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Abstract

This document describes the architectural and engineering issues of building a wide area
optical Internet network as part of the CANARIE advanced networks program. Recent
developments in high density Wave Divison Multiplexing fiber systems alows for the
deployment of a dedicated optical Internet network for large volume backbone pipes that
does not require an underlying multi-service SONET/SDH and ATM transport protocol.
Some intrinsic characteristics of Internet traffic such as its saf smilar nature, server
bound congestion, routing and data asymmetry allow for highly optimized traffic
engineered networks using individual wavelengths. By transmitting GigaBit Ethernet or
SONET/SDH frames natively over WDM wavelengths that directly interconnect high
performance routers the original concept of the Internet as an intringically survivable
datagram network is possible. Traffic engineering, restoral, protection and bandwidth
management of the network must now be carried out at the IP layer and so new routing or
switching protocols such as MPLS that allow for uni-directional paths with fast restoral
and protection at the IP layer become essential for a reliable production network. The
deployment of high density WDM municipal and campus networks also gives carriers
and 1SPs the flexibility to offer customers an integrated and seamless set of network
services. |P directly over WDM for large volume I P networks and regional local loops, |P
over ATM for VPNs and small bandwidth networks and IP over SONET for multiplexing
with traditional TDM services. The cost of such a network may also prove to be several
orders of magnitude less expensive than today's current Internet architecture.
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1.0 What isan Optical Internet?

For the purposes of this document an optical Internet is defined as any Internet network
where the network link layer connections are "dedicated” wavelengths on an Wave
Division Multiplexed (WDM) optical fiber directly connected to a high performance
network router. The high performance network router replaces traditional ATM and
SONET/SDH switching and multiplexing equipment in that it is the essential statistical
multiplexing device that controls wavelength access, switching, routing and protection.

SONET/SDH and ATM technology are based on the circuit switched paradigm that has
been the fundamental underlying concept of telecommunications design from the days of
Graham Bell. The CANARIE National Optical Internet Project for the first time, is
designed to be atrue link layer datagram network as envisaged twenty years ago by the
early Internet pioneers Vint Cerf an Bob Kahn [CERF74]. By this minimum definition
for an Optical Internet, the architectural and design issues arereally not that much
different from building a leased line Internet network or one made with ATM Permanent
Virtual Circuits. However, traffic engineering of the network can now be only
accomplished at the IP layer asthereis no underlying transport layer and so protocols
like Multi Protocol Label Switching (MPLS) become essential for the effective
management and engineering of the network.

However, with an optical network using dedicated wavelengths, or lambdas, thereis
considerable more flexibility in architectural topology and the potential to eventually
move to an optical switching and all optical routing architecture as these technol ogies
mature.

1.1 High Density Wave Division Multiplexing

In the past carriers multiplexed different network services into a single transport stream.
The most common the underlying transport mechanism was SONET/SDH time division
multiplexing systems. More recently ATM has taken on alarger role, particularly in the
broadband carrier market asa"cdl" or "packet based" multiplexing schema. However
with the advent of high density WDM networksit is possible to conceive of "optical"
multiplexed telecommunication services where different wavelengths can support
different "eectrical” multiplexed services. For example, a number of wavel engths can be
dedicated to a high bandwidth optical 1P network as further described in this document,
while others can be dedicated to optical ATM networks and finally other wavelengths can
be dedicated to traditional SONET/SDH services that support a number of overlay
network protocolsincluding IP and ATM.

The attraction of "optical" multiplexed networks is that carriers can now offer a suite of

services and protocol s to customers based on the customer's own specific requirements
and needs. This suite of services can range from ssimple dark fiber through to broadband
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optical IP networks to high end quality of service virtual private networks running on
ATM over SONET or WDM.

It is conceivable that future Internet networks may be a seamless composite of a variety
of transport protocols, each on their own dedicated wavelength. The following diagram
illustrates a possible future network Internet architecture that integrates IP over WDM
with ATM and SONET services. The IP over WDM might be used for high volume, best
efforts computer to computer traffic, while IP over ATM might be used to support VPNs
and mission critical 1P networks while P over SONET would be used to aggregate and
deliver traditional 1P network servicesthat are delivered viaT1sand DS3s.

ATM/IP Network

IP SONET Network ‘
S ®

IPIATM Network
IP SONET Network

HDWDM
OC-3084

T

OADM
— ¥
IP Optical Network
IPover ATM e | P SONEL IP Optical
QoS & VPNsup to OC3 0OC3, OC12, OC48 Greater than OC-48

Figure 1.1 Integrated Optical Internet

Currently carriers are deploying up to 16 wavelength, or "lambda’ WDM systems. A
number of manufacturer's have announced 32 and 96 wavel ength systems and researchers
in various laboratories are working on 200 and 1000 wavelength systems.

In the next few years network bandwidth will dramatically increase as these very high
density WDM systems are deployed. In fact it is quite likely that the growth of network
bandwidth will far exceed the growth of computing power as stipulated by Moore's law.
Thiswill have a profound impact on the future architecture of future computer data
networks, asthe computer and not the network may be the controlling element for
network design, quality of service and advanced network applications.
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1.2 Why Build an Optical I nternet?

Thereis considerable debate in the telecommunications industry about the best
technology for transporting IP services. Carriers are generally more committed to ATM
as the common network technology. On the other hand there are many in the Internet
community who believe that soon, just about everything will ride over IP and a network
optimized to carry IP is the most appropriate direction. While there are compelling
arguments for both sides of the debate the most likely outcome isthat IP over ATM and
optical IP serviceswill exist in parallel to meet the spectrum of customer requirements
for IP networking. Thiswill be particularly true with the advent high density WDM
systems which can support a multitude of transport service delivery mechanisms from
traditional SONET/SDH servicesto the new optical ATM and IP architectures.

The case therefore for an optical Internet essentially rests on the predicted volumes for
Internet traffic growth and the expected predominant types of Internet applications. 1f
Internet traffic continues to grow exponentially and for the bulk of traffic all that is
required is a"best efforts’ or an "ensured" delivery service then high volume IP pipes
would seem to be the most appropriate technol ogy.

In additional to accommodating the huge anticipated capacity requirements of the
Internet, an Optical Internet would be more efficient. As modern network overlays
become increasingly survivable and robust, the fault tolerance built into the core transport
network may becoming increasingly redundant, particularly for IP networks. Efficiencies
and cost savings can be gained from single layer management of survivability. Fault
tolerant features are largely inherent in | P.

Thereislittle doubt that there will always be a demand for network solutions that provide
guaranteed qualities of service and well managed traffic engineering solutions,
particularly for mission critical applications. If an IP network is capable of delivering
such end to end service is a matter of debate and it is quite possible that ATM or other
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network technologies are best suited for that type of requirement. However, if the
volume of "best efforts’ or "ensured” |P traffic is the overwhelmingly predominant traffic
type then it perhaps make sense to build a network that, first and foremost, can support
that type of traffic. This does not mean that one network technology will displace
another. The power of WDM isthat both network solutions can be accommodated in a
modern network infrastructure.

With high density WDM neither the "bell heads' or the "net heads' arelosersin the

protocol wars. The winner isthe customer in terms of increased choice in network
offerings, services and cost savings.

1.3 Internet Traffic Growth

Internet traffic volumes continue to grow exponentially. Current predictions indicate that
datatraffic principally made up of the Internet will exceed voice traffic in North America
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Figure 1.3 Growth of Date Traffic versus VVoice Traffic

A conservative estimate of Internet traffic growth isthat it will double every 6 months.
With this growth rate the aggregate bandwidth required for the Internet in the US will be
about 35 Thbps (Terabits per second) by 2001-2002 [OLDY98]. Assuch a number of
carriers are already planning to deploy OC-48 ATM and SONET/SDH networks for the
sole purpose of delivering Internet data.

With the advent of 1P telephony, high speed connections to the home via cable modems
or ADSL, fiber to the curb and the advanced applications that are being devel oped on
Internet 2 and CA*net |1 thereis every reason to believe that Internet traffic will continue
on its exponential growth for the foreseeable future.
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Given thisincreasing demand for high bandwidth Internet in the coming years alarge
part of the debate has centered around the appropriate transport technology that will be
used for delivering such bandwidth - ATM, SONET/SDH or WDM optical networks.

The appropriate technology choice will be driven largely by the characteristics of future
applications. Many people fed that interactive real time multimediawill be the driving
application for high bandwidth networks. Such things as tele-immersive virtual reality,
3D interactive gaming, distance education and tele-medicine are cited as examples of the
future applications that will drive the demand for increased bandwidth. If these do
become the dominant | P applications then there is no question there will be requirement
for large bandwidth networks. But in addition there are some early indications that
existing data applications may grow significantly in size aswell and will also drive the
demand for large I P pipes.

1.4 Classification of Internet Applications and Data Types

Applications on the Internet can be divided into three broad categories based on their
unique traffic profiles and network requirements: human to human, human to computer
and computer to computer applications.

Human to human communications are considered to be those serviceswhere alive
human being isrequired at both ends to compl ete the communications connection. Such
applications include voice telephony and video conferencing, but also include the more
futuristic applications such astele-immersive virtual reality and Internet gaming.

Human to human communications are the most demanding application of any network
technology as the usual human 1/0 devices, the eyeball and the ear drum, have the limited
buffering capability and hence are the least tolerant of delay and jitter in a
communications channel.

Most human to human communications are al so sensitive to the speed of light delay in a
network particularly those dependant on a high real time interactivity factor such as
Internet gaming and tele-immersive virtual reality. However, when these applications
mature in the next 15-20 years there will be an additional bandwidth explosion.

Although major network upgrades will be needed to support voice and video on the
Internet these services arein fact probably the slowest growing of al communication
services. Traditional voice telephony has experienced very little growth in the past few
years and video conferencing growth despite al its promises, remains anemic. And
ultimately these applications are limited in growth by the number of human beings on the
planet and their peculiar habit of requiring sleep approximately 8 hours (depending on
life style) every day.

Human to computer communications on the other hand has been the success story of the
decade. Human to computer communications include the obvious things like the Web,
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but it also includes such things as voice and video playback servicesthat are just starting
tocomeon line. These applications can be delivered quite effectively over a "best
efforts network” aslong asthereis sufficient buffering at the end points to smooth out
the network induced jitter. Thereisevery reason to believe that the exponential growth
experienced by this type of communications connection particularly driven by the web
should continue, if not accel erate over the coming years,

Computer to computer communications may however, be the real driver for advanced
networks and bandwidth. Computer to computer communication occurs when no human
isrequired to initiate or terminate the communication. Such things as distributed web
caching, multicast feeds, news feeds, batch processing, and database synchronization are
typical of computer to computer communication. E-mail and voice mail are also
considered to be computer to computer communications because they usually use a store
and forward server and don't require relatively immediate connectivity across a network.

A best efforts, high bandwidth 1P network is generally all that isrequired to support most
computer applicationstraffic. Thistype of traffic isin the early stages of growth. New
applications being developed in the Next Generation Internet (NGI), Internet 2 and
CA*net |l programs in such areas distributed human genome sequencing, geo-spatial
database mapping, astronomy imaging and database mining promise an even greater
growth in this type of traffic.

One of the fundamental assumptions for future advanced networksisthat real time
interactive human to human communications will be the predominant traffic type.
Distance education, medical collaboration and tele-immersive virtual reality are cited as
common examples of the future telecommunications traffic profile. However, if future
networks turn out to be principally used for computer to computer and/or human to
computer to communications then thiswill have a significant impact on the requirements
for either aWDM or ATM networks as the network requirements for these applications
can be generally best satisfied with a high bandwidth big pipe "best efforts’ network.

1.5 Definition of Bandwidth

One of the more confusing terms of reference between the traditional telecommunications
versus data view of the world isthe interpretation and definition of bandwidth.

In high speed networks it is common to use the SONET/STM designations for bandwidth
or capacity based on the OC-x (Optical Connection) or the international variation of
STM-x. These designations for bandwidth are based on the assumption that all Tx/Rx
circuits are full duplex balanced symmetrical so the bandwidth ascribed to these
designationsisfor data transmission in one direction. They also do not include any
protection bandwidth that may be associated with a given circuit.
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The data networking world evolved from definitions of bandwidth based on LAN
technology. Thefirst widespread LAN technology was based on the ethernet standard
which was referred to as a half duplex "broadcast” medium where the Tx/Rx data shared
the samelink. The bandwidth given in "megabits per second"” truly described the total
available bandwidth in all directions.

Aswide area network data becomes increasingly asymmetrical and unbalanced it is
important to distinguish the overall capacity of a network versusits nominal capacity as
given by the more familiar OC-x or STM-x designations. As such we will try to
endeavor to use the data definition of bandwidth throughout this document by stating the
unidirectional bandwidth in Gbps.

Table 1.0 illustrates the differences in network capacity assuming that both the protection
and working fibers of afiber ring are available for the transmission of data.

Designation Nomina Bandwidth | Ethernet Equivalent | Ethernet Equivalent
Bandwidth using working and
protection fiber 1:1
0OC-48 2.4 Gbps 4.8 Gbps 9.6 Gbps
0C-192 9.6 Gbps 19.2 Gbps 38.4 Gbps
OC-768 38.4 Gbps 76.8 Gbps 153.6 Gbps

Table 1.0 Ethernet Equivalents of Bandwidth on Fiber Systems

In this document all bandwidth capacities describe the actual physical one way capacity
of agiven link. Hencea®nominal” OC-48 (2.4 Gbps) hi-directional link would be
described as an aggregate bi-directional link capacity of 4.8 Gbps. Thisisimportant
because in a future traffic engineered DWDM network the bi-directional link may be
converted in 2 uni-directional wavelengths. Hence an accurate and common semantic for
the underlying bandwidth capacity is critical to the design of future IPP-DWDM networks.
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1.0 Internet Traffic Characterizations

The understanding of Internet traffic characterizationsis crucial to the design of future
networks. In the past there has been little work in this area, but thanksto recent
developments at CAIDA (Cooperative Association for Internet Data Analysis
http://www.caida.org) and the IETF IPPM WG ( Internet Protocol Performance Metrics
http://www.advanced.org/csg-ippm/) tools and test suites are being devel oped that will
allow network engineers fully understand the unique traffic profile of Internet networks.
Early measurements and analysis by these groups point to some intriguing network
characteristics that could have a profound effect on the design of Terabit Internet
networks.

2.1 Fractal Nature of Internet Traffic

There have been several studies [PAXS95] indicating that Internet traffic is fractal or
sdf-amilar in nature. Self smilar means that traffic on Internet networks exhibits the
same characteristics regardless of the number of simultaneous sessions on a given
physical link.

Traditionally in the telecommunications world traffic volumes aggregate with the number
of userson any given link. There are a number of network traffic models [STUC85],
based on well established queuing models for predicting traffic |oads on voice telephony
networks.

The fundamental reason why traffic aggregation is well understood on voice networksis
that voice traffic aggregates in 64 kbps steps with each phone call, and oncealink is
saturated no more callers are admitted to the network. However, on the Internet any
single computer can use as much bandwidth that is available, and thereisno limit on the
number of computers that can access the network at any given time. In the event of
congestion, all the computers back off and transmit less data until the congestion clears.
This saturation and back off results in waves of data on most Internet links for which it is
very difficult to predict or model.

The consequences of this fractal nature of the Internet isthat in order to minimize
congestion | P networks must operate at a higher average peak to average load than in a
traditional telecommunications network [COFF98]. A possible solution for network
operators is to increase the buffer size at admission pointsinto the network to smooth out
the bumps and valleys. However, large buffering results in throughput delays of the data.
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Figure 2.1 Fractal Internet Traffic versus Poisson VVoice Traffic

The Internet Performance and Practices Measurement (IPPM) Group have confirmed this
fractal nature of the Internet via direct measurement [PAXS96]. Members of IPPM have
installed devices called "Surveyors' at several network nodes throughout the US. These
nodes collect data from a source node and time stamp the departure and arrival of the data
with Global Positioning System (GPS) timers.

The IPPM web site http://io.advanced.org/surveyor/support provides areal world example of
the"sdf smilar" nature of Internet traffic. As can be seen by these diagrams on that web
site the bursty nature of Internet traffic means that even though a data link may have
relatively low traffic volumes packet loss and delay can still occur. Conversely, on a
heavily loaded link with severe packet |oss there can be many instances of short periods
of idletime.

2.2 Asymmetric Tx/Rx Data

Another unusual characteristic of Internet data is the extreme imbalances that exist
between the transmit and receive paths on most Internet links. This characteristic has
been observed for some time on Canadian US Internet links where it is quite common
1:10 ratio between outbound traffic to the US and inbound traffic to Canada. The
common explanation for this phenomenon is the large number of users who are pulling
down web pages from US servers. This phenomena, however has also been observed on
other international links and links within the US.
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The asymmetric data flows are attributed to larger server farms sending out large
amounts of data in response to small requests and to the preponderance of users who
download web pages. Web server farms tend to be clustered near large Internet service
points while users are randomly distributed around the edges of the network. Asaresult
near large interconnection points where web servers are located thereisalarge
asymmetry in Tx/Rx data flows in favour of the Tx path exiting the servers. Asthe data
isdistributed to second tier regional networks and from there to local networks and
eventually the end user the asymmetry proportionally increases to the receilve side in the
direction of the user retrieving the web data.

\ Cnet
Regional Network \ (/
4.1 _
— = o
To Other Regionals l

=  Big Server \ = Big Server
Tx:Rx < e.g. Microsoft \ e.g. Netscape

Figure 2.3 Examples of Asymmetric Data Flows on the I nter net

It is presumed that web caching and mirroring will minimize the Tx/Rx asymmetry in the
core of the network, but there will still remain large asymmetries that will vary
throughout the day. Time zone changes introduce diurnal asymmetry as parts of the
world are logging onto the Internet and accessing web servers on the opposite side of the
planet. Thisdiurnal shift in Internet Tx/Rx data iswell illustrated by studies done by

MCI Engineering on their commercial Internet links [MILL97]
http://www.vbns.net/presentati ons/papers/index.html

The consequence of asymmetric is that considerable amount of Internet bandwidth,
sometimes close to 50% sitsidle, paradoxically at the same time as the bandwidth on the
other side of a Tx/Rx pair istotally congested.

This condition exists because the telecommunication systems of today are still designed
to support primarily voice traffic. The diurnal asymmetry isamplified by the spatial
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asymmetry of Internet traffic, which isnot present in voice network. Even with the latest
WDM and SONET/SDH and ATM technol ogies most networks that are being deployed
right now assume that voice will be the dominant traffic type.

2.3 Server Bound Congestion

Thereisincreasing evidence that traffic flow on the Internet is limited not by the network
itself but by the servers providing data to requests from users. A recent analysis by
Christian Huitema of Bellcore [HUIT98] indicates that over 50% of web congestion is
due to server related issues.

The server congestion is made up of 3 major components. the HTTP session initiation,
the DNS lookup request and the actual system specific components such as CPU load,
memory and |/O response of the server to the user requests. The HTTP session initiation
involves opening the socket up on the server and other related activities. The DNS
lookup request isthe traditional process of resolving the web DNS nameinto an IP
address.

Typically on most Internet links a TCP congestion avoidance window is the controlling
factor on Internet throughput [JACO88]. The server specified flow control window, in
most cases, islarger than the TCP congestion avoidance window. Congestion avoidance
in TCP sessionsis a very complex subject and the reader isreferred to the following web
site for more detail http://www.psc.edu/networking/tcp.html

The predominance of the congestion avoidance window being the controlling factor in
most TCP sessions may actually, in many cases, be a flow control window bound session,
but it is being masked by the silly window syndrome (SWS) in most TCP kernels. If the
SWS were not present then there may even be a greater number of TCP sessionsthat are
server bound then is being actually measured by Christian Huitema and others.

In the presence of large bandwidth it isincreasingly likely that the server flow control
window will be the dominant control e ement in traffic throughput rather than today's
congestion window. As a consequence with larger pipes, the Internet throughput will be
increasingly server bound, even beyond the 52% server bound congestion experienced
today.

Unfortunately to the user the Internet will probably always appear largely congested. But
there will belittle that the network operator can do to obviate the situation except to
install mirroring and caching.

Undoubtedly serverswill increase their flow control window size as they increase in CPU
power. But will overall network capacity increase faster than the average CPU
performance of most servers, particularly as the number of user connected to the Internet
continues to grow unabated?
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Thiswhole field of TCP flow control and congestion clearly needs more research to see if
server bound congestion and flow control windows are indeed trending in the direction of
being the dominant mechanisms for limiting throughput on Internet connections,
particularly high bandwidth connections.

If flow control windows which are symptomatic of server congestion dominate over
congestion control windows on the Internet then thiswill have an major impact on
network design and reliability. For example, in the event of a sudden drop in network
capacity because of afiber cut, or loss of a WDM channdl, most users may not notice the
disruption because their connection is server bound rather than network bound.

The growing trend of server bound congestion may perhaps allow the use of protection
fibersthat currently siteidle. The additional bandwidth can be used to absorb large
fractal bursts, and in the event of afiber cut, more traditional TCP congestion avoidance
mechanisms would be the principal flow control mechanism to regulate access on the
remaining working fiber.

Ultimately this question of a server bound versus network bound will depend on the
relative growth of bandwidth versus CPU power. If bandwidth growth principally dueto
the deployment of WDM is faster than Moore's law for CPU power and capacity then
ultimately server congestion will be the controlling element in future networks.
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3.0 Transport Options- WDM, SONET/SDH or ATM

This section compares optical WDM as a transport technology versus other Internet
transport technologies such as ATM and SONET/SDH. ATM and SONET/SDH also
have the capability of usng WDM networks. This section discusses the pro's and con's
of using IP over ATM over WDM and IP over SONET/SDH over WDM versus I P over
WDM.

Therate of change of technology also impacts a selection for core network technology.
For instance, today’' s implementation an IP network might included network € ements
embodying IP, Frame Relay, ATM, SONET/SDH, DWDM and finally different fiber
types. Therate of change of technology isless as one moves from the I P to the fiber
components of the network; for instance, the transport components lifetime
(SONET/SDH, DWDM) is estimated at 10 years while the ATM component is less that
five. If one chose to minimize network e ements, for instance IPPIDWDM, it may be
more cost effective but there is more risk of obsolescence of investment. However this
risk of obsolescence might lessen if IP becomes more embedded as the predominant
traffic type.

3.1 Optical Internet versus Optical ATM

Most carriers are strong supporters of ATM as a networking solution as they can
aggregate different traffic types onto the same pipe and thereby enjoy significant savings
in overall bandwidth as opposed to managing different services on different networks.

Currently most carriers use completely different transport technologies for different
services. Framerelay and ATM for data services, leased linesfor private networks,
SONET/SDH TDM for voice telephony and D1s for broadcast video. From their
perspective it makes alot of senseto integrate these services onto a single pipe and use
ATM classes of serviceto deliver the differentiated services over the same pipe.

One of the underlying assumptions of the carriersinterest in ATM isthat data services
would be one of many competing servicesin a portfolio of servicetypes. Assuch, ATM
networks are optimized to carry amix of different service types rather than being
optimized for one specific service type. The other advantage of ATM in this environment
isthat it should be relatively easy to support Virtual Private Networks (VPNs) and classes
of service for data.

However, if current Internet trends continue, by 2002-2004 Internet data will be the
overwhelming servicetype. In that scenario, it makes sense to build a network, first and
foremost, that is optimized for the delivery of Internet data. The remaining services can
then be delivered on top of an IP network (which may or may not be less than optimal)
or continued to be ddlivered over aparallel ATM network.
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A network optimized for Internet delivery over ATM is not solely about the issue of
framing or overhead as is currently debated in the network community. While the issues
of ATM "cell tax" remains hotly debated between the "bell heads' and the "net heads' it
is probably of insignificant consequence in high speed optical networks. The bigger
issues arerelated to | P optical networking versus an optical ATM networking are more to
packet Segmentation And Reassembly (SAR) in the routers, queuing delays, link layer
complexity and routing network topol ogy.

ATM networks provide incredible degree of flexibility in term of network engineering
and design. But thisflexibility comes at a cost in terms of complexity. Running IP over
ATM networks are in general much more complex to manage than traditional 1P leased
line networks.

ATM however, does provide a powerful set of capabilitiesin terms of traffic engineering.
Existing IP routing protocols have limited traffic engineering capabilities in terms of
directing traffic across specific links principally because most the routing metrics are
based on the number of routing hops. ATM circuits allow network engineersto establish
"explicit" paths for different types of traffic and groom various links based on traffic
load, congestion and so forth. MPLS promises to provide this same traffic engineering
capability at the IP layer, but MPLS may end up introducing the same level of complexity
as currently exists with ATM networks.

One of the presumptions of the need for the devel opment of the ATM protocol was that
the design of the integrated circuits for variable cell-sized datagrams was too complex
and too expensive. That presumption has been made obsol ete by advancesin integrated
circuit technology, including greater speed, density, cheaper design using CAD tools, and
protocol and architectural breakthroughs allowing ‘internalized’ cell structurein terabit
routers. It isnow ATM boxes that have become expensive, astheir added value is now
less with the advent of high capacity routers and the development community is smaller.

Because routers were initially software based it was felt that they would be incapabl e of
keeping with higher data rates of today's modern networks. However, a number of
companies are about to rel ease routers that manufacturer's claim can route | P packets at
wire speed up to 40 Gbps (nominal OC-768) per port. As such the need for fast ATM
switches to do high speed routing is becoming less of an issue.

The other major deterrent to ATM usage is the loss of bandwidth utilization dueto SVC
setup time. A SVC setup is orders of magnitude longer than the transit delay of a
network. During the SV C setup time that data that is to be transmitted on the SVC hasto
be buffered until the SVC is setup. As such even if there was capacity in the network to
carry the dataimmediately it cannot be transmitted until the SVC is established. With
higher and higher bandwidths the SV C setup time can represent significant amounts of
idle bandwidth to the point of being greater than the original volume of data that was to
be sent in thefirst place.
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A number of techniques developed under MPOA using semi-permanent SVCswith VC
merge has been proposed to compensate for this effective loss of bandwidth during SVC
setup.

In addition to the SVC setup time thereisthe TCP "dow start” mechanism which also
can result in considerable effective bandwidth can being lost in the network by mapping
TCP sessions or flows to relatively narrow band SVCsor PVCs. The TCP session will
more likely remain in congestion avoidance modein a narrow band VVC rather than going
to flow control mode if it werein an unencumbered broadband pipe.

If all that ATM offersisincreased complexity and no inherent improvement in
throughput compared to the new class of Terabit routers, then the requirement for IP over
ATM over WDM makes little sense particularly in large backbone networks. If the
predominate traffic is IP, then the ATM network is an added level of complexity that is
costly to network providersin terms of management.

3.2 Optical Internet versus SONET/SDH

SONET/SDH OC-x channélslook very much like WDM wavelengths to routers or
switches as they are perceived to be a smple point to point link layer connections.
However, this perceived simplicity from layer 3 masks a considerably complex switching
architecture. The big advantage of SONET/SDH isitsrestoral capability in the event of a
fiber cut or faillurein a SONET/SDH node. A SONET/SDH ring network can switch to
an alternate fiber, or to an alternate path on the other side of afiber ring in the event of a
fiber cut typically in lessthan 50 msec. This powerful restoral property of SONET/SDH
is completely transparent to the I P networking layer.

In an optical Internet, this sophisticated link management in the SONET/SDH layer may
not be necessary. Protection and restoral capabilities are part of the Internet'sintrinsic
distributed survivability characteristic as envisaged by Kahn and Cerf [CERF74] As such,
if the IP layer can shoulder the burden of survivability alone the requirement to have
another layer of survivability underneath the Internet architecture may not be required.

One of the original drivers SONET/SDH networks was the ‘ synchronous component, i.e.
to make the entire network more synchronous and thus improve robustness. With current
GPS technology, it is now reasonable cheap to drop in a high stratum clock at a network
node, and also with the penetration of 1P technology the network has become much more
tolerant to timing faults. In thisrespect one need for intermediate layer of SONET has
diminished.

One of the big advantages of having a router directly connect to WDM wavelengthsis
that the router can use lambdas on both sides of afiber ring and load share I P traffic and
possibly doubl e the bandwidth utilization of any Internet link at very low incremental
cost to the carrier. In the event of afiber cut it might be possible to throttle back "best
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efforts’ |P traffic to be routed over the single surviving fiber, or alternatively re-routed
over completey different path to the destination. Since Internet data is highly fractal or
self similar in nature the consequences of a fiber cut or less severein the data networking
environment then it isin the traditional telecommunications environment. The loss of a
fiber may also be compensated by well known techniques for flow control, buffering and
or re-routing.

In addition, an optical Internet the router can establish asymmetric transmit/receive
lambdas to balance ingress and egress traffic across the network. SONET/SDH networks
are always built under the assumption that transit/receive traffic is always in balance and
as such cannot be optimized for asymmetric transmit and receive traffic flows.

3.3 WDM Switched Circuitsvs WDM datagrams?

In the optical research community there is a considerable amount of investigation into
optical switching technology such as NxN optical switches. Most of thiswork is focused
on micro-mirror technology and acoustic wave gratings.

Unquestionably there will be need for some optical fiber switching for network
configuration and protection switching, but this type of switching is not driven by actual
data flows common to virtual circuits asis envisaged in future optical networks.

Thisresearch isbeing driven by the fundamental tenant that telecommunication networks
of the future will remain "circuit based". As such thereis considerable work being done
into network management of circuit switched optical networks which will use
configurable OADMs, OCXs and NxN optical switches which can be used not only for
traffic engineering purposed but dynamic data flows.

One of the challenges of circuit based WDM is maintaining proper power levels and flat
gain through an EDFA ( Erbrium Doped Fiber Amplifier) used in long haul WDM
networks. If thereis any sudden change in the power level from optical switching or
wavelength trandation device then the EDFASs can be thrown off kilter. The carriers
spend considerable amount of time grooming and aligning optical links matching laser
power with gain profiles of the EDFA across a multiple hop link. They can be
understandably loath to see their network alignments change because of fluctuating
power levels from optical switching or wavelength trand ation.

Moreover, if the networks of the future are predominantly "datagram based” then there
may not be a need for such complex switching technology. The router at the edge, rather
than an optical switching device at the core, becomes the prime intelligent device for
routing and switching packets between various optical links.

As networks continue to increase in bandwidth the "circuit based" paradigm becomes
increasingly inefficient of network resources. The setup time of a"circuit", as measured
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in terms of the bandwidth-delay, particularly an optical circuit will be many orders
magnitude greater than size of the data segment in thefirst place.

It islikey that for the foreseeable future, the setup time of an optical circuit across alarge
wide area network will bein the order of 100's of milli-seconds. On a single 10 Gbps
(nominal OC-192) wave ength that setup time represents alost network capacity of
several Mbps of data. Many applications could have easily transmitted their data in that
lost timeit took to setup the network.

This setup time and the complexity of managing circuits whether they be optically or
ATM based may be the largest mitigating factors against a circuit based optical network.

3.4 Framing - SONET/SDH, Gigabit Ethernet, or Frame Relay

Long haul WDM wavelengths require el ectrical regeneration approximately every 200-
500 km. The span distance is dependent on a number of factorsincluding speed of
modulation, type of fiber and so on. Most of today's tel ecommunication regeneration
equipment is designed to work with SONET/SDH framing. If SONET/SDH regeneration
and transponders are used in a network the IP packets from the routers have to be packed
into SONET/SDH frames.

SONET/SDH framing however suffers from several limitations. SONET/SDH framing is
based on an 8 kHz voice synchronized time sample and the frame embeds header
information within the payload. In addition IP packets can be mapped across two or
more SONET/SDH frames or there can be many I P packets within one frame depending
on the size of the IP packets. Asaresult, SAR processing of SONET/SDH frames can be
very time consuming on a router interface card with aresultant degradation in throughput
and performance.

A number of companies are working on a new framing standard called "Fast-IP" or "Slim
SONET/SDH" which will provide for much of the functionality of SONET/SDH framing
but use more modern techniques in terms of header placement and matching frame sizeto
packet size.

One of the big advantages with SONET/SDH framing isthat it carries signaling and
network management information in its header bits. This network management
information is important on long haul WDM systems, particularly where there maybe
many dectrical and optical repeaters. Being able to diagnose and locate a network fault
quickly isvery critical in along haul network. However SONET/SDH has an large
amount of overhead reserved for fault monitoring and operational support system. This
overhead could be minimized if these functions were incorporated into the IP routing
devices.
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The biggest disadvantage to SONET/SDH framing is the current high cost of
SONET/SDH transponders and regeneration equipment. However, the costs are starting
to drop with the advent of low cost SONET/SDH framing chip sets.

Another option rather than using SONET/SDH regeneration isto use standard LAN
equipment such as Gigabit Ethernet with transponders for signal regeneration. This
approach works quite well in Municipa Area Optical Networks where bandwidth is more
available and access systems can have proprietary protocols. On long haul systems where
every bit must be squeezed out of available fibersisit is believed that it will work equally
well on medium and possibly even long haul WDM systems.

Gigabit Ethernet is not as efficient as SONET asit uses a smple block coding scheme
where every 8 data bits are encapsulated in a 10 bit transmission block. This overhead
resultsin an network inefficiency in excess of 25%. However, a number of vendors are
working on anew “10 times’ Gigabit Ethernet standard, specifically designed for
DWDM systems. It is expected that the new 10xGigabit Ethernet standard will use a
much more efficient block coding, perhaps even a synchronous coding like SONET.

GigaBit ethernet does not have such a comprehensive suite of network status bits as
SONET/SDH but its low cost and optimized design to carry the same frames that are
used by most networked computers makes it an attractive alternative.

The other issue that must be assessed with long haul Gigabit Ethernet issignal jitter and
timing. Gigabit Ethernet isfundamentally an "asynchronous' protocol as opposed to
SONET/SDH and therefore susceptible to timing and jitter problems. But computer to
computer communications are extremely tolerant to timing variations and increase jitter.
Given the cost of using Gigabit Ethernet is significantly less than traditional

SONET/SDH regeneration equipment and as long as the jitter and timing can be managed
without significant packet loss it makes for an attractive alternative.

The other advantage of Gigabit Ethernet isthat it uses the same frames that were
originally generated by the hosts on either end of a connection. Thereisno re-mapping
to other transport protocols like SONET/SDH or ATM and as such SAR (Segmentation
And Reassembly) and bit stuffing operations are not required in the router interface to
align the date frame with the transport frame.

Gigabit Ethernet has another major advantage in providing for lower cost tributary
delivery. In Figure 3.1 an exampleis shown of a small node that must be back hauled to
amajor node for connection to a backbone network. 1f SONET framing is used then
expensive SONET tributary equipment, SONET routers and regen equipment isrequired
to back haul the data to a major node. With Gigabit Ethernet on the other hand, the
smaller node can be "bridged” with more traditional LAN bridging technology. In
addition several small nodes can be bridged together on one common WDM channdl.

Gigabit ethernet currently operates at 1.25 Gbps. Hence a two way network with Tx/Rx
would have an aggregate bandwidth of 2.5 Gbps. The Gigabit Ethernet working groups
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are also working on new 5 Gbps and 10 Gbps standards. An OC-48 WDM system can
handle 1.25 Gbps and the new 10 Gbps Gigabit Ethernet may be used on OC-192 WDM
systems.

$25K $25K

\4 Gigabit Ethernet
$50K Regen
Gigabit Ethernet Gigabit Ethernet With Gigabit Ethernet costs are much less
Tributray with Tributray with and you can backhual bridged devicesto
Bridged Switch Router and expensive high performance router

Gigabit Ethernet

$250K $250K
p————i =
$125K V\ SONET
- $125k Regen
N SONET With SONET links everything must terminate on
g,lvgabr:t Router SONET gear - either routersor DCS
itc Tributray
SONET

Figure 3.1 Gigabit Ethernet versus SONET

Avici Systems http://www.avici.com has also proposed the use of Frame Relay protocol as a
framing and link protocol on high speed networks. This concept has yet to be proven in a
working network environment.
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4.0 Fundamentals of Optical Networking

This section gives a brief overview of some of the design constraints that optical
technology imposes on Internet design. For amore in depth overview of optical
networking the reader isreferred to the following textbook [RAMA98] Alsothereisan

excellent tutorial paper on the Lightwave web site http://www.broadband-
guide.com/Iw/reports/report02983.html

4.1 Fiber Types

There are essentially 3 types of single mode optical fibers which are characterized by
their primary spectral window 850 nm, 1310 nm and 1550 nm respectively.

For long haul networks 1550 nm fiber is the most common as the EDFAS ( Erbium fiber
Doped Amplifiers) operatein small part of the 1550nm operating window. This means
that long sections of 1550nm fiber, up to 500 km can be deployed without el ectrical
amplification.

Thereare no smilar optical amplifier technology for the 1310nm and 850nm fiber
systems. As such these fibers are usually deployed in metropolitan or campus
environments where no optical amplification isrequired or where eectrical amplification
isrelatively inexpensive.

There are three types of 1550 nm fiber - No dispersion shifted fiber (NDSF), dispersion
shifted fiber (DSF), non-zero dispersion shifted fiber (NZDSF) or lambda-shifted fiber.
NZDSF is now the preferred alternative for systems expecting to deploy WDM. Before
the advent of WDM maost carriers deployed NDSF, which has the largest installed base,
or more recently dispersion shifted 1550 nm fiber which was manufactured to have the
minimum amount of chromatic and polarization dispersion at the desired transmission
wavelength. These fibers were intended for Time Division Multiplexing transmission
schemes and at one time it was thought that this would be the primary mode of data
transmission over optical fiber. But it becameincreasingly evident that the higher the
speed of TDM transmission networks incurred more non-linear effects such as chromatic
dispersion, polarization dispersion and so on. The common convention isthat 10 Gbps
(nominal OC-192) isthe upper limit of TDM transmission on an optical fiber or at most
40 Gbps (nominal OC-768). At any rate, the orders of magnitude increase in capacity by
WDM easily eclipse advance expected for TDM on embedded fiber plant.

With the advent of WDM fiber manufacturers discovered that optimizing for asingle
wavelength had a negative effect on WDM transmission particularly on those

wavel engths outside of the center wavelength. Due to chromatic dispersion in the fiber
signals get deformed because of propagation velocity difference between wave engths.
Hence many newer optical fibers have a non-zero dispersion profile to provide more
consistent chromatic dispersion across the various WDM wavel engths.
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Today there are commercial WDM fiber systems available ddlivering bit ratesin the
range of 40 to 80 Ghbps by combining a large number of 2 Gbps (nominal OC-48) or 10
Gbps (nominal OC-192) wavelengths. Typically thereis a trade off between the
individual capacity of each wavelength and the number of wavelengths so the overall
capacity of the fiber is generally unchanged regardless of whether each individual
wavelength issignalled at 10 Gbps (OC-192) or 2 Gbps (OC-48) datarates.

10 Gbps (nominal OC-192) wavelengths generally require wider spectral spacing then 2
Gbps (OC-48) systems. However, the big drawback to higher data rates on individual
wavelengths is the need for closer optical repeater spacing.

Fiber dispersion has a significant impact on the spacing and number of optical amplifiers
and electrical regenerators. Fiber systems today typically have dispersion values that
require optical amplifiers or EDFAs every 250 km. In the past year eeveral fiber
manufacturers have announced fiber that has significantly improved dispersion
characteristics. These new fiber products, combined with narrow spectral laser and
dispersion correcting devices allow the deployment of fiber systems up to 10,000 km
with no electrical regeneration.

4.2 asers

One of the big cost factorsin WDM systems is the high performance lasers required for
each individual wavelength. These lasers have to be extremely stable and operatein a
very narrow spectrum. Asthelasers can be located in small unheated repeater huts they
must also exhibit strong temperature stability aswell. Generally each laser is coupled
with an external modulator and an optical filter that removes any extraneous signal
outside of the given wavelength. These optical filters must also be of manufactured to
extreme tol erances.

4.3 EDFAs

To overcome the attenuation in the fiber, amplifiers are required. Only afew years ago
electrical amplification was the only technology available. However optical amplification
using special doped sections of fiber called Erbium Doped fiber Amplifier (EDFA) is
now quite common on long haul systems. They provide amplification in the 1550nm
transmission window typically over a 20 nm bandwidth.

Most EDFAs deployed today are "broadband" amplifiersin that they amplify all the
wavelengthsin aWDM as a group rather than amplifying each wavelength individually.
However a separate amplifier isrequired for the Tx wavel engths and the Rx wavelengths.

As most EDFAs are broadband amplifiers special precautions are needed in order to have
aflat gain profile over the entire WDM bandwidth. A non-flat profile gets accentuated by
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an amplifier cascade and cannot guarantee successful transmission of aWDM signal. As
aresult electrical amplification is required after about a half dozen optical amplifiers.

Asarule of thumb most current lasers can drive a signal about 80 km without optical
amplification at 2 Gbps (nominal OC-48) speeds and 50 km at 10 Gbps (OC-192) speeds.
So most municipal area WDM networks generally do not require amplification of any

type.

Current WDM long haul systems can support up to 5 or 6 cascaded optical amplifiers
before electrical amplification isrequired. Thisresultsin optical spans of up to 400 km
at OC-48 speeds and 250 km at OC-192 speeds. These numbers are only approximate
averages as network engineers can vary repeater spacing with a combination of more
powerful lasers and the use of passive dispersion correcting devices. Link loss budgets
vary considerably for different fiber types

4.4 Optical Couplers

To ungroup or group individual wavelength signalsin or out of aWDM signal a passive
device optical coupler isused. An optical coupler will demultiplex or multiplex all the
wavelengthsin aWDM system. Asthe signal is split passively, insertion lossin the
optical coupler must be also taken into account in calculating the span distance of optical
systems. Most optical coupler are usually integrated with a pre or post optical amp to
compensate for insertion loss in the coupler itsalf.

Each manufacturer of optical equipment has a different approach to handling transmit/
receive wavelengths. Some optical equipment manufacturers separate the transmit and
receive wavel engths onto physically separate fibers, whiles other use different
wavelength "bands" within the same optical fiber.

4.5 Electrical Repeaters

Electrical repeaters are still required in long haul WDM systems. Impairments caused by
cascaded EDFASs such as spontaneous noise accumulation become too large to be
corrected optically after the signal travels through 5 or 6 such amplifiers.

Electrical regeneration is defined in threelevels - 1R, 2R, and 3R. 1R "fully transparent™
regeneration smply takes any input signal and amplifiesit. An exampleisthe EDFA. 2R
"digitally transparent” regeneration converts the optical signal to eectrical, reshapesthe
pulse, converts back to optical and amplifiesit. Transponders which can accept input
signals of any non-SONET protocol are examples of 2R regenerators. 3R "SONET"
regeneration adds retiming to the process to eliminate jitter.
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Most electrical repeatersin SONET/SDH WDM systems must do R3 regeneration. As
the practical upper limit of electronic regeneration is 40 Ghps thisis thought to be the
upper throughput limit of most WDM systems. Aslower dispersion fiber becomes more
common and soliton technology is deployed this electrical amplification limitation will
eventually disappear in the next few years.

Some equipment manufacturers electrical amplify and regenerate all the wavelengths as a
group while others do the e ectrical regeneration on a wavelength by wavelength basis.

Asamajor cost of a WDM system can be the electrical regenerators that are required
every 200 - 500 km significant savings can be made by deploying asymmetric Tx/Rx
wavelengths. The optical wavelength capacity may be still present in the system, but
given wavelengthsin atransmit or receive group may not be electrically amplified at
each node along along haul WDM system if only one side of the eectrical amplifier is
deployed.

As most long haul WDM systems currently deployed are designed to support almost
exclusively SONET/SDH networks the el ectrical regeneration equipment is designed to
regenerate SONET/SDH frames. For thisreason SONET/SDH framing will be required
on these networks for the forseeabl e future regardless of whether the upper layer network
isa SONET/SDH, ATM or IP network.

However with the advent of Gigabit Ethernet WDM systems a more cost effective
electrical regeneration can be done with off the shelf GigaBit Ethernet switches
connected to transponders that do 2R regeneration to shape the laser output before being
injected into the WDM coupler.

4.6 Transponders

Transponders are devices that convert the optical signal from a router or other device and
produce an optical signal at the correct ITU wavelength to be inserted into an optical
coupler. The transponder in its smplest form, can be a wavelength converter only and
can perform conversion strictly in the optical domain using optical gating or wave-mixing
techniques with no regeneration or opto/electrical conversions.

Some transponders are data transparent and are ideal for WDM Gigabit Ethernet
networks. More expensive transponders, used in SONET/SDH networks re-shape and re-
time the incoming data from the router to match the transmission speed of the WDM
network. The transponder also serves as a demarcation device, ensuring network integrity
by providing ‘keep alive’ signal and test capabilities.

Back to back SONET/SDH transponders are sometimes used as an electrical repeater in
most long haul WDM systems.
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4.7 Optical Add Drop Mux, Cross Connects and Switches

These devices are generally not widely used in long haul WDM systems. However they
are starting to be deployed in a number of municipal area WDM systems where optical
and electrical amplifiersare not required.

Optical Add Drop Muxswill selectively drop or add a specific wavelength on a WDM
fiber. Rather than demuxing all of the wavel engths through an optical coupler common
in along haul system only a given wavelength is added or dropped at a node. The other
wavelengths are passed through the node optically.

An optical cross connect isin essence two optical add drop muxs connected back to back
so that a wavelength from one WDM system can be inserted into another separate WDM
system.

Today most optical add drop muxs and cross connects are passive devices that must be
pre-configured to drop or add specific wavelengths at anode. However, NxN optical
switches are now starting to appear commercially which will alow for dynamic
configuration of optical add drop muxs and cross connects.

Optical switches use tiny mechanical mirrors or acoustic surface wave filters to do the
actual switching. These devices are quite dow and it isunrealistic to expect that they
would ever be capable of working at data switching speeds. True optical switching and
routing wire line speeds will probably not happen for a few years yet.

Municipal Area WDM systemsis where most of this optical technology is deployed. On
long haul WDM systems all the wavelengths have to be electrically re-amplified, in any
event, at most major nodes and so all the switching and routing is done at the eectrical
level rather than at the optical level.

4.8 WDM standar ds and inter oper ability

Most modern WDM systems space their wavel engths on what is commonly referred to as
theITU grid. ThelTU grid specifies the minimum spacing and the actual "wave length”
of the individual wavelengthsin a WDM system. Thisisthefirst step towards an
interoperable standard for WDM transmission systems. But even though most systems
now conform to the ITU grid spacing thereis no standard on bi-directionality,
wavelength grouping, spacing, power levels, polarization, etc. Assuch it isexpected it
will be some time before there will be true interoperability between WDM systems from
different manufacturers. This also makesit difficult, if not impossible, to deploy
wavelength routing, for example, between a regional network whose equipment isfrom
one manufacturer to a backbone network provisioned by another manufacturer.
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5.0 Possible Optical Internet architectures

This section describes a number of potential Municipal Area Network (MAN) and Wide
Area Network (WAN) optical Internet architectures.

5.1 Basic Architecture of an Optical I nternet

Figure 5.1 illustrates some of the basic architectural concepts of an optical Internet as
defined in this document.

The principal defining feature is the use of high density Wave Division Multiplexing
fiber to deliver individual wavelengths directly to high performance IP routers.

The wave engths are coupled and de-coupled from the fiber usng aWDM Coupler or
sometimes referred to as optical multiplexer and/or an optical add drop multiplexer. The
WDM coupler is a passive device that using the same principle of a prism splits or
combines the light beam into its constituent wavel engths.

The output and input of the WDM coupler are ssimple fiber connectors which then direct
the data on the original wavelength to either the traditional SONET gear or the high
performance I P router.

Both sides of

ring used for IPtraffic\

Traditional SONET
Mux or DCS \‘

Traditional SONET
Mux or DCS

e - BT
\
30C48Tx— ﬂ
2 OC-48 Rx /
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Figure 5.1 Architectural Features of an Optical Internet
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One of the significant advantages of directly coupling the router to individual

wave engthsis that the optical system can be traffic engineered to closaly match the
traffic profile of the Internet data. Asnoted in section 2.2 Internet data can be highly
asymmetric between the transmit and receive channels. Existing telecommunications
systems cannot take advantage of this asymmetry as they were originally designed for
symmetric voice traffic.

In the example shown in Figure 5.1 there are atotal of 9 wavelengths, 5 on the working
fiber and 4 on the protection fiber. Two of the wavelengths are being used for traditional
SONET services on the working fiber with 2 wavelengths, unused and held in reserve on
the protection fiber in case of afiber cut. Thereare 2 Tx and 1 Rx wavelength on the
working fiber and one Tx and one Rx wavelength for atotal of 3 wavelengths going from
right to left and 2 wavelengths going in the opposite direction. Thistype of configuration
would support a 3:2 Tx/Rx data asymmetry which is relatively common on the Internet
today.

The other major distinguishing feature of an optical Internet isthe use of both sides of a
fiber ring, if it isavailable. By doing restoral at the IP layer rather than at the physical
layer at ot more sophisticated restoral techniques can be used as compared to the
traditional SONET restoral.

It is concelvable that given the extreme burstiness of Internet data that the average traffic
load on such a network could be significantly less than half of the aggregate bandwidth of
both the working and protection fibers. Rather than handling bursts through buffering, or
worse via packet |oss as is common in today's Internet the idle bandwidth in the
protection fiber can be put to good use to absorb bursts without inducing jitter, delay or
packet loss. In the event of afiber cut traditional buffering and packet |oss techniques
can be used to flow control the data volume through the remaining working fiber.

Aswdl, in the event of afiber cut, traffic such as IP telephony that is sensitive to jitter
and delay can be given ahigher priority over the best efforts I P traffic using established
and well know IP prioritization techniques.

The detection of afiber cut and instigating restoral procedures at layer 3 still remains an
area of considerable research. A number of technol ogies and protocols have been
proposed, but they are as yet untested or proven on real world networks.

The other advantage of using the working and protection fiber is the ability to deploy "cut
through" or "by-pass' wavelengths as shown in Figure 5.2. In comparison to ATM or IP
"cut through" techniques there absolutely no latency due to buffering in switches or
routers.

The disadvantage of optical cut through isthat it isnot dynamic and hasto pre-
engineered. A number of companies are developing optical cross connect switchesto
allow faster bypass switching, but the switching speed will remain very slow compared to
traditional routing and switching cut through techniques. The use of optical switching to
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support cut through of data flows of a few megabytesis unlikely in the forseeable future.
Given the bandwidth delay product of optical switching it is hard to imagine that it will
ever be used for data flows, but rather its most likely application isto allow relative "real
time" traffic engineering of wavelengths to support diurnal and other long lived large
aggregate traffic.

Traditional Hop by Hop Routing \orking Fiber
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Figure 5.2 WDM Bypassor Cut through

In Figure 5.2 note again the use of asymmetric wavelengths on the protection fiber. In

this example the bulk of the data flow is assumed to come from the US Gateway to the
various Canadian cities. The Toronto router isthe only router that has a path to the US
on the working fiber.

Figure 5.3 shows what a typical node might look like on a carrier fiber network. This
node supports the carrier's traditional SONET TDM services as well asthe optical
Internet. Two routers are used for redundancy. One router faces the protection fiber and
terminates the unidirectional data linksthat are used for the "bypass’ or " cut through"
wavelengths. The other router is used for traditional hop by hop routing and provides
tributary servicesto local customers.

Note the requirement for a transponder on each output port of the router. The
transponder converts and shapes the optical output of the router so that it can be launched
into the WDM coupler. Intime, it most likely that the optical outputs of the routers
themselves will be able to be directly coupled into the optical coupler.
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5.2 WAN versus MAN optical Internet networks

Municipal Area optical networks are where leading edge optical Internet technology is
most likely to be first deployed. Municipal Area WDM systems can have fibers
dedicated to one specific use and the wavel ength don't necessarily have to be shared
amongst different user groups with different objectives. Assuch, inaMAN WDM
system, it isrelatively easy to dedicate a single WDM wave ength for "crash and burn”
testing while another WDM wave ength can simultaneoudly be used to support

production traffic.

Itisin MAN WDM systems where we will probably see the first deployment of novel
photonic architectures using such things as optical switching, wavelength trandation,
wavelength routing and so on.

Given the costs of optical amplifiers and electrical repeaters on long haul WDM systems
itisonly practical that an optical Internet share wavelengths with other production or
commercial users. Asthe EDFAson long haul WDM systems are extremely sensitive to
signal disruption typical of that caused by optical switching or wavelength routing it is
unlikely that the carriers would tolerate such disruptions to their networks.
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In long haul WDM systems therefore the individual wavelengths will only be accessible
through an eectrical interface under the control of the carrier such asatransponder. This
means that switching and routing will be done at the electrical level before the aggregated
signal isinserted into the WDM system. The WDM wave engths in fact looks like a layer
2 point to point connection between the respective routers and/or switches. Consequently
the architecture and design issues of along haul WDM optical Internet are very smilar to
those of a network usng ATM PVCsor leased lines.

However there are some advantages of directly coupling routers to the WDM

wavel engths rather than going through one or more intermediate layers such asthe TDM
or ATM layer. Routersthat are directly coupled to the WDM wavelength will have direct
control over that traffic that goes on the wavelengths over both the working and
protection fibersin long haul fiber rings. This means between any two routers there are,
in effect 2 paralld paths. Further given the Tx/Rx asymmetry of most Internet links the
WDM wavelengths on some supplier's optical equipment can be configured such that
there are different ratios of Tx/Rx wavelengths on any given link.

For further discussion on the necessity of why long haul WDM systems will have to
remain "opague’ and use dectrical interfaces rather than transparent optical wavelength

routing please refer to the following Lightwave article http://www.broadband-
guide.com/Iw/feat/feat2982.html

In the MAN it isrelatively easy to deploy an optically transparent network as thereis no
need for dectrical regeneration. Given the short segment between nodes it is possible to
deploy a LAN based protocol network such as Gigabit Ethernet.

5.3 Hybrid Optical Internet Networks

Given the high cost of long haul WDM systems in some cases it may make more sense to
deploy hybrid optical internet networks until traffic volumes justify a full optical
architecture. One example would be to use an optical link for a high volume transmit
traffic and the lower volume receive traffic would usean ATM PVC or SONET/SDH
OC-x circuit. Alternatively the WDM wavel engths can be used for high volume data
transfer between central nodes and ATM PVC's or SONET/SDH OC-x's are used for
restoral purposes in the event of afiber cut.

Figure 5.4 illustrates a hybrid optical Internet. The architecture assumes a high Tx/Rx
asymmetry in the traffic flows where all the optical wavelengths are used to carry traffic
in onedirection. Thereturn traffic is carried on ATM PVCs. Aswell hop by hop
connectivity is done at the ATM layer.
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Figure 5.4 Hybrid Optical Internet

This type of architecture may require the use of the Unidiectional Link Layer Routing
protocol (UDLR) [DABB96]. UDLR has been a proven approach to network routing in a
number of unidirectional overseas Internet satellite links. Another possibility as

described in section 6.0 isthe the use of MPLS Uni-directional Traffic trunks
[AWDU9S].
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Figure5.5 Hybrid ATM and Optical Internet - ATM link used for backup
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Figure 5.5 illustrates a hybrid optical network architecture where the restoral path isa
conventional ATM network. Thistype of architectureis possible, even with the lower
bandwidth capability of the ATM network. Asdescribed in section 2.1, Internet datais
extremdly fractal and bursty. So even though peak bandwidth may be very high, the
average bandwidth can be significantly less than the peak bandwidth. In the event of a
fiber cut, such that the ATM circuit is used for restoral purposes, the data peaks will have
to be significantly buffered to be carried on the ATM network. If the Internet trafficis
predominantly best efforts computer to computer traffic the effect on the end stations
would be a microsecond delay in the data transfer which can easily be accommodate by
the end stations if they are computers. If the traffic is human to human traffic, then it
would have to be prioritized in the buffers so asto minimize jitter and delay.

Clearly another important issue is the speed of the restoral capability via the backup
ATM circuit. Much work has yet to be done on layer 3 restoral protocols as further
described in section 6.0

A third hybrid optical architectureisto treat the WDM channels as one way broadcast
similar to the delivery of Internet data by satellite.

ATM Cloud
for regular IP and QoS

FE=Us Gateway @Toronto @Montreal %Calgary @ Vancouver
S T

e N
=

WDM used to carry bulk high volumetraffic in one direction

Figure 5.6 WDM Broadcast

Thistype of architecture is commonly used on overseas links where a satéllite circuit is
used to augment the one way bandwidth between the overseas destination and the US
where most web traffic originates.
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In theory it might be possible to deploy optical multicast devices at each node and use
only one wavelength for the distribution of the data. However, this may be impractical of
the bulk of the data is made up of individual TCP flows.

5.4 Using both sides of a fiber ring

As mentioned previously one of the major attractions of connected WDM wavelengths to
arouter isthe ability to use both sides of afiber ring used in long haul WDM systems to
give the route access to all of the bandwidth and eliminate network elements.

By using both sides of afiber ring, large data bursts can be transmitted without buffering
or packet loss. This minimizesjitter and delay in the network and the need for complex
QoS mechanisms to prioritize traffic.

Even though the working path and the protection path may be available in terms of
bandwidth, the average load should be kept at less than half of the aggregate bandwidth
so that in case of afiber cut, therewill still be sufficient bandwidth to handle the offered
traffic. In that case, packet losswill occur on bursts and the TCP congestion avoidance
mechanisms will throttle back the data rate on any given flow.

The IP datagram concept is premised on a survivable re-configurable network
architecture using various routing algorithms. The challengeisthat this network
survivability was not designed to work a microsecond speeds typical of a SONET
network. However there are a number of promising architecture possibilities that might
be able to provide the same speed of protection speed at layer 3 as further described in
section 6.

The carriers commonly deploy WDM networks in ring topologies. Point to point fiber
connections are used only in access links to hubs or nodes or municipal or long haul
networks.

There are basically two types of WDM rings. The ring topology is driven by the overlay
SONET architecture more commonly described as UPSR (Unidirectional Path Switched
Ring) and BLSR (Bi-directional Line Switched Ring). BLSR rings comein 2 flavours
2/BLSR and 4/BL SR, the former necessitates a SONET network layer while the later an
be adopted to other network protocols [RAMA98].

UPSR rings are usually deployed in metropolitan areas and are referred to as 1+1
protection switching. UPSR rings were deployed in older fiber systems with no WDM

capability.

In 1+1 protection switching traffic is smultaneoudly transmitted on two separate fibers
(or wavelengths) from the source to the destination. The destination selects one of the
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two paths for reception of the data. If thereisafiber cut the destination switches to the
other path. Thistype of protection is very fast and requires no signaling protocol on the
other end.

The big draw back with UPSR is that thereis no path or bandwidth re-use. The
bandwidth of the ring must equal the total of the ingress bandwidth of all the nodes
attached to thering.

As both the working and protection paths are used to carry data, UPSR 1+1 ring
architecture is generally not applicable to an IP router network. Theroutersin an IP
router network keep track of the routing topology and route packets accordingly. In the
event of afiber cut routing tables must be updated to reflect the new network topol ogy.

An optical 1P network using a UPSR architecture is therefore not likely to have the same
response time as an equivalent SONET UPSR ring to afiber cut. Moreover asthe fiber
must be used in both directions, trunk combining or QoS prioritization technigques cannot
be used.

In the case of UPSR fiber rings the best solution for redundancy and path protection isto
use the SONET layer. The tradeoff isloss of bandwidth.

Generally UPSR architectures are losing favour to BLSR architectures principally
because of the bandwidth re-use factor and the added protection provided by BLSR
architectures. However, a number of vendors offer UPSR emulation on BLSR rings
because of the very high speed protection capability offered by UPSR. For that reason,
UPSR architecture might be advantageous in an optical IP network particularly if the
routers can operate directly as SONET ADMs (Add Drop Multiplexers).

BL SR architectures use a switched protection path, commonly referred toas 1:1 or 1:N
protection switching. In 1:1 ringsthereis a one to one correspondence between the
working and the protection path. In 1:N systems there is one protection path for "N"
working paths.

Clearly 1:N protection paths cannot be used for optical Internet asthey are reserved for
protection several paths which may support different types of services.

There are two ways of simultaneoudy using the working and protection pathson a 1:1
fiber or wavelength ring. Thefirst isto place a"combiner” or "inverse mux" in front of
the router to combine the bandwidth of the 2 fiber paths into one bandwidth pipeinto the
router. Thistechnique of inverse muxing is used quite commonly to multiplex several
low speed links into one combined high speed link.

A combiner or inverse mux may be effective on 4/BLSR fiber rings to link together the
intermediate spans to appear as single pipes to the router.
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Several equipment manufacturers have devel oped technology that works as a link layer
combiner or inverse mux to deliver alayer 3 seamless high bandwidth pipe. To the
router, the effect of afiber cut isto reduce the effective bandwidth by half.

However, to throttle back the data flow if it is greater than the working aggregate
bandwidth of the working fiber requires the invocation usual TCP congestion
mechanisms on each flow to be activated. This may take several seconds on high
bandwidth link.

The other approach to using both sides of afiber ring is to terminate both sides on one or
more separate routers, or router ports and use more traditional routing protocols such as
OSPF and 1SS to manage the dual path. The challengein this architectureisto load
balancing with a routing protocol that only does binary route selection. MPLS and other
| P switching protocols, however, may be better suited for this type of application as
discussed in section 6.

5.5 Optical IP Municipal Area Network

A number of companies have announced municipal area WDM network products. These
products can support up to 64 WDM channel's up to 80 km without a repeater.

As no repeaters are required, in most cases they provide for compl ete data transparency
and used to deliver analog signals such as video, as well as data on the individual
wavelengths.

As mentioned in section 5, data transparency is still not possible on long haul networks
which requires electrical regenerators. So for the forseeabl e future the interface to the
backbone network will be through an eectrical router or switch. However, optical
switching and cross connects are possible on regional optical networks as there can be
compl ete data transparency on each link.
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Figure 5.7 illustrates a typical municipal WDM [P network that interconnectsto a
backbone optical 1P network. In this example, a Gigabit Ethernet wavelength is used to
interconnect the optical backbone network with the GigaPOP router. Similarly a Packet
over SONET wavelength is used to connect the same router to a commercial Internet
router.

Along the same fiber, other wavelengths are used to provide point to point connections
between local universities and the GigaPOP. In addition another wavelength is being
used to distribute analog video from one campus to ancther.
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Figure 5.7 Municipal Optical 1P Network

A 64 channel WDM fiber can provide approximately 150 point to point connections
depending on how many wave engths can be re-used. Each one of these channels can
support a dedicated Gigabit Ethernet or an OC-48 connection.

One of the big advantages of an municipal optical Internet isthe low cost of delivery such
asarvice. Thetraditional spoke and hub architecture of traditional urban network
architecture with low bandwidth links into a major central switch is not necessary. In
effect the WDM fiber extends the office LAN concept into a much larger geographical
setting. The costs of delivering Internet services over such an architecture may prove to
be significantly less than traditional loop technologies.
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5.5 Optical Internet Exchange

Another variant of the municipal optical Internet isthe Optical Internet Exchange.
Currently Internet exchange points are based either IPor ATM switches. Most IP switch
exchange points are badly congested and suffer from head of line blocking problems
through the switch. The more recent ATM exchange points have higher capacities and
suffer less from congestion. The other main attraction of an ATM exchange is that
Internet Service Providers can keep their routers and other equipment on their own
premise and only have individual point to point virtual circuitstransit the switch.

Some Internet Exchanges are also large hosting sites for high performance web servers
such asthe Digital Internet Exchangein Palo Alto.
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| E Web Server

Packet over
SONET

/ Ethernet ISP A

ATM
‘_@ OADM OADM

OADM

Common Internet
Exchange Router

Figure 5.8 Optical Internet Exchange

OADM

An Optical Internet Exchange has al the advantages of an ATM exchange without the
need of a central ATM switch. Figure 5.8 gives an example of how an optical Internet
exchange might be configured. A municipal fiber ring would be deployed between
various distributed facilities that hosted the routers and switches of a number of
independent ISPs. |SPs could establish point to point wavelengths between their routers
and or ATM switches.
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It is quite common to have highly asymmetric traffic flows across an exchange,
particularly from those that host large web servers. One wavelength would be dedicated
to for the high volume asymmetric data flow, while a shared wavelength could be used
for lower volume return traffic which might also be routed through an a more traditional
exchange router facility. The exchange router facility with a set of common wave ength
for al I1SPs can also be used for low flow traffic volumes that do not need their own
dedicated point to point wavel engths.

ISP B 5o a

Common Internet

% Exchange Router

Small 1SPs ¢

Figure 5.9 Logical Diagram for Optical Internet Exchange
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6.0 Traffic Engineering, Restoral, QoS and Network
M anagement

Probably the largest area of research that has to be undertaken with optical Internetsisin
the area of traffic engineering, network management, quality of service and network
restoral. This section describes some of the mgjor issuesin these areas and some possible
solutions.

6.1 Traffic Engineering

Traffic engineering is concerned with the performance optimization of network resources
to effectively match the high cost of network assets with the ever changing demandsin
bandwidth and quality of service [AWDU98]

Internet routing protocols are generally not well suited to traffic engineering of a

network. As such network engineers have relied lower layer transport clouds, particularly
ATM networks. The use of lower layer transport networks enables virtual topol ogies that
appear as physical linksto the IP layer. ATM networks in particular provide for arich set
of constraint based routing, call admission control, traffic shaping and policing resources.

In an optical Internet thereis no lower layer transport protocol, and as such traffic
engineering must be done at the IP layer. There have a number of proposed solutions for
performing traffic management at the IP layer, but the most promising appears to be
MPLS - Multi Protocol Label Switching [CALL9S].

MPLS integrates a ssimple fixed label switched networks with a more complex network
routing protocol. Throughout the interior of a cloud the labels are used to make smple
one hop forwarding decisions. This simple construct allows for some very sophisticated
network engineering management and traffic engineering capabilities at the IP layer.

6.2 Restoral |ssues

In traditional telecommunication networks restoral and protection has always been
considered alayer 1 function and generally transparent to upper layer services.
SONET/SDH, aswell as the recent introduction of optical ADMs or switches, isawell
established technology built exactly for this purpose. In the case of SONET/SDH systems
the SONET DCS equipment detects a fiber cut vialoss of signaling on the working fiber.
It then sends asignal in the SONET header of the return path which uses a different fiber
to notify the transmitter of the fiber cut. The transmitter then switchesto the protection
fiber.
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One of the major advantages of SONET ring networks in that they have been ableto do
restoral in aslittle as 50 msec. However, the need for this type of restoral for Internet
networks may not be necessary as other layer 3 techniques such as re-routing onto diverse
paths can be used for restoral purposes.

Layer 3 restoral offers considerable degree of flexibility in terms of restoral paths and
provisioning of differentiated restoral levels of service based on the requirements of the
application. For example alayer 3 restoral service could offer a different restora
capability for voice traffic which is very sensitive to audio disruptions as opposed to
TCP/IP computer traffic which can tolerate much larger outages and can be easily
buffered and re-routed in the event of an outage. One of the distinct benefit of TCP/IPin
the event of afiber cut isthat the host computer keeps al TCP/IP packets in memory
until it receives from the destination confirmation of the transmitted packet.

Figure 5.5 illustrate a hybrid optical network architecture where the restoral path isa
conventional ATM network. Thistype of architectureis possible, even with the lower
bandwidth capability of the ATM network because Internet data is extremely fractal and
bursty and has a much lower utilization factor [OLDY98]. So even though peak
bandwidth may be very high, the average bandwidth can be significantly less than on
traditional voice circuits.

In the event of afiber cut, such that the ATM circuit is used for restoral purposes, the
data peaks will have to be buffered to be carried on the ATM network. If the Internet
traffic is predominantly best efforts " computer to computer” traffic the effect on the end
stations would be a microsecond delay in the data transfer which can easily be tolerated
by most computational processes. If the traffic is human to human traffic such as
interactive voice and or video, then it would have to be prioritized in the buffers so asto
minimize jitter and delay.

Clearly another important issue is the speed of the restoral capability. Although Internet
routing is"intrinsically" restorable via the normal routing protocols such as OSPF and
BGP, on large complex network it may take several seconds to recal culate the routing
table for the new network configuration in the event of a fiber cut. Many router vendors
also implement timer and dampening algorithms to prevent false triggering of route
calculation in the event of afiber cut.

For example, OSPF uses a "hello" message protocol that is sent every few seconds to
notify the receiver that link is still available. Non receipt of these "hello" message after a
suitable time out indicates link failure. One approach to speed up restoral times in single
domain networks that use an interior routing protocol like OSPF isto "crank down" the
timers so that alink failure is detected after the absence of one "hello" message. If
SONET framing is used on the link then alink failure would also be signaled on the
SONET interface of the router.
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OSPF and other routing protocols were designed for |ess reliable networks than today's
infrastructure. In general, optical networks are for more reliable and "cranking down" the
interface failure or "hello" timersis considerably reasonably safe.

Restoral between autonomous systems in the public Internet becomes more of a challenge
as the routing tables become significantly larger and routing convergence, assuming there
IS no route dampening can take several seconds.

MPLS ( Multi Protocol Label Switching) [CALL98] shows some clear advantagesin this
area. AsMPLS only uses fixed length labels matched to an index of interfaceson a
router the path routing complexity is significantly smplified. Routers cache all label
from all their neighbors and in the event of a path failure the next available cached |abel
can be retrieved quickly to provide an alternate path.

In many ways MPLS has a striking similarity to some of the proprietary the techniques
used in the SONET/SDH world to detect and route around node and path failure on
SONET/SDH networks. Further work remains to be done on the MPLS standard but
thereis every reason to believe that MPLS switching should allow for restoral times
consistent with 1:1 switching at the SONET layer.

6.3Q0S

Currently there is a considerable amount of research being carried out in defining and
deploying Quality of Service on IP networks.

Some studies advocate "over-engineered” networks as away of solving the QoS problem
[OLDY98]. However QoS techniques may still be required for high bandwidth networks.
It isinevitable, that even on alow utilized network there will be peaks and bursts from
timeto time. Although these bursts maybe infrequent they can disrupt any jitter sensitive
traffic like voice or video. Ingress QoS techniques that prioritize traffic, based on traffic
type may be all that isrequired in such circumstances, as "bandwidth" QoS is not
necessary on lightly loaded links.

With the explosive growth in WDM systems bandwidth may not be the limiting factor,
but inhomogeneity in the overall network architecture. For exampleit is quite common to
have a high bandwidth campus backbone with little congestion connected to a high speed
backbone network through a narrow band local oop connection.

End to end QoSisnot required in thissituation. Rather and egress or ingress QoS
through the narrow band local 1oop probably makes more sense.

Thereisawealth of material on QoS and we will not make any attempt to replicate that

debate here. For further information on QoS the reader isreader isreferred to the
excellent book by Paul Ferguson and Geoff Huston [FERG9S].
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6.4 Networ k M anagement | ssues

One of the major challenges for carriersin deploying optical Internet systemswill be
integrating their existing network management systems that independently monitor
different layers of the network.

In atraditional carrier environment, the SONET and optical transport systems are
managed independently of the network service layer management systems. It isquite
common for the IP and ATM network to be managed, not only logically separate but
geographically separate from the transport services area.

Currently, as the optical components do not interact with the electrical signaling they are
managed with an “out of band” management system. SONET network components, on
the other hand use the SONET header for the transmission of management and control
signaling. While traditional layer 3 services like IP have there own set of management
protocols and services usually based on SNMP.

With the deployment of optical, or hybrid optical Internets service layer managers and
customerswill need at least a view of the physical optical layer. It will be impossible for
them to diagnose network failures or outages without a full view of the optical layer.

Optical linkswill probably be integrated with a number of other transport technologies
such as Frame Relay, ATM, Packet over SONET and traditional leased line services.
The complexity of managing so many different types of transport technol ogies with
different Quality of Service parameters points to the need for a uniform network
management abstraction of the different underlying systems.

Probably the most logical integrated network management approach isto use MPLS as
the network paradigm such that the optical wavelengths can be treated as an individual
uni-directional label switched paths. Traffic engineering and management of the network
then is the same regardless of whether the network is made up of ATM VCs, Frame
Relay circuits, optical links or leased lines.

AsMPLS convergesthe Layer 1,2,3 networks it simplifies the network management
process and permits routing and traffic engineering to be carried in a homogenous
abstraction of the network links, whether they be physical wavelengths or routed
paths.][AWDU9g]

Danid Awduche's Internet Draft [AWDU98] gives an excellent overview of the use of
MPLS as a traffic engineering tool. A future WDM network that integrates ATM and
SONET links as shown in Figure 1.1 can be described from a MPLS traffic engineering
viewpoint as shown Figure 6.1.

Each of the underlying transport services can be described in terms of MPLS abstract as a

Label Switched Trunk (LST) made up of one or more Label Switched Paths (LSP)
interconnecting two or more Label Switcher Routers.
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Figure 6.1 MPL S Abstraction of Integrated WDM, SONET, ATM network

Each of MPLS trunks can be assigned a set of attributesin terms of traffic priority,
preemption, quality of service and other objectives. The network manager now has a
common set of tools to define the management of these services within a common
abstract framework regardless of the underlying transport mechanism.

One of the attributed than can be used to define atrunk isresiliency. Reslliency isan
attribute that determines the behavior of the trunk under fault conditions such as a fiber
cut.

With theresiliency attribute it possible to establish a number of different restoral policies
for different trunks. These restoral policies might include no restoration, restore only if
an alternate path or sufficient resources exist, restore regardless of resources available on
aternate path and many other schemes.
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7.0 Futur e costing and mar keting scenarios

The advent of WDM Internet networks promises to significantly reduce the cost of
Internet service over the next years. Combined with sophisticated QoS offerings,
configurable network services and new hilling systems it may be possible to deliver
Internet service for afraction of the costs that 1SPs and carriers currently charge.

The costs of atypical long haul WDM system are made up of several major components:
fiber cable, right of ways, repeater huts, installation, wideband optical amplifiers, WDM
couplers and dectrical regeneration equipment. These cost eements are generally
independent of the type of service that is operated on the system itself, whether it isIP
over WDM, SONET or ATM.

$200k per Tx/Rx
p WDM WDM $200k per TX/RX
Coupler Coupler
$20K $20k
»mm : 8 - 50 km‘>
| finipl s
H A Wdeband
$250K Optical
SONET Repeater SONET
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or Gigabit or Gigabit
Ethernet regen D 20k Ethernet regen

Approximate Distances for OC-192 system

Figure 7.1 Major Cost Components of aLong Haul WDM System

7.1 Long Haul IP over WDM Costing

The following "back of the envelope" cal culations show the significant savings that can
be achieved with optical IP over WDM networks. All costsarein US dollars.

The cost of fiber cable today costs about $4 to $6 per meter for 48 strand NZDSF
http://208.196. 156. 168/ news/ i ndex. ht m The economic life of today's fiber is
about 20 years. As arule of thumb maintenance costs are about 10% of the capital costs
of the fiber.

Installation costs vary, but typically run about $25 per meter in urban areas and about $15
per meter along highways or railroads. Fiber on poles runs about $6 per meter, but
annua maintenance costs then run about 20% per year.
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Wideband bi-directional optical amplifiersrun at $250K which includes cost of
equipment bay and supporting equipment. However most equipment bays will support
several optical amplifiersfor different fibers so the cost of an optical amplifier for a
singlefiber isin the order of $150K. On OC-192 systems wide band optical amplifiers
have to be located approximately every 50km. Some optical amplifiersare availablein
uni-directional versions for about half the cost of a bi-directional amplifier.

Electrical regenerators cost in the order of $300K for a bi-directional OC-192 R3
repeater. OC-48 R3 repeaters are significantly less at $100K. The uni-directional costs
for such repeatersis assumed to be half the bi-directional costs. Electrical repeaters have
to be located approximately every 250 km. WDM couplers cost about $20k each for an 8
wavelength coupler.

The per meter costs for long haul 2 wavelength optical 1P network are as follows,
assuming in all cases a 10% cost of money, and no right of way costs. Thefirst column
shows the aggregate costs, while the second column shows the equivalent per wavelength
cost assuming 24 strands are used and there are 8 wave engths per strand

First we must calculate the fiber cable and installation costs;

Fiber: $6 per meter @ 20 year amortization $2.72 014

Installation: $15 per meter @ 20 year amortization 554 .023

Repeater huts. $50K/50km @ 20 year amortization 1.48 .008
Total per cable costs per year $9.74

For a 48 strand cable, assuming that only 24 strands are used ( the remaining strands are
kept as spares) resultsin acost of $9.74/24= $.41 per strand per meter or $410 per km
per year.

According to arecent article in Boardwatch magazine the market rate for long haul dark
fiber is about $500 per km [Boardwatch April 1998 - p86] per year. We also know that
Bl Canadain May of 1998 purchased 12 strands of an 8700 km fiber run for $127
million from fonorola. The capital cost on a per strand basis isthen 127,000,000 / 8700 /
12 = $1216 per km or $1.216 per meter. Using the same 20 year amortization with a 10%
cost of money the annual cost works out to be $.55 per strand per meter.

The back of envelope calculation closes matches published data and the small difference
can be attributed to a profit margins and perhaps right of way costs. However, to be
conservative, for the purposes of this exercise the largest per kilometer cost will be used
at $.55 per meter per year.
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Optical amplifier and WDM couplers are required for each separate fiber strand.

Per strand Per 1

Per strand ingtallation and fiber costs $ .55

Optical Amplifier: $150K/50km @ 5 year amortization .99 124

WDM couplers. $20K/250km @ 5 year amortization .03 .004
Total per strand cost per year $ 1.57 per meter

For each strand of fiber we will assume that an 8 wavelength WDM system is installed.
The optical equipment, fiber and installation costs are $1.57/8 = $.20 per wavelength per
meter. For every pair of wavelengths an electrical repeater isrequired approximately
every 250 km

Per B Per 1
Per wavelength optical, fiber and installations cost $ .20
Electrical Regen: $250K/250km @ 5 year amortization /2 17 17

Total per wavelength cost per year $ .37 per meter

The costs then for 5000 km, 2 wavelength optical 1P network should be $.37 x 2 x
5000km would be in the order of $3,700,000 per year.

In the above analysis the contributory cost of each element of the costing structure was
calculated on a per wavelength basis. This calculation clearly shows which eements are
the main contributorsto the overall cost.

It isinteresting to note that the most significant, per wavelength cost e ements are the
electrical regenerators and broadband optical amplifiers. With the advent of lower cost
lasersit is reasonable to assume that the cost of broadband amplifiers could drop down
into the $50,000 range in the next couple of years. Aswell, with the advent of low cost
SONET/SDH framing chip sets and/or the use of Gigabit Ethernet it would be reasonable
to assume that the electrical repeater cost can be reduced to less than $25,000.00 per
TX/Rx pair.

If these cost reductions were to occur in the next couple of years then a 2 wavelength
5000 km optical Internet would drop to about $.13 x 2 x 5000 km = $1.3 million per year.

Another area of potential savings as illustrated by the above numbersis on increased
reach, particularly between the optical amplifies. In the above example, if were possible
to achieve 80 Km between optical amplifiers and only one electrical regenerator per 7 or
8 amplifiersfor a distance of 600 km between electrical repeaters then the network costs
would work out to $.21 per meter per wavelength. A 2 wavelength 5000km optical
Internet would cost $2.1 million per year. If, at the same time, the cost of the optical and
electrical amplifiers was reduced by the previous estimates then the overall cost would be
in the order $750K per year.
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According to arecent article in Boardwatch magazine the one time cost to light up a fiber
with traditional SONET/SDH services with no WDM is about $11,000 per OC-48 per
km. Assuming a5 year amortization with a 10% cost of money this cost works out to
$3.6 per meter. Compared with a current price of around $.74 (.37 x 2) for an optical
Internet of the same capacity, the differenceis 5 times less for an optical Internet versus
amoretraditional SONET network.

With lower cost regeneration equipment and greater repeater spacing the cost of an
optical Internet of the same capacity would bein the order of a penny per kilometer or
over 1/100 the cost of traditional Internet services delivered on SONET/ATM networks.

Moreover, with he elimination of the upper layer protocols the network management
costs of such a network would be considerably less than today’ s networks and the cost
differential would be well in excess of 1/100 traditional SONET services with no WDM.

7.2 Municipal | P over WDM costs

In municipal WDM networks there are generally no optical repeaters or eectrical
regenerators. However the cost of installation runs higher and the cost of right ways,
particularly in terms of charges by the municipal utility for shared use of the duct work
becomes significant.

First we must calculate the fiber cable and installation costs;
Per Cable Per 1

Fiber: $6 per meter @ 20 year amortization $2.72 014

Installation: $25 per meter @ 20 year amortization 9.24 .048

Right of way: $10 per meter per year 10.00 .052
Total per cable costs $21.96

For a 48 strand cable, assuming that only 24 strands are used ( the remaining strands are
kept as spares) resultsin acost of $21.96/24= $.92 per strand per meter.

For each strand of fiber we will assume that an 8 wavelength WDM system is installed.
The optical equipment, right of way, fiber and installation costs are $.92/8 = $.12 per
wavelength per meter per year. A 5 km local 1oop with 2 wavelength should then cost
about $1200 per year. If an additional 2 wavelengths are used for protection then the
aggregate local loop cost is approximately $2400 per year. As municipal WDM systems
are data transparent, this means that an OC-48 or Gigabit Ethernet local loop should cost
$2400 per year!
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To this cost, must be added the actual optical add drop muxs or splittersthat will be
required at each node. This cost will vary with the number of nodes and wavel engths but
is generally assumed to be significantly less than the cost of the fiber or right of ways.
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8.0 CA*net 3 - Canada's Optical Internet Initiative

In his budget speech on February 24™, 1998, federal Finance Minister Paul Martin
announced a $55 million investment in a project to equip Canada by the year 2000 with
theworld'sfirst optical Internet. This project isto be undertaken by CANARIE Inc.

The optical Internet will be a pre-competitive R& D network to provide a research
facility for Canadian companies and carriersto test new routing and switching
technologies that will be required in commercial, all-optical Internet networks of the
future and provide them with a platform for showcasing their next-generation Internet
products; and to provide Canadian researchers at universities and research laboratories
doing advanced meritorious research or applications devel opment with a high
performance, high bandwidth network to carry out R&D that would not be possible on
the existing commercial Internet.

There is awel-established body of research in optical network design, and many carriers
are deploying WDM networks throughout the world. The intent of the R&D component
of the optical Internet project is not to pursue pure research relating to optical networking
technology, but to investigate how optical networks of the future may be optimized to
take advantage of the unique characteristics of 1P traffic and architecture.

Currently, all networks, even the most recent optical networks, are designed first and
foremost to carry voice traffic. The optical Internet project will be thefirst attempt to
build, from the ground up, a network designed first and foremost for data traffic,
specifically Internet traffic.

On Jun 21%, 1998 a consortium led by Bell Canada was selected by CANARIE to be its
research partner in deploying the optical Internet. The consortium members include
CISCO, Nortd, Newbridge, JDS Fitel and Cambrian Systems amongst others.

In partnership with CANARIE the consortium will initially deploy an 8 wavelength OC-
192 optical Internet across Canada next year. Initially only 2 wavelengths will be
activated and the network will run in parallel with the existing CA*net 2 ATM network.

The network will interconnect 13 GigaPOPs where regional high speed research
networks will interconnect to the optical Internet backbone. The GigaPOPs are aready
connected to the CA*net 2 network and it is expected that most of the research into
restoral and optical Internet engineering issues will be carried out at the GigaPOPs
themselves.

Theregiona high speed networks connect up the major universities and research
ingtitutions in each province. Most of the networks are ATM or SONET based ranging
anywhere from DS3 to OC-48 connectivity. Some of the regional high speed research
networks will also be migrating to optical Internet architectures aswell. So part of the
overall research program will investigate optical Internet, network to network
connectivity.
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9.0 Conclusion

Through a better understanding of the evolving nature of the Internet in terms of server
bound congestion and asymmetric traffic optical wavelengths can become a powerful
instrument in traffic engineer'stoolkit of other infrastructure services such as Frame
Relay, ATM and leased lines.

Optical Internet networks will provide for smple to manage , high bandwidth services for
Internet exchanges and local loop facilities. The WDM fiber in many ways can be seen
asaway of replacing the concept of a central node and switch - in effect distributing
central switching functions along a number of optical add drop multiplexers or repeaters.

Clearly, WDM networks supporting an Optical Internet and other services will be a major

driver for future network architectures. It promisesto significantly reduce the cost and
complexity of future Internet delivery.
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