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All-optical flip-flop memory, 65
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Bottom of stack
label stack entry, 121
Broadband applications, 9
categories, 9
examples, 10
Broadband services, 1
Broadcast-and-select architecture
advantage, 63
Broadcast-and-select networks, 5—6
Broadcast-and-select packet switch, 89
architecture, 90f
Broadcast-and-select WDM network
passive star coupler, 6f
Bubble switch element, 41f
Bubble switches, 40
Buffering requirement
OBS, 172
Buffers, 70f
Building large switches
architecture, 44
Bundled link
TE parameters, 143—144
Burst assembly
combined timer/threshold-based algorithm,
184f
OBS, 181-186
Burst assembly algorithms
OBS, 182-185
Burst losses, 173
Burst offset (Togser), 176
Burst Overlap Reduction Algorithms
(BORA), 211
Burst scheduling
OBS, 202-211
Burst segmentation
OBS, 214-220

Call and connection separation, 164
Call controller

ASON control plane, 162
Call segment

support, 164
Carrier Sense Multiple Access with Collision

Avoidance (CSMA/CA), 99

CC_Id. See Control Channel Id (CC_Id)
Cell encoder, 69
Centralized deflection, 232
Challenges

optical network switching, 16—17
Class isolation, 226f
Clos, 45

Clos network

blocking characteristics, 46

three-stage, 46f
Components

network architecture, 14
ConfigAck message, 158
Configurations

fiber delay lines, 175

SONET/SDH network, 4
Connection controller

ASON control plane, 162
CONNECT message, 195
Constraint based routing

MPLS, 127-128
Constraint routing-LSP (CR-LSP), 128
Contention resolution

OBS, 212-222

OPS, 79-85
Contention scenarios, 222f
Control Channel Id (CC_Id), 158
Control packets, 204

processing time, 176
Converter-sharing architecture, 72
Converters partition, 87
Core mesh network, 14

requirements, 15
Cost minimization

network architecture, 14
Cost per transferred bit, 96
Crankback signaling, 165
CR-LSP. See Constraint routing-LSP (CR-LSP)
Crossbar, 44
Cross-gain modulation (XGM), 68
Crossovers, 43
Cross-phase modulation (XPM), 68
Crosstalk, 24, 43
CSMA/CA. See Carrier Sense Multiple Access

with Collision Avoidance (CSMA/CA)

Current network, 8—10
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(DAVID) project, 100—102
architecture, 101
Data vortex packet switch, 62, 92—-94
DAVID. See Data and Voice Integration over
DWDM (DAVID) project
DECLARATION message, 195
Dedicated 1 + 1
GMPLS routing protocols, 150
Dedicated 1:1
GMPLS protection capabilities, 150
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OBS, 213-214, 232
OPS, 84-85
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OBS signaling, 190f
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optical network, 4
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Dilation, 43
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Distributed deflection, 232
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DWDM. See Dense wavelength division
multiplexed (DWDM)
Dynamic reliability, 24
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EDFA. See Erbium Doped Fiber Amplifiers
(EDFA)
Edge routers, 174
architecture, 174f
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Electromagnetic actuation, 34
Electronic ATM switches, 26
Electronic random access memory, 79
Electro-optic directional coupler switch, 36f
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Electro-optic switches, 36
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Enabling technologies
OPS, 63-68
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LSP, 137
Enhanced
GMPLS routing protocols, 149—-152
E-NNI. See External Network—Network
Interface (E-NNI)
EO. See Electrical-to-optical (EO) conversion
Erbium Doped Fiber Amplifiers (EDFA), 4
Exclusive monitoring, 29
Experimental
label stack entry, 121
Explicit attribute scope
link attributes, 149
Explicit setup/explicit release, 188, 191f
Explicit setup/implicit release, 188, 192f
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Extended label association, 165
Extended restart capabilities, 164—165
External Network—Network Interface
(E-NNI), 161
Extinction ratio (on-off switches), 24
Extra traffic
GMPLS protection capabilities, 150

Fabric
optical switches, 29-42
Fabric technology
and architecture, 62—63
Fast provisioning, 11, 11f
FEC. See Forwarding equivalence
classes (FECs)
FEC-to-NHLFE (FTN) maps, 119
Fiber delay lines
configurations, 175
Fiber delay lines (FDLs), 80, 80f
Fiber-switch capable (FSC), 151
interfaces, 136
First-fit algorithm, 198
First-fit wavelength assignment, 199f
Fixed-length traffic, 57
Flexible upgrade, 96
Flipped signal, 41
FDLs. See Fiber delay lines (FDLs)
Forwarding equivalence classes
(FECs), 115, 119
Forward resource reservation scheme, 186
Four-wave mixing (FWM), 5, 67
Frame relay, 96, 124
FSC. See Fiber-switch capable (FSC)
FTN maps, 119
FWM. See Four-wave mixing (FWM)

Generalized multiprotocol label switching

(GMPLYS), 18, 19, 113-165

ASON, 160-165
architecture, 161-162

features, 138—145

labels, 134

protocol suite, 146—159, 147f
link management protocol, 157—-159
routing protocols, 147-151
signaling protocols, 152-156
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Generic path selection and maintenance attributes

traffic trunks, 126
GMPLS. See Generalized multiprotocol label
switching (GMPLS)
Group scheduling, 211
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Head dropping vs. tail dropping
segmentation policies, 216f

Header-packet transmission, 61

approaches, 61f

Horizon scheduling algorithm, 204, 205f

HORNET. See Hybrid Optoelectronic Ring
Network (HORNET) project

Hub node, 102

Hybrid networks, 13

Hybrid Optoelectronic Ring Network
(HORNET) project, 98—99

Hybrid switching architectures, 179

IETF. See Internet Engineering Task Force (IETF)
ILM. See Incoming label map (ILM)
Immediate wavelength reservation
OBS signaling, 189f
Implicit setup/explicit release, 188, 191f
Implicit setup/implicit release, 189, 192f
Incoming label map (ILM), 119
Information Society Technology (IST)
Program, 100
Ingress edge routers, 174
Inherent multicast capability, 25
Inheritable attributes
support
link attributes, 149
I-NNI. See Internal Network—Network
Interface (I-NNI)
Input synchronization, 58f
Insertion loss, 24
Interface switching capability descriptor
GMPLS routing protocols, 150—151
Interference level
nodes, 200
Interferometric switches, 37
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support
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Intermediate System to Intermediate
System (IS-IS), 129
Internal Network—Network Interface
(I-NNID), 161
International Telecommunication
Union (ITU), 3, 160
Internet Engineering Task Force (IETF), 115
Internet protocol (IP)
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IS-IS. See Intermediate System to Intermediate
System (IS-IS)

IST. See Information Society Technology
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ITU. See International Telecommunication
Union (ITU)

JumpStart signaling
architecture, 193-194
functional requirements, 193
long bursts, 194f
short burst, 194f

KEEPALIVE message, 195

Keep-alive signal generation, 18

Keys to Optical Packet Switching
(KEOPS), 88—-89

Label
distribution adjacency, 118
distribution peers, 118
label stack entry, 121
switching interfaces, 152t
Label Distribution Protocol (LDP), 123
Labeled optical burst switching
(LOBS), 179-180
network node architecture, 180f
Labeled packet, 117
Label stack entry
bottom of stack, 121
experimental, 121
TTL, 121
Label switched path (LSP), 116f, 120, 125, 126,
128-129, 137, 154—157, 160, 180—181
bandwidth, 150-151
control, 118
encoding type, 137
hierarchy, 142f
PID, 138
tunnels, 120, 131-133
Label switching routers (LSR), 115, 116f,
117-124, 133, 135, 141, 144145,
149-156, 180
Label switching support, 193
Lambda-Switch Capable (LSC), 151
interface, 136
Large switches
building optical switches, 42—-49
considerations, 43
Latest Available Unused Channel (LAUC)
algorithm, 204
Latest Available Unused Channel with Void
Filling (LAUC-VF), 206, 207f



LAUC. See Latest Available Unused Channel
(LAUC) algorithm
Layer-2 switch capable (L2SC), 151
interfaces, 136
LDP. See Label Distribution Protocol (LDP)
Lightpaths
defined, 25
provisioning, 25
Linear networks, 4
PWA and PWA link, 201f
Link attributes, 148—-149
Link bundling, 143
Link ID
TE, 144
Link Management Protocol (LMP)
GMPLS, 157-159
procedures, 146, 147f, 158—-162
Link protection type, 150
Link resource manager
ASON control plane, 162
Link State Advertisements (LSAs), 129
attributes, 130
LinkSummary message, 159
Link type
TE, 143
Liquid-crystal optical switch.
1 x 2, 39f
Liquid-crystal switches, 38—39
Lithium niobate, 36, 67
LMP. See Link Management Protocol (LMP)
Load-balancing techniques, 196
LOBS. See Labeled optical burst switching
(LOBS)
Local access networks (third level), 8
Local and remote identifiers
TE, 144
Local and remote interface IP addresses
TE, 144
Local Control Channel Id, 158
Local deflection, 231
Logical interfaces
ASON, 161
Long bursts
JumpStart signaling, 194f
Loss, 173
LSA. See Link State Advertisements (LSAs)
LSC. See Lambda-Switch Capable (LSC)
L2SC. See Layer-2 switch capable (L2SC)
LSP. See Label switched path (LSP)
LSR. See Label switching routers (LSR)

MAC. See Medium access control
(MAC) protocol
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Mach-Zehnder interferometers (MZIs), 37, 64
Magnetic actuation, 34
MAN. See Metropolitan area network (MAN)
Manual configuration
network architecture, 14
Maximum bandwidth
LSA, 130
Maximum Ending Void, 208
Maximum LSP bandwidth
TE, 144
Maximum reservable bandwidth
LSA, 130
TE, 144
Maximum Starting Void, 208
Medium access control (MAC)
protocol, 6, 97
MEMS. See Micro-electro mechanical
switches (MEMS)
Metric
TE, 144
Metro network, 97f
Metropolitan area network (MAN), 8, 93, 96
ring nodes, 102
Metropolitan area packet switched networks,
95-106
Micro-electrical mechanical switches
(MEMS), 62
based devices, 35
reliability, 35
three dimensional
disadvantages, 33
optical switches, 32
technology, 32f
two dimensional
device, 31
technology, 31f
Micromirrors
actuation forces, 33
Micro-opto-electro-mechanical systems
(MOEMS), 30
Min-EV. See Minimum Ending Void (Min-EV)
Minimum Ending Void (Min-EV), 208
Minimum Starting Void (Min-SV)
algorithm, 206
Min-SV. See Minimum Starting Void
(Min-SV) algorithm
MOEMS. See Micro-opto-electro-mechanical
systems (MOEMS)
MPLS. See Multiprotocol Label Switching
(MPLS)
Multicast capability, 25
Multicast communication support, 193
Multicasting, 235f
OBS, 233-234
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Multimode fiber, 2
Multiprotocol Label Switching (MPLS), 114,
115-132, 181
constraint based routing, 127-128
label distribution, 117-123
operations, 115-116
routing protocol extensions, 129—130
signaling protocol extensions, 131-132
traffic engineering, 124-126
MZI. See Mach-Zehnder
interferometers (MZIs)
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Network hierarchy, 9f
Network provisioning, 29
Network reliability
OBS, 232
Next hop label forwarding entries
(NHLFEs), 119
Nodes
interference level, 200
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algorithms, 198
Nonblocking space switch, 69
NonPreemptive Minimum Overlap Channel
(NP-MOC) algorithm, 218, 218f
delay-first, 219
with void filling, 219
segment-first, 220
with void filling, 220
Notification messages, 123
NP-MOC. See NonPreemptive Minimum
Overlap Channel (NP-MOC) algorithm
n-Stage Planar Architecture, 47

OADM. See Optical add—drop multiplexers
(OADMs)
OBS. See Optical burst switching (OBS)
OE. See Optical-to-electrical (OE) conversion
OEO. See Optical to electrical to
optical (OEO)
Offset time
OBS, 171
One-way reservations
OBS, 171
On-the-fly path setup, 194
OOO crossconnects. See All-optical
crossconnects (OOO crossconnects)
Opaque switching, 15
Open Shortest Path First (OSPF), 129
OPS. See Optical packet switching (OPS)

Optical add—drop multiplexers (OADMs), 28
Optical add/drop multiplexing, 28
Optical burst switching (OBS), 18, 19,
171-234
burst assembly, 181-186
algorithms, 182185
predictive assembly algorithms, 186
burst scheduling, 202-211
scheduling algorithm implementation, 209
scheduling algorithms without void filling,
204-205
scheduling algorithms with void
filling, 206—208
characteristics, 171
contention resolution, 212-222
burst segmentation, 214—220
deflection routing, 213-214
prioritized, 221-222
network and node architecture, 173—-176
labeled optical burst switching, 179—-180
wavelength-routed optical burst switched
networks, 177-178
protection and restoration, 228234
multicasting, 233-234
network reliability, 232
1 + 1 protection, 229
restoration via deflection routing, 232
quality of service support, 223-227
offset-based, 224-226
routing and wavelength assignment, 195-201
routing, 196
wavelength assignment, 197-201
signaling, 187-194
delayed wavelength reservation, 190f
immediate wavelength reservation, 189f
JumpStart signaling architecture, 193—-194
Optical burst switching (OBS) network
architecture, 172f
parameters, 176
burst assembly, 182f
Optical crossconnect (0XC), 25, 35, 175
defined, 134
Optical fiber, 1
Optical fiber communication
initial use, 3
Optical header transmission
approaches, 60
Optical layer equipment, 13
Optical micro-electro-mechanical systems
(optical MEMS), 30-36
Optical network, 11-12
advancement
drives, 9f
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broadcast-and-select networks, 5—6
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paradigms adoption, 19f
switching, 13—-17
challenges, 16—17
opaque switching, 15
optical switching, 14
Optical packet switching (OPS), 18, 55—-107
architecture, 69f, 87-95
data-vortex packet switch, 92—94
KEOPS, 88-89
WASPNET, 90-91
contention resolution, 79—-85
buffering, 79-84
deflection routing, 84
deployment, 56
design alternatives, 56—62
electronic vs. optical control, 61

fabric technology and architecture, 61-62

header format, transmission, processing,
58-60
synchronous vs. asynchronous, 56—57
enabling technologies, 63—68
all-optical buffering, 66
all-optical packet delineation and
synchronization, 65
all-optical packet switch fabrics, 66
all-optical 3R regeneration, 64
all-optical signal processing, 65
all-optical wavelength conversion, 67
flexibility, 84
general architecture, 69—70
metropolitan area packet switched
networks, 95-106
DAVID Project, 100—102
HORNET Project, 98—99
RingO Project, 103-106
quality of service support, 86—87
wavelength conversion, 71-77
limited range wavelength
converters, 78
Optical performance monitoring, 27
Optical signal monitoring, 28
Optical spectral monitoring, 27
Optical switches, 23-50
applications, 25-30
network provisioning, 29
optical add/drop multiplexing, 28
optical crossconnects, 25
optical signal monitoring, 28
protection and restoration, 26—27
building large switches, 42—-49
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fabrics, 29-42
acousto-optic switches, 41
all-optical switches, 42
bubble switches, 40
electro-optic switches, 36
liquid-crystal switches, 38—39
optical MEMS, 30-36
optomechanical switches, 30
semiconductor optical amplifier
switches, 42
thermo-optic switches, 37
parameters, 24
performance evaluation, 23-24
protection schemes, 27f
Optical switching
advantages, 14—16
Optical switching paradigms, 18—19
Optical-to-electrical (OE) conversion,
3,4
Optical to electrical to optical (OEO)
conversions, 11-18, 19f, 55, 67, 172
switching, 26
Optimal prediction, 187
Optimized resource utilization, 96
Optoelectronic conversions
elimination, 13
Optomechanical switches, 30
OSPF. See Open Shortest Path First (OSPF)
Out-of-band signaling, 179
Overhead bytes
advantages, 16
Overlapping burst, 212f
Overlay model, 125
OXC. See Optical crossconnect (OXC)

Packet delays, 57
Packet delineation, 65
Packet format
synchronous OPS network, 60f
Packet routing, 89
Packet-switch capable (PSC)
interfaces, 136
interfaces (1-4), 151
Packet switches, 55
Packet traversing a label switched path, 116f
Passive architecture
drawback, 103
Passive star coupler
broadcast-and-select WDM network, 6f
Patch switching, 196
pure strategies, 197
Payload transparent operation, 180
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PDL. See Polarization-dependent loss (PDL)
Persistent connections, 193
Phase-matched signal, 41
Physical impairments, 17
PID, 137
LSP, 138
Point-to-point networks, 4
Polarization-dependent loss (PDL), 24
Polarization-independent acousto-optic switch, 41f
Policing attributes
traffic trunks, 127
Port count, 24
Power consumption/driving voltage, 25
Predictive assembly algorithms
OBS, 186
Preemption attributes
traffic trunks, 127
Pretransmission delay, 173
Priority attributes
traffic trunks, 126
Priority-based wavelength assignment (PWA),
201f
algorithm, 200
Proactive burst scheduling, 211
Processing time (Tjyoc)
control packet, 176
Protection schemes
optical switches, 27f
Protection switching, 27
Protocol controller
ASON control plane, 162
Provisioning
lightpaths, 25
Provisioning process, 10
PSC. See Packet-switch capable (PSC)
PWA. See Priority-based wavelength assignment
(PWA)

Quality of service support
extra offset time, 225f

Raman amplification, 5
Random algorithm, 198
Rearrangeably nonblocking 8 x 8 switch, 47f, 48f
RELEASE message, 195
RELEASE packet, 190
Remote identifiers
TE, 144
Remote interface IP addresses
TE, 144
Repeatability, 25

Resilience attributes
traffic trunks, 127
Resource classes
TE, 144
Resource Reservation Protocol (RSVP), 122
Restoration routing
OBS, 232
Ring networks, 4
Ring nodes, 102
Ring Optical network (RingO)
project, 103
architecture, 104f
timeslots, 106
Ring topologies, 97
Routing and wavelength assignment
OBS, 195-201
Routing and wavelength assignment (RWA),
8,179
Routing controller
ASON control plane, 162
Routing protocol extensions
MPLS, 129-130
Routing protocols
GMPLS, 147-151
RSVP. See Resource Reservation Protocol (RSVP)
RWA. See Routing and wavelength assignment
(RWA)

Scalability, 25
network architecture, 14
Scheduling algorithm implementation
OBS, 209
Scheduling algorithms, 202
output, 202
Scheduling algorithms without void filling
OBS, 204-205
Scheduling algorithms with void filling
OBS, 206-208
SCM. See Subcarrier multiplexing (SCM)
SDH. See Synchronous Digital Hierarchy (SDH)
Segmentation-based channel scheduling
algorithms, 217
Self-routing address scheme, 62
Semiconductor optical amplifiers (SOAs), 42, 72
Semiconductor optical amplifier switches, 42
Separation of attributes
link attributes, 148
Separation of control information and data
OBS, 171
Serial transmission, 61
Session messages, 123
SESSION RELEASE message, 195
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SETUP message, 194
Shared per link (SPL), 73
architecture, 75f
Shared per node (SPN), 72
architecture, 74f
Shared Risk Link Group (SRLG), 149
Short burst
JumpStart signaling, 194f
Shortest Path First (SPF), 130
Signaling
engine, 175
OBS, 187-194
Signaling protocols
extensions
MPLS, 131-132
GMPLS, 152-156
Simple control algorithm, 76
Single-hop communication, 105
Single-mode fiber, 3
Single per channel (SPC) architecture, 73, 73f
Single-wavelength optical networks, 4
Slotted network, 58, 59f
Slotted packet switched network, 57
Slow-light buffers, 66
Smart IP layer, 2
Smart optical layer, 2
SOA. See Semiconductor optical amplifiers
(SOAs)
Soft-permanent connection capability, 164
SONET. See Synchronous Optical Network
(SONET)
Spanke, 47
Spanke—Benes (n-Stage Planar Architecture),
47
SPC. See Single per channel (SPC) architecture
SPF. See Shortest Path First (SPF)
SPL. See Shared per link (SPL)
SPN. See Shared per node (SPN)
SRLG. See Shared Risk Link Group (SRLG)
Static optical layer, 10
Static reliability, 24
Store-and-forward paradigm, 79
Strict-sense nonblocking 4 x 4 switch, 48f
Subcarrier multiplexing (SCM), 60, 66
headers, 99
Support for call segment, 164
Support for crankback, 165
Support for inheritable attributes
link attributes, 149
Support of interlayer attributes
link attributes, 148
Survivability, 26
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Survivable HORNET metropolitan area network
architecture, 100f
Survivable ring architecture, 100
Switches. See also specific type
building large optical switches, 42—48
considerations, 43
4 x 4,45
Switch fabric, 93, 175
Switching
defined, 13
granularity
OBS, 171
time, 24
Switching granularity
OBS, 171
Switch reconfiguration time (Tox.), 176
Synchronous Digital Hierarchy (SDH), 2, 3, 4
Synchronous network, 58
Synchronous OPS network
packet format, 60f
Synchronous Optical Network (SONET), 3
network elements, 3
SDH layer, 2
SDH network configurations, 4
Synchronous switch architecture, 76

TAG. See Tell-and-Go (TAG)
Tail dropping vs. head dropping segmentation
policies, 216f
TAW. See Tell-and-Wait (TAW)
TDM. See Time division multiplex
(TDM) capable
TE. See Traffic engineering (TE)
Telecommunication networks
architecture and evolution, 9
Telecommunication traffic, 1
Tell-and-Go (TAG), 187
Tell-and-Wait (TAW), 187
Terminal multiplexers, 3
Thermo-optic digital optical switch
2 x 2, 39f
Thermo-optic interferometric switch
2 x 2, 37f
Thermo-optic switches, 37
3D MEMS
disadvantages, 33
optical switches, 32
technology, 32f
Three-stage Clos network, 46f, 63
Time
switching, 24
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Time division multiplex (TDM) capable, 151
interfaces, 136
Timer-based burst assembly algorithm, 183
Time to live (TTL)
label stack entry, 121
TLV. See Type-Length-Value (TLV) encoding
TOWC. See Tunable optical wavelength
converters (TOWC)
Traffic engineering (TE), 179
link, 148
metric
LSA, 130
MPLS, 124-126
objective, 124
parameters
bundled link, 143144
Traffic parameter attributes
traffic trunks, 126
Traffic trunks
attributes, 126
generic path selection and maintenance
attributes, 126
policing attributes, 127
preemption attributes, 127
priority attributes, 126
resilience attributes, 127
traffic parameter attributes, 126
Transmission on separate wavelength, 60
Transparency, 96
Transparent-based restoration, 17
TTL. See Time to live (TTL)
Tunable optical wavelength converters
(TOWC), 68, 72, 77
Two-axis actuated tilting mirror, 33
2D MEMS device, 31
2D MEMS technology, 31f
Two-level differentiation, 87
Type-Length-Value (TLV) encoding, 123

UNI. See User—Network Interface (UNI)
Unnumbered links, 142

support, 149
Unprotected

GMPLS protection capabilities, 150
Unreserved bandwidth

LSA, 130

TE, 144
Unslotted network, 59f
User—Network Interface (UNI), 161

Vendors
network architecture, 14
Virtual output queuing (VOQ) structure, 106
Void filling, 83
VOQ. See Virtual output queuing
(VOQ) structure

WAN. See Wide area network (WAN)
WASPNET. See Wavelength Switched Packet
Network (WASPNET)
Wavelength assignment
OBS, 197-201
Wavelength conversion
OPS, 71-77
limited range wavelength converters, 78
Wavelength conversion capability, 17, 72
Wavelength converters, 67
characteristics, 68
Wavelength converters (WC), 68
Wavelength division multiplexing (WDM)
link, 26
OPS architecture, 70f
technique, 4, 8
Wavelength reservation, 191f, 192f
Wavelength-routed networks, 7
Wavelength-Routed Optical Burst Switched
(WR-OBS)
network, 177-178
architecture, 178
Wavelength-routed optical networks (WRONSs),
177
Wavelength-routed WDM network, 7f
Wavelength routing, 55
switch, 91f
Wavelength Switched Packet Network
(WASPNET), 90-91
WC. See Wavelength converters (WC)
WDM. See Wavelength division multiplexing
(WDM)
Weighted Best Fit, 208
Wide area network (WAN), 93
Winner path, 197
WR-OBS. See Wavelength-Routed Optical
Burst Switched (WR-OBS)
WRON. See Wavelength-routed optical
networks (WRONs)

XGM. See Cross-gain modulation (XGM)



