancing..........cc.coceeeevererieinenenencnee 180
6.9.2 Optical Flow Switching (OFS) .......cccovviniineneinenenecnceeeceeeee 180
6.9.3 Optical Burst Switching (OBS) ......cccccveviiiineneiicnenieenceeceees 181
6.9.4 TWIN Lottt 181
6.9.5 LAGREAIL. ..ottt 182
6.9.6 Optical Packet Switching (OPS) ......cccooevriireneiiiieeeeeeeeee 182

Chapter 7. Optical Protection 183

7.1 Dedicated vs. Shared Protection ...........c.ecceveevreuenneinnicenererineercennes 185
7.1.1 Dedicated ProteCtion.........c.cccvueueeerieueiriereenieeninierceneereneereeceenenennenes 186
7.1.2 Shared ProteCtion .........cccoueerirueueririceiniireiiineeeneeree et 186
7.1.3 Comparison of Dedicated and Shared Protection ............ccccecveueenneee 187

7.2 Client-Side vs. Network-Side Protection...........coeevveirnicenncccneecnnes 190

7.3 Ring Protection vs. Mesh Protection...........ccceceveeceirenieineeiseseeeee 194
7.3.1 RING PrOteCtION ....ouevieieeieiiieieteiee ettt 194
7.3.2 MESh PrOteCHON ....ceeviieeieeieieieiieie ettt 198

7.4 Fault-Dependent vs. Fault-Independent Protection .............ccceceevevveeennnen 200

7.5 Protection Against Multiple Concurrent Failures...........cccocevvevveevreniennnnn. 205

7.6 Effect of Optical Amplifier Transients on Protection .............ccecevveuennneee 207

7.7 Shared Protection Based on Predeployed Subconnections ...................... 209
7.7.1 Cost vs. Spare Capacity Tradeoff..........ccccoevvreirienieciniieieieeene 211

7.8 Shared Protection Based on Pre-cross-connected Bandwidth.................. 213

7.9 Protection Planning AlgOrithms..........cccecevuevieerinenieineneecseicceeeeeee 217
7.9.1 Algorithms for Dedicated Protection...........cccceevveerineieincnenencne. 217
7.9.2 Algorithms for Shared Protection...........c.coccvevveineneninenenieeninenene 218

7.10 Protection of Subrate Demands...........ccccoeeveererenieinenenneneiececeeee 224
7.10.1 Wavelength-Level Protection.........cccceceveveieenenenenenieniecneneees 224
7.10.2 Subrate-Level ProteCtion .........c.coeeeerevecenereniniericcniecnereineerecnnene 226
7.10.3 Wavelength-Level vs. Subrate-Level Protection ............cccceeenenee. 228
7.10.4 Multilayer Protection .........c.ccoeeverieirenienieenieieeeeseeeeeieie e 229

7.11 Fault ISOIAtion ......c.eveveuiieiiiiieiciincictrcceeectceeeceeee e 231

Chapter 8. Economic Studies 233

8.1 ASSUMPLIONS ..covinveiiiieietietiietieteseeeeeeetet et e sae e esesteeeseesesseseesesseseneeseseas 234
8.1.1 Reference Network TOPOIOZY .....ceeveueerieierieieirieieire e 234
8.1.2 Reference Traffic Set........cccovevniienieinneiccncceececees 235
8.1.3 COSt ASSUMPLIONS ....euverieeireinienieierieieteeteteteieete st seeseenessensens 236

8.2 Prove-In Point for Optical-Bypass Technology..........cccccceevrenecerireneenene 238
8.2.1 Comments on Comparing COStS........ccueeruererieererieieeserieeeereennens 240
8.2.2 O-E-O Technology with Extended Optical Reach................co....... 240

8.3 TP TranSport ATCHItECLUIES .......ecveueererrerieriieierietestesieeesiesteeereereseeeese s 242



Optical Network Design and Planning - Table of Contents

8.4 Optimal Optical Reach ..........cccveivieieieiiieieeeecee e
8.4.1 Add/Drop Percentage as a Function of Optical Reach
8.5 Architecture of Higher-Degree NOdes...........cccovvvecineiininieenncininieenn
8.6 Reduced-Reach Transponders............ccveeveievieeiieienieniieieieie e
8.7 Optimal Topology from a Cost Perspective .........ccccceveeeevvevenriceneenennn.
8.8 Optimal Line-Rate........ccocevieiiiniiiiiiiniiiceeceseee e
8.8.1 Study ASSUMPLIONS ......eeuvveuiirieiricieiereiieeeieeree e
8.8.2 Study ReSUILS .....ooveeeieiiieieeeeece e
8.8.3 Less Aggressive Cost ASSUMPLIONS ........ccerveueevereenieernenes
8.9 Optical Grooming in the Edge Networks ..........cccocoveviiieninecninen
8.10 General CONCIUSIONS .......c.couceriereirieieinieiinirieetrieeneereeneeree e

Appendix A. Suggestions for RFI/RFP Network Design Exercises............... 269

Appendix B. C-Code For Routing Routines 271

Abbreviations 293

Bibliography 297

Index 309






