














6 CHAPTER 1. OPTICAL NETWORKING

e Physical impairments such as chromatic dispersion, polarization mode dispersion (PMD), fiber
nonlinearities, polarization-dependent degradations, WDM filter pass-band narrowing, compo-
nent crosstalk, amplifier noise, etc. accumulate over the physical path of the signal due to the
absence of O/E conversion. The accumulation of these impairments requires engineering of
end-to-end systems in fixed configurations [197, 245, 246, 247]. Thus, it may not be possible
to build a large network with an acceptable degree of flexibility.

e The design of high-capacity DWDM systems is based on intricate proprietary techniques,
eluding any hope of interoperability among multiple vendors in the foreseeable future. Since a
signal is launched at the client NE through the all-optical switch directly into the WDM system
without O/E conversion, and it is not possible to develop a standard for the interface for a
high capacity WDM system, the operators will not have the flexibility to select the client NE
vendor and the WDM vendor independently. Consequently, transparent networks by necessity
are single vendor (including the client network elements) solutions.

e Finally, in addition to all the limitations discussed above, the challenge of performance-
engineering continental-scale transparent reconfigurable wavelength-routed networks remains
severe and, in networks that push limits, remains unsolved despite some attempts at formaliz-
ing the routing problem [290].

It is apparent that a number of key carrier requirements — dynamic configuration, wavelength con-
version, multi-vendor interoperability of transport equipment (WDM), low network-level cost — would
be very hard to meet in a transparent network architecture. Therefore, an opaque network solution
will remain for now the only practical and cost-effective way of building a dynamic, scalable, and
manageable core backbone network. A description of the opaque network architecture is offered in
the section that follows.

1.1.2 Opaque Networks

Even though the opaque network solution may be more expensive in terms of equipment costs when the
core network capacity increases significantly, the opaque network offers the following key ingredients
for a large-scale manageable network:

e No cascading of physical impairments. This eliminates the need to engineer end-to-end systems
(only span engineering is required) and allows full flexibility in signal routing.

e Multi-vendor interoperability using standard intra-office interfaces (see Figure 1.5).

e Wavelength conversion enabled. Network capacity can be utilized for service without any
restrictions and additional significant cost savings can be offered by sharing redundant capacity
in a mesh architecture (see Figure 1.5).

e Use of an all-optical switch fabric without any compromise of the control and management
functions. Overhead visibility (available through an OEO function that could be complementing
the all-optical switch) provides support for the management and control functions that are taken
for granted in today’s networks.

e The network size and the length of the lightpaths can be large, since regeneration and retiming
are present along the physical path of the signal.

e Link-by-link network evolution. Permits link-by-link incorporation of new technology, as the
network is partitioned into point-to-point optical links (see Figure 1.6).
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are among others: (1) routing in the optical layer is exclusively circuit oriented, (2) circuit set-up and
tear-down is done at a much slower timescale and (3) the bandwidth granularity of the logical layer
is much lower than the granularity of the optical layer.

In the overlay approach assumed throughout this book the layers work individually, with the client
logical layer leasing resources from the optical layer. The User Network Interface (UNI) harmonizes
communication of control messages between the two domains [12]. In addition, since an optical
carrier will normally acquire network components from several vendors, a suite of protocols is being
developed in the Internet Engineering Task Force (IETF) to allow for the seamless interaction between
the various network components. As part of that suite, the Link Management Protocol, for example,
is used to maintain control channel connectivity, verify component link connectivity and isolate link,
fiber or channel failures within the network [12].

1.2.2 Logical Layer

Also known as electrical or digital layer, the logical layer aggregates services into large transmission
pipes and assures their proper routing from Point of Presence (PoP) to PoP with prescribed QoS
[172, 173]. Using a graph representation, a logical node corresponds, for example, to an IP/MPLS
core router, an ATM backbone switch or a digital cross-connect (DCS), and a logical link connects
the ports of two adjacent nodes. The logical layer may consist of several interconnected subnetworks,
either for scalability reasons, as it is easier to manage several smaller networks than a large network
(hierarchical decomposition), or because the subnetworks belong to several independent carriers or
employ different technologies (e.g., IPPMPLS versus ATM). In either case, boundaries and proper
network interfaces within the logical layer delimit the subnetworks and their respective domains of
operation.

The logical layer fulfils several roles: (1) it maintains a consistent topological view of its layer,
(2) it manages the address space, (3) it routes streams on request, and (4) it polices the traffic to
ensure a fair share of capacity among data streams and to guarantee each individual’s QoS. The first
part, also called topology discovery, can be achieved, for example, by way of an NDP in conjunction
with the OSPF protocol [219]. NDP operates in a distributed manner through in-band signaling
to construct local port-to-port connectivity databases at each node. OSPF completes the topology
discovery by assembling and globally disseminating pieces of information collected by NDP, plus
additional information such as link states, to the logical plane [38]. Logical nodes have only a few
tens of ports, and with the exception of very small networks, a full connectivity featuring one link
between every pair of node is not probable. Instead, services may have to be routed in the logical layer
through one or more transit nodes to the desired destination using, for example, Constrained-based
Routing Label Distribution Protocol/Resource Reservation Protocol (CR-LDP/RSVP) explicit routing
and bandwidth reservation protocols [27]. The computation of a logical path must satisfy a set of
constraints, such as round-trip delays and spare bandwidth, defined in the service layer in accordance
to prescribed QoS [173]. Note that the failure of a logical link or logical node can be detected, for
example, by NDP, and advertised by OSPF. That is, the layer has the primitives to detect a failure
and resume interrupted services.

1.2.3 Service/Application Layer

In the service layer, clients such as edge or service routers or Multi-Service Provisioning Platforms
(MSPPs) located in a provider’s POP represent users and the data communication among them.
Using a graph representation, a node corresponds to a client who emits and receives data, and a link
represents a service or a two-way data stream between clients. Link attributes in this layer correspond
to minimum QoS requirements, which transpose into bit rates, jitter, and bit-propagation or round-trip
delay constraints. SLAs for instance are negotiated and crafted in this layer.
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kind: some nodes are nonhub nodes, while other nodes are hub nodes. Nodes could now be connected
not only through STS-48 switches, but also through neighboring STS-1 switches.

Figure 1.15 illustrates three OC-48 lightpaths (A-D, A-B and D-C), and two OC-3 circuits
(A-B, and A-C). The OC-3 circuit A-B rides on the direct lightpath A-B. The OC-3 circuit A-C
rides on lightpath A—D, hairpins into the STS-1 switch at node D, and rides onto lightpath D—C to
its final destination. In this example, the STS-48 switch terminates all OC-48 and OC-192 services
on the drop side.

In general, subrate services between backbone nodes are set up as follows: A set of OC-48 or
0OC-192 lightpaths between the core switches serves as an overlay topology for purposes of routing
subrate services. For example, initially, the overlay topology may be identical to the physical topology,
with a direct lightpath between all neighbors. If there is a direct lightpath between a pair of backbone
nodes, and there is enough capacity on that lightpath, a subrate service between the node-pair can use
that lightpath. In this case, the STS-1 switch serves the role of a multiplexer/demultiplexer device
(as opposed to a switch). For this reason, subrate services that take the direct lightpath between
two backbone nodes may be terminated on the STS-1 multiplexer/demultiplexer. If there is no direct
lightpath with enough capacity, then the subrate service has to traverse multiple lightpath hops, and
at each intermediate node hairpin into the STS-1 switch (get regroomed) and get switched onto the
lightpath on the next hop. Intermediate grooming is a natural aspect of routing on an overlay topology
[231, 298, 335, 336]. Figure 1.15 illustrates this. If the total subrate traffic between a pair of backbone
nodes exceeds a threshold, then a direct lightpath may be set up between the pair of nodes terminating
on drop ports that are connected to the STS-1 multiplexer, and services are terminated on the STS-1
multiplexer. For those services that cannot be routed on a direct lightpath, they can be terminated at
the STS-1 switch, and routed over multiple lightpaths between the STS-1 switches with hairpinning.

The size of the STS-1 multiplexer at a node depends on the total subrate traffic demand, but the
size of the STS-1 switch depends only on the number of backbone nodes. Hairpinning is a natural
inefficiency of routing on an overlay topology. Hairpinning does not occur in the one-tier architecture
because the core switch can switch at the STS-1 granularity. However, the amount of traffic that
hairpins is bounded because, in principle, as soon as hairpinned traffic exceeds a threshold, a direct
lightpath can be set up between a pair of nodes. In practice, this means that service routes have to be
reoptimized periodically which is not an easy task. It is desirable to have subrate services routed on
direct lightpaths, while at the same time ensure that network capacity is utilized efficiently by having
lightpaths well-packed.

Note that if there are more than one STS-1 switch/multiplexer boxes connected to the STS-48
switch, then the network is blocking for STS-N services. A blocking second tier may be acceptable if,
for example, each second-tier STS-1 switch/multiplexer terminates services for different customers, or
if the STS-N services are expected to be static, and not dynamically changing. If the network needs
to be nonblocking for STS-N services, then there has to be a single STS-1 nonblocking switch that
terminates all STS-N services at the second tier. The size of the second-tier switch depends on the
sub-OC-48 component of the traffic demand, and plays an important role in the two-tier architecture.

Also, to set up subrate services in the two-tier architecture, there needs to be coordination between
the STS-48 switches and the STS-1 switches on the management plane. In contrast, in the one-tier
architecture, all services can be provisioned using the management system that controls the STS-1
switches. An OC-N circuit between regional PoPs that has to traverse the core optical network is
provisioned with multiple legs, just as in the one-tier architecture, with coordination among multiple
management systems.

1.3.3 Network Scalability

Although switch fabrics in one-tier architectures that are designed to switch data with finer granularity
can theoretically scale to large port numbers, the control and management of the core network (e.g.,
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Additional analysis of the one-tier versus the hierarchical architecture was performed in [189].
In the hierarchical architecture the network is scaled by organizing it into layers and these layers are
optimized to switch and groom at different rates (STS-1 switching was used for the flat architecture
and STS-1 and STS-48 switching for the hierarchical architecture). Studies have shown that there
is a crossover point beyond which the layered architecture becomes more cost-effective as the total
traffic grows and as the traffic mix evolves towards higher rates [189]. This study assumed uniform
traffic pattern (with inaccurate traffic forecast), 30% interconnection ports for the STS-1 switches in
the flat network architecture (with nonblocking interconnection), switch sizes in the two-tier network
architecture that are not exceeded, and SBPP protection in both cases. Simulations showed that
when the proportion of the OC-48 traffic becomes bigger than 50% in the two-tier architecture, that
architecture becomes cheaper than the flat topology. In addition, the two-tier becomes cheaper than
the flat architecture when the traffic scales beyond the capacity of the STS-1 switch. Similar crossover
points were also detected for all unprotected traffic as well.

Furthermore, Capital Expenditure (CapEx) simulations of the flat and hierarchical architectures
have shown that the two-tier architecture operating at the STS-48 level in one tier and at the STS-1
level in other, exhibits overall network capital savings on the order of 24-36% compared to the
one-tier architecture operating at the STS-1 level [124, 229].

While clearly a number of aspects come into play for a quantitative and fair comparison be-
tween flat and hierarchical network architectures, it appears that a layered network exhibits economic
efficiency compared to its flat counterpart, as well as improved scalability and network performance.

1.4 The Current State of Optical Networks

The first historical testbeds that were created utilizing optical networking included the Optical Network
Technology Consortium (ONTC) [63], Multiwavelength Optical Networking (MONET) [307, 308] and
the European Multiwavelength Transport Network (MTWN) [170, 230]. Currently, optical networking
has been introduced in both the metro [160] and the long-haul arenas.

Initial testbed experiments [19], and the introduction of network elements such as Reconfigurable
Add Drop Multiplexers (ROADMSs) [331] have shown the applicability (and cost-effectiveness [267])
of optical networking in the metro space. The typical metro architecture consists of a number of
interconnected rings (in a hierarchical fashion) but some mesh network topologies have also appeared.
Several testbeds for metro WDM network have been deployed and are described in detail in [226,
301, 303, 333]. For additional architecture and simulation work on designing WDM metro networks
the reader is referred to [21, 22, 207, 237, 269, 317], etc.

Long-haul and ultra-long-haul networks initially utilized optical fibers solely as the transmission
medium (point-to-point links) and a number of experiments dealt with the enabling technologies and
the problem of expanding the reach of these links [223, 302, 311]. With the addition of intelligent and
reconfigurable optical cross-connects discussed in Section 1.1, these networks evolved to mesh-based
architectures providing enhanced capabilities such as point-and-click provisioning and failure recovery.
As analyzed extensively in Section 1.1, these networks can be opaque, transparent or translucent,
utilizing various cross-connect switch architectures. Several experiments (and simulations) reported
in [239, 266, 283, 309] discuss the design of applicable cross-connects and the viability of these
architectures for long-haul and ultra-long-haul systems.

The use of optical networking for long-haul networks has left the laboratory and was successfully
commercially implemented in at least three real networks, namely the Dynegy Global Communications
nationwide mesh network utilizing Tellium’s optical cross-connects (utilizing an opaque design) [66],
the AT&T nationwide network utilizing Ciena’s optical cross-connects (in an opaque design as well
but different than Tellium’s) [87, 259], and the Broadwing Communications Services deployment of
Corvis’ transparent cross-connect. The first two deployments utilized the intelligence of the optical
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failure recovery techniques and discusses ring, link, path and segment-based survivability approaches.
Discussions on multi-layer recovery and integrated protection/restoration approaches in IP-over-WDM
networks even though somewhat out of the scope for this book, were added in order to show the
direction where survivability research is progressing and to motivate the reader to investigate these
areas in more detail.

Chapter 3 is tied directly to Chapter 2 and explores further the classification of fault recovery
approaches, focusing on path-based protection techniques for mesh optical networks. The general
notion of network components sharing a failure risk is introduced, and Shared Risk Groups (for links,
nodes and equipment) are defined and analyzed. Chapter 3 also introduces routing approaches for
survivable connections and examines briefly the cases of distributed and centralized routing without
discussing the implementation details.

Chapter 4 continues from where Chapter 3 leaves off and describes in detail routing and recovery
for the specific case addressed in the remainder of the book, that of failure independent preplanned
path-protection for mesh optical networks. The chapter starts with a framework for routing path-
protected connections in a mesh network, and then discusses protected connections via the Dedicated
Backup Path Protection (DBPP) and Shared Backup Path protection (SBPP) techniques as well as
other types of connections such as preemptible, unprotected, etc.

Chapter 5 analyzes the complexity of such routing problems, essentially the complexity of routing
working and backup paths in mesh networks, and Chapter 6 introduces, discusses and presents results
for various routing algorithms (mostly a variety of heuristic approaches).

Chapter 7 investigates an enhanced algorithm cost model to control trade-offs in provisioning
SBPP lightpaths, and Chapter 8 describes three approaches for limiting the number of lightpaths
protected by a shared channel for SBPP services in optical mesh networks.

Chapter 9 presents an extension to the computation of SBPP paths using statistical techniques and
Chapter 10 investigates lightpath reoptimization and shows how reoptimization offers the network
operator the ability to better adapt to the dynamics of the network (demand churn and network
changes) that causes the routing to become suboptimal.

Finally, Chapters 11 and 12 address two very timely subjects at this time of writing, namely
dimensioning and availability of mesh optical networks. Specifically, Chapter 11 describes analytical
approaches to dimension mesh optical networks for backup path protection, and presents techniques
that can be used to quickly estimate the network size and failure recovery performance with limited
inputs. Chapter 12 ends the book with the modeling and analysis of the service availability mainly of
the DBPP and SBPP services, which is a critical tool for the establishment of service level agreements
for these services.

The book is organized and demarcated in such a way that readers who may want to just focus
on some specific topics can do so without having to read the entire book. For example, readers who
are interested generally in survivability can read Chapter 2 and readers who want to gain an insight
into path-based protection approaches for mesh optical networks can read Chapters 3 and 4 as well.
Readers who want to read through general information on routing algorithms for working and backup
paths in mesh networks are referred to Chapters 5 and 6 and readers who are interested in further
details on these routing approaches (enhanced cost metrics, limited sharing, routing using probabilistic
methods and lightpath reoptimization) are encouraged to read Chapters 7—-10. The dimensioning
chapter (Chapter 11) and the availability chapter (Chapter 12) can be treated as stand-alone chapters
(requiring only some limited background information from the previous chapters) for readers who are
interested only in these subjects.






