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ABSTRACT

Woe describe an optical regional access net-

. work which combines electronic IP routing with

intelligent networking functienality of the optical
WDM layer. The optical WDM layer provides
such networking functions as network logical
topology reconfiguration, optical flow switching
to offioad traffic and bypass [P routers, wave-
length routing of signals, protection switching
and restoration in the optical domain, and flexi-
ble network service provisioning by reconfig-
urable wavclength connectivity, We discuss key
cnabling technologies for the WDM layer and
describe their limitations. The symbiosis of clec-
tronic and optical WDM networking functions
also allows support for heterogencous format
traffic and will enable efficient gigabit-per-second
user access in next-generation Internet networks.

OpTiICcAL NETWORKING:
INTRODUCTION

The current explosion of communication traffic
volume is driven by an insatiable appetite for
Internet conncctivity on geographic scales from
intra-building to world-wide. This exponential
growth of traffic volume and the demand for cver
higher end-user data rates are expected to contin-
ue in the foresceable future. Optical fiber commu-
nication technology has kept up with the growing
traffic volume by cxpanding the use of wave-
length-division multiplexing {WDM} technology,
which allows multiple data channels at different
optical wavelengths to be transmitted simultane-
ously over a single optical fiber. Communication
systcm suppliers today are advertising WDM
transmission systems with capacities greater than 1
Th/s (1012 b/s) over a single fiber by means of
more than a hundred channels at 10 Gb/s each. At
the same time, communication scrvice providers
are laying fiber cables into the ground with more
than 100 fibers per cable. Much of this capacity
growth has been in point-to-point long-distance
backbone transmission, Importantly, observation
of the present growth indicates that the dominant
future traffic on national and worldwide back-
bones will be in the form of Internet Protocol (IP)

packets; next-generation communication infra-
structure should also support heterogeneous traf-
fic formats, including synchronous optical network
(SONET) and asynchronous transfer mode
{ATM). High-capacity clectronic IP routers are
already used to switch the backbone network traf-
tic, router capacities are expected to reach several
terabits pet second in the very near future,

While the growth of the backbone communi-
cation capacity has been tremendous, end-user
access to this capacity is still expensive and limit-
ed to data rates of kilobits and megabits per sec-
ond. Many rescarch groups and developers in
commercial companies are exploring ways to
cxtend high-data-rate capability from the back-
bane to the user; gigabit-per-sccond data rates
are desirable for some high-end users, such as
business premise routers and high-speed worksta-
tions. The use of WDM technology in such
metropolitan area access networks is a powerful
approach that is currently being actively explored.

MIT Lincoln Laboratory is part of a consor-
tium developing a next-generation optical WDM
regional network architecture for high-speed user
access to the IP Internet backbone. This work is
conducted under the auspices of the Next Gener-
ation Internet-Optical Network for Regional
Access with Multiwavelength Protocols (NGI-
ONRAMP) program sponsored by the Defensc
Advanced Rescarch Projects Agency (DARPA).
This consortium includes partners AT&T,
Cabletron, JDS Uniphase, MIT, and Nortel Net-
works. At present, optical long-distance backbone
communication uses wavelength multiplexing for
high-speed point-to-point data pipes; simple opti-
cal functionality, such as optical fiber cross-con-
nects and fixed add/drop multiplexing, is being
introduced into the backbone. Our optical access
network design incorporates electronic IP routers
interconnected by an intellipent WDM optical
core in a symbiosis of electronic and optical net-
working elements and functions. We use WDM
to provide important networking functionality in
the optical layer of the network, such as network
logical topology reconfiguration in response to
changes in traffic demand, switching of high-
speed data flows directly in the optical wavelength
domain to offload traffic and bypass IP routers,
wavelength routing of optical data signals to their
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intended destinations, protection switching and
service restoration in the optical domain in
response to fiber cuts, and flexible and rapid net-
work service provisioning using reconfigurable
wavelength connectivity. By means of available
transparent optical channels, this WDM multi-
channel netwotk also supports hetcrogencous
traffic formats, including SONET, ATM, Gigabit
Ethernet, and analog-medulated optical signals.
The major features of the proposed architecturc
will be implemented in an experimental testbed
network. In this article we deseribe the main
aspeets of our physical network architecture, with
the emphasis on WDM optical network configu-
ration and elements required to provide the
above optical networking functions.

Direct optical connections between network
users also place demands on the optical trans-
parency of the network, and we discuss issues
related to signal degradation in such data con-
nections. Other important issues of WDM opti-
cal networking which lie outside the scope of
this article are the development of the network
management and confrol systems to allow the IP
layer of the network to cfficiently utilize the
optical WDM networking layer,

PHYsICAL NETWORK ARCHITECTURE

The challenge in developing the physical architec-
turc of the WDM nctwork is to provide intclligent
network functionality at the optical layer, as well
as to allow optical and clectronic switching layers
to operate in synergy, Notwork scalability in terms
of number of users and network capacity is also an
important factor. In Fig. 1 we illustrate the key
physical architecture fcatures of our optical
metropolitan access network. The access network
is divided hicrarchically into a fecder network and
multiple distribution networks. End users are
locally connected to the distribution networks,
which in turn arc connected to access nodes in the
feeder network, Tn addition to connecting access
nodes to one another, the feeder network has one
or more connections to the communication back-
bone via backbone access nodes. In our imple-
mentation the feeder network has a ring physical
topology, although other topologics arc also possi-
ble, such as a mesh, Feeder access nodes can be
interconnected by multiple fibers for greater
capacity and rouie diversity; we use a dual-fiber
ring feeder configuration for its simplicity while
providing protection in casc of fiber cuts.

The WDM feeder ring carries multiple wave-
length channels A, different wavelengths provid-
ing connectivity betwecn different access nodes.
Thus wavelength &, can connect nodes 1 and 3,
while wavelength A; can connect nodes 2 and 6.
We cnvision systems with 10 to 20 access nodes
over a metropolitan area and 20 to 100 users on
cach distribution network. The feeder ring can
carry 10 to 100 wavelength channcls at data rates
of 2.5 Gb/s (0OC-48), 10 Gb/s (0C-192), and
potentially higher; transparent optical connec-
tions, for example with analog-modulated signals,
arc also possible. Passive distribution nctworks
can usc various physical topologies, such as a
trce, ring, or bus, Distribution networks carry
both the feeder wavelength channels and the
additional local distribution wavelength channels.
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W Figure 1. Physical architecture of the proposed WDM optical metropolitan
access network,

INTELLIGENT ACCESS NODES

In this optical WIDM network, both optical and
clectronic intelligent network functionality reside
in the access nodes which interconnecct data
flows between the fecder and distribution net-
works, The role of the feeder access node is to
route full optical wavelength channels and indi-
vidual IP data packets inside wavelength chan-
nels toward their destinations; a functional
diagram of the proposed intelligent access node
is shown in Fig. 2. Two key fcatures of our access
node design are the elcctronic TP router and the
optical wavelength router/Aransponder inside the
node. A third important feature is the ability to
direct optical signals to one of the two routers or
to completely bypass the routers for transparent
optical connections between uscrs.

In the proposed architccture the wavelength
channels selccted for fecder add/drop can pass
directly between the fecder and the distribution
network or can be first processed in the electronic
IP router or the wavelength router/ transponder,
which are part of the access node. The clectronic
IP router receives the selected wavelength chan-
nels at its input ports, converts the data from
optical to electronic form, processes the IP pack-
cts in electronic form, and finally routes the pack-
ets by retransmitting them through its
wavelength-tunable or fixed-wavelength optical
output ports, Besides its routing function, the IP
router can also aggregate the lower-data-rate traf-
fic from the distribution network onto higher-
speed feceder channels. The wavelength
router/transponder routes an optical signal by
recciving it on one wavelength channel and
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R Figure 2. A functional diagram of the network access node.

retransmitting it on another; control signaling is
vsed to set the desired output port wavelength.
The optical wavelength router/transponder allows
end wsers with distribution-wavelength or fixed-
wavclength transmitters to route their signals to
the desired destinations by using transponder
transmitters tunable over the feeder wavelengths.
Wavelength transponder transmitters, through
their use of long-reach external modulation lasers,
can also possess the more demanding capability
to transmit signals over longer distances of several
hundred kilometers.
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W Figure 3. Network connection scenarios for electronic IP routing, wavelength
routing, and optical flow switching.

Each fiber in our proposed feeder network is
designed to carry multiple wavelength channels
which we divide into WDM bands. This wave-
length banding approach will be cspecially con-
venient and important when tens and hundreds
of wavelength channels are carried over a single
fiber. Grouping wavelengths into bands of 10 to
20 channels leaves a relatively small and man-
ageable number of bands on the feeder, allowing
the selection of channels for add/drop one band
at a time. In this network architecture, the num-
ber of network users can be scaled conveniently
by adding additional access nodes and wave-
length bands on the feeder nctwork,

An access node sclects one or more bands to
add/drop from the feeder to the distribution net-
work; the nonselected wavelength bands bypass
the access node transparently. In the present
design the add/drop band selection is fixed and
not switchable. The sclected bands in the access
node are demultiplexed into individual wavelength
channels in the feeder optical add/drop multiplex-
er (OADM). We use a switched feeder OADM
which can switch the individual channels to be
added/dropped to the distribution network or to
continue undisturbed on the feeder network. In
the present design the distribution OADM is a
passive, nonswitchable (de)multiplexer that sepa-
rates all wavelength channels from the distribution
network for processing in the access node.

NETWORK CONNECTION SCENARIOS

User connection scenarios supported by this net-
work are illustrated in Fig. 3. The end user first
uscs his distribution network connection to reach
the entry access node; a passive distribution net-
work is shared by many users by means of a
WDM medium access control protocol. At the
entry access node the data is routed toward its
destination using the appropriate feeder-add
wavelength channcl. The channel is dropped at
the cgress access node and direcied via the dis-
tribution metwork to the endpoint destination.
Several connection scenarios are supported, with

. an appropriate scenario selected using control

signaling, For IP traffic the user connection can
be electronically terminated at the access node
clectronic IP router, which then routes the IP
packets toward their destination. For large data
flows, the user may bypass the IP router to send
an optical data flow directly to its destination.
Alternatively, the user may use the optical wave-
length router/transponder to access different
wavcelength channcls and data paths. We expect
that a significant fraction of the data traffic can
be handled using optical routing and bypassing
the clectronic IP routers. Therefore, for a given
IP router capacity, our intelligent WDM network
can handle a much larger traffic volume than a
network with purely clectronic routing.

Data path routing in this WDM network is
accomplished by switching the access nodes’ feed-
er OADMEs to add/drop the desired feeder wave-
length channels and by tuning the transmitters to
the appropriate wavelength channels. Such wave-
length-tunable transmitters are uscd in the end-
user equipment, the electronic IP router output
ports, and the wavelength router/transponder out-
put ports, In principle, fast electronic wavelength
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tuning of transmitters combincd with a fast con-
trol channel could allow IP packet routing on a
packet-by-packet basis. OADM switching is slow-
cr and also involves reconfipuration of the logical
network topology; thercfore, OADM switching is
expected to be done infrequently in response to
changes in traffic load patterns or for very large
data file transfers.

DUAL-FIBER RING AND
OPTICAL PROTECTION SWITCHING

Figure 4 illustrates the dual-fiber ring architec-
ture of the feeder network. Each fiber is unidi-
rectional; one carrics traffic clockwise (CW)
while the other carries traffic counter-clock-
wise (CCW). Thus, duplex connections on the
network consist of two simplex connections. In
our initial implementation we plan two wave-
length bands on the ring, the A band on the
CW fiber and the B band on the CCW fiber. In
case of a fiber cut, which can be detected by a
loss of light in the fiber, traffic in the cut fiber
is redirected onto the second fiber going in the
opposite direction around the ring. In this pro-
tection mode, fibers carry both their normal
band and the protected band from the opposite
fiber. After going around the ring in the pro-
tection band, the signal reaches its intended
node on the other side of the fiber cut, where
the signal is redirected back onto its normal
band fiber. In protection mode the signals are
dropped at access nodes only when they pass
them in their normal band and not in the pro-
tection band; this significantly simplifies the
protection control scheme and the access node
structure.

ACCESS NODE IMPLEMENTATION

Tor the access node functional schematic in Fig.
2, onc possible physical implementation of the
dual-fiber ring fecder access node is shown in
Fig. 5. Herc we show only the electronic TP
router, but a similar scheme can be used with
both IP and wavelength routers inside the access
node. WDM multichannel signals from dropped
feeder bands of both CW and CCW fibers arc
first demultiplexed into individual wavelength
channels. The optical 2 x 2 switch for each chan-
nel then sclects whether the channel is
added/dropped from the stream or continues
undisturbed back onto the feeder. If a particular
wavelength channel is dropped from the feeder
band onto the distribution network, this channel
can also be used to add a signal from the distri-
bution network onto the feeder, Wavelength
channels destined for the feeder are then remul-
tiplexed, with variable attenuators first cquili-
brating the channel power levels.

On the feeder drop side, the dropped feeder
wavelength channels can go directly to the distri-
bution nctwork or be terminated in the TP
router, with a set of 1 X NV optical switches play-
ing the role of a tunable channel selector. The
IP router drop output ports connect to the dis-
tribution network using the distribution wave-
lengths. On the feeder add side, signals from the
distribution network can be added directly to the
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fecder if they are on the feeder wavelengths. Sig-
nals on the distribution wavelengths, shown in
dashed lines in Fig. 3, are electronically termi-
nated in the IP router, where they arc clectrical-
ly processed and routed through the feeder using
the routers output ports tunable over the feeder
wavelcngths, Not shown in the figure arc optical

;figure 5. Physical ;'mlalementation of the dual-fiber ring feeder ac;ess node.
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amplificrs which are used to compensate for
propagation loss belween access nodes and the
various splitting and excess losses inside the
access nade.

Scveral schemes for implementing the access
node wavclength router/transpondcer are shown
in Fig. 6. In all cases, the use of ¥ x M signal
switches allows many input signals to time share
a smaller number of output ports, while wave-
length routing is done by tuning the output
ports’ wavelengths, Control signaling is used for
signal switching and output port tuning in thesc
wavelength routers. In the two router/transpon-
der configurations, the signals undergo optical-
clectrical-optical conversion with cither
clectrical or optical switching of the signals; out-
put transmitters arc wavelength-tunable. It is
casicr to make optical-clectrical-optical
transpondering for specific bit ratc signats, but
bit-rate-independent transponders arc also pos-
sible. Tn the all-optical wavelength router, the
signals are switched optically; bit-rate-indepen-
dent tunable all-optical wavelength converters
are used in the output ports. All-optical wave-
length converters are research type devices at
present.

Wavel ength-converter -

Wavelength converter

M Figure 6. Tunable wavelength router/transponder implementations: electrically

switched transponder, optically switched transponder, and optically switched

all-optical wavelength converter. Rx: optoelectronic receiver; Tx: optoelectronic

transmitter.

orpticaL WDM
ENABLING TECHNOLOGIES

The optical WDM revolution in transmission and
cmerging applications in optical regional net-
working arc cnabled by a range of key optical
technologics which are also used in our optical
nctwork design. At the foundation is the low loss,
0.25 dB/km, singlc-mode optical fiber, which
allows long-distance transmission with a band-
width window of about 25 THz. Erbium-doped
fiber amplificrs (EDFAs) provide optical amplifi-
cation to compensate power loss in optical signal
transmission and processing (splitting, multiplex-
ing etc.). Conventional C-band EDFAs covor the
1530-1565 nm wavelength rangc and cxtended T.-
band EDFAs cover the 1565-1605 nm range for
a total available gain bandwidth of 9 THz. Com-
mercial systems have already capitalized on this
bandwidth by using 100 GHz and 50 GHz spaced
channels at channel bit rates of up to 10 Gb/s
and a total fiber capacity of greater than 1 Th/s,
Future trends arc toward smaller channel spac-
ing, higher bit ratc per channel, and higher spec-
tral cfficiency (bits per sccond per hertz).

WDM filters are another key technology;
they allow splitting and combining of the avail-
able wavclength band inte more than 100 indi-
vidual wavelength channels. A variety of WDM
filter types are available, such as fiber Bragg
grating filters, dielectric thin-film filtcrs, and
Mach-Zehnder and waveguide-grating-router
devices. Semiconductor lascrs arc used in trans-
mitters for the WDM multichannel systems.
Fixced-wavelength distributed feedback (DFDB)
semiconductor lasers with wavelengths on an
internationally standardized wavelength grid are
now widely available. Semiconductor lasers tun-
able over as much as 40 nm (4.6 THz) are also
becoming commercially available,

Electro-mechanical, and in the very ncar
future micro-electromechanical system
{MEMS), optical fiber switches switch full-band
optical signals between multiple fibers; switch-
ing times arc now typically between a few and
tens of milliseconds. Signal splitters, combiners,
and variable attenuators allow further manipu-
lation of optical signals. High-speed, greater
than 10 Gb/s, single-channel transmission is
cnabled by a variely of optical and clectronic
componetis. Among the key devices here arc
low-wavolength-chirp external lithium-niobate
modulators, as well as integrated or copackaged
semiconductor electroabsorption and Mach-
Zehnder modulators, with modulation band-
widths in excess of 10 GHz. Commercial PIN
photodetectors and avaianche photodetectors
(APDs) provide receiver bit ratcs of 10 Gb/s and
higher; EDT'A-based optical preamplifiers enable
high scnsitivity of these optical receivers. Disper-
sion-compensating fiber allows compensation of
the fiber link dispersion for high-speed leng-dis-
tance signal propagation, as well as tailoring of
the dispersion profile in the dispersion-managed
optical signal path. These and other optical tech-
nologies are being further developed to provide
richer functionality for WDM applications while
improving their performance and reducing com-
ponent-induced signal impairments.
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WDM NETWORK
OPTICAL SIGNAL IMPAIRMENTS

Onptical signals propagating over WDM networks
suffer a variety of physical impairments that
degrade the signals and limit system performance.
Understanding thesc impairments and minimizing
signal degradation are especially important for
transparent optical connections across the net-
works. Some of the key impairments are dispersion
of optical fibers and WDM multiplexing/demulti-
plexing filters, coherent and incoherent signal
crosstalk from imperfect WDM channcl filtering,
WDM filter passband narrowing on filter cascad-
ing, polarization-dependent loss and polarization
mode dispersion, finite optical signal extinetion,
wavelength chirp of modulated laser transmitters,
and optical fiber nonlinearities. Optical amplifier
impairments include additive spontancous emis-
sion noise and nonflat gain profile. An important
issue for reconfigurable WDM nctworks is tran-
sient gain dynamics in optical amplificrs due to
WDM channel switching; these transicnts can be
suppressed by clectronic or all-optical gain control
techniques, Optical amplifier impairments, inter-
channel crosstalk, and signal dispersion are proba-
bly the most important signal degradation
mechanisms in WDM networks. In the network
context, where optical signals pass through multi-
ple access nodes and potentially through an arbi-
trary path in a mesh-connected network, it is
especially important to understand the cascading
behavior of these physical impairments,

As an illustration of a physical impairment
and its system implications, we show results of
our calculations of receiver power penalty for
optical signals propagating through a cascade of
dispersive WDM filters. As shown in Fig. 5,
WDM filters arc encountered in network access
nodes as channel demultiplexcrs and multiplex-
crs; an optical signal traveling through a series
of access nodes will traverse a cascade of such
WDM filters. Signal distortion due to dispersive
cifects of the cascade results in intersymbol
interference and introduces bit crrors; this
requires a compensating increase in reccived
optical power, which is defined as the receiver
power penalty, in order to restore the system-
required bit error ratio.

Figure 7 shows the calculated magaitude and
dispersion characteristics of cascaded fiber Bragg
grating filters, a typical type of WDM filter, The
power spectrum of a 10 Gb/s pseudo-random bit-
strcam (PRBS) is also shown. For these flat-top
filters, the effective passband narrows only slightly
on cascading as many as 40 filiers. The dispersion
varics lincarly with optical frequency near the
passband center. Whilc the dispersion slope of
the cascade increascs linearly with the number of
cascaded filters, the slope also varies as the
inverse cube of the Bragg filter bandwidth. In Fig.
8 we show a contour plot of the cascade power
penalty for eptically preamplificd receivers as a
function of the accumulated dispersion slope and
signal detuning from the cascade zero-dispersion
point. The low-penalty operating region, definced
as penally of less than 6 dB, allows wide detuning
for small dispersion slopes. This region narrows
rapidly and cventually closes with increasing dis-
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M Figure 7. An example of the WDM networlk optical impairment: dispersion of
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PRBS spectrum; b) cascade dispersion.

persion slope. For 10 Gby/s signals and a tolcrable
penalty of 6 dB, we can toleratc an accumulated
dispersion slope of 34 ns/nm? with allowed signal-
filter detuning of =5 GHz, corresponding to 26
cascaded 60 GHz bandwidth fiber Bragg grating
filters. The allowed signal-filter detuning implies a
requirement on the laser optical frequency stabili-
ty and the center frequency accuracy of the cas-
caded WDM filters. In a system trade-off, one
can use fiber Bragg grating filters with a wider
bandwidth and a smaller dispersion slope; the
price is larger neighboring channel crosstalk of
the wider filters. This impairment example illus-
trates how the dispersion slope of fiber Bragg
grating filters can limit the number of cascaded
WDM filters, and consequently the number of
signal-traversed network access nodes.

CONCLUSIONS

High-speed and high-capacity optical fiber com-
munication technology already available on the
backbone is beginning to penetrate into regional
access networks, We describe a physical architec-
ture of an optical wavelength-division multiplexed
metropolitan access network which synergistically
combines electronic 1P routing with intelligent
networking functionality of thc WDM optical
layer. Among the major networking functions of
the optical layer are wavelength routing of signals,
nelwork logical topology reconfiguration, direct
optical connections to offload traffic and bypass IP
routers, and optical protection switching, Using its
electronic and optical networking functions, the
network offers the choice of IP routed service,
wavelength routed optical service, and transparent
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optical flow conncctions. The use of the WDM
layer to perform networking functions also allows
support of heterogencous communication traffic
and significantly expands network capacity and
functionality beyond that of a purely electronically
switched network. With 100 or more wavelength
channels at a 10 Gb/s channel rate, the network
capacity cant be greater than 1 Tb/s, accomodating
1000 end users with user access rates of 1-10 Gb/s
and higher. We also outline the key enabling opti-
cal technologies for such WDM networks and
illustrate an optical signal impairment in the sys-
tem. The WDM metropolitan access network
techneology outlined here will enable WDM net-
working revolution for gigabit-per-second uscr
access in next-generation Internet networks.
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