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Abstract—Optical dynamics requirement for packetover-WDM networks is analyzed. Optimization among optical switching speed, global resource availability, and local
queuing considerations is performed, yielding multiterabit/second
throughput capability by employing submicrosecond switching
technology.
Index Terms—High-speed scheduling
switching architectures, WDM networks.
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I. INTRODUCTION
HE exponential growth of the Internet and demand for
datacom, telecom, and multimedia services has forced
carriers and communication equipment providers to look for a
new scale of solutions for the backbone bandwidth and quality
of service (QoS) infrastructure. Multiterabit/second (Tb/s)
routers and switches are already being developed. At the same
time, several switching schemes and scheduling algorithms
are being designed in order to support the high capacity,
large number of ports, and low latency requirements of such
networks [1], [2]. Conversely, presently available switches
and routers are confined to an aggregated capacity of up to
200 Gb/s. Promising solutions rely on recent developments in
high-speed optical switching technology such as free-space
electroholographic switches [3], free-space micromechanical
switches [4], and fast tunable wavelength-division multiplexing
(WDM) transmitters [5], [6] that can be used as switching
elements. As high-speed optical switching technology is still
in its research and early development stages, it is extremely
important to characterize and define the requirements of its
dynamics from the packet-switching perspective. While most
commercially available millisecond-range elements are limited
to support circuit-switching functionality, it is not yet clear
what the adequate optical switching speed requirements are
for packet switching functionality, nor whether microsecond
devices are sufficient or nanosecond switches should be developed.

T

II. SCHEDULING APPROACH
Here, the issue of switching speed is being analyzed from
a three-lag tripod perspective. The first lag is the optical tech-
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nology viewpoint. Switching schemes in the range of microseconds or even hundreds of nanoseconds seem to be already in
hand [3]–[6], while it will still take a few more years to reach
commercial large-scale nanosecond switching, e.g., via current
injection or electrooptic devices. The second lag of the tripod
is the global router resource availability, which is imperative
for overall switching performance, e.g., maximizing throughput
and minimizing mean packet delay. If it were practical, for example, to consider requests for all available switch resources
(channels), employing a weighted maximum matching algorithm would be efficient. Unfortunately, the global centralized
approach is impractical since it can not be implemented in real
time; calculations scale proportionally to n3; with n being the
number of channels. In addition, under nonuniform traffic conditions, maximum matching algorithms are known to perform
poorly and cause queue starvation, resulting in limited QoS provision.
Consequently, the third lag of the tripod is the local queuing
perspective. Due to practical VLSI issues, and in order to meet
queue dynamic requirements, most pragmatic algorithms utilize
distributed schemes. Decisions are made concurrently at each
port, based merely on local information, such as queue length
and average packet delay. Contention is typically avoided using
backpressure mechanisms or by updating scheduling pointers.
The major advantage of such approaches is their capability of
reaching real-time decisions on a “packet-by-packet” basis,
while the dominant disadvantages are lack of global optimization of resources and a normalized priority mechanism for the
provision of QoS.
Summarizing the three-lag strategy:
a) realistic optical switching technology limits switching
speeds to submicroseconds or longer;
b) decision time for global considerations does not scale and
is therefore infeasible on a “packet-by-packet” basis;
c) shorter scheduling decisions yield finer switching resolution and hence potentially better performance from the
local queue perspective.
It is shown here that although cell-by-cell switching is commonly perceived as the goal of any scheduling scheme, it is
beneficially preferred to produce optimized switching decisions
once every several cell times providing the latter yields improved overall performance. As packet duration in high-speed
networks is approximately 50 ns (i.e., asynchronous transfer
mode (ATM) cells at oc-192 are 42.61 ns in length), the notion of
“several cell times” translates to a few hundred nanoseconds allowed per switching event. It is thus the aim of the switching architecture to guarantee performance at the expense of lengthier
scheduling decisions.
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Fig. 2. Mean queue occupancy for uniform distributed Bernoulli traffic.
Fig. 1. The proposed switch architecture.

III. SWITCH ARCHITECTURE
Here, a switch architecture that produces a switching decision once in several cell times is proposed. Accordingly, a
switching-time valuation metric for optical cross-connect implementations is derived. In the proposed switch architecture,
depicted in Fig. 1, each node includes a SONET module and a
WDM module. The SONET module connects the high-speed
SONET data stream, which originates from the switch port,
with the optical WDM interconnection. Data are optically
transmitted and routed through a passive star to the WDM
receiver module at the relevant destination. In turn, at the
destination node, the data are retransmitted via the SONET
module to the desired remote destination. The optical switching
functionality is performed by means of a tunable-transmitters
and fixed-receivers (TTFR) strategy. The header in each packet
indicates the desired destination relating to a specific WDM
module at the switch. According to a scheduling procedure,
the local controller sets the wavelength of the fast tunable
laser at the WDM module of the source port to a specific
wavelength corresponding to the wavelength of the fixed-tuned
optical filter at the WDM module of the destination port. By
modulating the tunable laser, packets are transmitted through
the star coupler and received at the relevant WDM module. To
meet the foregoing goals, the optical dynamic WDM portion
of the network is physically organized in a small area, i.e., a
single rack or central office. All 2.5/10-Gb/s streams, independent of their distance, are connected to the central WDM
interconnection site. Switching-time requirements thus apply to
the wavelength tuning duration. Submicrosecond tuning speeds
together with wide quasi-continuous tuning range of over 60
nm have been demonstrated, for example, by utilizing gain
coupler sampled reflector laser technologies [5], [6]. Using
currently available 50-GHz channel spacing WDM filtering
technology, our proposed architecture can support more than
150 channels, each running at 10 Gb/s, exceeding an aggregate
switch throughput of 1.5 Tb/s. Power budget does not limit the
switch performance in this architecture, as conventional 30-dB
power margin can support up to 1000 nodes.

Fig. 1 depicts the switch control architecture, described in
detail in [7]. Packet traffic received at each port is distributed to
different queues within the node on a packet-by-packet basis,
where each queue relates to a desired destination node. All
nodes are connected to a central channel reservation scheduler
via a common electronic channel reservation bus and individual
control lines. The N bus lines are accessible to all nodes and
indicate the reservation status of each of the N channels. The
individual control lines are used by the scheduler to signal each
node, in turn, to commence the channel reservation procedure.
All nodes transmit data concurrently via channels reserved
during the preceding time slot. Finding the maximal priority
between the contending queues may be achieved by utilizing
comparison-tree hierarchy implementation. Assuming N nodes,
the switching time slot period is calculated as
tts

=

N 1

log 2 (N )

1 tc

+ tswitch

(1)

tc is the processing time for a single comparator and
is the optical cross-connect switching time. Accordingly,
the optimal switching time slot tts dictates the queuing time
delay and hence the number of cells required to be transmitted
during each time slot.

where

tswitch

IV. COMPUTER SIMULATION RESULTS
Considering present VLSI technology, tc = 0:5 ns was
found feasible. As a result, extremely short processing time
for resource allocation is attained, yielding high switching
performance. Inclusive sets of simulations demonstrate that
using the proposed architecture, Tb/s switching capacity with
100 OC-192 (9.95 Gb/s) ports can be pragmatically achieved.
Figs. 2 and 3 summarize the simulation results [8], [9], in
which the mean queue occupancy (in packets) versus optical
switching time is depicted. In Fig. 2, a switch with binomial
packet arrival process and uniform destination distribution
traffic is assumed, while in Fig. 3, the case of nonuniform Zipf
destination distribution [10] is examined. For both models, the
full three-lag tripod optimization is utilized, while assuming
a fixed overhead of 10% due to optical switching time. It is
assumed that both the packet transmission duration and the
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can be achieved by using a 10% internal speed-up scheme.
Also, although in this letter, we discuss dynamic-WDM based
optical switching, the switching mechanism can be replaced
by other multiplexing technology, e.g., optical space-division
multiplexing or time-division multiplexing.
V. CONCLUSION
The optical dynamics requirement for packet-over-WDM
networks is presented and analyzed. An advanced three-lag
tripod optimization scheme that merges between physical-layer
and algorithmic-layer considerations is presented, leading to
a novel design for next-generation multiterabit/second routers
based on optical cross-connects with submicrosecond switching
speed requirements. Such optical technology is already in hand.
Fig. 3. Mean queue occupancy for nonuniform Zipf distributed Bernoulli
traffic.
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