WDM-Based Local
Lightwave Networks

Part I: Single-Hop Systems

Next-generation lightwave networks must be completely optical,
serve thousands of end users, and support innovative concurrency
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ne can identify three generations of
networks based on the underlying
physical-level technology employed
[1]. Networks built before the emer-
gence of fiber optic technology (i.e.,
those based on copper-wire or microwave-radio tech-
nology) are referred to as first-generation networks.
Their examples include Ethernet (and the subse-
quent IEEE 802.3), IEEE 802.4 token bus, IEEE
802.5 token ring, Cambridge ring, ARPANET, IBM’s
Systems Network Architecture (SNA), and Digital’s
Digital Network Architecture (DNA). Second-gen-
eration networks employ fiber in traditional
architectures. An excellent example of this gener-
ation is the upgrade of long-haul trunks in a wide
area network (WAN) from copper or microwave-
radio to fiber connections. Other examples
include new designs such as the Fiber Distributed
Data Interface (FDDI) ring network and IEEE 802.6
distributed queue dual bus (DQDB) for local
area network/metropolitan area network
(LAN/MAN) environments and Broadband Inte-
grated Services Digital Network (BISDN) for WANSs.
Although some improved performance can be
achieved by employing fiber (e.g., higher data
rates, lower error rates, and reduced electromag-
netic emissions from the cabling), the limitation
of this generation is due to the electronic front
ends employed at the network nodes. In third-
generation networks, fiber is used because of its
unique properties. These networks employ totally
new approaches to exploit the unique properties
of fibers (such as an information-carrying capaci-
ty nearly four orders of magnitude greater than peak
electronic processing speeds) in order to meet
the needs of emerging high-bandwidth applications.
Specifically, these networks are “all optical” in nature,
in the sense that once information enters the net-
work, it may remain in the optical domain (and
may not face any electronic bottlenecks) until it is
delivered to its destination. The focus of this arti-
cle is on the emerging third-generation networks.
The investigation of third-generation networks
is driven by new emerging applications [1, 2]. Ser-
vices such as “fiber to the office” and “fiber to
the home” [3] are expected to provide multiple

connections of high-definition television (HDTV),
digital audio, and other new applications. As uni-
versities and research environments continually
upgrade their computing facilities, one can envision
their need for networking support to interconnect
hundreds or thousands of high-performance full-
motion color-graphics workstations. Medical
imaging, which does not trust image-compression
techniques and hence requires the transmission
of uncompressed images, is another bandwidth-
intensive application. Added to the above are astrong
need for high-speed mechanisms to interconnect
supercomputers, LANs, and MANS, an increas-
ing proliferation of client-server-paradigm-based
implementations in distributed software designs, and
a trend towards more graphics-oriented software.
With the above applications, it is envisioned that the
future end user will generate a sustained band-
width demand of approximately 1 Gb/s [2, 4].
Second-generation networks, because of their
electronic limits, are not expected to be able to
support a network of approximately a few hun-
dred or a few thousand such end users.

The above gigabit-per-second-per-user network
applications are first appearing in the LAN and MAN
environments (e.g., workstation interconnectionsin
university campuses and medical imaging in hos-
pitals). The feasibility of all-optical communica-
tion hasbeen demonstrated at LAN/MAN distances
[5-15], and they should emerge for WANs soon.
Another reason third-generation LANs and
MANSs are likely to be deployed before corresponding
WAN:Ss is that it is relatively inexpensive (at least
under U.S. regulations) to deploy or to get access
to dark fiber within a metropolitan area, while
long distance fibers are typically more expensive and
harder to access. This article is concerned with third-
generation all-optical LANs and MANs, with the
expectation that these studies willeventuallylead to
a better understanding of the issues in, and better
designs of, all-optical WANS.

Realizing that the maximum rate at which
each end user can access the network is limited
by electronic speed (to a few gigabits per second),
the key in designing lightwave networks in order
to exploit the huge bandwidth is to introduce
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concurrency among multiple-user transmissions into
the network architectures and protocols. In an
all-optical network, concurrency may be provided
according to either wavelength or frequency
(wavelength division multiple access—WDMA),
time slots (time division multiple access—
TDMA), or wave shape (spread spectrum or
code division multiple access—CDMA). All-opti-
cal TDMA and CDMA have been investigated by
a number of authors (e.g., [16-19]); however,
their basic need to have nodes synchronize to
within one time slot (for TDMA) and one chip
time (for CDMA) make themrelatively less attractive
than WDMA. WDMA, on the other hand, employs
mostly existing technologies associated with inten-
sity-modulation direct-detection systems[10, 20],and
itisthe current favorite since all of the end-user equip-
ment need operate only at the bit rate of a wave-
length division multiplex (WDM) channel, which
can be chosen to be the peak electronic processing
speed. This survey will concentrate on WDMA.

Although most of the architectures and pro-
tocols discussed here are meant for LANsand MANS,
some of them can also be very applicable to situa-
tions where the propagation between the end
users is negligible, i.e., the end users may be col-
located. Therefore, such systems can also be
applicable as WDM photonic switches [21, 22] or
multiprocessor interconnects [23, 24].

In the next section, we review the character-
istics of lightwave technology that facilitate the design
of WDM networks, and then discuss how WDM local
networks can be built based on the single-hop
and multihop approaches. In subsequent sec-
tions, various categories of single-hop systems are
discussed: experimental systems, systems based
on no pretransmission coordination, and systems
based on pretransmission coordination, which
also require a separate control channel. Finally,
the article concludes with a simple classification
for single-hop systems.

Characteristics of Lightwave

T echnology and WDM Networks The low-loss
region of a single-mode fiber is shown in Fig. 1.
Note that the fiber has two low-loss wavebands
(of approximate widths 100 nmand 150 nm). A direct
conversion from wavelengths to frequencies
yields an aggregate bandwidth of the low-loss region
to be approximately 30 THz. Using a modulation
rate of 1 b/Hz, the above bandwidth translates
into nearly four orders of magnitude higher than
peak electronic data rate of a few bits per second.
Paralleland concurrently operating WDM chan-
nels can be derived by having end users transmit-
tingintoand receiving from non-overlapping portions
of the fiber’s low-loss wavelength spectrum. The spac-
ing between adjacent channels can be reduced if the
end-user transmitters (lasers) are of good quality, i.e.,
they are stable and do not drift too far from their
nominal operating wavelength range—the minimum
channel spacing is limited by crosstalk. By employ-
ing distributed feedback (DFB), distributed Bragg
reflector (DBR), and other narrow linewidth
lasers, achannelspacingof 1 nmor less canbe achieved.
Systems with 1 nm or lower channel spacing are
generally referred to as dense WDM systems [10].
Inorder to develop an effective WDM network,
it may be worthwhile to enable an end user to

- Figure 1. The low-loss region of an optical fiber.

transmit into multiple WDM channels, receive from
multiple WDM channels, or both. Accordingly, a
great amount of effort is being devoted to design-
ing tunable transmitters (lasers) and tunable receivers
(filters), which can operate over awide range of WDM
channels and the channel tuning (switching)
operations of which can also be performed very
fast (ideally in a few nanoseconds or less) [20].

The status of tunable laser technology is
documented in [10]. Thermally tuned and exter-
nal-cavity mechanically tuned lasers require
channel switching times equal to a few milliseconds.
Hence, they are considered to be very slow in
comparison to a typical packet transmission time
because, for example, at a 1-Gb/s channel rate,
the time to transmit a 1000-bit packet is only 1 ps.
Also, thermally tuned lasers have an operating
wavelength range of about 1 nm, but mechani-
cal lasers can be tuned over a broader wave-
lengthrange (nearly 100 nm)[10]. An external-cavity
semiconductor laser with an acousto-optic tun-
able filter within the cavity has better characteristics
than the previous two. A tuning range of 83 nm
and a few microseconds tuning time have been
demonstrated [25]. Faster tuning speeds (i.e., short-
er tuning times) can be achieved by a semicon-
ductor laser, which is tuned by adjusting the injection
current in one or more sections of the laser, but
the wavelength tuning range of these devices is
not very wide. For example, a tunable three-sec-
tion DBR laser has been used to make a fast-tun-
ing coherent receiver, and measurements
demonstrated wavelength switching times of 1.8
ns over a wavelength range of 12.5 nm [26].

Thesstate of the art in tunable filtersis also sum-
marizedin [10]. The advantages of passive filters are
their ready availability and the very fine resolu-
tion that they can achieve (especially the Fabry-Perot
filter). Their main disadvantages are slow tuning speeds
(in the milliseconds range), due to mechanical iner-
tia, and losses. Active and laser-diode-amplifier-based
tunable filters can perform faster tuning (in the nanosec-
onds range), but the number of channels that they
can handle is limited. Research in tunable laser
and filter technology is progressing [25, 27].

An additional development facilitating
WDM technology is the recent progress in erbium-
doped optical amplifiers, which provide the extra
power budget needed to compensate for the
insertion loss of multiplexing components and
also for power splitting or tapping [28]. In addi-
tion, these optical amplifiers are sufficiently
broadband that all optical signals can be ampli-
fied simultaneously.

Another new concept in WDM networks is
the notion of subcarrier multiplexing [29].

The advan-
tages of
passive
filters are
their ready
availability
and the
very fine
resolution
that they

can achieve.
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B Figure 2. A broadcast-and-select WDM network.

Although rapid tuning between wavelength chan-
nels may not be feasible today, systems can be
built that employ rapid tuning between subcarri-
ers within the same wavelength.

Yet another new device developed recently
is the Protection-Against-Collision (PAC) switch
[22]. The PAC switch simply functionslike collision-
avoidance switches developed for other networks
[30, 31]. A PAC-based network is discussed later
in this survey.

Characteristics of WDM Networks

The simplistic nature of WDMA systems opens
up awealth of new applications in point-to-point and
multiple access communication systems. In
MANSs, WDMA can considerably simplify the
physical interconnection between the network nodes
and permit the construction of centralized hubs.
By employing high-speed tunable transmitters
(lasers) and receivers (filters), dense WDM may also
be used for circuit and packet switching, as well
as for wavelength routing. In general, nearly arbi-
trary (regular or irregular) virtual network topolo-
gies canbe constructed for any given physical topology
of the network. Obviously, the optimality of avirtual
topology will be governed by the offered pattern
of network loading (the traffic matrix). The prob-
lembecomes especially attractive now, since achange
in the offered traffic pattern may mean thata
newvirtual topology is more optimal, and the under-
lying network architecture’s ability toretune its trans-
mitters and receivers to arrive at this new topology
(without disrupting the normal network operations,
including its connectivity) is becoming an important
avenue of research.

A local lightwave network can be construct-
ed by exploiting the capabilities of emerging opti-
cal technology, e.g., dense WDM and tunable optical
transceivers, as follows. The vast optical band-
width of a fiber is carved up into smaller-capacity
channels, each of which can operate at peak elec-
tronic processing speeds (over a small wavelength
range) of, say, a few bits per second. By tuning its
transmitter(s) to one or more wavelength chan-
nels, a node can transmit into those channel(s);
similarly, a node can tune its receiver(s) to receive
from the appropriate channels. The system can
be configured as a broadcast-and- select network
inwhich all of the inputs from various nodes are com-
bined ina WDM passive star coupler, and the mixed
optical information is broadcast to all outputs
[10, 25] (see Fig. 2). An N x N star coupler can be
considered to consist of an N x | combiner fol-
lowed by alx N splitter; thus, the signal strength inci-
dent from any input can be (approximately)
equally divided among all the N outputs. The

passive star topology is attractive, first because of
its logarithmic splitting loss in the coupler (since
the splitter portion of the coupler circuit is essen-
tially a binary tree type structure), and second because
of no tapping or insertion loss (as in a linear bus)
[32]. In addition, the passive property of the opti-
cal star coupler is important for network reliabili-
ty, since no power is needed to operate the
coupler; also, it allows fast information relaying with-
out the bottleneck of electro-optic conversion.

In general, the physical topology, instead of
being a star, can be a linear bus or a tree {1, 33]
(see Fig. 3); also, the topology of the data-collec-
tion part of the network and that of the data-dis-
tribution portion need not be identical [33]. The
passive star network can typically support a larger
number of users than a linear bus topology
because power loss and tapping loss in linear
buses limit the number of users that can be
attached without adding broadband optical ampli-
fiers. However, interest in the linear and tree
structures has been revitalized due to the recent
development of relatively inexpensive erbium-doped
broadband optical amplifiers [28]. In general, the
optimal physical topology design problem may be
referred to as the cable plant design problem,
and a number of studies dealing with this prob-
lem to determine that the necessary power bud-
get is satisfied have been reported [33]. From an
architectural perspective, given any physical network
topology, the fact that the input lasers (transmitters),
the output filters (receivers), or both can be

. made tunable opens up a multitude of possible

virtual network configurations.

The present goal is to exploit the properties of
lightwave technology to develop terabit networking
technology that can supportalarge number of end users,
ranging from a few hundred to a few thousand con-
nection points, with each user receiving peak electronic
transmission speeds of a few bits per second.

In a WDM network, each network node is
typically equipped with a small number of trans-
mitters and receivers, with some of these transceivers
(transmitters or receivers) being dynamically tun-
able to different wavelengths.

The tunable transceivers are used differently
depending on the type of network architecture
chosen. In multihop networks, a node is assigned
one or more channels to which its transceivers
andreceivers are tobe tuned. These assignments are
onlyrarely changed, usually to improve network per-
formance. Connectivity between any arbitrary
pair of nodes is achieved by having all nodes also
act as intermediate routing nodes. The interme-
diate nodes are responsible for routing data
among lightwave channels such that the data sent
out on one of the sender’s transmit channels
finally gets to the destination on one of the desti-
nation’s receive channels, possibly after multi-
hopping through a number of intermediate nodes.
A number of different multihop architectures are
possible, with a range of operational properties (e.g.,
ease of routing) and performance characteristics
(e.g.,average packet delay, number of hops that must
be traversed, and efficient use of links).

In single-hop networks, there are no inter-
mediate nodes. As a result, a significant amount
of dynamic coordination between nodes isrequired.
For a packet transmission to occur, one of the
transmitters of the sending node and one of the
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# Figure 3. Alternative physical topologies for a
WDM local lightwave network: (a) star, (b) bus,
and (c) tree.

receivers of the destination node must be tuned
to the same wavelength for the duration of the pack-
et’s transmission. In the single-hop environment,
it is also important that transmitters and receivers
be able to tune to different channels quickly, so
that packets may be sent or received in quick suc-
cession. Currently, the tuning time for transceivers
isrelatively long in comparison to packet transmission
times, and the tunable range of these tranceivers (the
number of channels they can scan) is small. Thus,
the key challenge in single-hop architectures is to
develop protocols for efficiently coordinating the
data transmissions.

From a performance perspective, single-hop
and multihop networks are currently equally
attractive. Accordingly, any survey of WDM networks
must properly review both approaches. This arti-
cle examinessingle-hop networks. A companion arti-
cle, to appear in a later issue of IEEE Network,
will survey multihop lightwave networks [34].

For both single-hop and multihop networks,
it is important to keep in mind that any design
must be not only simple and implementable (i.e.,
based on realistic assumptions about the proper-
ties of optical components), but alsoscalable tolarge
user populations. We will focus our attention on such
realizable approaches in this survey.

Single-Hop Systems

Forasingle-hop system to be efficient, the bandwidth
allocation among the contending nodes must be
dynamicallymanaged. Such systems can be classified
into two categories: those employing pretransmis-
sion coordination, and those not requiring any
pretransmission coordination. Pretransmission coor-
dination systems employ asingle shared control chan-
nel throughwhich nodesarbitrate their transmission
requirements, and the actual data transfers take place

through anumber of data channels [35-42]. Idle nodes
maybe required to monitor the controlchannel. Only
during data packet transmission or data packet recep-
tion does a node tune its transmitter or its receiv-
er, respectively, to the proper data channel. No
such control channel exists in systems that do not
require any pretransmission coordination, and
arbitration of transmission rightsis performed either
inapreassigned fashion or through contention-based
data transmissions on the regular data channels(e.g.,
requiringnodes to either transmit on or receive from
pre-determined channels) [8-11, 23, 43, 44]. As a
result, for a large user population whose size may
be time-varying, pretransmission coordination
may be the preferred choice, although most exper-
imental demonstrations and prototype WDM sys-
tems belong to the non-pretransmission-coordination
category.

An alternative classification of WDM sys-
tems can be developed based on whether the
nodal transceivers are tunable or not. A node’s
network interface unit (NIU) can employ one of
the following four structures:

*Fixed Transmitter(s) and Fixed Receiver(s)

(FT-FR)

*Tunable Transmitter(s) and Fixed Receiv-
er(s) (TT-FR)

*Fixed Transmitter(s) and Tunable Receiv-
er(s) (FT-TR)

*Tunable Transmitter(s)and Tunable Receiver(s)

(TT- TR)

Fixed transceivers, which can only access some
predetermined channels, are readily available in the
market, but cost considerations often restrict the
installation of a large number of such transceivers
at each node. The FT-FR structure is generally
suitable for constructing multihop systems in
which no dynamic system reconfiguration may be
necessary, although a single-hop FT-FR system
(LAMBDANET) with a small number of nodes
hasbeen demonstrated. FT-FR and TT-FR systems,
because they employ fixed receivers, may not require
any coordination in control channel selection between
two communicating parties, while such coordination
is usually necessary in systems employing FT-TR
and TT-TR structures. If each node is assigned a dif-
ferent channel under the FT-FR or FT-TR struc-
tures, then no channel collisions will occur and simple
medium access protocols can be employed, but
the maximum number of nodes will be limited by the
number of available channels. Systems based on
the TT-TR structure are probably the most flexi-
ble in accommodating a scalable user population,
but they also have to deal with the channel-
switching overhead of the transceivers.

In addition, some systems require that a node be
equipped with multiple transmitters or receivers.
Accordingly, the following general classification for
single-hop systems can be developed:

FT'TT-FR"TRr No pretransmission
coordination
CC-FT'TT-FR"TR» control-channel

(CC)-based system

where a node has i fixed transmitters, j tunable
transmitters,m fixed receivers, and # tunable receivers.
In this classification, the default values of i, j, m,
and n, if not specified, will be unity. Also, wherev-
er possible, the number of network nodes, if finite,

For a single-

hop system
to be

efficient, the

bandwidth
allocation
among the
contending
nodes
must be

dynamically

managed.
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Most
experimental
WDM
network
prototypes
belong to the
single-hop
category, and
they do not
employ any
control
channel

for pre-
transmission
coordination.

! An experimental
multihop WDM network
is TeraNet; it is reviewed
in the companion paper
on WDM multihop
networks [34].

willbe denoted by M. Thus, Bellcore’s LAMBDANET
[8] is an FT-FR¥ system, since each of the M nodes
in the system requires one fixed transmitter and an
array of M fixed receivers. The TT and TR por-
tions of the classification are suppressed, since the sys-
tem requires no tunable transmitter or tunable receiver.

Most experimental WDM network proto-
types belong to the single-hop category,! and they
do not employ any control channel for pretrans-
mission coordination [9 - 11, 43]. Below, first
such experimental WDM systems are outlined; then,
other non-pretransmission-coordination systems
and pretransmission-coordination protocols. While
the above mechanisms can generally be employed
on any physical topology, we go on to discuss the spe-
cific case of a linear-bus physical topology, and
protocols that can employ an attempt-and-defer
mechanism are outlined.

Experimental WDM Systems

ew experimental WDM systems are rapidly

being developed. While [10] documented
the state of experimental systems in 1990, several
new systems, such as IBM’s RAINBOW and
Columbia’s TeraNet, have since been developed.
Initial work in this field was done by the British Tele-
com Research Laboratory (BTRL), whose exper-
iment introduced the concept of a multiwavelength
network operating in the broadcast mode and
using mechanically tunable filters at each receiver
[5]- The AT&T Bell Laboroatories experiment
was the first to demonstrate channel spacings on
the order of 1 nm [6]. The Heinrich Hertz Insti-
tute (HHI) reported the first broadcast star
demonstration of video distribution using coher-
ent lightwave technology [7].

Other recent demonstrations include those
by AT&T[13,15]and NTT[14]. Results from a num-
ber of demonstrations are reported in [13], ini-
tially with two 45-Mb/s channels and employing
tunable receivers, later with two 600-Mb/s channels,
and followed by two 1.2-Gb/s channels and
employing tunable transmitters as well. An exper-
imental system employing six 200-Mb/s channels,
spaced by 2.2 Hz, isreportedin [15]. The work in[14]
demonstrates a system operating witha 5-Hz-spaced
(equivalent wavelength spacing 0.04 nm) 16-
channel system based on tunable receivers, where
each channel can carry 622 Mb/s (enough to
accommodate an HDTV channel).

Experimental demonstrations of subcarrier-
multiplexing-based systems have also been recent-
ly reported [45, 46]. In [45], for example, a system
with one control node and two data nodes is
demonstrated. Fixed wavelength transmitters are
used ateach node, and a 1-Mb/s control information
issubcarrier-multiplexed at frequenciesf, = 710MHz,
fi = 720 MHz, and f, = 730 MHz at the central
controller, node 1, and node 2 (which are operated
at three distinct wavelengths: 1526 nm, 1543 nm,
and 1553 nm, respectively). Areceiving node employs
atunablefilter. Ithasa passbandin the 1526-nmwave-
Iength region to continuously receive from the
control channel, and another tunable passband to
receive from either of the data nodes (depending
on the control information in the f, subcarrier).

The following subsections elaborate on the var-
ious experimental demonstrations and prototypes
of single-hop WDM networks.

LAMBDANET

In Bellcore’s LAMBDANET demonstration {43],
an FT-FRM system, each transmitter was equipped
with a laser transmitting at a fixed wavelength.
Each of the wavelengths in the network was
broadcast to every receiving node via a broadcast
star at the center of the network. The experiment
demonstrated the use of an array of N receivers
at each node in the network, employing a grating
demultiplexer to separate the different optical chan-
nels. Recentexperiments report that 18 wavelengths
were successfully transmitted at 2 Gb/s over 57.5km.
It is mentioned in [43] that, although each node
requires N receivers, recent advances in opto-
electronicintegrated circuits may reduce the impact
of this limitation.

RAINBOW

In IBM’s RAINBOW project [11], the experi-
mental prototype takes the form of a direct-
detection circuit-switched MAN backbone consisting
of 32 IBM PS/2s as network nodes, communicat-
ingwith one another at 200-Mb/s datarates. The net-
work structure is a broadcast-star, but the lasers
and filters are housed centrally near the star coupler.
The lasers are tuned to fixed wavelengths, but the
Fabry-Perot etalon filters are tunable in sub-mil-
lisecond switching times, i.¢., thisisa FT-TR system.
Anin-band receiver polling mechanismis employed
under which each idle receiver is required to con-
tinuously scan the various channels to determine
if a transmitter wants to communicate with it.
The transmitting node continuously transmits a setup
request (a packet containing the destination
node’s address) and hasits own receiver tuned to the
intended destination’s transmitting channel to lis-
ten for an acknowledgment from the destination for
circuit establishment. The destination node, after
reading the setup request, will send such an
acknowledgment on its transmitter channel, there-
by establishing the circuit. Because of its long
setup-acknowledgement delay, this mechanism
may not be very suitable for packet-switched traf-
fic, although it would work well for circuit-switched
applications with long holding times.

A follow-up report [12] provides further
information on the Rainbow-I prototype, whichwas
demonstrated at Telecom 91 in Geneva. The lessons
learned from the corresponding prototype devel-
opment and demonstration are provided in [47].
Information on Rainbow prototypes planned for the
future can be found in [12]. It is expected that
Rainbow- II(a) will accommodate packet switch-
ing with 160 nodes, each operating at 200 Mb/s,
by employing rapidly tunable microwave subcarri-
ers. Rainbow-1I(b)is expected tosupport 128 nodes
and 1 Gb/s/node, by providing packet switching
and amultihop approach. The ultimate goal is Rain-
bow I1I, which should support 100 packet-switched
nodes, each operating at 1 Gb/s [12].

Fiber-Optic Crossconnect

The goal of the Fiber Optic Crossconnect (FOX)
demonstration [9] was to investigate the poten-
tial of using fast tunable lasers in a parallel pro-
cessing environment (with fixed receivers), i.e., this
is a TT-FR system. The architecture employed
two star networks, one for signals traveling from the
processors to the memory banks and the other
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for information flowing in the reverse direction.
Since the utilization of the memory accesses is
relatively slow, a binary exponential backoff
algorithm was used for resolving contentions,
and it was shown to achieve sufficiently good
performance. Since the transmitters are tunable,
for applications in which data packet transmis-
sion times are in the range of 100 ns to 1 us,
transmitter tuning times less than a few tens of
nanoseconds will ensure reasonable efficiency.

Other Experimental WDM Systems

In HYPASS [48], an extension of FOX, the
receivers were made tunable as well (i.e., a TT-
TR system), resulting in vastly improved through-
puts. Other recent experiments include BHYPASS,
STAR-TRACK, passive photonic loop (PPL),
and broadcast video distribution systems. Charac-
teristics of these systems are discussed in [10],
and are not repeated here to conserve space.

Other Protocols Based on No
Pretransmission Coordination

everal protocols that do not require any pre-

transmission coordination have recently been
reported [22,23,43,44]. Some of these protocols are
based on fixed assignment of the channel bandwidth,
whereas others are based on demand assignment.
We categorize these protocols accordingly in the fol-
lowing subsections.

Fixed Assignment

simple technique that allows one-hop com-

munication is based on a fixed assignment
technique, time division multiplexing (TDM) extend-
ed over amulti-channel environment [43]. Eachnode
is equipped with one tunable transmitter and one
tunable receiver; hence, these systems are classi-
fied as TT-TR systems. The tuning times are assumed
to be zero, and the transceiver tuning ranges are
the entire set of N available channels. Time is
divided into cycles, and it is predetermined at
what point in a cycle and over what channel a pair
of nodes is allowed to communicate.

For example, for the case of three nodes
(numbered 1,2, and 3) and two channels (numbered
@ and 1), one can formulate the following chan-
nel allocation matrix, which indicates a periodic
assignment of the channel bandwidth and in
which ¢t = 3iwherei =1,2,3

0 (1.2)

(1,3)
(3.1)

(21)
(3.2)

1 (2,3)

An entry (i,j) for channel & in slot / means
that node i has exclusive permission to transmit a
packettonodej over channelk duringslot/. The allo-
cation matrix can be generalized for an arbitrary num-
ber of nodes M and an arbitrary number of channels
N, based on some straightforward properties [43].
This scheme has the usual limitations of any fixed
assignment technique, i.e., it is insensitive to the
dynamic bandwidth requirements of the network
nodes and not easily scalable in terms of the

number of nodes. Also, the packet delay at light loads
can be significantly high.

The above work has been extended to a ver-

satile time- wavelength assignment algorithm [49]
in which node i is equipped with # transmitters
andrireceivers, all of which are tunable over all avail-
able channels. The scheduling algorithm is mind-
ful of the fact that the transceiver tuning times
are non-negligible. Specifically, the algorithm is
designed such that, given a traffic demand matrix,
it will minimize the tuning times in the schedule,
while also minimizing the packet transmission dura-
tion.
The work in [49] is further extended in [50] so
that users, based on their traffic flow pattems
with other users, can be grouped into separate
communities. Users within a community are con-
nected by their own local WDM star, but users
can communicate with users in other communi-
ties (alsoin asingle-hop fashion) viaa remote WDM
star. Again, given a traffic demand matrix, the
algorithm determines the proper time-wave-
length schedule.

Partial Fixed Assignment Protocols

The above fixed assignment protocol is too pessimistic
because its main goal is to avoid both channel
collision and receiver collisions. (A receiver colli-
sion occurs when a collision-free data packet
transmission cannot be picked up by the intended
destination since the destination’s receiver may
be tuned to some other channel for receiving
data from some othersource.) However, alternative
protocols can be defined in which the channel
allocation procedures are less restrictive. Anumber
of such protocols have also been studied in [43].

In the Destination Allocation (DA) proto-
col, the number of node pairs that can communicate
over a slot is increased from the earlier value of
N (the number of channels) to M. During a slot, a
destination is still required to receive from a
fixed channel, but more than one source can
transmit to it in this slot. Thus, even though
receiver collisions are avoided, the possibility of chan-
nel collision is introduced. For the three-node
two-channel case, an example slot allocation may be
the following:

0 (1.2) (1.3
3.2)

1 23) |31

3.1)

In the above protocol, the destination receiv-
eristunable, although it is known aprioriwhich chan-
nel it will be tuned to during various slots in a
cycle. The time taken by the receiver to switch
from channel to channel over consecutive slots
may be large. Therefore, to avoid this penalty, pro-
tocols have been developed inwhich anode’s receiv-
er is always tuned to a fixed channel. Such schemes
are discussed below.

A Source Allocation (SA) protocol has also
been defined in which the control of access to the
channels is further reduced. Now, over a slot
duration, N source nodes are allowed to transmit,
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B Figure 4. Architecture of the PAC optical packet network (the dashed lines

indicate energy on the various channels from the “main” star).

each overadifferent channel. Since anode can trans-
mit to each of the remaining (M - 1) nodes, the
possibility of receiver collisions is introduced. An
example periodicslot allocation policy for the three-
node two-channel case may now be the following:
Finally, an Allocation Free (AF) protocol can be
defined in which all source-destination pairs have
full rights to transmit on any channel over any
slot duration.

Due to the possibility of receiver collisions, the
latter two protocols (SA and AF) may not have much
practical importance.

0 12 | (1.3) | @1)
1.3) | (1.3) | 23)
1 23) | G | 32
23) | 32 | (32

Random Access Protocols I

This scheme requires that each node be equipped
with one tunable transmitter and one fixed receiv-
er (i.e., it is a TT-FR system). The channel on
which a node will receive is directly determined
by the node’s address, ¢.g.,by employing interleaving
on the low-order bits of the node’s address [51,
52]. The channel a receiver receives from is
referred to as that node’s home channel.
Twoslotted ALOHA protocols were proposed
in [23], and it was shown how they outperform
the control-channel-based slotted-ALOHA/ALOHA
protocolin [35]and its improved version in [36]. (The
latter two protocols will be discussed later.)
Under one of the protocols, time is slotted on all
the channels, and these slots are synchronized across
all channels. A slot length equals a packet’s trans-

mission time. In the second protocol, each packet
is considered to be of L minislots, and time across
is synchronized across all channels over minislots.
Throughput calculations were performed for
these two schemes, and slotting across the entire
packet length was found to perform better than min-
islotting, since the latter scheme increases the
vulnerability period of a data packet transmission
(justlike pure ALOHA has poorer performance than
slotted ALOHA). Also, not surprisingly, the max-
imum throughput on each data channel is found
to be 1/, the value for the single-channel case.

Random Access Protocols IT

A slotted ALOHA and a random TDM protocol
were proposed and investigated in [44]. Unlike
previous work, these protocols assume limited
tuning range, but the tuning speeds are still
assumed to be infinitely fast. Again, both of these
protocols are based on slotted architectures. Any
node, say node i, is equipped with a single tun-
able transmitter and anumber of fixed receivers (i.e.,
this is a 77-FRX system where x is a system param-
eter). Let 7(;) and R(i) be the set of wavelengths over
which node i can transmit and receive, respective-
ly. The assignment of transmitters and receivers
to various nodes is performed such that the inter-
section of 7(i) and R(j) is always non-null for alli and
j,i.e.,any twonodes can communicate with one anoth-
erviaone hop. The optimal node/transceiver assign-
ment problem is a challenging but open problem.

Under the slotted ALOHA scheme, if node
i wants to transmit to node j, it arbitrarily selects
a channel from the set T(i) N R(j), and trans-
mits its packet on the selected channel with prob-
ability p(i).

The random TDMA scheme operates under
the presumption that all network nodes, even though
they are distributed, are capable of generating
the same random number to perform the arbitration
decision in a slot. It is indicated in [44] that this
can be done by equipping all nodes with the same
random number generator starting with the same
seed. Thus, for every slot, and for each channel at
a time, the distributed nodes generate the same
random number, which indicates the identity of
the node with the corresponding transmission
right. The problem associated with variable prop-
agation delays between nodes and the hub is not
addressed.

Analytical Markov chain models for the slotted
ALOHA and random TDMA schemes are for-
mulated to determine the system’s delay and through-
put performances.

The PAC Optical Network

This is a TT-FR system based on a star configura-
tion [22]. Packet collisions can be avoided by employ-
ing protection-against-collision (PAC) switches at
each node’s interface with the network’s star cou-
pler. These collisions are avoided by allowing anode
access to a channel only if the channel is avail-
able. Also, packetssimultaneously accessing the same
channel are denied access. The concept is similar
to that in collision-avoidance stars [30, 31], except
that it is now extended to a multi-channel envi-
ronment.

The PAC circuit probes the state of the
selected channel (i.e., it performs carrier sensing) by
using an n-bit burst that precedes the packet. The

18

1EEE Network * May 1992



carrier burst is switched through a second
N x N “control” star coupler, where it is com-
bined with a fraction of all the packets coming
out of the “main” star plus all carrier bursts try-
ing to gain access to the “control” star (see Fig.
4). The resulting electrical signal controls the
optical switch, which connects the input to the
network. The switch is closed only if no energy is
detected on the selected channel from other
nodes. When two or more nodes try to access the
channel simultaneously, all of them detect the
“carrier,” and their access to the network is blocked.
Blocked packets are reflected back to the sender.

Note that the length of the carrier burst n
will influence the characteristics of this mecha-
nism. Also, it would probably be preferable to
collocate the individual PAC circuits as close to
the hub as possible.

Protocols Based on
Pretransmission Coordination

Partial Random Access Protocols

The simplest requirement for single-hop commu-
nication is that each node be equipped with a sin-
gle tunable transmitter and asingle tunable receiver,
and that the system employ a control channel,
i.e.,aCC-TT-TRsystem. Suchaclassof systemswas
first studied in [35]. The tuning times were
assumed to be zero, and transceivers were assumed
tobe tunable over the entire wavelengthrange under
consideration. A number of protocols and their per-
formance capabilities were outlined in this work.
Accessto the control channel was provided via three
random access protocols: ALOHA, slotted
ALOHA, and carrier sense multiple access
(CSMA). ALOHA, CSMA, and an N-server
switch mechanism were studied as sub-protocols for
the data channels. We elaborate on the specific
protocols below.

Assume that time is normalized to the duration
of a control packet transmission, which is fixed
and is of size one unit. For analytical compar-
isons, the work in [35] assumed data packets to
be of fixed length, of size L units. Also, assume
that there are N data channels. A control packet con-
tains three pieces of information—the source address,
the destination address, and a data channel wave-
length number, which may be chosen at random
by the source and on which the corresponding
data packet is to be transmitted.

Under the ALOHA/ALOHA protocol, a
node transmits a control packet over the control
channel at a randomly selected time, after which
it immediately transmits the data packet on data
channeli, 1 <i < N, which was specified in its
control packet. For a better understanding of the
protocol’s operation and its performance charac-
teristics, see Fig. 5. Note that the “vulnerable
period” of the control packet equals two time
units, extending from ¢,-L to t,+L where t, is the
instant the control packet’s transmission is start-
ed. Thatis, any other control packet transmitted dur-
ing the tagged packet’s “vulnerable period”
would “collide” with (and destroy) the tagged
packet. (Since different nodes can be at different dis-
tances from the hub, these times are specified
relative to the activity seen at the hub.) However,

B Figure 5. The ALOHA/ALOHA protocol.

even if the control packet transmission is successful,
the corresponding data packet may still encounter
a collision. This may happen if there is another
successful control packet transmission over the peri-
od t,-L to t,+L, and the data channel chosen by
that control packet is also i. Using such argu-
ments, the throughput performance of this protocol
can be analytically obtained. However, what thisand
the other protocols in [35] ignore is the possibility
of “receiver collisions.” Even if the control and
data packet transmissions occur without collision,
the intended receiver of the destination node
might not always be able to read either the con-
trol packet or the data packet if it is tuned to
some other data channel for receiving data from
some other source. For a large or infinite popula-
tion system, the effect of receiver collisions on
the system’s performance can be ignored [35, 53].

The siotted-ALOHA/ALOHA protocol is sim-
ilar, except that access to the control channel is
via the slotted-ALOHA protocol. Other schemes
outlined in [35] include ALOHA/CSMA,
CSMA/ALOHA, and CSMA/N-Server proto-
cols. However, the main limitation of this scheme
is that carrier sensing is based on near-immedi-
ate feedback, which may not be a practical fea-
ture of high-speed systems.

Improved Random Access Protocols

The work in [35] has been extended to obtain
improved protocols and performance predic-
tions [36]. The focus in [36] is on realistic proto-
cols that do not require any carrier sensing,
since the normalized channel propagation delay
in a high-speed environment would.exceed
unity. Hence, slotted ALOHA for the control chan-
nel and ALOHA and the N-server mechanism
for the data channels are examined. Another
improvement in the protocols is also studied. Specif-
ically, it is required that a node delay its access
to a data channel until after it learns that its
transmission on the control channel has been
successful. As a result, better throughput perfor-
mance can be achieved, and such results for the
improved protocols have been analytically
demonstrated in [36].

Bimodal Throughput, Nonmonotonic Delay, and
Receiver Collisions—Both the original set of pro-
tocols in [35] and the improvements in [36]
ignored “receiver collisions,” indicating that the
probability of receiver collisions is small for large
population systems and that they would be taken
care of by higher-level protocols. A receiver col-
lision occurs when a source transmits to a destination
without any channel collision; however, the des-
tination may be tuned to some other channel receiv-
ing information from some other source. The
study in [53] first shows that the slotted-
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—— Receiver collisions are included
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B Figure 6 Bimodal throughput characteristics of the slotted-ALOHA |
delayed-ALOHA protocol for L = 10 slots per data packet and N = number

of data channels.

ALOHA/delayed-ALOHA protocol in [36] can have
a bimodal throughput characteristic. Basically, if
the number of data channels is small, the data chan-
nel bandwidth is under-dimensioned, and the
data channels are the bottleneck; and if there is a
large number of data channels, the control chan-
nel’s bandwidth is under- dimensioned, and it is
the bottleneck. See Fig. 6 for some representa-
tive throughput results. The work in [53] finds a use-
ful relationship for optimally dimensioning the
available bandwidth (properly selecting the num-
ber of data channels) so that neither is the bot-
tleneck. Specifically, it is required that under the
slotted-ALOHA/delayed-ALOHA protocol with
L-slot data packets, the number of data channels
should be given by:

e

Investigations in [53] reveal that the system has
aninteresting delay characteristic, i.e., that the mean
packet delay is not necessarily monotonic. For exam-
ple, for some sets of system parameters, such as short
backoff period, the mean packet delay can actual-
ly be reduced even though the offered load is
increased. Of course, this can only happen when
the throughput also decreases due to the data
channel bandwidth being under-dimensioned.
Figure 7 shows some representative delay results
from [53].

The work in [53] also studies the slotted-
ALOHA/delayed-ALOHA protocol’s performance
degradation due toreceiver collisions for finite pop-
ulation systems, and the corresponding through-
put results are also shown in Fig. 6. As expected,
the throughput reduction due to receiver colli-
sions is more prominent when the system popula-
tion is smaller [53].

Extended Slotted ALOHA and
Reservation ALOHA Protocols

Two sets of slotted ALOHA protocols and a set
of Reservation ALOHA protocols are defined in
[38], for the same setting as before (one tunable trans-
mitter and one tunable receiver per node). The
first set of slotted ALOHA protocols parallel
those in [35] in the sense that a data packet is
transmitted after a control packet transmission, inde-
pendent of whether the control packet transmis-
sion is successful or not.

One of the protocols can be understood by con-
sidering Fig. 8a. A cycle is defined to be a con-
tiguousset of N 4+ L minislots, where N is the number
of data channels (and there is an additional con-
trolchannel) and L is the data packetlength. A node
that has a data packet to send will arbitrarily
choose one of the N control minislots and trans-
mit a control packet in it. If it chooses the ith
control minislot in a cycle, it will transmit its data
packet in the ith data channel during the same
cycle. This fixed assignment of a control minislot
to each data channel ensures that if a control
packet is successful, then the corresponding data
packet will also be successful.

The first set of slotted-ALOHA-based proto-
cols in [38] also includes five variations of the
above access mechanism. Note that the mecha-
nism in Fig. 8a is quite wasteful, since during a
cycle the data channels are unused during the
first N minislots, while the control channel is idle
during the last L minislots of the cycle. To improve
the protocol’s efficiency, the variation in Fig. 8b
can be employed. Now, each cycle consists of L
minislots, where L > N, but the control channel pre-
assignment mechanism spans consecutive cycles.
That is, a node transmitting a control packet in
the ith control minislot of the Kth cycle will trans-
mitits corresponding data packet in theith data chan-
nel of the (K+1)th cycle. Note that now the
wastage is reduced to only the last (L-N) minis-
lots on the control channel in each cycle.

Variations of the above two schemes are
possible, e.g., one need not preassign a control
minislot to a data channel, i.e., a node can select
a control minislot and a data channel via two dif-
ferentrandom choices. The final protocol in the first

W Figure 7. Non-monotonic delay characteristics
of the slotted-ALOHA /delayed-ALOHA protocol
for L = 10 slots per data packet, N = 3 data
channels, zero propagation delay, and different
values of the backoff parameter K.
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set of slotted-ALOHA-based protocols in [38]
employs asynchronous cycles on the different
data channels. The control channel still consists
of periods of N minislots followed by (L-N) idle
minislots, and data channels are preassigned to
the control minislots, but now a data transmission
on channeli starts immediately after the control pack-
et transmission in minislot i.

The second set of slotted ALOHA protocols
in [38] parallel the improved approaches in [36]
(employing delayed feedback)—that a data pack-
ettransmissionisinitiated only after the node learns
that its control packet transmission is successful.

Inorder to accommodate circuit-switched traf-
fic or traffic with long holding times, e.g., file
transfers, two Reservation-ALOHA-based proto-
cols are also outlined in [38]. The first builds up
on the improved slotted ALOHA technique in
Fig. 8a. The data channels are preassigned to
control minislots, and a node transmits its data pack-
et, which is the first data packet of a multi-packet
message, in the same cycle only if its control
packet is successful (as in [36]) (feedback from
the channelis assumed to be immediate). Ifboth the
controland data packet transmissions succeed, then
the node essentially reserves the same data chan-
nel in all subsequent cycles until its use of the
data channel is completed. It does so by transmit-
ting a jam signal in the corresponding minislot of
subsequent cycles, while transmitting its data
packets continuously on the corresponding data chan-
nel. The second Reservation ALOHA protocol builds
up on the improved protocol with asynchronous
cycles on the different data channels.

Some further improvements to the above archi-
tectures have also been recently reported [21, 39].
Specifically, for the architecture in Fig. 8a, note
that instead of wasting the data channels during
the first N minislots of a cycle, one can make use
of these minislots for control operation as well.
Thus, the multi-control-channel protocol in [39]
extends the control operation over allchannels. Now,
one can define communities of interest, and all nodes
belonging to a community must tune their receiv-
er during the control part of a cycle to a particu-
lar predetermined channel. Any node wishing tosend
a data packet must therefore transmit its control
packet to the destination on the above predefined
channel. Data transmission can occur over any of the
available data channels (randomly selected by the
source before its control packet transmission and
so indicated in the control packet). Also, data
channel collisions may occur.

Data channel collisions are avoided in the
protocols in [21] by requiring that a cycle consist
of acontrolslot (which is further divided into M min-
islots, one preassigned to each node), an informa-
tion slot (of X minislots) through which a receiver
can notify the senders whether their control pack-
et transmissions are successful or not, followed by
a data slot through which collision-free data
transmissions occur. This scheme will have value only
for small propagation delay systems, and when
fast tunable devices become available (because of
the multiple channel tuning times involved over a
cycle for a data packet transmission).

A multiple-channel-based reservation scheme
is also studied by the same authors in [54], where,
in a cycle, all channels have a contention slot, fol-
lowed by a control slot, followed by data slots.

IN

B Figure 8. The slotted ALOHA protocols.

Receiver Collision Avoidance (RCA) Protocol

In the previous protocols, the main difficulty in detect-
ing receiver collisions arose due to the simplicity
of the systems, i.e., the availability of only one
tunable receiver per node to track both the con-
trol channel and the data channel activities. How-
ever, even for such a simple system, it tums out
that by adding some intelligence to the receivers,
receiver collisions can be avoided and resolved at
the data link (medium access control) layer.
Thus, the Receiver Collision Avoidance (RCA) pro-
tocol[37] operates under the same basic system
parameters as before, i.e., one tunable transmit-
ter and one tunable receiver per node and a con-
tention-based control channel. In addition, the
protocol accommodates the fact that transceiver tun-
ing times can be nonzero (of duration 7 slots,
say). For simplicity of presentation, all nodes are
assumed to be D slots away from the hub and N
= L, but these conditions can be generalized.
The protocol is briefly outlined below.

Channel selection: Before a control packet is
sent, the sender should decide which channel will
be used to transmit the corresponding data pack-
et. Inorder to avoid data channel collision, the RCA
protocol proposes a simple and fixed data chan-
nel assignment policy. For the case N = L, each
control slot is numbered 1 through N, periodical-
ly, asina TDM system. Specifically, each controlslot
is assigned a fixed wavelength, which will be the chan-
nel number on which a data packet will be trans-
mitted if the corresponding control packet is
successfully sent in that slot. Not only is this
assignment scheme simple, but it also guarantees
that the corresponding data channel transmission
will be collision-free, as in some of the protocols
in [38). The cases N=L are treated in [37].
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Node Activity List (NAL): Each node maintains
an NAL, which contains information on the con-
trol channel history during the most recent 27+L
slots. Each entry contains the slot number and a
status (Active or Quiet). If the status is Active (which
means that a successful control packet is received),
the corresponding NAL entry will also contain
the source address, the destination address, and
the wavelength selected, which are copied from
the corresponding control packet. NAL may not be
available (oritsinformation outdated)ifthe local receiv-
er has been receiving on some data channel.

Packet Transmission: Consider a packet generat-
edat Transmitter and destined for Receiver;. Trans-
mitter { will send out a control packet only if the
following conditions hold: node i’s NAL does not
contain any entry with either node i or node j as a
packet destination. The control packet thus trans-
mitted will be received back at node i after 2D
slots, during which time node i’s receiver must
also be on the control channel. Based on the
NAL updated by nodei’s receiver, if asuccessful con-
trol packet to node i (without receiver collision)
is received during the 27+ L slots prior to the
retum of the control packet, then areceiver collision
is detected and the current transmission proce-
dure has to be aborted and restarted. Otherwise,
Transmitter i starts to tune its transmitter to the
selected channel at time r+2D+1, and the tuning
takes T slots, after which L slots are used for data
packet transmission, which is followed by another
T-slot duration, during which the transmitter
tunes back to the control channel.

Packet Reception: The packet reception proce-
dure is quite straightforward and is not elaborat-
ed on here to conserve space.

Dynamic Time-Wavelength Division
Multiple Access Protocol

A single transmitter and a single receiver per
node are the minimal requirements for a single-
hop system, but the protocol and the system’s
performance can be improved by equipping nodes
withmultiple transceivers. The dynamic time-wave-
length division multiple access (DTWDMA) pro-
tocol [40] requires that each node be equipped
with two transmitters and two receivers: one
transmitter and one receiver at each node are always
tuned to the control channel, each node has exclusive
transmission rights on a data channel towhichiits other
transmitter is always tuned, and the second receiv-
er at each node is tunable over the entire wave-
length range, i.e., this is a CC-FT2-FRTR system.
Hence, if there are N nodes, the system requires N
+ Ichannels, N for data transmission and the (N+1)th
forcontrol. Access tothe control channelis TDM-based.
The system is slotted with slots synchronized overall
channels at the passive star (hub). A slot on the
control channel consists of N minislots, one for
eachofthe N nodes. Each minislot contains a source
address field, a destination field, and an addition-
al field by which the source node can signal the
priority of the packet it has queued up for trans-
mission, e.g., the priority information could be
the delay the packetwould experience fromiits arrival
instant until the time it would reach the hub
when it is transmitted. Note that control informa-
tion is transmitted collision-free, and after trans-
mitting in a control minislot, the node transmits
the data packet in the following slot over its own ded-

icated data channel. By monitoring the control chan-
nel over a slot, a node determines if it is to receive
any data over the following data slot. If a receiver
finds that there are more than one node transmit-
ting data to it over the next data slot, it checks the
priority fields of the corresponding minislots and
selects the one with highest priority. To receive
the data packet, the node simply tunes its receiv-
erto the source node’s dedicated transmission chan-
nel. Figure 9 elaborates on the protocol’s operation.

Anovelty of thismechanism s that even though
there may be a “collision,” in the sense that two
or more nodes might have transmitted data pack-
ets to the same destination over a data slot dura-
tion, exactly one of these transmissions will
always be successfully received. Also, this mecha-
nism has an imbedded acknowledgment feature,
since all other nodes can learn about successful
datapacket transmissions by following the same dis-
tributed arbitration protocol. In addition, the mech-
anism supports arbitrary propagation delay
between the various nodes and the passive hub.
The main limitation of the system is its scalability
property, since its control channel is TDM-based
and it alsorequires that each node’s transmitter have
its own dedicated data channel. An additional
issue is that this mechanism requires either
infinitely fast receivers or that the receiver tuning
time be part of the slot duration, which may lead
to a reduction of the protocol’s efficiency. With-
out this limitation, it is shown in [40] that, for a
large user population, the peak throughput of the
systemis 1 - 1/e = 0.63.

A number of extensions to the DTWDMA pro-
tocol have been reported [41, 55-57).

Note that in DTWDMA, when two or more
nodes transmit data to the same destination, the des-
tination will read one of the data packets while ignor-
ing the others. The work in [55] proposes the use
of an optical delay line to essentially buffer one or
more of the collided packets, which would have
otherwise been lost. If the destination is not going
toreceive packets from any source over the next data
slot, then it can read a previously buffered packet.
The larger the capacity of the optical delay line,
the lower the fraction of lost packets. Note that pack-
et loss can still occur if a large number of succes-
sive slots have collisions for the same destination.
Different policies (first-in first-out—FIFO—vs. last-
in first-out—LIFO) exist, depending on the order
in which previously collided packets vs. new pack-
ets are presented to the destination by the delay
line buffer. Simulation resuits in [55] indicate that
with a delay line buffer of 10 or so, the network’s
throughput canbe raised to approximately 0.95 com-
pared to approximately 0.63 for no delay line
buffer (the case in [40]). The above results are obtained
for the asymptotic case of a large (infinite) user
population. Also, it is observed that the FIFO pol-
icy (of giving higher priority to older collided
packets) results in better performance (higher
throughput and lower mean packet delay).

Avoiding the rebroadcast of control packets
corresponding to previously collided data packets
is also proposed in [56]. Nodes are now made
more intelligent so that they can remember infor-
mation from previous control packet transmis-
sions and participate in a distributed algorithm for
efficient scheduling of data packet transmissions.
Specifically, each node is required to maintain an
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NxNbacklog matrix B, the element b; of which indi-
cates how many packets at node i are available for
transmission to node j. Since all packet arrivals are
announced through the broadcast channel, all
nodes can maintain identical copies of B locally, by
assuming that all nodes‘are equidistant from the
hub. All nodes use B and the same scheduling
algorithm to compute the same transmission sched-
ule 7, which is an N x N matrix of binary entries
such that #; = 1 indicates that node i should trans-
mit a packet to node j over the next data slot (on
node i’s dedicated data channel), and ¢; = @ other-
wise. A proper T matrix must have at most one
non-zero element in all rows and one non-zero ele-
mentinall columns. Thework in [56] outlines two algo-
rithms to compute the best possible T. One of
them is the Maximum Remaining Sum (MRS)
algorithm, which can find a suboptimal T in a small
number of operations (O(N2), while the other is
the System of Distinct Representative (SDR) algo-
rithm, which can find the optimal schedule T but is
compute-intensive (it requires O(N4) operations).
Typical numerical examples in [56] indicate that
+the loss of scheduling efficiency of MR S (as compared
with SDR) is not very significant. Numerical exam-
ples also indicate that the maximum utilization of a
datachannelunder the improved scheme can approach
unity (as compared with 0.63 for the original
DTWDMA protocol). However, the scheduling algo-
rithms in [56] also assume that all nodes are equidis-
tant from the WDM star coupler; an extension that
eliminates this restriction will be very desirable.
Two additional protocols are outlined in
[57], which are also aimed at improving the
DTWDMA protocol. Just like in [56}], each node
maintains abacklog matrix (referred toas S;in [57]).
The first algorithm, called Dynamic Allocation

W Figure 9. The DTWDMA protocol. Note that t; and t, are instants when Stations I and 3, respectively,

Scheme (DAS), requires that each node execute
an identical algorithm based on a common ran-
dom number generator with the same seed at all
nodes. (Recall that this common random number
generator requirement was also present in the
schemes in [44].) Thus, all transmitters mutually
arrive at the same conclusion. First, a transmitter
is selected randomly, and among the destinations
for which it has queued packets (as determined
by identical copies of Sj; at all nodes), one receiv-
er is chosen randomly (the same at all nodes).
The chosen transmitter will transmit to the cho-
senreceiver over the nextslot. The processisrepeat-
ed to select the other transmitters and the
corresponding receivers they will be transmitting
to in a similar fashion, except that transmitters
and receivers that have already been scheduled
are excluded (since each node has one data trans-
mitter and one data receiver). The second proto-
col in [57], called Hybrid TDM (HTDM), requires
that time on the data channels be divided into frames
consisting of M + X slots where M is the number
of nodes and X is a positive integer. After every [M/X]
slots, one slot is left “open,” into which a node
may transmit to any receiver. Who gets to trans-
mit into such open slots is again determined by
the same random-number-based mechanism as in
the DAS protocol. Obviously, since HTDM has these
open slots, it can provide lower delays than TDM,
especially for non-uniform traffic. Itis alsoshownin
[57] that HDTM has lower signaling needs than DAS,
but DAS also performs close to optimally when
the channel propagation delay is zero.

Finally, we note that these schemes can
become useful if mechanisms can be developed that
can synchronize random- number generators at
distributed network locations.

learn about the status of their first control packet transmissions to Station 2.

IEEE Network * May 1992

23



The TDMA/N-Server Protocol

This protocol employs a TDMA control channel, but
it improves upon the DTWDMA protocol [40] by
allowing a user population larger than the num-
ber of data channels, variable-length data pack-
ets, and possibly faster access to the data channel (by
not requiring that a node delay its data packet
transmission until the beginning of the next con-
trol cycle). Each node has its own control slot on
the control channel, allocated in TDM fashion,
but the number of data channels, M, is limited
(possibly less than the number of nodes). Also,
each node is equipped with only one tunable
transmitter for both control and data packet
transmissions. However, as in [40], each node has
two receivers, one fixed on the control channel
and another tunable over all data channels. Thus,
this system can be classified as (CC-TT-FRTR).
Acontrol packet consists of the source address (pos-
sibly redundant due to the TDM-type control
channel), destination address, selected channel num-
ber, and length of the data packet (variable).
After a control packet transmission, a data pack-
et transmission is initiated on the previously
selected data channel o slots later, where o.=max
(t;, t.); t, is the transmitter’s tuning time, and ¢, is
the tuning time of the intended receiver.
Collisionless data transmissions are ensured by
requiring that each node maintain two status
tables. One of them keeps track of the status of
the data channels (to eliminate data channel col-
lisions), while the other keeps track of the status
of the tunable receiver at each node (in order to avoid

W Figure 10. The multichannel bus network,: (a) network structure with tunable
transmitters and fixed receivers; (b) a cycle in AMTRAC forN =4 and M = 4.

receiver collisions on the data channel). The sta-
tus of these two tables, which are identical at all nodes,
is maintained by having the nodes monitor the
control packet transmissions on the control channel
and update the tables accordingly.

Special Case: Linear Bus with
Attempt-and-Defer Nodes

he previous protocols were based on a cen-

tralized hub architecture, independent of the
network’s physical topology. However, for a lin-
ear-topology physical network (see Fig. 3b),
nodes can also employ a multiple access mechanism
for sharing their transmissions on a common data
channel. In particular, a node on the linear multi-
channel bus can be equipped with a sense tap,
using which it can access a channel via an attempt-
and-defer policy. By tuning a sense tap to a chan-
nel, a node can determine if there is any activity
on that channel from its upstream nodes. If there
is activity, the node will defer until the activity
has ended. Otherwise, the node can transmit on
the channel until its transmission is completed or
itsenses activity at its sense tap, at which time it aborts
its packet transmission, deferring to the upstream
transmission.

Until recently, protocols based on the above
attempt- and-defer mechanism were not considered
serious contenders for implementation in a local
lightwave network because each tap on the linear
bus results in a 3-dB power loss (due to halving of
the power at each splitter) so that, with a power
margin of a few tens of dBs, only a small number
of nodes could be accommodated (without ampli-
fication of the optical signal). However, the
recent emergence of the erbium-doped fiber
amplifier [28] should rekindle interest in the lin-
car- bus-based lightwave networks, because opti-
cal signal amplification is no longer a problem.
Protocols based on the linear topology, e. g.;
AMTRAC [51] and multichannel p(i)-persistent
[58], are outlined below.

AMTRAC

The AMTRAC approach simultaneously exploits
the combined performance advantages of both mul-
tichannel and train-oriented protocols. Under
this mechanism, a node is equipped with a single
receiver tuned to a fixed channel, while a node’s
transmitter is wavelength-agile in the sense that it
can tune itself to any channel, depending on the pack-
et’s destination; hence, this is a TT-FR system.

Let there be N nodes and M parallel chan-
nels (see Fig. 10a), and let the internode dis-
tance be D. Time is slotted with slot duration D,
and a cycle is defined to be of length 2(N-1)
slots (see Fig. 10b). Transceiver tuning times are
assumed negligible.

A cyclic structure is imposed on the system,
A node is assigned a scheduling point on each
channel in each cycle. If node i wishes to transmit
a packet to node j, which happens to receive
packets only from channel ¢ (since its receiver is
always tuned to this channel), then node i will
check to see if channel ¢ is free at the beginning
of slot i-1 in a cycle. If it is free, node i will trans-
mitits packet; otherwise, it will wait for the next cycle
to repeat the same procedure.
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approach

Uneafstrucmlfe simu]-
(using attempt-and-defer)
taneously
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performance
0 LAMBDANET , | Fed assignment Partial random access advantages
receiver array: FT-FR" (TT-TR) (CC-TT-TR)
RAINBOW Improved random access of both
Partial fixed (CC-TT-TR) :
Fm assignment multi-channel
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FOX .
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(RCA) Protocol | .

(CC-TT-TR)

Dynamic time-wavelength
division multiple access
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(CC-FT*-FRTR)

TDFMA/N-Server
(CC-TT-FRTR)

W Figure 11. Classification of single-hop WDM network architectures.

The protocol has subsequently been refined  Conclusion

to incorporate multihopping when it is known
thatsingle- hopping would result in longer delay [52].

MultiChannel Probabilistic Scheduling

The network structure is the same as before, i. €.,
asingle tunable transmitter and a fixed-tuned receiv-
er at each node. All of the M parallel channels
are slotted and synchronized, and the slot length
equals the packet transmission time. At the

arious contributions made to date on the research

and development of WDM-based local lightwave
networks were discussed in this article. The charac-
teristics of single-hop systems were studied; vari-
ous architectures, protocols, and experimental
prototypesbelonging tosingle networkswere reviewed.
Multihop network architectures will be reviewed in
a companion paper [34]. Figure 11 provides a sum-

beginning of every slot, out of the M channels,
nodeichooses a channelc with probability P,.. After
probabilistically selecting a channel (say channelc),
node i transmits the packet (if any) at the top of
its buffer for channel ¢ if the slot arriving on that
channel is sensed to be empty.

In[58], the proper transmission probabilities (P;.)
for various fairness criteria (e.g., equal average
packet delay at each node) have been analytically
obtained usingboth exact and approximate approach-
es. Also, to keep pace with the fluctuations (if any)
of the offered traffic at the various nodes, the trans-
mission probabilities can be dynamically adjusted.

marized classification of single-hop systems.

Much more exciting research and development
on single-hop systems is expected. Single-hop sys-
tems that can accommodate a large and time-
varying user population, and properly utilize the
available channel capacitybased on wavelength-agile
transceivers (with non-zero tuning times and lim-
ited tuning ranges) are prime candidates for fur-
ther study. It is expected that reservation-based
protocols aswell as protocols that can simultaneously
accommodate circuit-switched traffic, narrowband
packet traffic (short packets), and bulk data trans-

fers (wideband packet traffic) will be developed.
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Although most of the architectures and pro-
tocols discussed in this article are meant for
LANs and MANSs, some of them can also be
applied tosituationswhere the propagation between
the end users is negligible, e.g., the end users may
be collocated. Some of these WDM systems have
alsobeen proposed as photonic switching fabrics [21,
22] or multiprocessor interconnects {23, 24].

While this tutorial/survey focused onlightwave
networks spanning local and metropolitan areas,
work on optical WDM WANSs [59-63] has also
been initiated based on photonic wavelength
routing/switching mechanisms at intermediate nodes
[10]. These networks do not need to have a centralized
hub asinlocal lightwave networks. Asaresult, WDM
WANSs can employ spatial reuse of wavelengths
in different parts of the network, thereby increas-
ing the amount of concurrency in the network. Some
work on embedding a ring and a hypercube [59,
60} on WDM WANS has been reported, and
more activity on this topic is anticipated.
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