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Abstract—Current optical networks are migrating to wave- from lower rate multimode fiber links to singlemode amplified
length division multiplexing (WDM)-based fiber transport be- fiber links capable of carrying multiple 10 Gb/s channels
tween traditional electronic multiplexers/demultiplexers, routers, per fiber. Still, the incredible bandwidth offered by optical

and switches. Passive optical add—drop WDM networks havet ission technol h v b d hiah
emerged but an optical data network that makes full use of the ransmission technology has only been used as a very high-

technologies of dynamic optical routing and switching exists only Speed replacement of copper cables. The routing and switching
in experimental test-beds. This paper will discuss architecture technologies used are currently still electronic based. With the

and technology issues for the design of high performance optical advent of advanced optical devices such as integrated tunable
data networks with two classes of technologies, WDM and time lasers, optical grating routers, and cross-connect switches, a

division multiplexing (TDM). The WDM network architecture . . P
presented will stress WDM aware internet protocol (IP), taking €W class of optically routed and switched wavelength division

full advantage of optical reconfiguration, optical protection and Mmultiplexing (WDM) network is feasible.
restoration, traffic grooming to minimize electronics costs, and  One reason that optical data networking is still in its infancy
optical flow-switching for large transactions. Special attention is g that optical transport alone has provided an incredible

paid to the access network where innovative approaches to archi- . : . -
tecture may have a significant cost benefit. In the more distant increase in available bandwidth that exceeds any present day

future, ultrahigh-speed optical TDM networks, operating at single demand. It .iS hard to find applications other than aggregated
stream data rates of 100 Gb/s, may offer unique advantages over traffic trunking, that can take advantage of a 10-Gb/s data
WDM networks. These advantages may include the ability to channel. To date, optical technology has been inserted at

provide integrated services to high-end users, multiple quality- e physical layer (bottom layer) of the typical multilayer

of-service (QoS) levels, and truly flexible bandwidth-on-demand. . . . .
We will give an overview of an ultrahigh-speed TDM network protocol st.ack. One reason. for th's_ allppllcatlon 'S_ that it
architecture and describe recent key technology developments allows straightforward extension of existing networks into the

such as high-speed sources, switches, buffers, and rate convertersoptical regime, without any modification of the higher layers.
Index Terms—Optical data processing, optical fiber communi- However, such an architegture does ngt maxima_lly utilize the
cation, optical fiber LAN, optical signal processing, time division advantages offered by optical networking. We will propose a
multiaccess, time division multiplexing, wavelength division mul- new architecture with a simplified protocol stack that takes
tiplexing. advantage of the unique capabilities of WDM optical routing
and switching technologies. We believe the first commercial
I. INTRODUCTION true optical data networks will employ WDM because the

. . technologies needed to implement these networks are now

OMMUNICATIONS networks are undergoing rapid de'commercially available.

.vel.oprrllents.. In the past, the Iar_ggst ”et}NOka were eleC'The nature of WDM technology suggests a network man-
tronic, circuit switched networks providing plain-old t6|eph°n§gement and control scheme that uses off-band signaling,

service (POTS), and carrying mostly voice traffic. Startmgnd network resource scheduling that is either centralized or

with the ARPANET and the explosive growth of the Inteme&iistributed but coordinated. Tight coordination is required due

and the worldwide web, electronic packet switched networlt<8 the lack of optical buffers that can temporarily store packets

have become ubiquitous. The rapid growth of these packet . . . : .
networks can be attributed to the efficiency of the intern%?fore processing and routing. This property is key to optical

protocol (IP) in servicing bursty traffic or computer users. A d sometimes severe constraints on network synchronization
the same time, we have seen a revolution in the transpoﬂ .
nd end-to-end routing.

technology that is used to interconnect nodes in a netWOﬁ(With the availability of buffering at routers internal to the

Specifically, fiber optic transmission technology has advanc%gtwork, higher network efficiencies in terms of throughputs
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DM data network protocol designs and presents interesting
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contained in the packet header and no centralized or highly
coordinated scheduler is required. Network management and
control could be simpler and more efficient, especially in
a bursty data environment with many users attempting
share the same medium. However, the technology needed
to implement a network of this type is still in the researc
stage and some typical networking components may not bs
feasible at ultrafast rates. At a minimum, optical logic gates
and buffering at the channel rate are necessary architectural
bwldmg blocks. In the_second half of this paper, we W"’:ig. 1. Partitioning of a WDM optical data network into access and backbone
describe a novel architecture that takes advantage of He@wvorks (CO= central office, AN= access node, NIt network interface
ultrafast components that have been developed to date.Un).

testbed demonstration of this TDM network architecture in

the next few years is feasible.

In this paper, we will present what we believe will be the In addition, differentiated quality-of-service (QoS) is highly
evolution of optical data networks over the next few yeargesirable. We will show in the Section Il how these services
Beginning with WDM networks, we will describe services thatan be addressed by a combination of physical architecture,
may be offered as well as the advantages and tradeoffs thaitocol design, and network management and control.
accompany optical networking. In the second major section,One way of viewing WDM optical data networks is through
we will describe the more futuristic TDM network that maya physical and logical partitioning of the network into the
provide enhanced digital services to ultrahigh-speed usesscess network and the backbone network, as shown in Fig. 1.
The WDM networking section concentrates mainly on newhus, local area networks (LAN’s) are naturally part of the
architectures as many of the components needed to impecess network and wide area networks (WAN's) are part of
ment such a network are currently commercially availabléhe backbone network. This position emphasizes the strong
The TDM section describes both the novel architecture asonomic reasons why these two classes of networks should
well as component development, as many of the necesshey considered separately and designed and optimized based
components are still being designed and demonstrated. on very different performance metrics and goals. Though
architects usually arrive at radically different designs for the
two classes of networks, the two would have to seamlessly
interconnect. Long-haul fiber cost (fiber, installation, and pass-

In order to design a WDM optical data network for thehrough-fees) dominates backbone network total costs. Node
future that represents a major improvement in performan@&guipment costs in that case, though not totally insignificant,
substantially lower cost and offerings of new high-end seare considerably less, especially when optical routing and
vices, it is important to speculate on the type of services thawitching are deployed in the future. Most backbone designs
this network may offer and then optimize the network desigmould treat fiber as the precious commodity and try to make
for these services. Past forecasts of new applications have m@iximum use of the capacity. Hence, network topology and
been terribly accurate. In fact, the worldwide web applicatiostheduling algorithms for optimizing wavelength usage in
was not in anyone’s predictions much before its appearang¢DM backbone networks is an area of intense research. On
Hence, we will not attempt to foretell any specific futurghe other hand, in the access network, the tail fiber links have
applications but rather try to provide an abstraction of the tyfile opportunity to aggregate enough users to require very
of services that can be offered in the future. We believe theseficient multiplexing. Connectivity is more important than
are four classes of services that can be characterized abstragigy throughput, and with the vast bandwidth available to the
and not specifically tied to particular applications. user at the entrance to the network, fiber bandwidth utilization

1) Transparent Optical Services to Support Conventionaan be readily and even freely traded for low-cost access

Electronic Network Services as Overlayor example, equipment and network hardware. WDM optically routed

the network should be able to provide optical transpometropolitan area networks (MAN’s) should be considered as
for all the usual services in present day networks, suglart of the access network though its design goals would be
as SONET, ATM, frame relay, and IP services. somewhere between the extreme cases of LAN’s and WAN's.

2) Large Point-to-Point Circuit-Switched Trunks on De- One primary distinction between the two classes of networks

mand: OC-48, OC-192, and above to deal with strearns the way passive and active network components are chosen
traffic but with much less set-up time (of the order ois the architectural building blocks of the networks. For
tens of milliseconds) than current networks. example, to lower access costs, passive optical components

3) Efficient Very High-Speed “IP” Packet Service Includingvithout a lot of diagnostics and monitoring are often used

Multicast: For bursty, unscheduled large file transferfor the access network. Broadcast stars, buses and trees, and
(100 Mbyte—10 Ghyte) at high access rate® (Gb/s). passively routed optical networks such as the AON (all-
4) Analog Servicesnarrow- and broad-band analog sereptical-network), Level-0 (LAN), and Level-1 (MAN), [11],
vices with good amplitude, phase, and timing fidelitgnd the IBM rainbow network are prime examples. In the
preserving features. backbone, higher cost active optical components such as the

Access

Backbone
network

II. WDM OPTICAL DATA NETWORKS
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frequency sensitive switch of the MONET network, [49], and
frequency changers can also be used.

The LAN is an important part of the access network. Most
work on WDM-based LAN’s assume the use of a broadcast
architecture and focus on the development of medium access
control (MAC) protocols for sharing wavelengths among the
different nodes in the network. While the broadcast nature of
pptlcal L.AN’S allows the gqmmunlcatlon tq remain aII-opUcaIFig_ 2. Scheduler based LAN.
it also limits the scalability of the solution. The broadcast
architecture, with constraints on the number of available
wavelengths, limits the network both in the number of users herher s
and in geographic extent and is only practical for networks ,';282; R ===
supporting at most hundreds of users over short distances. In

order to extend WDM optical data networks to the backbone \
> ‘iT

and the wide area, some form of electronic packet switching FIFO
and buffering, or a new all-optical data flow mechanism are QUEUE |

necessary. We will discuss some of these concepts in the next ] ) ] ]
few sections Fig. 3. Optical terminal (OT) with a tunable receiver (TR) and a tunable

transmitter (TT).

Aes A AL Aso »

, for efficient resource allocation and network management. To

A. WDM LAN's overcome the effects of propagation delays, the scheduler

In recent years, there has been a wave of research towaresures the delays between the terminals and the hub and
the development of WDM-based LAN'’s [1]-[10]. Most of thetakes that delay into account when scheduling transmissions.
proposed protocols and architectures are based on a broadcak} LAN Architecture: In the LAN, optical terminals (OT’s)
network architecture. Some of the protocols are based are connected via a simple broadcast medium such as a star-
random access and consequently result in low throughput dumipler located at a hub. As shown in Fig. 2, each OT is
to contention [3], [4]. Other protocols that attempt to minimizeonnected to the star using two fibers, one in each direction.
contention, through the use of some form of reservatidfransmissions from all OT's on all wavelengths are combined
scheme, require that the system be synchronized and slotitdhe star and broadcast to the OT’s on the downlink fibers.
and many require multiple transceivers per node [5]-[8Fach OT is equipped with a single transmitter and receiver,
Despite the added complexity of these systems, most skithth of which are tunable to all wavelengths, as shown in
fail to achieve high levels of utilization due to the use oFig. 3. This star based architecture has been proposed in the
inefficient scheduling schemes that often fail to deal witpast for use in WDM LAN's [3].
receiver contention, or ignore the effects of propagation delays2) MAC Protocol: The proposed protocol is based on a
in a high latency, high data rate network. A survey of WDMimple master/slave scheduler. All OT’s send their requests
multiaccess protocols and their properties can be found in ftb] the scheduler, which schedules the requests and informs
and [2]. the OT’s when and on which wavelength to transmit. Upon

The purpose of the strawman system described in this papeteiving their assignments, OT’s immediately tune to that
is to achieve good throughput-delay characteristics, whiavelength and transmit. Hence, OT’s do not need to maintain
maintaining simple user terminals. Previous efforts to simplifgny synchronization or timing information. There are three
user terminals involved protocols that use fixed tuned receivensjor aspects to the protocol. First, the protocol uses ranging
or transmitters [9], [10]. However, those protocols limit théo overcome the effects of propagation delays. Second, the
number of users to the number of available wavelengths. Algoptocol uses random access for the control channel and
protocols using only a single fixed tuned device are oftehird, the protocol uses a simple scheduling algorithm with
limited to the use of random access protocols that result finst-come—first-serve (FCFS) input queues and a look-ahead
low channel utilization. window to overcome head-of-line (HOL) blocking. These are

The system described here is novel in a number of waydescribed in more detail below.
First, it uses an unslotted MAC protocol, yet results in high a) Ranging: The protocol is able to overcome the effects
efficiency even in high latency environments. The choice of propagation delays by measuring the round-trip delay of
an unslotted protocol is driven by a desire, for simplicity, teach OT to the hub and using that information to inform
eliminate the requirement to maintain slotting in the networkhe OT’s of their turn to transmit in a timely manner. As an
This is especially important during cold-start of a terminalllustration, consider the timing sequence depicted in Fig. 4.
Unfortunately, unslotted MAC protocols such as carrier senbe order for OT B’s transmission to arrive at the hub at
multiple access (CSMA) result in very low utilization in high-time 7", the scheduler must send the assignment to OT B at
latency environments. Alternatively, high-latency protocoléme 7" — 7, wherer is OT B’s round-trip delay to the hub
such as unslotted Aloha are limited in throughput to less théincluding tuning delays). In this way the transmissions of
18% [3], [5]. Another new attribute of our system is that it usedifferent terminals can be scheduled back-to-back, with little
a centralized master/slave scheduler for each access netwdrid-time between transmissions.
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scheduler tells OT B's message through the use of a “look-ahead” window that allows the
OTBtogo arrives at hub scheduler to look-ahead into each input queue and schedule
T-1 T

requests that are not necessarily at the head of their queue. A
look-ahead capability ok, allows the scheduler to look as far

HUB ; :
Lo as wse ,OT\BS MSG as thekth request in the queue. The algorithm is implemented
'GO" suard time = 40 ns on a slot—py—slot basis to fo.rm g_schedule for the given slot.
The algorithm works by maintaining/ request queues, each
oTB = OT B's observed containing the transmission requests from one of/thaodes
round-trip delay to the hub : ; el :
in the network. The algorithm visits every node in random
Fig. 4. Use of ranging to overcome propagation delays. order and starting with the first request in the queue it searches

for a request that can be scheduled. That is, it searches for
a request for a transmission to a receiver that has not been

b) Access to the control channeReservations are madeassigned yet. The algorithm searches the queue until depth
using a random access protocol in the control channel whés been reached. If a request has been found, a wavelength is
terminals send reservation requests periodically and updagsigned to it. This process is continued until either all of the
their requests after waiting a random delay. These reservati@guest queues have been visited orl&llwavelengths have
messages contain the state of the queues at the requedieg assigned. During the next slot, the algorithm starts anew
terminal. For example, each reservation message can conwith the first request in each queue.
the destinations with which the terminal wants to communicate Table | shows the maximum achievable throughput under
and the duration of the requested transmissions. uniform traffic, with 30 data wavelengths. When the number

Since reservation requests are sent on the control chan@fghodes is equal to the number of channels and no look-ahead
at random, it is possible for two or more terminals to send employed (i.e.k = 1), HOL blocking limits throughput to
their request during overlapping time intervals. In which cas®% as predicted in [13]. However, a look-ahead window of
their transmissions would “collide” and not be received bjust four packets can increase throughput to over 80%. As
the scheduler. However, since reservation messages contaiiifig number of nodes exceeds the number of channels, the
the state of the queue are sent periodically, all requests véiffect of HOL blocking is drastically reduced. This is due to
eventually be received by the scheduler. As requests &n® factors. First, the probability that multiple nodes have a
answered by the scheduler, terminals update their requestpacket at the HOL to the same destination is reduced due
reflect the changes in their request queue. The random acdesthe increase in the number of destinations, and second,
protocol for accessing the control channel is described awith fewer channels than nodes the algorithm has many more
analyzed in [18]. requests from which to choose a scheduléibtransmissions.

c) Scheduling algorithm:in a WDM system with a sin- As can be seen from the table, the combination of more
gle transmitter and receiver per node, scheduling is constraineies than channels and a look-ahead window of four or five
by the number of wavelengthd which limits the number of packets virtually eliminates the effects of HOL blocking on
requests served during a slot ¥3. It is also constrained by throughput, under uniform traffic. Scheduling multicast traffic
the fact that each node has a single transmitter and a singlea WDM broadcast-and-select system is even more of a
receiver. Therefore, during a given slot, each node can ©lallenge because multicast messages have multiple intended
scheduled for at most one transmission and one recepticgceivers and trying to schedule transmissions in order to avoid
This, in fact, is a very similar problem to that of schedulingeceiver conflicts can be very inefficient. Simple and efficient
transmissions in an input queued switch. In the case of an inpatilticast scheduling algorithms, based on random scheduling,
gueued switch it is known that when a FCFS service disciplimge presented in [12].
is employed, under uniform traffic, throughput is limited to In order to analyze the average queuing delay in this
2 — /2 = 0.585 [13]. This throughput limitation is due to the system we assume that packets arrive to each of\thedes
head-of-line (HOL) blocking effect, where transmissions amccording to a Poisson random process of ratéNVe also
prevented because the packet at the head of the queue caasstime that all packets are of the same length and take
be scheduled due to a receiver conflict. It is also known thatdfie slot to transmit and that the scheduler uses the slotted
nodes are allowed to look-ahead into their buffers and transmsitheduling algorithm described in the previous section and
a packet other than the one at the head of the queue, the eftbat all transmissions are scheduled to occur at the beginning
of HOL blocking can be significantly reduced [14]. Schedulingf a time slot.
algorithms based on bipartite graph matching algorithms haveShown in Fig. 5 is the simulated delay for a system with 100
been proposed that achieve full utilization under uniform antbdes and 30 wavelengths. Notice that with these values the
nonuniform traffic conditions [15], [16]. However, it is alsoarrival rate of new packets to a user cannot exceed 0.3 due to
known that these algorithms are computationally intensive atite channel constraint. Also notice from the figure that a look-
require Of42-%) operations to be implemented, wheké is ahead of just two packets can significantly help in reducing
the number of input and output ports on the switch [17]. delays. However, a larger look-ahead window does not reduce

To simplify the implementation of the scheduler we proposdelay any further because for these valueshofand W, a
the following simple algorithm for scheduling traffic. Thelook-ahead of just two packets essentially eliminates the HOL
algorithm is based on input queues and is made efficidmbcking effect.
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TABLE |
THE MAXIMUM ACHIEVABLE THROUGHPUT FOR ANETWORK WITH 30 WAVELENGTHS, N NODES, AND A Look-AHEAD WINDOW &
N k=1 k=2 k=3 k=4 k=5 k=6 k=7
30 0.59 0.71 0.77 0.81 0.83 0.85 0.86
35 0.69 0.83 0.90 0.94 0.96 0.98 0.99
40 0.79 0.95 0.99 0.99 0.99 0.99 0.99
45 0.89 0.99 0.99 0.99 0.99 0.99 0.99
50 0.96 0.99 0.99 0.99 0.99 0.99 0.99
60 0.99 0.99 0.99 0.99 0.99 0.99 0.99
2 N=100
w=230 L
1.8 1 v P
—16 1 Frame
8" —— simulation (k=1) relay
2 —&— simulation (k=2)
.ge'"“ 1| X simuation (k=4 * WDM-aware
121 ATM electronic
layer
1 : . . : : . ] l
0 0.05 0.1 0.15 0.2 0.25 0.3 SONET
Arrival rate (packets/slot/node)
) ) v WDM
Fig. 5. Delay versus load for a system with 100 nodes and 30 wavelengths
and a look-ahead capabilityk). WDM
The algorithms described can be readily applied to passively @ (b)

routed optical networks such as the Level-1 MAN of the AONsig. 6. (a) Typical protocol stack and (b) simplified protocol stack.
[11], where the only dynamically tunable optical elements

are lasers and receivers at the user terminals. Applicati
to networks with dynamically reconfigurable elements su
as the frequency-sensitive-switch (FSS'’s) of MONET, [49
will require additional timing measurements to these eleme
and command and telemetry to reconfigure these elements
“just in time” service.

Is, which, in turn, are carried over synchronous optical net-
orking (SONET) transport frames. This multitude of layers
roduces bandwidth inefficiencies, adds to the latencies of con-
gctions, and inhibits providing quality of service assurances.

rse, the layers are largely unaware of each other, causing

duplication of network services and, in some scenarios, unco-
ordinated network management and control algorithms at the
B. WDM Data Networks Beyond LAN—WDM Aware IP gigerent layers acting against each other creating oscillations
The MAC protocol described in the previous section can land further degrading network performance. Alternatively, one
used to efficiently statistically multiplex packets from burstgould use the simplified protocol stack shown in Fig. 6(b),
data users in splitting losses and the broadcast LAN. Théere the IP traffic is carried directly by a simplified electronic
protocol limits this solution to relatively short distances anthyer. Such an arrangement would not only reduce the over-
the number of available wavelengths also limits scalability teead associated with the different layers but would also allow
larger user populations. In order to efficiently extend WDM tthe electronic layer to be “WDM-aware” and take advantage of
WAN'’s, mechanisms are needed for statistically multiplexingetwork services offered at the optical layer. For the remainder
bursty data in wide areas that cannot be spanned withofithis section we will describe optical layer services and
broadcast architecture. The approach we will describe in tlakorithms that can significantly improve the performance of
section consists of putting more intelligence at the IP layer the network and simplify the design of the electronic layer.
recognize the resources available at the WDM layer that can?) Flow-Switching/Multilayer-SwitchingOne of the main
be put to bear in the efficient delivery of data. bottlenecks in the present Internet is routing at the IP layer.
1) IP over WDM: Present internet IP services are provide8everal methods have been proposed to alleviate this bottle-
using a wide range of electronic multiplexing and switchaeck by switching long duration flows at lower layers [44],
ing equipment. A typical network may include as many &g46], [48], [56]. Tag switching uses routing protocols to pre-
three or four different electronic multiplexing and switchinglefine routes within the network; tags are then used to quickly
layers. For example, as shown in Fig. 6, internet packedssign flows to these routes. IP switching dynamically sets up
may be carried using frame relay where the IP packets dager-2 (e.g., ATM) virtual circuits for those connections that
encapsulated in frames that are sometimes mapped into ABké perceived to be long.
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This concept of lower layer switching can be extended
to switching large volume and/or long duration flows at the
optical layer. That is, a light-path can be established for
large data transactions such as the transfer of large files
or long duration and high bandwidth streams across the
network. To achieve ultimate efficiencies, an optical flow
switching protocol may need to aggregate flows with simildr9- 7- Using WDM to reconfigure the electronic topology.
characteristics in order to switch them together. The simplest
form of this technique is to use an entire wavelength at
any given time for a single transaction. This concept cang the light-path connectivity between electronic switches and
give rise to a hybrid multilayer switching approach whereouters, thereby reconfiguring the electronic virtual topology.
long duration sessions are switched at the ATM layer, ahdght-paths can be changed via tuning of the transmitter
even longer duration and higher bandwidth flows are switchagvelengths in combination with wavelength sensitive passive
optically. While it appears that such a multilayer switchingouting elements such as a grating router or reconfigurations
approach can reduce computation loads and processing delagscommands of internal network element such as cross-
in networks, many issues in the design of such a protodmhr switches and frequency-sensitive-switches. For example,
remain to be resolved. While the detailed protocol is yebnsider a WDM ring network with one transceiver per node.
to be developed, there are some properties this protocolSkown in Fig. 7 are two of the many ways in which the ring
likely to possess. For example, it is highly desirable faran be configured: on the left, nodes are connected in sequence
the application layer and the transport layer to inform thesing a single wavelength that is dropped at every node; on
IP layer of the arrival and characteristics of large flows fahe right, nodes are connected in a different order using three
switching. This can be done via an augmentation of theavelengths. Notice that the connectivity on the left does not
transport control protocol (TCP) layer. Predictions by the IRllow both calls 1 and 2 to be admitted simultaneously, while
layer without higher layer inputs as is sometimes done tod#ye one on the right allows both.
can be inaccurate and lead to inefficiencies. Since opticalReconfiguration effectively increases the overall system
flows require several round-trips for setup and are likely toapacity by allocating bandwidth only where it is needed.
be assigned an entire wavelength for each transaction, the $itmavever, there is an overhead associated with reconfiguration
of the flows should be at least of the order of the produat that signaling messages need to be sent between switches
of the physical propagation delay and the highest data ratecoordinate topology changes. In addition, reconfiguration
of each wavelength for high throughput operations. Any finenay impact existing connections and these connections may
grain assignment of network resources for flows such as theed to be rerouted in the virtual topology. However, it should
scheduled time division multiplexed WDM “B” service of thebe possible to design a reconfiguration strategy that does not
AON, [11], would require substantially more complexity andequire the rearranging of existing calls. Such strategies may
probably is hard to justify, especially if flow switching at theprovide fewer benefits but would be simpler to implement
ATM layer is also available. Also, the point of electronic tand eliminate many coordination and network management
optical conversion will most likely occur at the user interfacproblems.
to the network such as the network interface card of a high-endPreliminary studies on reconfiguration of a WDM ring
workstation. Thus, the WDM optical data network will almosshow significant promise [21]. Fig. 8 shows the call blocking
appear to provide an all-optical service to the user except for probability versus call arrival rate for a WDM ring with 20
intimate dialogue and timed handshake between the netwaoiddes and a bandwidth granularity of one call per wavelength.
and the user terminal. As can be seen from the figure, a reconfigurable WDM

3) Virtual Topology Reconfigurationin WDM networks, topology can support six times the traffic of a fixed WDM
the physical topology is the one seen by the optical layer.ttipology for the same blocking probability. Similar results
consists of passive or dynamically configurable optical nodesre found for other topologies.
interconnected by fiber. The virtual topology, seen by the 4) Traffic Grooming: Consider the situation where the op-
electronic layer, consists of a set of nodes interconnected tigal data network is providing a multitude of point-to-point
light-paths and in some cases time-shared light-paths. In tetseam connections among routers, switches, and even end
way, WDM networks provide a way to interconnect electroniasers. Unless these “users” require full wavelength connec-
switches with high bandwidth bit pipes without dedicating #ons, subwavelength capacity connections need to be allo-
fiber pair between each pair of switches. The design of statiated. This can be accomplished through the use of electronic
network topologies has been studied extensively in the pastltiplexing equipment that can aggregate low rate calls on to
[19], [51]. However, the configurable nature of WDM alsa higher rate channel (e.g., SONET multiplexers). However,
allows the logical topology to be dynamically reconfigured iif calls are indiscriminately multiplexed on to wavelengths,
response to changes in traffic conditions. then each wavelength entering or leaving a node will need

WDM networks can reconfigure light-paths, providing théo be converted to electronics to make drop/forwarding deci-
ability to dynamically optimize the network for changingsions. Alternatively, if calls are groomed with foresight onto
patterns of externally offered traffic, subject to availability ofvavelengths, then the number of wavelengths that need to be
wavelengths and node equipment. This is achieved by chapgecessed at each node can be significantly reduced [40], [41].
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0.01 0.02 003 0.04 0.05 Fig. 9. Performance of grooming in a WDM/SONET ring network.

Call arrival rate
Electronic recovery mechanisms, e.g., as is done in SONET,
can also be used to protect against failures at the optical
For example, when a SONET ring network is used tleyer such as a fiber cut or a malfunctioning optical switch.
provide point-to-point OC-3 circuits between pairs of nodegherefore, at first sight, it might appear that optical layer
SONET add—drop multiplexers (ADM’s) are used to combineecovery is not needed. There are, however, three significant
up to 16 OC-3 circuits into a single OC-48 that is carrieddvantages to providing protection and restoration optically.
on a wavelength. If a wavelength carries traffic that origFirst, optical layer recovery can protect electronic services
nates or terminates at a particular node, then that wavelentjtht do not have built-in recovery mechanisms or whose
must be dropped at that node and terminated in a SONEScovery mechanisms are slow (e.g., IP). Second, in many
ADM. In order to reduce the number of ADM’s used, itcases, optical layer recovery is simpler, more natural, and
is better to groom traffic such that all of the traffic tgorovides enhanced reliability. For instance, consider the case
and from a node is carried on the minimum number aff 32 SONET rings being supported over a WDM ring
wavelengths (and not dispersed among the different OC-48'stwork with 32 wavelengths. Without optical protection, each
Traffic grooming algorithms can be designed to minimizef the 32 SONET rings would need to individually recover
electronic costs while simultaneously making efficient use fom a single fiber cut, e.g., by loop-back in a SONET
wavelengths. Optimal traffic grooming has been shown to bélirectional ring network. On the other hand, the fiber cut
an NP-complete problem [40]. Specifically, traffic groomingan be optically restored with a simplex22 optical switch,
studies on SONET ring networks with uniform all-to-all traffichereby simultaneously restoring service to many electronic
show that grooming can result in a significant reduction igonnections. Protection at the optical layer has the added
the number of required ADM’s [40], [54]. Fig. 9 shows theadvantage that the failure is transparent to SONET, allowing
number of ADM'’s required in a unidirectional SONET ringeach SONET ring to individually respond to additional failures
network using an algorithm developed in [40]. The algorithrauch as a line card failure. If protection were only performed
provides a significant reduction in SONET ADM'’s, by as muchlectronically, there would be no guarantee that the SONET
as a factor of 2.5. Also, in many optimization algorithmsing would be resilient to both a fiber cut and a line card failure.
studied, the solution that minimizes the number of ADM'§inally, optical recovery allows the construction of arbitrary
also minimizes the number of wavelengths. Hence, a gowtitual topologies resilient to fiber failures. For instance,
grooming algorithm has the potential of minimizing networlconsider IP routers connected in a virtual ring topology over a
cost both in terms of efficient use of fiber and reducing us&DM ring. Traffic may dictate that the IP routers be connected
of electronics. such that more than one IP link travels over the same fiber and
5) Protection and RestorationVarious failures, such as hence a single fiber cut will disrupt many IP links. Since rings
fiber cuts, line-card and switch failures, and software failuregte in general only resilient to a single link failure, a single
can occur that disrupt network services [58]. Protection affither cut of the optical ring may disconnect the electronic
restoration are two methods networks used to recover fraing. Optical layer restoration solves this problem by restoring
these failures. Protection refers to hardware-based, preplanrbd, fiber directly. For a simple example of optical loop-back
fast failure recovery. Restoration refers to software-basqaptection, consider the two fiber bidirectional ring shown in
dynamic, slower recovery. Protection is generally limite&fig. 10. On each ring half of the wavelengths are used for
to simple topologies like rings or the interconnection ofvorking traffic and the other half are reserved for protection
rings. Restoration works on general mesh networks andagainst a cut in the fiber on the other ring. In the event of a fiber
typically more bandwidth efficient. Recently, fast protectionut, the wavelengths from the cut fiber can be switched onto
mechanisms at the optical layer have been proposed for genénal uncut fiber, using a two-by-two switch at the node before
mesh networks [22]-[24], and for ring networks [29], [37]. the fiber cut. These wavelengths can then be looped back to
Failure recovery must be done at the electronic layers liryypass the cut fiber and rejoin their original ring using another
order to recover from line card or electronic switch failureswitch at the node immediately following the fiber cut.

Fig. 8. Performance of reconfiguration in a WDM ring network.
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C. LAN/MAN Access Network Physical Architecture

As we have alluded to before, WDM optical data networks
can be partitioned into the access network and the backbong .. Network
network. In the backbone, fiber is the precious commaodity, .
especially when optical routing and switching will substan- I
(

tially lower node costs in the future. The network design /\7\
problem there will concentrate on high utilization of the —
fiber assets and areas such as scheduling and protection and
restoration algorithms using minimal overheads are important.

; ; : Fige 11. (a) Partitioning of the access network into the feeder network and
It is reasonable to assume that by the time traffic appears h%tdistribution network (CC= central office, AN= access node) and (b)

the backbone it would be of an aggregated form so that th&riay high-performance wireless network on WDM optical access network
backbone network would usually be providing entire light-

path services to the access networks it interconnects. Finer )
grain services such as time division multiplexing of individugfan range from tens to hundreds. A user can be a high-end

wavelengths would be much too complex for coordination oviéforkstation, a high-speed router, an ATM switch, or a gateway
a wide area. In the access network, the situation is almost {Re? €lectronic LAN. Since the fiber to the end user is not a
inverse. Bandwidth efficiency is not paramount and shoufighly shared medium, bandwidth should be freely traded for
be freely traded for lower access cost. This trade is the key&dOW-cost distribution network. Passive optical components
providing high-end services in the future at substantially low&#tch as couplers of various types should be used for this
costs than what is achievable today. network and expensive routing elements should be avoided.
The access network can be further subdivided intdeder The network topology can be a ring, star, bus, or tree. Since a
network (can be viewed as the MAN) and thdistribution passive ring, even if it is unidirectional, must be terminated or
network(can be viewed as the LAN) as shown in Fig. 11(ajt will feedback on itself, it is really a bus, topologically. For
Generally, bandwidths of fiber plant closer to the end users at@idirectional fiber operations, stars, buses, and trees can have
less precious than bandwidths of fiber closer to the backbofi¢als for up-stream and down-stream operations, with local
when some aggregation can and will have occurred. Thus, thep-backs at the access node. These passive topologies have
designs of the distribution network and the feeder netwowery different attributes that should be considered carefully.
can be very different. Some of the critical design issues afestar splits power evenly but it needs more fiber than the
highlighted in the next two sections. other topologies and losses may become a problem if the
1) Passive Distribution NetworkThe distribution network physical span of the distribution network is large. The bus
is the interface network to the users. The number of usessawkward in the way it has to meander and touch every
supported by a single distribution network should be the largester. Power distribution is also tricky with a bus. To support
number without having to have active amplification in thithe maximum number of users so that each user can get the
part of the network. Depending on the design, this humbsiinimum power but no more, the bus needs nonuniform taps.

Distributed antennas

b)
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This is very difficult logistically, particularly when a new userspatial antenna beams that can individually track users while
is added in midrun. Also, the last user of the bus experiencamultaneously reject interfering users. This concept allows,
the maximum amount of fiber loss having the longest run principle, as many antenna elements as there are to form
(length proportional to the number of users) to the access nodser beams and the traditional notion of wireless systems
This would ultimately limit the number of users supported bigroken into cells with hand over algorithms no longer has
the network, often long before other resource limitations, suth be held. Such architecture will allow the realization of
as the number of wavelengths, become an issue. The treenisch higher data rates due to the greatly enhanced antenna
perhaps the best topology for this network where the fibgain, interference rejection, and the possibility of extensive
length to the access node is only proportional to the Aog frequency reuse.

whereN is the number of users. Since the most disadvantaged

user suffers much less loss, this topology is more scalable to

larger number of users. There are only a few levels of the tree  Ill. ULTRAFAST TDM OPTICAL DATA NETWORKS

structure so the number of different power splitters can also|n the WDM optical data network described above, network
be small. management and control are provided by off-band signaling
2) Optically Routed Feeder Networkfhe simplest form and a centralized scheduler that grants requests for access to
of the feeder network can also be a broadcast network, BHé network and tells sources and destinations which wave-
since it is coIIeCting traffic from the distribution netWOfk,|engths to use for transmission and reception of messages.
some form of passive and/or active routing and switchirgjt interleaved TDM systems are similar to WDM systems
will increase fiber utilization. In any case, the feeder wilhecause they divide the fiber bandwidth into a large number
need to package traffic efficiently before sending it onwardg |ower rate channels, each operating at electronic rates.
to the backbone at its gateway (labeled CO in Fig. 11)Again, centralized network management is required to regulate
Thus, a star topology is not favorable. Ring, bus, and tre@cess to the network resources and in general, no user
each have their own merits. A ring topology that providesas access to the entire bandwidth of the network at any
symmetric passive add—drop of wavelengths at each accggfn time. Therefore, from an architectural point-of-view, bit
node probably presents the most efficient use of fiber if thgerleaved TDM systems are isomorphic to WDM systems.
traffic pattern is symmetric and this topology is easy to protegowever, implementing bit interleaved TDM systems is quite
with bidirectional dual rings. In the case where most of tl"@iﬂ‘erent from imp|ementing WDM Systems_ For examp|e'
traffic is going outward into the backbone (as is often the Cagst Components necessary for imp|ementing a WDM point-
in the present Internet), a tree structure may be more efficiegf-point link are commercially available, while components
There is an access-node-to-central-office near-far problem fdcessary for TDM links are still in the research stage. Still,
a passive ring, but long fiber runs incurring substantive losse&earch on bit-interleaved TDM systems continues because
can be off-set by optical amplifiers. At the gateway (CGhere are advantages to using short optical pulses to represent
to the backbone network, full function frequency-sensitivetigital data in optical networks. One advantage is that optical
switches will aggregate wavelengths for the efficient use gfiise streams may be all-optically regenerated, expanding the
long-haul fibers. A full spectrum of electronic routers angbss margins in transmission systems. In addition, utilizing
switches and SONET add—drop multiplexers does not haigjh-speed optical logic, TDM systems may provide enhanced
to be supported at every access node. They can be populafgftal services such as packet routing and optical data stream
strategically at a few nodes of the feeder network, and poirincryption [60].
to-point connections from each distribution network to the A different approach to shared-media optical networking,
node with the desired service is a way to trade wavelengiBmmonly referred to as slotted TDM, statistically multiplexed
usage for fewer expensive electronic entities. TDM, or packet switching, is fundamentally different from
WDM and bit interleaved TDM. In a slotted TDM network,
one ultrafast channel is shared by access nodes capable of
bursting at the full media ratex(100 Gb/s). The signaling
One advantage of a transparent all-optical WDM networlequired for switching is contained in the header of the packet
is that the network will support any kind of signaling formatlaunched. There is no reservation necessary and no centralized
even analog signaling. This flexibility allows the overlaycheduler. The total capacity of such a single channel local or
of other special application networks on top of the WDMnetropolitan area network may be the same as for a WDM
infrastructure. As an illustrative example, consider the wireleagtwork or bit interleaved TDM network operating with a
network depicted in Fig. 11(b). Wireless antennas are proliarge number of lower rate channels. However, slotted TDM
erated at the entrance to the WDM optical access networletworks provide potential improvements in terms of user
The radio frequency (RF) signals directly modulate WDMccess time, delay, and throughput, depending on the user
optical carriers and subcarriers instead of being digitized rattes and traffic statistics.
the antennas. These signals are then optically routed to &urrently, existing lower-rate shared media networks such
centralized wireless processing center within a single accessethernet at 10 Mb/s, token ring at 10 Mb/s, or FDDI at
network service area. Thus, the processing center can tdk® Mb/s, utilize multiplexing schemes resulting in a single
advantage of the many channels of RF inputs and use stand#ath stream rather than in many lower rate channels. In
array antenna technigues to form simultaneous customizbdse networks, the media access nodes process the single

D. Overlay Services on WDM Networks
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stream data at the full media rate electronically. However, 1
extensive data processing at 100 Gb/s rates is currently not g
feasible. Therefore, much of the data processing in a high-
speed optical network will be performed at the slot rate,
10-100 Mslot/s, with some rudimentary processing, such as
address recognition, performed by optical logic at the bus rate.
As the high-speed optical processing components mature, we
believe that slotted TDM networks will be the obvious choice :
to provide packet service in networks where users are capable o3 !
of bursting at very high data rates. However, even if the users 2 -
of the optical network are operating at lower data rates, the
media access control (MAC) protocol is simpler in a slotted o T
TDM system and may be able to more efficiently provide 0.001 .01 0.4 1 10 100 1000
bandwidth-on-demand (BOD) services to a set of lower-rate
users. In the following sections of this paper, we will describe o _ '
our work on architecture and technology development for i{-'gblz Network utilization as a function of latency for ethernet, token ring,

. I, and HLAN protocols. This calculation assumes a 10-Kb message size
ultrafast, slotted TDM multiaccess network. and a 100-km network.
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A. HLAN Architecture predict the network utilization as a function of the latency in

. - : the network for a 1-Mb/s ethernet protocol, a 10 Mb/s token

The optical TDM network we envision will run at a bus rate.
. fing protocol and a 15-Mb/s FDDI protocol. The results, shown

of at least 100 Gb/s but will serve a heterogeneous populatu%nFi 12 indicate that existing protocols will not scale to

of users such as high-end single users, high speed vid?toar?.' hé eced ootical TDM ngtv\?orks

servers, terabyte media banks and networks of supercomput ré 'gh Sp Pl )

operating at speeds from 1 to 100 Gb/s. The most important ec?nd, IZer(tetlr;s i(l)lcr)m(gebd/ amtoun;hof prt?,\(lzessr:ng t?at. c;_an
features of the network are to provide a backbone to interc%ve pertormed at the S rate. These wo characteristcs,

nect high-speed networks, to transfer quickly very large da gqh latency and limited processing_, make it difficult to prov_ide
blocks, to switch large aggregations of traffic, and to provio%nmnamEOUSIy guarantegd bandW|dth (_GBW), and baqu|dth-
ol -demand (BOD) services. Also, it is difficult to insure

flexible, lower-rate access to users. Although we are design = : ) 2
a 100 Gh/s network, the architecture will be scalable to muagth efficient and “fair” bandwidth sharing in the presence of
higher rates. moderately loaded or overloaded network traffic conditions.
There are two characteristics of these 100 Gb/s slotted TDM' "€ @lgorithms designed to manage the network must be
networks that significantly impact the architectural desigiiMPIe enough to be executable with a minimal amount of
First, they operate with long propagation delays, i.e., there &¥2C€ssing available at the optical bit rate. There have been
many data packets in flight at one time in the network, a higho™me articles addressing these prot_)lems_ in the literature [61],
latency environment. The well-known protocols governinfp2l: Put they do not appear to satisfy simultaneously all of
today’s electronic packet networks, where a typical latengy * the gbove criteria. We have dgveloped a frame-based slotted
may range from: = 0.01-10, were never designed to Operat@rcmtecture called HLAN (helical local area network) [63],
in high-latency networks. Hereg* is the packet propagation [64] which satisfies the above criteria. In early work, the
time divided by the packet transmission time. For example, ii-AN architecture was implemented on a helical ring physical
ethernet-based networksy™must remain much less than onestructure, but most recently has been explained using a folded
in order to maintain reasonably high throughputs. In extendifyS implementation.
the operating rate of standard (10 Mb/s) ethernet to 100 Mb/sHLAN is a frame-based architecture, which is implemented
and Gigabit speeds, certain restrictions are necessary. For @008 folded unidirectional bus as shown in Fig. 13. A head-
Mb/s ethernet, the physical length of the data bus is limitehd generates frames of empty slots and puts them on the
to spans less than 100 m. Alternatively, a switch may Hbwis. Guaranteed bandwidth traffic is transmitted on the GBW
inserted in the bus that gives each transmitter its own line, §8gment, bandwidth on demand traffic is transmitted on the
that collisions are impossible. For Gigabit ethernet, to assuB®D segment and data is received on the RCV segment.
collisions could be detected a data bus of 10 m is requirddote that only one bus is required and that all receivers are
This length is not practical so the Gigabit ethernet bus @ownstream of the transmitters. GBW services are provided
kept at 100 m but he minimum packet length is extendet® users who request them by the head-end. The head-end
Alternatively, a switch may be inserted in the bus as in trallocates reserved slots to the node on the GBW segment.
100 Mb/s ethernet case. Clearly, these extension techniquksers can access the HLAN at their guaranteed rate using only
will not scale gracefully to 100 Gb/s. a counter, a flip-flop, a few gates, and slot marker detection
The optical TDM network we envision will have thousand#ogic [63], [64]. Using existing logic, HLAN slot rates of
of packets of data in flight in the network at any given momedf0—-100 Mslots/s can be supported.
(a > 1000). To study how standard protocols would perform Fair and efficient BOD service is provided via the BOD
in this high latency environment, we performed simulations segment. The head-end creates credits and distributes them at
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Fig. 13. Helical local area network topology.

a given rate. A user who has data to send and who has a AGNTEWATING

credit can burst data onto the network when the first empty 4o~ {Padets Saved) CGrEDY (Lt Noc) y
slot comes by. Users with data to send but no credits must :
wait for the head-end to distribute more credits. Users who ™% ;

receive credits but have no data to send may accumulate only 4| ,  HM
a limited number of reserve credits. To prevent lockouts from ; w"’ﬂ
high-traffic upstream nodes, the head-end monitors free sl B o

at the end of the BOD segment. If no free slots are observel, qy
the credit allocation rate is reduced, decreasing the bandwi
available to the individual nodes. If, on the other hand, multipl
free slots are observed, the credit allocation rate is increasesl,

0

f,’iuN(ﬁstnxa

2 s 5

A
returning more bandwidth to the individual nodes. The system R = 7 S
: Lot o1y | FEEeis
is “fair” because all users will get equal throughput when they 00 M 2 & o 05 %6 & 0B 0 B 1 15
have data to send and the network is at high loading.

The algorithm is also efficient because few slots that could CFERDLOND(
be _used _are left empty. Fig. 14 shows a plOt.Of the ayeragis_ 14. Average wait for the first and last user to access the network as a
wait the first and last user nodes encounters in accessing itietion of network load using the greedy algorithm (dashed line) and the
network as a function of network load. The solid lines shofLAN algorithm (solid line) to regulate access.
the average wait when the greedy algorithm is used and the

dashed line shows the performance when the HLAN protocelsyit, TDM network development is tied to both technology
is used. This simple HLAN algorithm performs like theyng architectural development. Therefore, we will highlight
“greedy” algorithm under lightly loaded network conditiongpe state-of-the-art of TDM technology and use this section to
and transitions to fixed TDMA as the load increases [63hoint out some of the hardware limitations and capabilities that
[64]. Stability and speed of convergence of the HLAN credietermine the applicability of newly developed TDM access
allocation rate to its correct value is controlled through ﬂ}?'rotocols.
use of an integration time constant which filters the “free slot” Fig. 15 shows a block diagram of some of the hardware
feedback information at the head-end. components needed to implement this high-speed, yet simple
HLAN architecture. The block diagram shows the components
in the receiver node, but the components in the transmitter
node are nearly identical. The slow protocol logic unit is used
A high-speed single-channel network has many desiratite perform such functions as start-up, failure recovery, by-
features, as outlined above. The components needed to pass control in the case of component failure, and interfacing
plement such a network are currently in the research stage.the fast protocol logic unit. The slow protocol logic unit
In some instances, there exist no ultrahigh-speed counterpagsrates at a rate much lower than the slot rate. The fast
to vital electronic network components. For example, ultrafagtotocol logic unit operates at the slot rate and regulates access
optical random access memory has not been invented. Thacethe media. This unit is interfaced to the ultrafast optical
fore, protocols that are developed to manage these high-speethponents shown in the gray boxes, at the interface between
TDM networks must reflect the limited set of technologicahe optical bus and the node electronics. These ultrafast optical
building blocks that are available. While advancements gomponents consist of all-optical switches and buffers capable
components for WDM networks are still being made, WDMf operating at the 100 Gb/s bus rate. Currently, the only logic
networks can be assembled today with commercially availaljates operating at 100 Gb/s are all-optical logic gates [65],
technology. The same cannot be said for TDM networks. AJ@6]. These gates may be used to perform pattern matching,

B. Ultrafast Optical Components
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repetition rates, 100 GHz and above, clock streams have
been generated by passively multiplexing multiple lower rate
Fig. 15. Block diagram of hardware components needed in a user receh%?eams' _However’ th_ese CIOCk_ Streams_ suffer from jumlng
node. Components shown in the gray boxes must operate at the bus datadidd amplitude fluctuations resulting from imperfections in the
and may be implemented all-optically. passive multiplexers [66]. One alternative to passive multi-
plexing is soliton compression. Soliton compression sources
or address recognition, clock recovery, rate conversion, ahdve generated very high repetition rate streams of very short
possibly buffering. In the transmitter node, the optical buffefsulses with high peak powers [74]-[76]. In addition, these
will hold data packets while they wait for access to the netwodources are electronically tunable and made be synchronized
and in the receiver node they will present multiple copies ofsing standard electrooptic phase locked loop techniques. Re-
the incoming data packets to a demultiplexer or rate converteently, we extended a soliton compression technique utilizing
After rate conversion, the data will be detected and furtharMach—Zehnder amplitude modulator to 100 GHz [65].
processing will be performed electronically. In the following 100 GHz clock pulses may be generated by the soliton
section, we will describe our latest results on developing tltempression source shown in Fig. 16 [65], [75]. This source
technological building blocks necessary for demonstratingcansists of a DFB laser, a high-speed electrooptic modulator,
100 Gb/s slotted TDM network. These technologies includa erbium-doped fiber amplifier (EDFA), and a length of
high-speed sources and transmission, all-optical switchirdjspersion tailored fiber (DTF) whose dispersion profile is a
buffering, and rate conversion. After a brief description dftep-wise approximation to dispersion decreasing fiber. The
access node operation we will discuss other important highFB laser is driven by a CW bias current as well as a
speed network services that may be enabled by this technologimall dither signal at 50 MHz. The dither signal broadens the
1) High-Speed Short Pulse Generation and Transmissionlaser linewidth and increases the stimulated brillouin scattering
a) Sources:These high-speed optical TDM networkgdSBS) power threshold in the DTF. The output from the
will utilize return-to-zero (RZ) coding of the data. ThereforeDFB laser is coupled through a high-speed Mach-Zehnder
optical clock sources, capable of generating short opticanplitude modulator that is DC-biased at the transmission null.
pulses are essential components in these systems. We reg@iFemodulation, at 50 GHz is also applied to the modulator.
sources for optical modulation and demultiplexing, that magF modulation of the continuous wave (CW) optical input
operate at electronic rates, 10-40 Gb/s, as well as sourcesgimvides a periodically modulated intensity at twice the applied
synchronization to buffers and optical switches that operatefegquency, yielding two phase synchronous optical carriers,
the 100 Gb/s bus rate. In a previous publication on these typdtset by 100 GHz, at the modulator output. These two tones
of networks, we described the state-of-the-art for harmonicaleat at their difference frequency, are amplified in a high-
modelocked erbium doped fiber ring lasers [64]. These las@oswer EDFA, and compress into a 100 GHz soliton pulse
were capable of generating short pulses at high repetitistleam. An autocorrelation of the 100 GHz, 1.6 ps pulse
rates, but were susceptible to pulse-to-pulse energy fluctuatistream, is shown in Fig. 17.
because of the long upper state lifetime of the erbium and theHigh repetition rate optical clocks have also been demon-
multiple pulses in the laser. Since that time, a number of mos&ated utilizing frequency multiplication [77] and rational
stable erbium doped fiber lasers capable of generating pulsasmonic modelocking techniques [73]. In conventional har-
with 1-2 ps pulse durations have been demonstrated. Thesenically modelocked lasers, the frequency of the RF drive
sources may rely on pulse shortening mechanisms withapplied to the gain or loss modulator is equal to the laser
the laser cavity, such as soliton compression or nonlineautput pulse rate and is a harmonic of the cavity fundamental
polarization rotation [67], [68]. Other sources capable of sufrequency. To achieve frequency multiplication, the modulator
plying short pulse clock streams have relied on compressionthe laser oscillator may be overdriven so that the laser
techniques, external to the laser cavity [69]—[72]. output pulse rate is two or three times the RF drive frequency.
Laser modelocking techniques that require gain or logsother frequency multiplication scheme utilizes a modulator
modulation at the optical clock rate do not scale gracefullyiased at its transmission null to double the laser output pulse
to pulse train generation above 40 GHz [73]. At the higheate as described above. In the rational harmonic modelocking
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distances may become limitless. All-optical regenerators have
1.00 been demonstrated [86]—[88], and will be discussed further in
the section on optical switching applications.

2) User Node Data Processing:

a) Address recognitionin electronic networks, address
recognition is a straightforward process and is usually done
0.50 - by loading the received address into a register and comparing
it with a stored bit pattern. For very-fast photonic networks,
storing an address in a register and accessing it randomly
0.26 - is problematic. Attractive solutions for address recognition in
very-fast photonic networks include source signal coding and
orthogonal signal coding. Source signal coding includes spe-
cial flag codes in the address stream that are prohibited in the

0.75
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Time (ps) packet data stream. Source signal coding can simplify system
Fig. 17. Autocorrelation of the 100 GHz stream of 1.6 ps pulses generatgsggn but usually In_VOIVG_S special _hardware to _enCOde th_e
by the soliton compression source shown in Fig. 16. data and uses extra signaling bandwidth. In the optical domain

such hardware may be impractical. Orthogonal signal coding
, , _has the potential to take advantage of the special properties of
approach, th(_a ratio O_f the RF _dr|ve frequency to_the CaV'Hptical transmission and conserve data bandwidth. Wavelength
fundamental is a nonln'Feger rational number. In.th|s case, ey ime are two dimensions that one can use for orthogonal
laser output pulse rate is the least common multiple of the Rl 4| coding. Signaling in a separate wavelength is attractive
rate and the cavity fundamental [77]. In this rational harmonl?ecause it is easy and inexpensive in the optical domain but
technique, pulses circulating in the optical oscillator are Shift?ﬁ’spersion may delay the signaling channel differently for
with respect to the RF gain or loss modulation by a fractiofifterent receivers in a distributed network. Using the time
of that RF drive period on each round trip. After a number Qfimension for signaling, such as using special marker codes
round trips, equal to the ratio of the data rate to the modulatigp se|f-synchronizing codes, is attractive because the signal
rate, a high—ratg e_ffectlve_modulator response is realized. coding travels on the same path as the data and remains
b) Transmission:An important issue affecting the sucC-nyariant in a distributed network. In initial experiments, self-
cess of any future testbed demonstration is the prOpagat%chronizing codes have been implemented using uniquely
of 100 Gbr/s data packets over 100 km long lengths of fib&fhaced pulse pairs [89] and different amplitude marker pulses
Recently, 640 Gb/s single-stream soliton transmission WER] to signify the beginning of the address stream. The
demonstrated over a 60 km link [78]. In that experimengetermination of this absolute phase of the data packet is called
the transmission distance was limited by polarization modgeam capture. After stream capture, ultrahigh-speed address
dispersion (PMD). In another transmission scheme, mU|tihUFécognition can be performed using all-optical logic gates.
dred Gb/s TDM streams have been propagated over near-zerg||-optical logic gates and switches have been investigated
dispersion fiber links with low optical powers [79], [80].primarily for wavelength conversion of high-speed data signals
Using low optical powers minimizes nonlinear effects in thg, wpM systems and for demultiplexing in bit-interleaved
fiber and low dispersion minimizes pulse spreading. Howevearpm systems. For TDM applications, all-optical AND and
in a multiaccess network there will be Iarge gain and |O$$OT functions have been demonstrated using four-wave-
variations along the fiber bus and it may be difficult tenixing in waveguides [91], [92], cross-phase/gain modulation
restrict the entire fiber span to zero-dispersion fiber. Stilj nonlinear optical loop mirrors (NOLM'’s) [93]-[95], semi-
transmission of 100 Gb/s data streams over long distanceg@hductor NOLM’s [96], [97], Mach—Zehnder devices [98],
large amplifier spacings may be possible if dispersion managed), and ultrafast nonlinear interferometers [100]-[102)].
fiber links and all-optical regenerators are used. DispersionQOptical switches fundamentally rely on material nonlinear-
managed soliton transmission is a hot research topic &fids. While many optical switching experiments have utilized
many exciting theoretical results have recently been reportggin and absorption nonlinearities in optical waveguides, much
[81]-[85]. However experimental studies of the limitations ofore popular have been demonstrations utilizing interferomet-
this new transmission scheme for 100 Gb/s data streams hggeswitches containing materials whose refractive index is
not been reported. Another method that may be used to extém@nsity-dependent [103]. Interferometric switches are popular
the propagation distance for ultrafast data streams is optipglcause they are the most versatile, capable of demonstrating
regeneration. A regenerator consists of a clock recovery uaiND, NOT, and XOR functionality using a single switch con-
and an optical switch. The clock recovery unit synchronizéguration. As an example, consider the simple Mach-Zehnder
a local clock with the incoming data stream. The incomingiterferometer shown in Fig. 18. To operate as an optical
data stream and the synchronized clock become the logisalitch, at least one arm in the interferometer must contain
inputs to an optical AND gate and the noisy input data signal material whose refractive index, is intensity dependent,
is transferred to the local clock signal. The regenerator output= ng + nol.. Here, ny is the linear refractive index;s
is an optical data stream that has been retimed and reshajgdhe nonlinear refractive index coefficient add is the
If the regenerators are placed closely enough, transmissiotensity of light. Then, assuming the beamsplitters in the
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Fig. 18. Nonlinear Mach-Zehnder interferometer. Fig. 19. NOLM configured for XOR operation.

interferometer have a 50/50 splitting ratio, the interferomet%cognition circuit may facilitate the recognition of more

output signal intensity is related to the input signal intenSi%an one address per hardwired node. For example, a single

bY Jou = Jin cos ((¢r+A¢n1)/2). Here,gy is the initial phase o, might be able to recognize a local address as well as
(length) difference between the two arms of the interferometer
and A¢,,; = (2n/M\)n2L1. is the phase difference induce broadcast address. . .

" < We have demonstrated all-optical pattern generation and

expressiont. s the neracton lengih of the signal and contrc/2Le7INg at 10 G using a NOLM configured as an XOR
P g 9 ate as shown in Fig. 19 [105]. Clock pulses are coupled to

pulses and\ is the wavelength of the light. The control pulse e input port of the NOLM, are split at the fiber coupler

may be distinguished from the signal pulses by wavelen .
y 9 9 P y gll to two counterpropagating components that traverse the 2-

polarization, or the direction of propagation. From this simp . g
picture it is clear that to obtain all-optical switching, that ié(m length of fiber, and are interfered back at the coupler. In

changing the interferometer transmission from amaximumtc}%? absence of a control pul;e, the recombined clock pulses
minimum, or vice versa, it is necessary to induce a phase s t the NOL_M through the input port.- In other. words, for
of « in the nonlinear material. The peak intensity necessary%sro control input to the NOLM, there is zero signal (clock)
induce thisr phase shift is given by, = (A/2n,L). In optical -output- through the output port. A control pulse, coupled
fiber, n, is approximately—2.8 x 1016 c?/W. A rule of into either of the two control ports shown, will copropagate

thumb is that an optical control pulse with a peak power gyith one of the clock componer_1ts and nonlinearly shift its
1 W, will induce an phase shift in a fiber interaction Iength!ohase via crqss—phase modulat!on. The control peak power
of 1 km. is chosen to induce a phase shiftofon the copropagating

In the most common interferometric switch demonstratédoCk component pulse, thereby switching the NOLM from
to date, a 50/50 fiber coupler and a long length of opticHi'e reflecting state to the transmlttmg.state.. At the output
fiber are used to construct a Sagnac interferometer. TR Of the NOLM, an optical bandpass filter distinguishes the
type of interferometric switch has been referred to as syvitched out s'lgngl (clock) pulses from the control pulses. If a
nonlinear optical loop mirror. Fiber has been a commdiPntrol pulse is S|mult_aneously present at each control port,
switching material because the refractive index nonlinearifjOth counterpropagating clock components are nonlinearly
owing to the Kerr effect, is essentially instantaneous and haidase shifted by cross phase modulation and the interferometer
no corresponding transmission nonlinearity. Therefore, teraffimains in the reflecting state. Therefore, the NOLM acts
per second switching may be possible in these fiber gates. Bfe@n all-optical XOR, with the two control streams as the
disadvantage of using fiber as the nonlinear material issthat logical inputs to the gate. Fig. 20(a) and (b) shows the output
is relatively small, and long interaction lengths are necessdfgm the NOLM when a controlling data pattern is present
to achieve reasonable switching energies. Long fiber lengfiscontrol port 1 only, and control port 2 only. Fig. 20(c)
in optical switches are undesirable because of pulse distort®@tPWws the output from the NOLM when both control signals
effects and the large physical size of the device. Still, ma@je simultaneously present at the switch. Note the excellent
important network components have been demonstrated usd@gtrast ratio (25: 1) at the output of the all-optical XOR gate.
fiber based NOLM's. b) Clock recovery:Besides self-synchronizing codes,

For example, all-optical address recognition has be#e most likely form of clock recovery for a slotted
demonstrated using a NOLM configured as an XOR gateTDM access node will be phase synchronization using
While previous experiments utilized AND gates based on fouall-optical or electrooptic phase locked loops. Picosecond
wave-mixing in semiconductor optical amplifiers (SOA's) t@ccuracy synchronization of 40 GHz clock streams has been
perform address recognition, the number of potential addressesnonstrated using electrooptic phase locked loops [94].
was limited to a fixed set of “keywords” because some addreBgpical lockup times have been on the order of microseconds,
patterns could be matched by patterns other than their logita® equivalent of 10-100 slot times, but improvements in
compliment [104]. Using all-optical XOR gates to performthe lock-up time are expected using specialized electronic
address recognition removes the limitation on the availabi&cuits. Much slower lock-up times have been demonstrated
number of keywords. Also, utilizing XOR gates in the addredsr all-optical clock (typically laser injection locking) recovery
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simultaneously to control ports 1 and 2. saturable absorption effect that provides bistable operation in

the loop. That is, the loop is simultaneously stable for the

techniques. A weakness of this phase locking technique is th!ses.(ONE s) and for the ZERO's. Much .Of the recent work

. . . : . Qn optical buffers has centered on techniques to extend the
it synchronizes only the relative phase of two optical signal tainable data rates. In active loop buffers using electrooptic
That is, electrooptic and all-optical synchronization schemgé ' P 9 P

S ) . i ) modulators to provide the data timing stability, the
E)ispesdC(;nnr:gjteggogsgd;ggsgggﬁlCsa(;)l:l:?gs and phase-lock g% rate (determined by the RF driving frequency) can be

o ) . multiplied by factors of two or three by overdriving the (EO)
e gt 76,77, tizng semiconducor opica ampi
bandwidth pd d i ; cant netw rk. rVI|ers (SOA'’s) as the modulator in the cavity is another way to

andwidth-on-cemand represents an important Network Seice ny the buffer operation to high data rates [113]. Also,
and because all users may not generate or accept data at_the

ltrafast b i tical buff i tth work d an asynchronous phase-modulated optical fiber ring buffer
ultrafast bus rate, optical buffers opera Ing at the networ s been demonstrated in which the amplitude modulator in
rate are key components. To date, a variety of optical stor

- 2 loop was replaced by a phase modulator and a filter.
elements have been demonstrated [106]. Most promising B this type of memory, the loop round trip time is slightly

slotted TDM applications are the regenerative buffers employay \neq from the frequency driving the phase modulator. One

ing optical logic gates [107]-{110] and the compensating ﬁb%lvantage of this scheme in the receiver node is that incoming

loop buffers [111]-[113]. These two types of buffers are attrage, packets can be injected into the loop without precise phase
tive from a network standpoint because they can be desig chronization to the phase modulator [114].

to store a single packet at a singlt_a wavelength for hundredsy piock diagram of a regenerative buffer, in which the
of circulations. Because of the cyclical nature of the memonyg:; is reshaped and retimed on every circulation, is shown in
reading of the information is restricted to multiples of thc;ig_ 22(a). These types of buffers are very attractive because
round trip loop time (packet length). Therefore, truly randofihejr regenerative properties minimize the effects of accumu-
access memories do not yet exist—one practical consequepggq timing jitter. In proof-of-concept demonstrations, these
of this is that they cannot be used to synchronize signglsyenerative buffers are typically configured as circulating
as might be required in a wide area packet network. Alsgpift registers with inverters, as shown in Fig. 22(b), because
current implementations of optical memory are not practicgle experimental set-up is less complex. However, fiber-
for conventional electronic network applications because thg¥sed optical switches are not suitable for these single-packet
are complex and costly. Conventional network architecturggffer designs because of the long lengths of fiber needed
using link-by-link flow control require about a round tripto achieve switching. Instead, these regenerative buffers will
propagation delay worth of memory .0 buffers at 100 ytilize compact interferometric switches where the nonlinear
Gb/s) per node and therefore must be modified for OTDMaterial is a semiconductor waveguide.
applications. Typically, relevant semiconductor nonlinearities are orders
A typical configuration for a compensating fiber loop buffesf magnitude larger than in fiber and required interaction
is shown in Fig. 21. The loop consists of an erbium dopédéngths are on the order of millimeters, rather than kilometers.
fiber amplifier (EDFA), a length of standard single mod&his comparatively small interaction length in conjunction
fiber (SMF-28), a 10% output coupler, a polarization-sensitiwgith monolithic integration techniques can realize potentially
electrooptic modulator, polarization rotators, and an isolatdfuge gains in size reduction, manufacturability, and reliability.
The EDFA provides gain to signals circulating in the looBemiconductor materials are not without their drawbacks,
and the isolator forces unidirectional operation. The modulatowever. In addition to subpicosecond components of the
provides timing stability because pulses experience lower lassmiconductor nonlinearity due to two photon absorption,
if they arrive at the modulator at the transmission peakarrier heating, and virtual electronic processes [103], custom-
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element into orthogonal polarizations separated approximately

TE BB by a pulsewidth. These two signal components travel through
(@"" a nonlinear medium in which a control pulse, coupled in via a
(b) 50/50 splitter, is temporally coincident with one of the signal

. . . _ ulse components. The two signal components are retimed
Fig. 22. The logical equivalents of (a) a regenerative buffer and (b) an | . d larizati L. del d
inverting circulating shift register. 0 overlap in a second po arlzat|0n_ sensitive delay and are

subsequently interfered using a polarizer set &twlifh respect

) ) o to the orthogonal signal polarizations. The control pulse is
arily there are free carrier (recombination) components Witfkered out at the output of the device.

relaxation times of tens of picoseconds to nanoseconds. Theyne advantage of this geometry is interferometric stability
free carrier recombination time is the primary effect limiting;jzce all signals travel along the same path and are thus
the speed of SOA-based all-optical switches. At high carriggnosed to identical optical length variations, if any. The more
densities, the carrier lifetime may be reduced to a few tensig{portant characteristic of the SAI from the perspective of op-
picoseconds by nonradiative recombination mechanisms syl switching, however, is immunity to long lived refractive
as Auger recombination [115], and by the presence of optiGahex changes in the nonlinear medium. More specifically,
holding beams [116]. Still, switches based on these free carrigfice both signal components traverse the nonlinear medium,
effects will be limited to operating rates of approximatelyhey each accrue phase shifts that are due to effects that persist
100 Gb/s in the best case. This limitation can potentially igr time scales longer than twice the temporal pulsewidth.
overcome using semiconductor materials with primarily ultra4owever, the signal component that overlaps the control expe-
fast nonlinearities, such as passive semiconductor waveguidg@saces, in addition to the slowly recovering phase changes, the
Alternatively, it can be circumvented by using innovativgitrafast changes of the refractive index nonlinearity induced
optical switch geometries, such as balanced interferometpg the control pulse. Thus, ultrafast differential phase modu-
switches. lation between orthogonal signal components can be achieved
For example, the problem associated with utilizing semiyith the SAI. Other balanced interferometric implementations
conductor nonlinearities in a two arm interferometer opticghclude the Mach—Zehnder geometry with identical nonlinear
switch geometry is related to components of the nonlineafedia placed in each arm such that the long-lived nonlinear
response that relax on time scales longer than the bit perigfractive index responses are canceled at the output [98].
If the control stream induces carrier density changes in tagso, the NOLM may be modified to include an SOA, placed
semiconductor with recombination times of up to a fewff center from the loop, as the nonlinear element [96], [97].
nanoseconds, the phase modulation imposed on one of thgve have used the UNI to demonstrate a 40 Gb/s circulating
signal components is pattern dependent leading, ultimatedpift register (CSR) with an inverter [110]. In this case, the
to fluctuating output signal pulse intensities. Stated anothgN|l was configured to operate with a counterpropagating
way, the value of a particular output bit no longer dependsntrol stream as shown in Fig. 24. This experimental set-
exclusively on its associated input signal and control bitap has the logical equivalent shown in Fig. 22(b). Initially,
but rather on the exact pattern of control bits over a tim@ere are no control pulses in the feedback loop and the signal
approximately equal to the carrier recombination time, i.e.,(8lock) pulses are transmitted by the UNI. These output pulses
form of nonlinear intersymbol interference (ISl). are amplified and coupled to the control port of the UNI.
A device geometry that circumvents the effects of long lived/hen these control pulses arrive at the SOA, they induce gain
refractive index nonlinearities is the single-arm interferometend refractive index nonlinearities in the SOA and change the
(SAl) [65], [100]-[102], originally developed in the con-state of the UNI from transmitting the signal (clock) pulses
text of femtosecond pump-probe studies of various nonline@r extinguishing the signal (clock) pulses. Data within the
processes in semiconductor waveguides. Fig. 23 is a bldakerting CSR is monitored at the output of the 90/10 coupler
diagram of one particular SAl implementation known as tha&s shown in Fig. 24. The temporal output of the inverting CSR
ultrafast nonlinear interferometer or UNI. An input signal pulseonsists of alternating blocks of “zeros” and “ones” where
enters the device and is split, via a polarization sensitive deldne lengths of the data blocks correspond to the transit time
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transit time of 142 ns.

Fig. 25 shows the output of the shift register on a mi- o ISAER T N
crosecond time scale. The data are detected by a high-speed — —
photodiode and displayed on a 1 GHz analog oscilloscope. Time (o)
Individual pulses in the data stream are not resolved. These
data clearly show the alternating blocks or packets of “zeros” ®)
and “ones.” The CSR was very stable and these alternati'ﬁg _26. '(a) Oscilloscope trace of the 40-GHz clock stream used to drive

. . . the inverting CSR and (b) the eye diagram of the data stream output from
packets could be maintained for hours at a time, correspondifig inverting CSR. The data are displayed on a 45-GHz 3-dB bandwidth
to tens of billions of circulations, with no temperature obscilloscope.
length stabilization applied to the feedback loop. Fig. 26(a)
shows digital sampling oscilloscope traces of the 40 GHz input
clock stream on a 50 ps time scale. Note that the jitter @fithin a packet using this scheme K7, where 7} is
the displayed pulses is primarily due to timing jitter in thehe bit period of the original data stream. Unfortunately,
oscilloscope time base (6 ps) and not to timing jitter on thgich schemes may scramble the data bits and, consequently,
pulses themselves. The timing jitter of the soliton compressieaquire further processing in electronics in order to faithfully
source is less than 0.5 ps [110]. Fig. 26(b) shows an eyeconstruct the original packet. An alternative method for rate
diagram of the data output from the inverting CSR. Agairtonversion is based on time dilation via optical sampling.
the jitter in the data is due to limitations in the detectiomhis method has the advantage that the rate-converted stream
electronics. requires no reordering of bits. The essence of this technique

d) Rate convertersData stored in the recirculatingis that the aliasing brought about by sampling a high speed
buffers will be rate converted down to lower rate signalsptical stream at a rate lower than the Nyquist rate gives rise
that the user node electronics can process. One methodtfora time dilated version of the packet which can then be
performing rate conversion is to demultiplex evéfyh bit of detected and displayed on a low speed analog oscilloscope.
an N-bit long data packet such th& and K are relatively The sampling can be achieved via optical cross-correlation
prime. The time required to rate convert all of the data bite a nonlinear crystal or an optical switch, for example. The
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Fig. 27. Block diagram of the rate converter setup.

cross-correlated data are detected and low-pass filtered so GaiNetwork Node Operation

the cross-correlation signal envelope and not the individual\yity the technologies described above, we believe a high-

sampling pulse envelopes are measured. It is important d0aq siotted TDM network demonstration will be feasible in

note that both rate conversion techniques, demultiplexing @fe next few years. To highlight how these technologies will

all the data bits within a packet, and time dilation, requirge jncorporated into the network node; we will give a brief

a repeating input optical data pattern. Therefore, in a reglscription of the transmitter and receiver nodes for such an

system, these schemes must be employed in conjunction Withatast. multiaccess network.

the recirculating or regenerative loop buffers. Fig. 13 shows a number of passive taps between the optical
We demonstrate the operation of a time dilating rate CoByq and the user transmitter and receiver nodes. In the receiver

verter using a passive multiplexer to assemble a 100 GBiSqe the data packets enter via a passive tap, at the slot

optical data stream and a low-speed photomultiplier tube apde from 10 to 100 Mslots/s. The first function that must

oscilloscope to display the data stream. Fig. 27 shows a blagk erformed is address/header recognition. In the transmitter
diagram of the experimental set-up. The 100 Gb/s data streggyes header recognition includes determining if there is a

is generated by passively multiplexing a lower rate (12.5 Gbig)git marker present and if the slot is empty or full. In the

10-bit data stream. A short, repetitive, data pattern is chosgRueiver node, the incoming address must be compared with a
to facilitate the measurement, via rate-conversion, of the higlleq| address to determine whether or not the packet requires
speed data stream. The 12.5 Gb/s data stream is split §\dher processing. Address recognition must be performed
recombined three times to generate an 80-bit, 100 Gb/s dg{aihe iy, at 100 Gb/s. Ultrahigh-speed optical switches,

stream. The sampling source is a gain-switched DFB Ias%nfigured as AND gates and XOR gates can be used for

driven at 1.249999970 GHz, offset 30 Hz from the 1.28s hyrpose. Synchronization may be achieved by using self-

GHz pattern repetition rate. The output pulses are lineary,hronizing codes or by using all-optical switches as phase
compressed in a short length of dispersion compensating fi

s ] lEﬁl?nparators in electrooptic phase locked loops.
and then further compressed to 3-ps utilizing soliton effects ¢ y,o packet address matches the local address, the data

in a 10-km spool of standard fiber. Cross-correlation signals ciet must be stored while it is rate converted down to a
between the switched out data pulses and the sampling pulsgs that the node electronics can process. In the transmitter
are generated via type-Il phase maiching in a KTP crystglyge |ower rate optical data will be assembled (up-converted)
are detected by a photomultiplier tube, and are displayed @nper |oop buffers and stored while the user waits for access
an oscilloscope [117]. The inset in Fig. 27 shows the contrg) the network. In the receiver node, after the data have

data stream as it appears at the output from the rate converiRle joaded successfully into the buffer, the data will be rate
Notice that even at 100 Gb/s, the rate-converted data pulges,erted and detected for electronic processing.

are clearly resolved. Also note that the rate converted pulse

spacing is approximately 0.4 ms, consistent with the 30 Hz . o

offset between the sampling source repetition rate and the &)-All-Optical Switching

bit, 100 GHz data stream [118]. The nonuniformity in pulse Recently, world-record switching speed in a semiconductor
amplitude in the multiplexed stream is caused by variations lrased UNI was demonstrated using the components described
the splitting ratios of the couplers in the passive multiplexein the previous sections. Bitwise logic at 100 Gb/s was reported
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Fig. 28. Block diagram of the experimental setup used to demonstrate 100 Gb/s bitwise logic in semiconductor based all-optical switch.

lower rate sequences is increased owing to the fact ilat
sequences are observed in a given tithevhere M is the
number of multiplexed sequences. This problem can be par-
tially circumvented by multiplexing sequences with relatively

Volage

0 2 ‘ . s prime periods. In this case, the period of the multiplexed
Time (ma) sequence grows exponentially . However, requiring that
100 0Nz cros the periods be relatively prime restricts the choice of PN
4/\ }\ m {\ sequences, forcing some of them to be relatively short, and
J\/\, V\/\/\/ W V J ) hence, vulnerable.
An alternative way to increase the rate for PN sequences
3 is to use slower, electronic PN generators to dynamically
5 \A/\f\ M\ “ reconfigure a limited number of optical taps on a high-speed
] RET IOy optical shift register [120], [121]. Since there is a difference in
\A/\ / “ rate between the electronics and the optics, the reconfiguration
J N v/ of the optics is done everyl optical bits, whered, an
LT T integer, is the ratio of the optical bit rate to the electronic
Time (ma) bit rate. This scheme generates high rate optical sequences

Fig. 29. A portion of the rate converted (a) input control data, (b) inpWith extremely high periods, on the order of the product of
clock stream, (c) switched-out AND signal, and (d) switched-out NOT signghe electronic controller period?’, and 2L where L is the
demonstrating 100 Gbfs bitwise logic. latency (circulation time), in bits, of the optical feedback
shift register. In a real implementation, the latency of the
for the ultrafast nonlinear interferometer (UNI) configured deedback shift register might consist solely of the latency of
AND and NOT gate [65]. Here we distinguish “bitwise logic”the concatenated optical switches and may be augmented by
from demultiplexing because every bit is switched. In demugdditional lengths of fiber. At 100 Gb/s, the latency required
tiplexing experiments, bits are switched at the demultiplexdd achieve high periods is on the order of a million bits.
output rate, so many bits travel through the switch but are ridioreover, it can be proved that for linear feedback the number
acted on by the control stream. Such experiments may be le§daps is unimportant as long as it greater than or equal to
sensitive to SOA dynamics and average control power effeofs. Therefore, we can derive the same benefits from having
The experimental configuration is shown in Fig. 28 along witien taps as if we had an arbitrarily large number of taps.
the experimental results in Fig. 29. The previous record spe€ldis approach is different from reconfiguration or control that
for bitwise logic was 40 Gb/s [102]. The 100 Gb/s ANDruns at the same speed as the logic that it controls. The main
operation was also reported for a fiber-based NOLM [66]. Witlhirust behind using optical feedback shift registers controlled
these record all-optical switching results, new applications may electronics is to rely on the complexity afforded by the
be envisioned. For example, an ultrafast optical encrypter melgctronics for the long-range security of the sequence while
be used to perform an XOR operation between a data stretglying upon the high-speed optics to provide the ultrafast
and a cryptographic key stream. However, owing to limitatiorshort-term randomness. We believe this scheme could be
in all-optical switch performance, electronic cryptographidemonstrated with all-optical gate counts as low as 20. An
circuits cannot be duplicated using optical hardware. Fexample of an implementation of this encryption scheme is
example, creating a linear feedback shift register with opticahown in Fig. 30.
logic, as proposed in [108], would permit the use of very Another application for high-speed all-optical switches and
few taps, making the register vulnerable to a sparse mattikrafast optical pulse sources is an electrooptic analog-to-
(Berlekamp—Massey) attack (see, for instance, [119]). digital (A/D) converter. An important issue in very fast A/D
One way to increase the rate at which pseudo-noise (PN) senversion is the timing jitter of the sampling pulses. Using op-
guences are generated is by passively multiplexing lower rdigal pulses, such as those generated by mode-locked lasers or
optical data streams that have been encrypted using standaiiton compression sources, may offer sampling pulse timing
electronic schemes. The drawback of a passive multiplexiatability much better than can be obtained by electronic [123].
approach is that the probability of breaking any one of tHeeasibility demonstrations have used such optical sampling
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Fig. 30. Example of an all-optical encryption circuit.

pulses in electrooptic modulators, with the RF signal applied toIn the more distant future, as high-speed optical processing
the electrical modulation port. The modulation amplitude wamponents mature, we believe TDM networks will be the
sensed and digitized by subsequent optical detection of the talwvious choice to provide packet service in networks capable
guadrature signals, followed by digital signal processing. Othef bursting at very high data rates. The algorithms needed to
potential detection and quantization techniques might ussgulate access to these ultrafast optical networks will differ
more direct phase (proportional to the electrical modulatiofrpm their electronic counterparts in that they will operate in a
sensing techniques, such as interferometric measurement ofttlgh latency environment and they will have to provide both
modulator optical output. In principle, such A/D conversioffair and efficient bandwidth utilization using a minimal amount
could be accomplished as fast as the phase-sensitive wavefafnprocessing at the shared media rate. Components neces-
can be measured, which could be an order of magnitude fasgtary to implement such algorithms include high-speed optical
than pure electronic methods. The major challenge would sesources, switches, buffers, and rate converters. State-of-the-
to be providing sufficient dynamic range (or bits of resolutionprt laboratory demonstrations suggest that these components
In addition to the all-optical signal processors describethn operate at rates exceeding 100 Gb/s, but commercial
above, ultrahigh-speed optical techniques may offer advatevelopment is necessary for widespread deployment of these
tages over traditional electrical techniques in the generatitypes of networks.
of high bit rate, high-fractional bandwidth RF signals. For
example, low timing jitter 100 GHz optical soliton clock
streams and all-optical switches may be used to generate
phase shift keyed (PSK) RF signals. In this application, optical The authors are grateful for their colleagues who have made
switches can be used to switch between two phase-shifgiginificant contributions to this project. They thank B. S.
optical clock streams or optical switches may be used Rpbinson, J. D. Moores, S. G. Finn, A. L. Chiu, S. R. Chinn,
rotate the polarization of bits in an optical stream. Polarizatidn A. Swanson, M. Medard, A. H. Chan, N. S. Patel, and R. A.
rotation can be converted to phase modulation in a polarizatiBarry from the Massachusetts Institute of Technology (M.1.T.),
sensitive delay. In a proof of concept demonstration, wdncoln Laboratory, Lexington. On the M.L.T., Cambridge,
generated a 2 Gb/s (PSK) signal on a 20 GHz carrier [128ampus they thank, Prof. R. S. Gallager, Prof. E. P. Ippen,
This generation technique could scale to data rates exceedang Prof. H. A. Haus, as well as graduate students D. J. Jones,
10 Gb/s and fractional bandwidths well above 25% usirfg. R. Doerr, and W. S. Wong.
existing sources and switches.
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