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Abstract—Over the past 25 years, networks have evolved from
being relatively static with fairly homogeneous traffic to being
more configurable and carrying a heterogeneous array of services.
As the applications are ultimately the driver of network evolu-
tion, the paper begins with a brief history of circuit, packet, and
wave services, along with the development of the corresponding
transport layers. The discussion then moves to the evolution of
network-node architecture, with an emphasis on the optical-elec-
trical-optical and optical-bypass paradigms. Scalability and
cost-effectiveness in meeting network demands are two key factors
in the discussion. The evolution of networking equipment, along
with the development of the optical control plane, has facilitated a
configurable optical layer. The enabling technologies, along with
their ramifications, are discussed. Finally, the paper speculates on
how capacity might evolve in the future, to handle the undoubtedly
new services that are on the horizon.

Index Terms—Configurability, dynamic networks, network evo-
lution, network services, network transport layers, optical bypass,
optical network elements, optical networking.

1. INTRODUCTION

VER the last 25 years, we have witnessed a dramatic in-
Ocrease in the capacity of commercial optical networks,
which has led to an even more dramatic revolution in network
services. This network capacity increase was made possible by
continuing increases in the capacity of fiber optic transmission
systems and by similar increases in the capacity of switching
systems. Since 1983, transmission system capacity has grown
by more than four orders of magnitude, while switching system
capacity has grown by a still respectable three orders of magni-
tude.

More recently, we have seen the commercial deployment of
optical network elements that can set up and reconfigure wave-
lengths under software control. Now that the long held vision
of dynamic optical networking has made measurable progress,
what are the anticipated next steps, and what possibilities are
still out of reach, patiently awaiting technology breakthroughs?

In Section II, we review how telecommunication network ser-
vices have evolved and, in Section III, we show how these are
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mapped into network transport layers. These two sections pro-
vide a view of the current network evolution path, and the con-
text in which optical networking can contribute. The remaining
sections then specifically focus on the optical networking layer.
Section IV starts by looking at how network nodal elements
have evolved. Section V then explores network agility, and Sec-
tion VI addresses how increases in network capacity may be
accommodated. The paper concludes with Section VII.

II. NETWORK SERVICES

A. Network Service Evolution

It is interesting to review just how much commercial net-
working services have changed over the last 25 years. While
the traffic in today’s networks is dominated by video and data,
with voice representing a small percentage of the total, the op-
posite was true in the mid 1980s. Then, networks were built to
carry voice traffic, and the few data services that were available
over global networks were carried on a voice-optimized infra-
structure. Early applications of data communications included
time-shared computing systems and transaction processing sys-
tems. Computer makers developed proprietary applications and
protocols to support these applications. Later, open networking
systems enabled personal communications via e-mail, global in-
formation access, and distributed computing.

Digital transmission technology over fiber optics provided
near-error-free transmission, making it possible to greatly sim-
plify data communications protocols. Frame Relay service ex-
ploited these innovations, and is one early example of a commer-
cially successful wide area data networking service built upon
international standards. In the government and education com-
munities, a new set of data networking protocols, including the
Internet Protocol (IP) and others, led to interoperable global-
scale data networking.

While data networking capabilities of that era were primitive,
many visionaries within the networking community saw a future
where networks would emerge to support integrated voice, data,
and video services, delivered over fiber optic access lines, with
service bandwidth four orders of magnitude greater than existed
at that time.

This multiservice vision has made great strides towards
fulfillment. Voice, video, and data service bundles are available
from a number of service providers. The Internet provides
global information access, and much of the traffic on network
backbones is composed of rich media, especially video. Traffic
growth continues at a rate of about 50% per year, without yet
showing signs of slowing [1].
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B. Network Services Today

After this brief historical overview, we now consider network
services today, primarily from the point of view of two broad
categories of customers: residential and business.

1) Residential Services: The largest bandwidth drivers for
residential users are high-speed Internet access and video enter-
tainment. Internet access, in addition to supporting e-mail and
providing access to information, is increasingly used to deliver
video content, either relatively short video clips or the download
of full-length programs for subsequent viewing.

Video broadcast program material is primarily delivered to a
subscriber for immediate viewing, or for storage on a personal
video recorder for later viewing. Even though today’s broad-
cast video service offerings include several hundred channels,
efficiencies in video coding allow these to be carried in one or
a very few gigabits per second Ethernet channels. With simple
digital replication at network branch points, copies of a broad-
cast stream can be delivered from a video head-end to distant
serving offices at relatively low cost, with total bandwidth inde-
pendent of subscriber population.

There is an increase in video-on-demand services, where pro-
gram content can be selected and the delivery controlled by the
subscriber. If video services change from a broadcast delivery
model to a personalized content delivery model the magnitude
of traffic in metro networks will scale with the number of sub-
scribers simultaneously using the service. Given the data rate for
high-definition digitized video is approximately 6 to 8 Mb/s, the
traffic loads in the metro networks supporting video-on-demand
can be two orders of magnitude larger than required for digitized
voice.

The main conclusion to draw is that optical network capacity
requirements for video content delivery in the metro are very un-
certain, driving carriers to choose architectures that are highly
scalable, yet tolerant of uncertainty as to the magnitude, loca-
tion, and timing of traffic.

2) Large Business and Government: Small businesses’ net-
working requirements are generally met by telephony and In-
ternet access services. Medium and large businesses and govern-
ments have additional needs and often have dedicated commu-
nications and information technology staff. For the remainder
of our discussion of business services we will concentrate on
large businesses and governments, since their bandwidth needs
are very large, and their networking requirements are quite dif-
ferent from residential and small business customers.

Large enterprises and governments consider information
technology as a strategic asset, and often build and operate
their own voice and data networks for reasons of guaranteeing
performance, enhancing security, and to be in a better po-
sition to control the evolution of their networks in support
of the business. Their networks need to support a variety of
applications, including voice, private intranet services, Internet
access, remote database access, data replication, as well as
business continuity/disaster recovery. While many enterprises
are moving to the use of IP with many of their applications,
this does not necessarily imply that they will procure only IP
services from network service providers. It is very common for
a large enterprise to procure a broad mixture of services that
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include wireline voice, public Internet access, IP virtual private
networks (VPNs), Ethernet or Multiprotocol Label Switching
(MPLS) services at Layer 2, time division multiplexing (TDM)
private lines, Ethernet private lines, and wave services. It is also
common for enterprises with special needs, such as financial
institutions, to lease optical fiber and build dense wave-
length-division multiplexing (DWDM) networks, procuring
and operating the transmission equipment themselves. Govern-
ments, at multiple levels and in multiple agencies, often build
and operate their own optical networks. Large enterprises and
governments represent a substantial traffic load on both metro
and core optical networks.

C. Services at Multiple Network Layers

With the general trend to migrate applications onto an
IP-based protocol stack, it is important to consider whether
this implies that service providers will offer only IP services in
the future. In this section, we discuss three general categories
of service offerings below the IP network layer, and the needs
they fulfill. These categories include Layer-2 packet transport,
TDM services, and wave services.

1) Layer-2 Packet Services: Packet transport is the natural
choice for supporting bursty data services, as it allows sharing
of network links by many users and applications. Substantial
statistical multiplexing factors, often more than 20:1, are used
in today’s data networks, especially near the network edge.
Layer-2 packet services can be thought of as virtual wires
interconnecting network-layer devices, such as IP routers.
Many business customers, especially large businesses and
governments, prefer to procure a Layer-2 service rather than an
IP service from a network service provider, as discussed earlier.
The customer might then build and operate a private network
using these Layer-2 links as switch interconnects.

Frame Relay, Asynchronous Transfer Mode (ATM), MPLS,
and Ethernet are examples of Layer-2 packet services. While
Frame Relay and ATM are in decline, MPLS and Ethernet ser-
vices are growing. There is currently much interest in further
extending Ethernet to support a wide-area Layer-2 commercial
service [2]. Some of the prime attractions of Ethernet are its
ubiquity in customer networking equipment, the low cost of
Ethernet semiconductor and optical components, and the excel-
lent quality of standards specifications, which result in a mar-
ketplace with many interoperable products. Finally, there has
been a great deal of work in the industry to reach agreement
on service descriptions, with strong participation among global
service providers. The Metro Ethernet Forum (MEF) has been
instrumental in reaching these agreements.

The MEF defines a number of Ethernet services, including
E-Line service and E-LAN service. E-Line service is a point-to-
point service whereas E-LAN is a multipoint-to-multipoint ser-
vice. E-Line service can be used as a replacement for Frame
Relay, ATM, or low-speed private line services that may have
been used to support data services. E-LAN service can provide
an extension of a business’ local area network across a metro
area. They offer potential benefits of cost and security over the
alternative of a public Internet service.

2) TDM Services: TDM services provide guaranteed band-
width, low latency and low jitter, as well as security benefits.
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They are simple to understand and to manage, and are the main-
stay of high capacity customer managed networks with stringent
performance and security requirements.

Low-data-rate  TDM services, with rates below the
50/155-Mb/s container sizes of Synchronous Optical Net-
work (SONET)/Synchronous Digital Hierarchy (SDH) [3],
are often considered as candidates for replacement by circuit
emulation packet services [4]. As many of these circuit services
carry packet flows, either data or packetized voice, such a tran-
sition is logical if it can be done economically. There continue
to be applications that have stringent timing requirements, and
we will have to wait and see if circuit emulation technology
proves adequate. For circuit services at 155 Mb/s and above,
circuit emulation is possible in principle, but so far, the eco-
nomics have not been adequate.

All indications are that TDM circuit services will be an im-
portant service provider offering for the foreseeable future.

3) Wave Services: Wave services originated as virtual
fiber services supported on wavelengths of DWDM transmis-
sion systems. Wave services may meet a need for very high
bandwidth circuits, or meet a requirement for protocol and
bit-rate transparency for the data carried by the service. Early
implementations were bit transparent, limiting manageability
to what could be accomplished with nonintrusive monitoring.
Currently, wave services often achieve a combination of trans-
parency and manageability by employing Optical Transport
Network (OTN) “digital wrapper” technology standardized by
the ITU-T. OTN is discussed in Section III.

With continued progress to higher channel rates in DWDM
systems, today’s wavelengths are tomorrow’s fractional wave-
lengths. Even though the IEEE has just begun standardization
of a 100-gigabit Ethernet (100 GbE) signal in the 802.3ba Task
Force,! some customers already see the need for higher-rate ser-
vice offerings that might require a number of wavelengths to de-
liver the required bandwidth.

D. Dynamic Services

Dynamic networking services give customers control of their
network resources so they can reconfigure connections and
change bandwidth as they need. While public IP network ser-
vices are inherently dynamic, meaning data can be exchanged
anywhere across the global Internet, it is difficult to meet
stringent service guarantees over the public Internet. Dynamic
customer control of lower-layer public services, which can
provide quality-of-service guarantees, has been quite limited.
The introduction of distributed control-plane technology into
TDM circuit switched networks has enabled a new class of user
controlled high-bandwidth dynamic circuit services. Service
providers and network equipment vendors around the world
have worked diligently over the past five years to develop pro-
tocols and implementation agreements to support multivendor
dynamic connection establishment and have engaged in several
worldwide testing events to advance interoperability [5]-[7].
It can be anticipated that dynamic connection establishment
functionality will be extended from the TDM circuit layer up
to Layer 2, as demonstrated in the recent OIF interoperability
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Fig. 1. Mapping of network services to network transport layers.

event, and down to the wavelength layer, enabling an exten-
sion of customer-controlled network services in both of these
directions.

III. NETWORK TRANSPORT LLAYERS

Network infrastructure is often described as a layered ar-
rangement, where each layer plays a distinct role. For purposes
of discussion here, we break the infrastructure down into four
layers (see Fig. 1). The first three layers are packet transport,
TDM circuit transport, and optical channel transport. These
three transport layers align with the three service types dis-
cussed in II-C above, and can therefore serve as a service
delivery platform in addition to providing transport of aggre-
gated traffic. The fourth layer is the photonic path, representing
an all-optical connection in the network. Photonic paths are not
currently common service offerings, but they offer significant
infrastructure benefits in their ability to reduce cost, space, and
power dissipation. Not all four layers need be present in every
network implementation.

A. Packet Transport Layer

With most services moving to IP, why should a carrier de-
ploy a packet transport layer in addition to the IP networking
layer? The answer to this question lies in the requirement for
the network to support multiple services simultaneously, where
each service may require stringent, yet different, performance
with respect to packet loss, transmission latency, and delay vari-
ation or packet jitter. Carriers require a packet transport layer to
support traffic engineering, provide guaranteed quality of ser-
vice parameters, and support service monitoring including per-
formance management and fault management.

MPLS [8] was developed during the late 1990s to support the
IP layer with such a packet transport capability. It has now been
widely accepted within carrier’s core networks as a mechanism
to provide improved traffic management for IP traffic flows.
Over the past few years, with the promise of low cost, Ethernet
has become attractive as a packet transport layer for packet ac-
cess and packet service connectivity in the metropolitan area.

A challenge that network operators have faced as they started
introducing Ethernet outside of the local area network (LAN)
is that legacy Ethernet does not support the carrier-grade fea-
tures required by the carriers to manage the end-to-end health
of the service. This has resulted in an intensive packet opera-
tions, administration and maintenance (OAM) standardization
effort within the standards bodies resulting in OAM standards
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such as those being developed within the IEEE [9] and ITU-T
[10].

Further, as carriers began to understand these management
challenges, transport-oriented connection-oriented packet trans-
port techniques such as Transport MPLS (T-MPLS) [11] and
Provider Backbone Bridging—Traffic Engineering (PBB-TE)
[12] have grown in popularity. The intent with these methods
is that the connection-oriented packet tunnels operate at a level
in the network that is equivalent to SONET/SDH, providing
similar predictable and managed connectivity to the appropriate
data clients. The connection-oriented tunnels are agnostic to
higher layer services and they provide any-to-any flexibility and
fine-granularity of connectivity that allows for efficient use of
the underlying network resources.

B. TDM Circuit Transport Layer

The SONET/SDH standards developed during the Ilate
1980s and early 1990s fundamentally changed the world of
optical fiber communications by defining a common set of
optical signals, operations procedures, and a multiplexing
hierarchy. SONET/SDH provided the first opportunity for
carriers to offer consistent end-to-end optical communications
across multiple network domains, administered by different
network operators and implemented using different vendors’
equipment. Self-healing ring protection mechanisms provided
a robust and highly available transport substrate upon which
the newly-forming Internet and broadband services (including
voice, data, and video) could be offered.

As a managed transport network layer in the early to mid-
1990s, SONET/SDH acted as a “server” for all of the existing
service “clients” at that time. Service clients included TDM
voice circuits for both residential and business customers, as
well as TDM private line, Frame Relay, and ATM in support
of broadband data services for business customers.

To accommodate increasing capacity demands due to expo-
nential growth in data traffic, two approaches were used: i) the
line rate of SONET/SDH systems evolved in multiples of four
from 155-Mb/s (OC-3/STM-1) to today’s 40-Gb/s (OC-768/
STM-256), and ii) multiple SONET/SDH systems were overlaid
on top of one another. Both approaches resulted in new over-
builds that required the dedicated use of multiple optical fibers
for connectivity and the costly addition of electronic regenera-
tors between add—drop locations.

C. Optical Channel Transport Over DWDM

Driven by a desire to augment the rising capacity demands
and to reduce the cost of scaling SONET/SDH connectivity,
network operators introduced wavelength-division multiplexing
(WDM) to their networks during the mid-1990s. Despite this
increase in traffic capacity, the network’s fundamental depen-
dence on the SONET/SDH architecture as the underlying server
layer did not change.

Over the last ten years, networking protocols have evolved
and we have seen the growth in popularity of technologies like
IP/MPLS, carrier Ethernet, Fiber Channel, ESCON, etc. For rea-
sons mostly related to cost, these technologies have been built
directly over dark fiber or WDM as well. In each of these sce-
narios, WDM was typically used as a capacity extension to the

1107

higher-layer protocols. In some cases, such as SONET/SDH, the
WDM component was managed within the context of the pow-
erful SONET/SDH management capability. In the case of some
of the other technologies (e.g., Ethernet or Fiber Channel), the
data protocols were not suited to wide area carrier-grade man-
agement. Therefore, the carrier’s choice was limited to oper-
ating these other technologies over SONET/ SDH (which turned
out to be CAPEX intensive) or not managing the service very
well (resulting in OPEX challenges).

Another perspective to note is that, by enhancing the network
capacity with WDM, a new server layer was created—an un-
managed WDM layer—beneath all of these different technolo-
gies. Unfortunately, at this stage in the network’s evolution, the
quality of network management was dependent on the capabili-
ties of the higher-layer protocols, some of which were good and
some of which were (and continue to be) poor. This point is im-
portant because, as traffic has increased and as capacities have
grown, there has been an increasing demand for wave services,
and growth in a diverse set of data-service protocols. Because of
this, there clearly becomes a need for the WDM layer to become
an autonomous networking layer in its own right and support its
own management capability.

Today, service demands on the network are becoming in-
creasingly complex. For reasons such as security, client inde-
pendence, or simply wholesale-service delivery, many network
customers are demanding service transparency for a wide array
of standard and more specialized communications protocols.
Such transparency today may be supported using dedicated fiber
or wavelengths, but these connections provide simple transport
with limited monitoring capabilities. OAM techniques are typ-
ically based on the capability of each client protocol. With sig-
nificant growth in demand, there is a need to manage these mul-
tiservice demands in a manner that maintains the client-signal
integrity in addition to being able to offer wavelengths them-
selves as self-contained managed service offerings. Further, as
the network evolves, legacy SONET/SDH or ATM networks
will not be decommissioned immediately. Instead, it will be nec-
essary to operate concurrent networks with different technolo-
gies and slowly migrate these services from the old to the new
networking paradigms.

1) OTN/G.709 “Digital Wrapper”: 1TU’s OTN standard
[13] with ITU-T G.709 framing structure [14] (sometimes
called “Digital Wrapper”) provides the necessary manage-
ment capability for this new WDM server layer and offers a
common managed foundation upon which to build all transport
technology clients. OTN/G.709 was standardized during the
early 2000s. The forward error correction (FEC) portion of
the standard (described in ITU-T G.975 [15]) was quickly ac-
cepted as a means to extend the distance of high-speed optical
signals before requiring electrical regeneration. However, the
OAM management capabilities were not widely adopted, until
recently. Recognizing that multivendor interoperability has
always been challenging, the ability of OTN/G.709 to carry
different protocols transparently without affecting content,
control channels, or timing makes it an ideal platform upon
which to evolve the network infrastructure without undue risk.
Using G.709 framing, with its associated rich OAM capabili-
ties, effectively levels the playing field across all of the different
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transport technologies by providing a consistent managed
view for all transport services. OTN/G.709 provides a new
convergence layer for optical networks without compromising
the resilient operations and management capabilities we have
come to expect from SONET/SDH. Instead, SONET/SDH has
now become one of the many clients of the WDM network.

2) Optical Ethernet: As discussed in Section III-A, a new
and important client to the WDM network is Ethernet. Increased
data traffic flows have resulted in a significant shift toward the
use of Ethernet as a common transport layer for packet networks
with both 1GbE and 10GbE becoming the preferred interfaces
of choice for data devices.

In particular, the 10GbE LAN PHY standard [16] has seen
widespread acceptance. Network operators are now being
challenged to transport 10GbE LAN PHY transparently out-
side of the LAN across the wide area network (WAN) in a
manageable and interoperable manner. While a full rate 10GbE
signal does not fit within a SONET/SDH 10-Gb/s frame, it
can be carried “digitally wrapped” within an over-clocked
OTU-2 frame [17]. In addition, because of its powerful OAM
attributes, OTN/G.709 is now recognized as a key enabler for a
robust and manageable evolution from traditional SONET/SDH
networking to Ethernet-based packet transport.

Today, standardization activities within the IEEE’s P802.3ba
40Gb/s and 100Gb/s Ethernet Task Force and the ITU’s Study
Group 15 that are looking at new 40-Gb/s and 100-Gb/s trans-
mission speeds for Ethernet are being careful to consider sup-
port for transparent multiplexing of lower-rate OTN signals,
including a way to carry 10GbE LAN in a fully transparent
fashion.

D. Photonic Layer

The optical transmission functions that define photonic paths
across a network have not traditionally been considered a net-
work layer in the same manner as the above (they are sometimes
referred to as Layer 0). Instead, the optical transmission and
switching technologies form a network substrate upon which all
other network functions are built. Sections IV-VI explore how
the photonic layer is evolving into an autonomous networking
layer in its own right.

IV. NETWORK NODAL ELEMENTS

The network nodes are the sites in the network that source/ter-
minate and switch traffic. Over the past 25 years, there has been
a general trend in nodal evolution to handle traffic at coarser
granularities, while reserving finer-traffic processing for only
the traffic that requires it. This has enabled scalable nodal
growth of several orders of magnitude.

During the 1980s, backbone nodal equipment was based on
Digital Cross-Connect Systems (DCS) that operated on the
asynchronous T1/E1 digital carrier hierarchy. (A T1 carries 1.5
Mb/s, or 24 64-kb/s voice channels; a T3 carries 45 Mb/s. The
respective data signals are known as DS-1 and DS-3. In Europe,
the hierarchy is based on an El, or 2.0 Mb/s.) For example,
AT&T employed the Digital Access and Cross-Connect System
(DACS) series of equipment.

In a typical North American architecture, all T3s entering
an office were fully terminated on a “3/3” DS-3 cross-connect,
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with DS-3 ports and DS-3 switch granularity (e.g., a DACS III).
Traffic that needed further processing at the DS-1 level was sent
to a “3/1” cross-connect with DS-3 ports and DS-1 switch gran-
ularity (e.g., a DACS 1V). As traffic levels grew to tens of thou-
sands of DS-3s, terminating every DS-3 at every intermediate
node of its path became very costly.

The nodal architecture significantly changed with the devel-
opment of synchronous SONET/SDH technology, specifically
the add-drop multiplexer (ADM). With synchronous-tech-
nology, portions of a signal can be dropped (or inserted)
without terminating the remainder of the signal. For example,
a SONET ADM may operate on an STS-48 carrying 48 DS-3s,
where it drops only those DS-3 tributaries that require further
processing at the node, with the remaining traffic passing
through the ADM. Thus, the DCS layer is needed only for those
DS-3s that actually need to be processed at a node, providing a
more scalable architecture.

ADMs are “degree-two” devices, and thus support linear
and ring configurations. The canonical architecture of the
mid-1990s consisted of numerous SONET/SDH rings over-
laid on the network topology. A given ring structure might
support tens of wavelengths, giving rise to the “stacked-ring”
architecture, where each wavelength-ring was essentially an
independent entity [18]. Typically, one ADM was deployed
on each wavelength at each ring node. Any communication
between the ADMs generally occurred at the DS-3 level, either
with DCS equipment or with manual DS-3 patch-panels.

More flexibility was provided in the late 1990s with the intro-
duction of large SONET/SDH cross-connects, which enabled
mesh topologies. Such cross-connects, or “optical switches,”
were capable of fast, mesh-based protection switching. Further-
more, when integrated with the control plane (discussed fur-
ther in Section V), they opened up the possibility of auto-provi-
sioning of subrate traffic.

However, this model still required that all wavelengths en-
tering a node be electronically terminated (i.e., prior to being de-
livered to the SONET/SDH equipment). As traffic levels grew,
deploying the corresponding electronic terminating equipment
became very costly. To alleviate the costs to a degree, manual
wavelength-bypass was employed, where if all the traffic carried
on a wavelength did not need processing at a node, it was passed
through the node in the optical domain, via a patch panel. How-
ever, such an arrangement was not automatically configurable,
and was prone to manual errors.

This gave rise to optical network elements that could enable
optical-bypass, where only the wavelengths that need to be pro-
cessed at a node are electronically terminated; the remainder of
the wavelengths stay in the optical domain. These elements also
can provide automated reconfigurability.

As moving from an architecture where all traffic entering a
node is electronically terminated to one where the bulk of the
traffic remains in the optical domain has profound effects on
the economics and operation of networks, these two contrasting
models are probed in more detail in the next two sections.

A. O-E-O Architecture

The architecture where all traffic entering a node is converted
from the optical domain to the electrical domain, and back to
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Fig. 2. O-E-O architecture at a degree-three node. Transponders are required
for all traffic entering the node. Note that this configuration is not configurable;
e.g., without manual intervention, Transponder A can be used only for add—drop
traffic, and only for traffic adding—dropping to/from the East link.

the optical domain is known as the optical-electrical-optical
(O-E-O) paradigm [19]. This is illustrated in Fig. 2 for a
degree-three node (i.e., a node with three incident links). The
WDM signal on each of the incoming fibers is terminated
on an optical terminal, which demultiplexes the signal into
its constituent wavelengths. Each wavelength is directed to
a separate transponder that converts the WDM-compatible
signal to the electrical domain and then to a standard 1310-nm
optical signal. Similarly, in the outgoing direction, the optical
terminal multiplexes the signals from each of the associated
transponders, thereby generating a WDM signal.

Two types of nodal traffic should be distinguished, as indi-
cated in the figure: traffic that is transiting the node on its way
to its final destination, and traffic that is added—dropped at the
node. To support a transiting signal, two transponders are inter-
connected in the node to form the through-path. The architecture
shown in Fig. 2 is nonconfigurable, where a patch-cable is used
for interconnection. (Automated reconfigurability is discussed
in Section V-A-II.) A pair of interconnected transponders can
operate at different wavelengths, so that wavelength conversion
can occur as the signal traverses the node. The add—drop traffic
communicates with the client layer (e.g., SONET/SDH, IP, Eth-
ernet) via a 1310-nm signal.

The O-E-O architecture does provide several benefits. First,
the process of passing through back-to-back transponders re-
stores the quality of the optical signal; i.e., all transiting traffic
is regenerated. Second, converting all traffic to a well-defined
1310-nm signal provides multivendor support; e.g., different
vendors can potentially provide the transmission system for
each of the links at a node. Third, the electronics of the
transponder provides the opportunity for detailed performance
monitoring (e.g., the SONET/SDH overhead bytes can be
inspected at each node along the path), allowing most failures
to be readily detected and localized. Finally, the wavelength
conversion inherently supported at each node implies that
wavelengths can be assigned independently on each link.

Bypass
Traffic

Fig. 3. Functional illustration of an OADM.

Add/Drop
North WDM Link

West WDM Link East WDM Link

OADM-MD
Switch Fabric

Transponder A"

Add/Drop Add/Drop

Fig. 4. Functional illustration of a degree-three OADM-MD. Transponder A
can be used only for traffic adding—dropping to/from the East link.

The disadvantages of the O-E-O architecture revolve around
scalability. As the level of traffic grows, utilizing two transpon-
ders for every transiting wavelength at a node can be very costly.
Furthermore, the number of required transponders poses chal-
lenges in physical space, power requirements, and heat dissi-
pation. Additionally, the amount of equipment that must be de-
ployed to support a new connection slows down the provisioning
process.

B. Optical-Bypass-Enabled Architecture

As indicated previously, these scalability issues led to the
development of optical-bypass technology, where transiting
traffic remains in the optical domain, thus eliminating the need
for transponders for this traffic. Initially, this capability was
available only for degree-two configurations, with the optical
add—drop multiplexer (OADM), introduced commercially in the
mid-1990s [19]. An OADM is functionally illustrated in Fig. 3.
Note that transponders are required only for the add—drop
traffic. Optical bypass was extended to higher-degree nodes
with the development of the multidegree OADM (OADM-MD)
and the all-optical switch (AOS), which were introduced com-
mercially in the 2000 time frame. The OADM-MD and AOS
are functionally illustrated for degree-three nodes in Figs. 4
and 5, respectively, where both elements support optical bypass
in all directions through the node. (These two elements differ
in the amount of configurability they provide, as discussed in
Section V-A-II.)

The initial optical-bypass vision assumed a pure O-O-O ar-
chitecture for all transiting traffic, where a connection remains
in the optical domain from its source to its destination. The com-
mercial reality of optical-bypass-enabled networks, however, is
somewhat different. First, in U.S. and pan-European backbone
networks, the optical reach of commercially available systems
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Fig. 5. Functional illustration of a degree-three all-optical switch. The
add—drop traffic can access any of the network links.

is not long enough to carry all connections in the optical domain
end-to-end. (The optical reach is the distance an optical signal
can travel before it requires regeneration.) Moreover, studies
have shown that increasing the optical reach to eliminate all
need for regeneration in a backbone network is not likely to be
cost effective [20], [21].

Furthermore, regardless of the geographic tier, traffic may re-
quire electrical processing at a small number of intermediate
nodes for functions such as grooming (i.e., bundling low-rate
demands onto higher-rate wavelengths) and shared protection.
As line rates increase, typically more grooming is needed, which
reduces the opportunities for optical bypass somewhat. Shared
protection may be implemented with electronic edge cross-con-
nects (usually at higher-degree nodes) that switch the spare ca-
pacity in response to a failure. The small amount of electronics
that is required for these functions can be beneficial, as dis-
cussed below in relation to wavelength assignment.

While not truly all-optical, optical-bypass-enabled networks
typically eliminate more than 60% of the nodal transponders as
compared to an O-E-O architecture, providing significant bene-
fits in cost, space, power, and heat dissipation [22], [23]. (Even
with traffic that requires grooming and/or shared protection, a
significant amount of optical bypass can still be realized, e.g.,
[24].) Optical bypass also enables more scalable switching ar-
chitectures, as discussed in Section V-A-II. Furthermore, with
fewer transponders required along a path, installation costs and
deployment times are markedly lower; this typically leads to
higher availability rates as well [25].

Clearly, the benefits of optical bypass are dependent on the
network topology and the traffic set, where traffic that transits
more intermediate nodes benefits more from this technology.
Additionally, since optical-bypass elements come with a price
premium as compared to optical terminals, the level of traffic
must be high enough to realize a net capital-cost savings.

Removing electronics does create another set of challenges,
however. Because the signal is not regenerated at every node,
taking advantage of optical-bypass-enabling network elements
necessitated extended-reach transmission. Whereas legacy
transmission systems have an optical reach on the order of
600 km, backbone networks with extended-reach technology
typically have an optical reach in the range of 2000 to 4000 km.
Achieving this extended reach required technology such as
advanced optical amplifiers (e.g., Raman), novel modulation
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formats, stronger FEC, and various techniques to combat op-
tical impairments. (Note that with a reach of 600 km, legacy
networks often required regenerations at sites along a link, not
just at the link endpoints. The combination of extended reach
and optical bypass eliminates as much as 90% of the total
transponders as compared to legacy systems.) With the smaller
geographic extent of a metro or regional network, an optical
reach consistent with a high level of optical bypass is generally
on the order of 1000 km or less.

The elimination of the transponders for transiting traffic also
removed the associated wavelength conversion capability. Thus,
a signal enters and exits a node on the same wavelength, which
implies that the assignment of a wavelength on one link can af-
fect the availability of that wavelength on several other links.
Much research has gone into the development of wavelength-as-
signment algorithms, resulting in relatively simple and effective
schemes [26]. Furthermore, the small amount of O-E-O conver-
sion that is still required in the network provides an opportunity
to convert the wavelength of the signal. This reduces the number
of consecutive links on which a common available wavelength
must be found. With the combination of intelligent algorithms
and the wavelength conversion that naturally occurs in a net-
work (e.g., due to sparse regeneration, grooming, or shared pro-
tection), many studies have shown that the loss of network effi-
ciency due to wavelength contention in optical-bypass-enabled
networks is very small [27]-[29].

To compensate for the lack of node-by-node electronic mon-
itoring, various optical performance monitoring (OPM) tech-
niques have been developed [30], [31]. For example, optical
signal parameters such as power level, wavelength accuracy, and
optical-signal-to-noise-ratio (OSNR) can be monitored; more
advanced OPMs can monitor the (}-factor of the signal, to de-
tect a wider range of failures.

The one remaining challenge of optical bypass is standard-
izing the transmission system properties such that multivendor
architectures can be more readily supported.

Overall, optical bypass has addressed many of the scalability
challenges presented by the O-E-O architecture. The advantages
in both capital costs and operating costs have led several major
carriers worldwide to adopt this technology [32]-[34].

C. Metro versus Backbone Nodal Architecture

While technologies such as WDM and optical bypass have
gradually migrated from backbone networks to metro networks,
there are several differences in the implementations. For ex-
ample, while the number of wavelengths on a fiber in backbone
networks is typically 80 or more, the corresponding number in
metro networks is 40 or less. The topology of the tiers tends
to be different as well, resulting in different requirements for
the optical network elements. Backbone networks are generally
mesh-based whereas many metro networks are composed of in-
terconnected rings (although even metro networks are currently
migrating to mesh). Degree-four, or smaller, network elements
are sufficient for most backbone nodes, whereas a metro net-
work may require up to degree-eight network elements (e.g., at
an intersection of four rings).

The electronic switching technology is also different in
the two network tiers. While the backbone network makes
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use of large core IP routers and SONET/SDH grooming
switches, the metro is typically equipped with access IP
routers, smaller SONET/SDH boxes, and Ethernet switches.
Links interconnecting core IP routers often consist of one
or more wavelengths carried directly over the same DWDM
transmission systems used to interconnect core SONET/SDH
switches and provide wave services. While DWDM interfaces
are sometimes available both in IP routers and SONET/SDH
switches, service providers often choose to require an O-E-O
demarcation between these network elements to simplify
multivendor interoperability. In the metro, there is a trend
among transport product suppliers, driven by some service
providers, towards switching convergence, where a single box
would provide circuit switching, packet switching, as well as
optical wavelength switching. It is still an open question as to
whether the majority of service providers will move from their
current practice of deploying a modular transport architecture,
with differing vendors for each equipment layer, in favor of a
converged architecture and fewer vendors.

D. Future Nodal Evolution

The nodal architecture has evolved from legacy O-E-O de-
ployments to a pure O-O-O vision (that never was commer-
cially realized) to the current hybrid solution. It is interesting to
consider the evolution of nodal architecture going forward. One
possibility is that it reverts back to the O-E-O paradigm, where
the issues of transponder size, and to some degree cost, are miti-
gated through photonic integrated circuits (PIC) [35]. With PIC
technology, multiple transponders are integrated onto a small
chip, such that capacity is installed in bulk at the nodes. With
O-E-O termination at every node, issues such as wavelength
contention are removed (however, as noted earlier, wavelength
assignment has already been addressed through intelligent al-
gorithms). While an improvement over an O-E-O architecture
with discrete transponders, it is not clear how PIC technology
addresses the challenge of heat dissipation as the network scales
in capacity. Furthermore, providing full automated configura-
bility at a node would require a very large switch, which poses
a significant challenge.

Alternatively, networks may move to a more agile optical
layer (as discussed in Section V), and may migrate more
functions to the optical domain, to take advantage of the
trend of optics to scale better than electronics as the traffic
level and the wavelength bit-rate increase. For example, op-
tical-grooming techniques such as optical burst switching [36]
potentially may be implemented in edge networks to reduce the
electronic-grooming requirements at the edge-core interface
[37]. Optical-grooming schemes tend to rely on scheduling
or collision management, and thus are better suited for small
geographic areas (e.g., metro networks) with low latency.
As a second example, all-optical regenerators may be used
instead of back-to-back transponders (or instead of electronic
regenerator cards) to regenerate, and convert the wavelength
of, optical signals [38], [39]. Currently, much of the all-optical
regeneration technology that has been proposed is capable
of only 2R regeneration, where a signal is reamplified and
reshaped, but not retimed. To clean up the timing jitter, it may
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still be necessary to make use of a limited amount of electronic
regeneration, which is capable of retiming as well.

Electronic-based and optical-based technologies clearly have
their associated strengths; thus, networks are likely to remain a
mix of both O-E-O and O-O-O technologies.

V. NETWORK AGILITY

Networks have traditionally been fairly static, with con-
nections remaining established for months, or even years.
For example, a typical lifetime for a DS-1 circuit during the
1980s/1990s was on the order of one to two years. In this time
frame, circuit configurability was typically provided via the
DCS layer. In addition to being used for circuit provisioning,
the DCS layer could also be used for dynamic restoration from a
failure. For example, AT&T’s FASTAR mesh-based restoration
system, developed in 1992, reroutes individual failed DS-3s
using the DACS III cross-connects [40].

However, as networks have grown in size, operating solely
on fine levels of traffic such as a DS-3 is not scalable. Thus,
reconfigurability at coarser granularities, e.g., a wavelength, has
become a priority. Furthermore, the reconfigurability needs to
be rapid, as motivated by both new services and by restoration
requirements, as detailed next.

The process of provisioning a new wavelength has histori-
cally been slow, requiring much up-front planning and manual
intervention at several sites in the network. In addition to the
time and cost involved with any network modifications, the
manual nature of the process left it vulnerable to operator
errors. While this may have sufficed with relatively static
and predictable traffic patterns, as the nature of services has
moved towards bursty data connections, the need for greater
optical-layer agility has grown as well. For example, with
the development of new services such as grid computing and
e-science applications [41], [42], where high bit-rates pipes are
required for relatively short periods of time, the network must
be rapidly reconfigurable to deliver the bandwidth to where it
is needed.

Network survivability is also undergoing a transformation
that demands rapid configurability of the optical layer. Over
the past ten years, the trend was for carriers to implement op-
tical-layer protection with dedicated 1 + 1 architectures, where
two diverse paths are established for a connection, and the des-
tination selects the better of the two signals. With 1 + 1 pro-
tection, optical-layer reconfigurability is not required for failure
recovery. While relatively simple to implement, and capable of
providing rapid recovery (e.g., tens of milliseconds), 1 4 1 pro-
tection is inefficient with respect to capacity. Providing a diverse
protection path for each connection can almost triple the total
amount of required network bandwidth [19].

To reduce the spare capacity requirements, the industry has
gravitated towards shared mesh restoration, where working
paths that are routed diversely are eligible to share restoration
capacity. To enable this sharing, the network must be capable of
reconfiguring the restoration capacity in response to whichever
path has failed. This dynamic capability affords a roughly
50% to 70% savings in spare capacity as compared to 1 + 1
protection, along with greater resilience to multiple concurrent
failures. Clearly, rapid reconfigurability is desirable (but shared
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restoration still takes on the order of hundreds of milliseconds
or more to recover from a failure).

Electronic switching can provide the desired configurability.
However, due to the potential cost and scalability issues, the
focus has moved towards providing an agile physical optical
layer, as is the emphasis of the remainder of this section.

A. Configurable Optical Networks

Configurable optical networks have been realized through
a combination of hardware and software advances. The tech-
nology must allow a wavelength to be brought up, torn down,
or rerouted through automated means, without affecting other
existing traffic. Furthermore, the equipment must be capable of
being configured remotely through software.

1) Tunability: One of the developments that greatly im-
proved the flexibility of optical networks is tunability. Initially,
transponders were capable of transmitting a fixed frequency,
which posed deployment problems in optical-bypass-enabled
networks where the choice of wavelength for a connection is
important. Fixed-wavelength transponders also posed inventory
issues (even in O-E-O networks), especially as the number of
supportable wavelengths on a fiber grew to 80 or more.

In roughly the 2000 time frame, most system vendors started
to support transponders with tunable lasers capable of tuning
to any wavelength in the transmission spectrum. In some archi-
tectures, the receive side of the transponder is equipped with
a filter to select a particular wavelength from a WDM signal.
Transponders with tunable filters were commercially available
more recently [43].

To take full advantage of tunable transponders, it is necessary
that the chassis slots in which the transponders are deployed
be capable of supporting any wavelength. First, consider op-
tical network elements with multiwavelength add—drop ports;
i.e., a WDM signal is present on the add—drop port, thereby re-
quiring a multiplexer/demultiplexer architecture. One common
mux/demux architecture is based on arrayed waveguide grat-
ings (AWGs), where each slot is tied to a particular wavelength
[18]. This arrangement negates some of the benefits of tun-
able transponders, as a transponder would need to be physically
moved to a different slot if its frequency changes. A more flex-
ible scheme makes use of passive combiners and splitters for
the mux/demux function. This architecture supports any wave-
length in any slot; however, it does incur additional loss, which
typically necessitates additional amplification on the add—drop
path. Additionally, the transponder receiver must be equipped
with a filter to select the desired wavelength. Another flexible-
slot solution is a single-wavelength add—drop architecture based
ona |l x N wavelength selective switch (WSS), where the switch
can direct any wavelength to any of N ports [44]. However,
WSSs are currently limited in size, which caps the maximum
number of add—drop wavelengths.

2) Nodal Configurability: The optical network elements
support varying degrees of configurability. The O-E-O archi-
tecture shown in Fig. 2 is clearly not configurable without
manual intervention. The path through the node is dependent
on the optical terminals in which the interconnected transpon-
ders are deployed. Furthermore, the add—drop traffic is tied to
a particular link at the node; for example, any client service
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Fig. 6. A degree-three O-E-O nodal architecture, where an electronic switch is
added to provide automated configurability.

using Transponder A in the figure can add—drop only from the
East link. Note that the transponders are effectively partitioned
into those that support transiting traffic and those that support
add—drop traffic, where manual intervention is required to
change the apportionment.

Adding a core switch to the node, as shown in Fig. 6,
addresses these configurability issues. With the addition of
a switch, traffic can pass through the node in any direc-
tion, add—drop traffic can access any network link, and any
transponder can be used for either transiting or add—drop
traffic. The switch shown in Fig. 6 is electronic-based, with
short-reach interfaces on all of the ports. The switch could also
be photonic, where the optical signal is switched (e.g., using
microelectromechanical systems (MEMS) technology [45]),
thereby eliminating the short-reach interfaces on the switch
ports. In either case, as discussed previously, the O-E-O ar-
chitecture requires that transponders be deployed for all traffic
entering the node. An electronic-based core switch adds to the
cost, space, power, and heat problems discussed previously.

Furthermore, as traffic levels grow, the required size of
the switch becomes problematic. For example, consider a
degree-four node with 80 wavelengths per fiber, where up to
50% nodal add—drop must be supported. This requires a switch
size of 480 x 480, which is beyond what today’s electronic and
MEMS technologies can achieve cost effectively.

The situation is exacerbated when a grooming switch or an
IP router is used as the core nodal switch. This unnecessarily
burns grooming/routing resources for traffic that is transiting the
node as well as for wave services that are adding—dropping at the
node. The size and cost of this architecture is likely untenable
as networks evolve.

In contrast, optical bypass provides configurability in a more
scalable fashion. The initial OADMs that were commercially
available in the mid-1990s were not configurable. The carrier
needed to specify up-front which wavelengths would drop at a
node, and the OADM would remain fixed in this configuration.
However, by 2000, fully configurable OADMs were available,
where any wavelength could be readily configured as transiting
or add—drop, without affecting any of the existing traffic on the
OADM. OADMs with this flexibility were later christened as
reconfigurable-OADMs (ROADMs).
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This same flexibility applies to an OADM-MD and an AOS.
In addition, these higher-degree elements support core config-
urability, where the path through the node can be automatically
configured. However, these two elements differ with respect
to edge configurability. With the OADM-MD, the transpon-
ders are tied to a particular network link; e.g., as illustrated
in Fig. 4, Transponder A can add—drop only to/from the East
link. Contrast this with the AOS of Fig. 5. Here, the add—drop
traffic passes through the switch fabric, such that the transpon-
ders have access to any network port. Thus, the AOS supports
edge configurability (i.e., “direction independence”), whereas
the OADM-MD does not.

It is worth commenting on the technology of these two
elements. OADM-MDs were originally based on wave-
length-blocker technology, where the number of wavelength
blockers required in a degree-I? OADM-MD scaled quadrat-
ically with D [46], [47]. Current OADM-MDs are typically
built using WSSs, where the number of required WSSs scales
linearly with D [48]. This improved scalability supports a
larger D, such that a subset of the D ports can be used for the
add—drop traffic; this affords the add—drop traffic the same level
of configurability as the network traffic. With this configuration,
the element is an AOS. Note that an AOS can also be based
on MEMS technology, where both the network traffic and the
add—drop traffic pass through the switch [49]. However, as
indicated earlier, at large nodes, the required MEMS switch
size is likely beyond what can currently be supported.

It is possible to add edge configurability to an OADM-MD
through the addition of an edge switch (either electronic or
photonic), where only the add—drop traffic passes through this
switch. Using the same example of a degree-four node with 80
wavelengths per fiber and up to 50% add—drop, the edge switch
would need to be 320 x 320. This compares to 480 x 480 with
a central switch fabric for both express and add—drop traffic.

By providing the core switching in the optical domain, the
optical-bypass-enabled elements also enable more scalable
grooming/routing architectures. Only the traffic that actually
needs to be groomed/routed at a node needs to pass through
the grooming-switch or router. For example, an architecture
where IP routers are deployed over optical-bypass elements
was shown in [50] to provide significant cost and operational
benefits.

Another benefit of optical bypass with respect to configura-
bility is that the amount of equipment needed to support a new
connection is significantly smaller as compared to an O-E-O ar-
chitecture. Thus, to support the same level of configurability,
many fewer transponders need to be predeployed.

3) IP Over a Configurable Optical Layer: A configurable
optical layer has ramifications for the higher electronic layers,
especially in an [P-over-optical environment. The optical layer
can be reconfigured to deliver bandwidth where needed by the
IP layer; however, the impact on the IP layer must be con-
sidered. First, existing capacity between IP routers can be in-
creased through the provisioning of additional wavelengths that
are routed over the same path as the existing capacity (i.e., an-
other wavelength is added to the trunk between two routers).
This has minimal effect on the IP layer as the router adjacen-
cies remain intact. Second, the capacity between two adjacent
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routers may be expanded or shifted by routing wavelengths over
new paths. This can affect parameters such as the latency be-
tween the routers; this new state information would need to be
disseminated in the IP layer. A much more disruptive operation
is when the optical layer is reconfigured such that IP router ad-
jacencies are changed. This change in the IP-layer topology can
lead to convergence issues with the IP routing protocol; thus, the
consequences of such changes need to be taken into account.

A configurable optical layer also allows for dynamic cross-
layer restoration, where the optical layer is reconfigured at the
time of failure to provide an alternate path for the IP traffic.
This has been shown to be more cost effective than IP-layer
protection alone, mainly due to a reduction in the number of
required IP router ports [51], [52].

4) Software Control: An integral component of a config-
urable network is the software that automated remote configu-
ration of the network equipment. As traffic demand grew, so did
the complexity associated with configuring the network. This
complexity exposed a critical weakness with the network pro-
visioning processes—a significant dependence on manual op-
erations—that resulted in long network configuration times. In
the late 1990s control automation software was introduced into
the optical network for the first time, as the optical control plane
[53].

The optical control plane comprises a set of software appli-
cations that reside on each network element to distribute deci-
sion-making processes. These functions automate many of the
traditional manual processes that were performed when con-
figuring the network. When automated, the time taken to re-
configure the optical network was substantially reduced from
months to seconds.

The optical control plane typically supports four capabili-
ties: discovery, routing, path computation, and signaling. Dis-
covery is the mechanism where each network element learns
the network address and networking capabilities of its adjacent
neighbors. The significance of discovery is that network inven-
tory, configuration and resource utilization data is now automat-
ically generated, resulting in accurate database entries. In fact,
with discovery, the network becomes the database of record, al-
lowing network management systems to quickly generate accu-
rate topological graphs without the challenge of database entry
keystroke errors. Routing is the method used to disseminate this
resource and configuration knowledge to all other network ele-
ments in the network. Part of the routing function includes path
computation, which uses the global knowledge received from all
other network elements to calculate appropriate paths for net-
work connections (usually using a shortest path algorithm such
as Dijkstra [54]). Finally, signaling is the mechanism whereby
network elements communicate the setup or tear down of optical
connections across the network. Because signaling enables the
rapid reconfiguration of network resources, it became a key en-
abler for the successful commercialization of fast mesh restora-
tion in the optical network. Modern optical control plane proto-
cols now perform this function and restore service within hun-
dreds of milliseconds.

For the last few years, optical control plane functions have
been the subject of intense standardization activities within
the ITU and the IETF. The ITU has developed a suite of
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recommendations under the title Automatically Switch Optical
Network (ASON) [55] that primarily focuses on the archi-
tecture and requirements for control plane enabled networks.
Definitions for the Optical User-Network Interface (O-UNI)
and Network-Network Interface (NNI) are examples of con-
trol plane interfaces that have been developed within this
framework. Within the IETF, IP/MPLS protocols have been
enhanced with traffic engineering extensions in support of
Generalized Multiprotocol Label Switching (GMPLS) [56].
To ensure interoperability between different vendors’ software
implementations, the Optical Internetworking Forum (OIF)
has produced interoperability agreements? for both O-UNI and
Exterior NNI (E-NNI) interfaces.

To date, standards activities have focused on optical control
plane for electrically switched networks using SONET/SDH
or OTN. However, with the significant rise in popularity of
reconfigurable all-optical network devices such as multidegree
ROADMs, work on a control plane for purely optical switched
network is under consideration within the above standards
bodies. Because of the analog nature of optical propagation,
this work is still in the early stages of definition. Consequently,
today’s control plane implementations for the all-optical layer
remain proprietary.

B. Dynamic Networks

Moving forward, the requirements of evolving services are
driving the network from being configurable to being dynamic.
In the configurable model, a human generally initiates the pro-
visioning process, e.g., through the use of a planning tool. In a
dynamic model, not only is the provisioning process automated,
but it also is completely under software control. The higher
layers of the network automatically request bandwidth from the
optical layer, which is then reconfigured accordingly. Services
may be provisioned and brought down in seconds, or possibly
subseconds. This rapid response time is needed for future appli-
cations such as distributed computing, or future bandwidth-in-
tensive, real-time, collaborative applications involving people,
display devices, computers, and storage devices, all distributed
over several network nodes. Establishing all-to-all connectivity
among the nodes involved would be too expensive. However,
providing connectivity only when needed, in a dynamic way,
can result in great cost savings.

VI. NETWORK CAPACITY

There are generally two approaches for increasing the fiber
capacity: increase the number of wavelengths supported on
a fiber or increase the bit-rate of each wavelength. Histori-
cally, both approaches have been used. During the late 1980s,
quasi-WDM was implemented, where just two wavelengths
(at 1310 nm and 1550 nm) were supported on a fiber, each
one carrying rates of tens of Mb/s. By the mid-1990s, 8 to 16
2.5-Gb/s wavelengths were supported on a fiber, where the
wavelengths were located in the 1500-nm region of the spec-
trum, with wavelength spacing on the order of 100 to 400 GHz.
This rapidly increased to 80 to ~200 10-Gb/s wavelengths by
year 2000, with 25- to 50-GHz wavelength spacing. Current

2[Online] Available: http://www.oiforum.com/public/impagreements.html
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benchmarks are 40 to 80 40-Gb/s wavelengths per fiber. Thus,
in roughly a 20-year span, the capacity per fiber has increased
by more than four orders of magnitude.

Increasing the fiber capacity beyond these numbers will re-
quire advanced modulation formats, e.g., multilevel amplitude
and/or phase modulation [57], [58]. Assuming that higher ca-
pacity is possible, it is interesting to consider whether it is more
desirable to increase the number of wavelengths or increase the
bit-rate of each wavelength.

A. Increasing the Bit Rate of a Wavelength

Thus far, the transport bit-rates have followed the
SONET/SDH hierarchy, with each successive bit-rate rep-
resenting a four-fold increase; e.g., 2.5 to 10 to 40 Gb/s.
Historically, one of the advantages of increasing the bit-rate has
been cost. With each quadrupling of the bit rate, the cost of the
associated transponders has increased by a factor of 2 to 2.5,
yielding a steadily decreasing cost per bit/sec. Furthermore,
the power and space requirements per bit/sec have decreased
as well with increasing bit-rate, thus improving the network
operating costs. Given the challenges posed by high-speed
electronics, however, it is not clear that this trajectory will
continue. While the cost target for a 40-Gb/s transponder is 2.5
to 3 times more than a 10-Gb/s transponder, the current cost is
actually more than four times greater (i.e., increased cost per
bit/sec). Moving beyond 40 Gb/s will be even more difficult.
Originally, the industry favored 160 Gb/s as the next transport
rate; however, the standards bodies have now settled on 100
Gb/s instead to coincide with the Ethernet hierarchy.

A second advantage of increasing the bit-rate relates to
switching. Photonic switches are generally limited in the
number of supported ports; e.g., 320 x 320. For a given level
of traffic, increasing the bit rate decreases the number of wave-
lengths entering a node (assuming the wavelengths are well
packed), resulting in a smaller required switch size. Thus, from
a switching perspective, increasing capacity through increased
bit rate is more readily scalable.

One of the disadvantages of higher-rate wavelengths is that
the signals are more susceptible to optical impairments such
as chromatic dispersion, polarization mode dispersion (PMD),
intra-cross-phase modulation (IXPM), and intra-four-wave
mixing IFWM) [59], [60]. Thus, the optical reach decreases
as the bit-rate increases. For example, a system may have a
4,000-km reach for 2.5-Gb/s signals, a 3,000-km reach for
10-Gb/s signals, and a 2000-km reach for 40-Gb/s signals.
Shorter reach translates to more regeneration, which may
nullify the benefits achieved through lower-cost-per-bit/s
transponders [37].

Another disadvantage to increasing the wavelength bit-rate
stems from the fact that the required bit rate of most services is
less than that of a full wavelength. Thus, these subrate services
need to be bundled together, i.e., groomed, in order to pack the
wavelengths efficiently. Grooming is currently implemented in
the electronic domain, typically using fine-granularity O-E-O
switches. For a given traffic set composed of subrate demands, a
higher line-rate requires that the traffic undergo more grooming
to achieve the same, or close to the same, level of wavelength
efficiency. This translates to larger grooming switches and more
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O-E-O terminating equipment, all of which adds to the cost,
space, and power requirements.

However, a higher bit rate does provide an advantage with
respect to the grooming of bursty traffic. With a low bit rate,
a small number of flows are carried on a wavelength, where
the wavelength can only be partially filled to account for the
burstiness of the traffic. With a higher bit rate, more flows are
packed together, allowing the system to take advantage of statis-
tical multiplexing. As a percentage of the wavelength capacity,
less spare capacity needs to be reserved to accommodate the
traffic burstiness, thereby resulting in an overall higher rate of
network efficiency.

B. Increasing the Number of Wavelengths

Rather than increasing the bit-rate, one can boost the fiber
capacity by increasing the number of wavelengths while de-
creasing the spacing between channels and maintaining, or pos-
sibly lowering, the bit-rate. For example, in the future, this might
imply implementing a 1000 x 10-Gb/s system as opposed to a
100 x 100-Gb/s system. The biggest advantage of this approach
is the reduced need for electronic grooming. More services are
likely to be delivered to the network that are already at the rate
of a wavelength, thereby requiring no grooming. For those ser-
vices with rates less than that of a wavelength, an appreciably
smaller amount of electronic grooming is required to achieve
efficiently packed wavelengths.

It is difficult to predict the overall effect on optical reach with
high-wavelength counts. While the bit rate may be lower, which
lowers the susceptibility to the impairments mentioned earlier,
the closer channel spacing may lead to problems with impair-
ments such as crosstalk and cross-phase modulation (XPM).
Additionally, functions such as receiving a signal may be more
difficult with the tight spacing. Techniques such as coherent de-
tection at the receiver may be needed.

While this approach may not appear to offer the advan-
tages in cost, power, and space historically realized through
higher-speed transponders, and may present scaling challenges
for wavelength-level switches, there are alternative means of
addressing these issues. To address the first set of issues, one
can consider the PIC approach mentioned in Section IV-D,
where several transponders are integrated on a chip. For ex-
ample, one chip could include ten 10-Gb/s transponders. A goal
would be to have this chip be no more costly, and require no
more space or power, than a single 100-Gb/s transponder. Note
that, in principle, PIC technology does not imply an O-E-O ar-
chitecture; however, supporting tunability with integration may
be challenging, which would limit its efficacy in a network with
optical bypass. Additionally, meeting the tight spacing between
channels (e.g., 10-GHz) may be difficult with PIC technology.
As an alternative, hybrid integration of individual, miniature,
low-cost components may be a more suitable solution rather
than monolithic integration.

With respect to the challenges of switching, one solution is to
implement waveband switching, where groups of wavelengths
are treated as a single unit for switching purposes, thereby re-
ducing the size of the switch fabric. Waveband switching has
been considered in the past for economic reasons, especially
in the cost-sensitive metro area. One objection that has been
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raised to coarse switching is that it may reduce the flexibility of
the network somewhat. However, studies have shown that, with
good algorithms, the network efficiency lost due to waveband
switching as opposed to wavelength switching is small [61].
Furthermore, if the options are switching ten 10-Gb/s wave-
lengths as a unit versus one 100-Gb/s wavelength, the switching
granularities are the same.

Moreover, one can improve the flexibility of waveband
switching by implementing a hierarchical switch architecture
(e.g., [62] and [63]), with waveband grooming. In a two-level
switch hierarchy, the bulk of the switching occurs at the wave-
band level, but a small amount of switching is also supported
at the wavelength level to improve the network efficiency. The
wavelength-level switch allows the wavebands to be groomed.
For example, the frequency of a specific wavelength can be
converted, which moves the signal to another waveband. Con-
version may also be possible at the waveband level, where the
frequencies of all wavelengths comprising a band are shifted
as a unit [64], [65]. It is expected that these functions of wave-
length and waveband conversion will ultimately be performed
in the optical domain. Essentially, the paradigm of increased
number of wavelengths, at possibly lower rate, trades O-E-O
wavelength grooming for all-optical waveband grooming.

C. Flexible Bit-Rate Wavelengths

One of the drawbacks of a system composed of purely low
bit-rate wavelengths is that inverse multiplexing is required for
the services that require a higher rate. With inverse multiplexing,
multiple wavelengths are used to carry a single service; e.g., four
10-Gb/s wavelengths are used to carry one 40-Gb/s service. To
avoid the added operational complexity of this solution, an al-
ternative approach is to support a mix of bit-rates on a single
transmission system; e.g., a range from 10-Gb/s to 100-Gb/s
wavelengths. This allows the bit-rate of the wavelength to better
match the service that is being transported. Thus, low bit-rate
services can undergo minimal grooming, whereas high bit-rate
services can be carried without inverse multiplexing. Depending
on the distribution of the wavelength bit rates, the switches may
be able to operate on a wavelength granularity. However, if
wavebands are used, then one can consider variable sized wave-
bands that adjust depending on the system configuration [66].

VII. CONCLUSION

Clearly, networking has undergone tremendous changes over
the past 25 years. This has been driven by the push—pull of ser-
vices and networking capabilities. With a chiefly homogeneous
service (i.e., voice), network evolution was centered on pro-
viding more capacity in a cost-effective manner. With respect
to transmission, this meant more wavelengths and higher line-
rates. With respect to switching, this generally meant switching
traffic at coarser granularities when possible.

However, the surge in data, and, more recently, video ser-
vices, has taken networking in different directions. Providing
large-capacity static pipes was no longer sufficient to meet the
needs of the application layer. This led to the introduction of a
configurable optical layer and the control plane, which has fur-
ther encouraged the growth of more dynamic services.
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In addition to covering the past and present, this paper has
also speculated on future evolution; for example, more wide-
spread adoption of OTN technology to simplify network oper-
ations, a greater role for Ethernet, increased use of optics to
achieve cost efficiencies, and a mix of wavelength line-rates
(possibly in conjunction with wavebands) to better match the
service granularities. Whatever direction networks follow, it is
clear that steady traffic growth, with a greater diversity of ser-
vices, will continue. To meet this growth, carriers will continue
to seek technologies that provide cost, scalability, and opera-
tional advantages.
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