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Abstract—This paper analyzes the packet loss and delay
performance of an arrayed-waveguide-grating-based (AWG)
optical packet switch developed within the EPSRC-funded
project WASPNET (wavelength switched packet network). Two
node designs are proposed based on feedback and feed-forward
strategies, using sharing among multiple wavelengths to assist
in contention resolution. The feedback configuration allows
packet priority routing at the expense of using a larger AWG.
An analytical framework has been established to compute the
packet loss probability and delay under Bernoulli traffic, justified
by simulation. A packet loss probability of less than 10 9 was
obtained with a buffer depth per wavelength of 10 for a switch
size of 16 inputs–outputs, four wavelengths per input at a uniform
Bernoulli traffic load of 0.8 per wavelength. The mean delay is less
than 0.5 timeslots at the same buffer depth per wavelength.
Index Terms—Modeling, optical communications, optical packet
switching, photonic switching systems, switch architecture, wavelength-division multiplexing.

I. INTRODUCTION

D

UE TO the electronic bottleneck, the full potential of
optical transmission cannot be harnessed in switched
systems employing electronic nodes in the transmission path.
To overcome this problem, WASPNET [1], a multi-institution
project funded by the United Kingdom’s Engineering and
Physical Sciences Research Council (EPSRC) and supported
by industry, is proposed as one solution to the continually
growing demand for telecommunication transport capacity. It
is a packet-based transport network that can initially support
conventional optical paths for interfacing to SDH/SONET and
can then inherently evolve toward transporting and switching
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optical packets. Optical packet switching has the potential for
high speed, data rate transparency, data format transparency,
fine granularity, and flexibility [2].
In packet-switched networks, information is encapsulated in
packets consisting of a header and a payload. The header contains (among other things) information pertaining to the packet
destination, while the payload carries the information itself. Fast
packet switching that uses fixed-length packets (cells) such as
the asynchronous transfer mode (ATM) [3] has been deployed to
support a wide range of communication services of different statistical natures, supporting bit rates ranging from several Kb/s to
hundreds of Mb/s. In a conventional time-division multiplexed
system, the channel that each timeslot belongs to is dictated by
its position within a frame; in ATM, each packet (or “cell”) has
its channel identified by the virtual channel indicator (VCI) in
the header.
A packet switch has three principal functions: switching,
buffering, and, optionally, header translation. Switching ensures that each packet emerges at the correct output, depending
on the information contained in the packet header. Although
packets arriving on the inputs have to be synchronized, there is
no coordination between packet streams arriving on different
inputs. Hence, one or more packets may arrive during the same
timeslot on different inputs wishing to go to the same output.
For this reason, buffering is required. An important factor when
designing packet switches of any kind is contention resolution,
since multiple packets may arrive asynchronously at the same
time to go to the same output.
The implementation of an effective buffering strategy directly
in the optical domain is crucial to the design of optical packet
switches. Since optical random-access memory (RAM) is not
as yet a practical option, delay lines (usually made from optical
fiber) must be used to store and buffer optical packets. Here,
wavelength also assists in contention resolution, where contending packets may be transmitted on different wavelengths,
reducing the optical delay-line buffering requirements.
In addition to using wavelength, the proposed WASPNET
node buffers packets to resolve contention, using optical delay
lines, and transmits them when the relevant output link is
available. Also, when priority routing is employed, the buffered
packet’s priority is increased after each time unit. In this paper,
priority routing is assumed throughout the design process.
Header translation represents a central process in the ATM
transmission systems strategy. At every switch in a route, the
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Fig. 1. A feed-forward AWG-based optical packet switch.

VCI value is looked up in a table; from the table, the new value
of the VCI and the output port that the packet must go to is determined. The new VCI is substituted for the old one in the packet
header. While these schemes offer great functionality and flexibility, they are not used in every optical packet-switching system
since header translation directly in the optical domain is in the
early stages of development. The header is usually at a lower bit
rate than the payload to facilitate the decoding and interpretation
of header information in the electronic domain. An alternative
header organization is used in the Internet, and much work [4],
[5] has focused on the development of data structures and algorithms for minimizing the lookup time given routing table and
memory space constraints.
Throughout, it is assumed that time is divided into equal
timeslots, each containing one optical packet. The development
of optical packet switching thus far has largely concentrated on
utilizing packets of fixed duration, simplifying the design and
operation of the network and switching nodes. The transport of
larger entities (e.g., IP datagrams) is achieved by segmenting
them into smaller, equal packets at the interfaces of the electronic and optical layers. It is assumed that packets entering
the switch are aligned with respect to their boundaries, so that
each packet is aligned with its timeslot. Such synchronization
is generally a requirement for correct switch operation; approaches to achieving packet synchronization at the inputs to
the switches constitute a topic in their own right [6] and will
not be discussed further.
There has been much work on the design of optical packet
switches [7]–[18], the common limitation being optical splitting
loss that is compensated by optical amplifiers, which in turn
can degrade performance because of the induced amplifier noise
[19]. Some existing switches [7]–[18] were initially considered
as candidates for the WASPNET node. Because wavelength is
used to assist in contention resolution, only a small physical
buffer depth is required in the WASPNET node, so SLOB [8],
which provides a large buffer depth, is not suitable. Wave Mux

[9] has a complex routing procedure and introduces a significant
delay for large networks. In addition, since feedback delay lines
are preferred, this switch using feed-forward delay lines is not
considered.
Some architectural concepts in the switch based on WDM
[12] can be modified and incorporated into the WASPNET node;
for example, the demultiplexing of inputs in front of the node
and the shared buffer concept. The recirculating loop concept
[13], [14] is also used in the WASPNET node. Some concepts
used in the staggering switch [15] are incorporated into the proposed switch, i.e., the buffering stage and the switching stage.
A simple architecture and routing procedure are the main features and advantages of the ALCATEL switch [16]–[18]. Although feed-forward delay lines are used, it can select appropriate channels using semiconductor optical amplifier (SOA)
gates. This switch fulfills many of the WASPNET node requirements and has also been the subject of substantial development.
Here the design strategy centers on the use of arrayed waveguide grating devices (AWGs) with low crosstalk levels (as low
as 30 dB [20]) to reduce the optical splitting in both feed-forward and feedback configurations.
In this paper, two proposed node configurations are discussed
in Section II. Their scheduling operations are presented in Section III, and the analysis of their packet loss performance is illustrated in Section IV. The analytical results and their justification
by simulation are described in Section V.
Throughout, there are inputs and outputs on the node, each
carrying wavelength channels.
II. PROPOSED SWITCH ARCHITECTURE AND OPERATION
In the feed-forward architecture depicted in Fig. 1, the
input packets are converted to the wavelength that facilitates
switching to the correct output of the first AWG. Each AWG
output is connected via a tunable wavelength converter to a
number of fiber delay lines, which lie in parallel between a
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switched straight through. The number of fiber delay lines necessary for a required cell loss probability is dependent on traffic.
A. WDM AWG-Based Optical Packet Switch

Fig. 2.

A feedback architecture with a total of

mN delay lines.

demultiplexer and a multiplexer. Each fiber entering the second
AWG carries no more than one wavelength channel, because
the tunable wavelength converter there only converts a single
wavelength at one time. Therefore, the controller must ensure
that no more than one packet leaves a multiplexer at once.
If no first AWG output is available, the packet must then be
stored in a longer delay line than otherwise, in order to find a
free output. This kind of contention is called exit time contention
for the reminder of this paper. Scheduling will be addressed in
detail in the next section. The second AWG routes the packets to
the outputs according to the wavelengths produced by the third
column of wavelength converters.
The feedback architecture shown in Fig. 2 requires only one
2 AWG. It uses shared feedback delay lines to buffer the
2
contended packets and also allows high-priority packets to preempt low-priority packets, a feature not present in the feed-forward architecture. First, input packets are converted to the correct wavelengths; the contended packets are routed to the recirculating loops for buffering while the straight-through packets
are routed to switch outputs. Only one packet may exit from
each multiplexer in the loop at a time. The control is much the
same as before; no more than one packet may exit from each
combination of fiber delay lines, a demultiplexer and a multiplexer; otherwise it will be routed to other alternative AWG
outputs or, if necessary, to longer delay lines. This architecture
allows implementation of priority routing. If a higher priority
input packet is destined for the same output as the buffered
packet, the buffered packet will be switched to the feedback
delay lines again and the input packet having higher priority is

The above architecture has single-wavelength inputs and
outputs but can be modified to handle WDM inputs–outputs
(Fig. 3). All the input wavelength channels are demultiplexed
to (number of wavelength channels per input) parallel planes,
each containing the optical packet switch of Fig. 2, plus an
additional stage of wavelength converters, and a many-to-one
space switch. A combiner instead of a multiplexer is required
to merge the wavelength channels from all planes, allowing
dynamic wavelength allocation at each plane.
If the space switch were omitted, this would limit operation
to only one wavelength per plane output port because tunable
wavelength converters can only handle one incoming wavelength at a time. After undergoing the necessary delay, the
AWG routes the packets to the space switch via a wavelength
converter. Hence each packet is switched to the correct output
port at the correct transmission wavelength via the final stage of
wavelength conversion and the space switch. The many-to-one
space switch permits multiple packets to leave the same output
on the same plane simultaneously, but on different wavelengths,
permitting sharing of capacity between wavelengths to take
place.
The design of the proposed node has been evaluated and compared with other existing optical packet switches.
1) The feedback configuration enables the implementation
of priority routing where high-priority packets preempt
low priority ones.
2) In the switch using a single loop for buffering [13], [14],
unlike the proposed node, the number of packets in the
loop scheduled in previous timeslots greatly limits the
number of packets that can be stored in the future timeslots because they overlap in space. In addition, the buffer
depth depends on the maximum achievable number of the
circulations, which is limited by the accumulated ASE
noise.
3) In the ALCATEL switch [16]–[18], the buffer depth is
determined by the splitting loss that can be significant
for a large buffer depth. The buffer depth in the proposed
node depends on the size of the multiplexer/demultiplexer
or an AWG.
4) The use of AWG devices in the proposed architectures
has been shown to require fewer components (especially SOA gates) than the broadcast-and-select switch.
For large switch sizes, the splitting loss will limit the
broadcast-and-select switch performance, whereas the
proposed architecture can be easily scaled up to 32
inputs. The number of SOA gates used in the ALCATEL
switch increases quadratically with the number of
inputs–outputs. However, the number of tunable wavelength converters in the proposed architecture is equal to
roughly only three times the number of inputs–outputs.
5) The switch proposed in [21] is also a two-stage architecture but does not have WDM inputs–outputs. The proposed switch in this paper is modified to handle WDM
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Fig. 3. WDM version of the packet switch.

inputs–outputs and uses only one AWG per plane to perform the same node functions.
6) A similar node architecture with feed-forward delay lines
has been proposed in [22]. It does not facilitate priority
routing.

III. SCHEDULING
A. FIFO or Non-FIFO?
Without first-in–first-out (FIFO) operation, it is possible for
a packet to overtake another packet that entered the switch later,
causing packet misordering and requiring the implementation of
packet resequencing. With an FIFO scheduling algorithm, the
sequence of packets in the same optical path [23] is preserved.
In the multiplane configuration, a packet will be routed to an
output port if there is:
1)
2)
3)
4)

Fig. 4. Packet loss performance comparison between FIFO and non-FIFO
control algorithm for
= 16,
= 4, and uniform traffic of 0.8 per
wavelength (simulation results).

N

n

no output port contention;
an available wavelength at the output of a plane;
no exit time contention;
the packet sequence order is kept.

Unlike FIFO, a non-FIFO scheduling algorithm does not preserve the sequence order of packets belonging to an optical path;
i.e., in the multiplane configuration, a packet will be routed out
even if only the first three conditions above are met.
Here, these two scenarios were simulated in terms of their
packet loss and delay performance. Comparison of the results
in Figs. 4 and 5 shows that keeping the packet sequence order
(FIFO) has an insignificant effect on the packet loss and delay
performance. This behavior might be attributed to the high
traffic load adopted in the simulation, making it unlikely that
a wavelength in any timeslot is available. There are fewer
opportunities for a packet to overtake another packet that
entered the switch later. However, Figs. 6 and 7 show that even
under a traffic load of 0.5, the influence of the control algorithm
is insignificant.
The scheduling operation described here is therefore based on
FIFO scheduling since it does not increase packet loss or delay
but preserves the packet sequence.

Fig. 5. Delay performance comparison between FIFO and non-FIFO control
algorithm for
= 16, = 4, and uniform traffic of 0.8 per wavelength
(simulation results).

N

n

Fig. 6. Packet loss performance comparison between FIFO and non-FIFO
control algorithm for
= 16,
= 2, and uniform traffic of 0.5 per
wavelength (simulation results).

N

n

B. Scheduling
This section concentrates on packet scheduling in the presence of exit time contention. The analysis in this paper refers to
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Fig. 7. Delay performance comparison between FIFO and non-FIFO control
algorithm for
= 16, = 2, and uniform traffic of 0.5 per wavelength
(simulation results).

N

n

Fig. 1, although this also applies to Fig. 2 with one circulation.
At most one packet in any timeslot may be routed to each tunable wavelength converter feeding into the second AWG. For
example, at timeslot , if a packet’s predetermined delay is
timeslots, a delay line providing that delay and associated with
a third-stage tunable wavelength converter (WC) is only available if no other packets are also scheduled to transmit during
to the same tunable WC. In other words, only
timeslot
one packet is allowed to exit from each set of delay lines in a
timeslot. For a particular packet, if the above condition cannot
be fulfilled for all sets of delay lines, the packet must be stored
in a longer delay line or it will be lost.
In addition, at each timeslot, up to packets may wish to go
to an output of a plane. More than one packet can be switched to
one plane output (provided only up to wavelengths are routed
out to each switch output from all planes) at each timeslot if one
or more other outputs do not have a packet destined for them. For
example, at timeslot , suppose there are two packets destined
for output , which has no packet in its queue. Both can therefore
2 or fewer packets are
be routed to output at once if only
1 other outputs at timeslot
scheduled for switching to the
. First, the controller determines the appropriate delays for all
packets are routed to the switch
input packets so that only
outputs in each timeslot in the following order, subject to the
FIFO discipline.
1) Ensure the packet sequence is kept.
2) Only packets can be routed to each switch output from
all the planes, i.e., no output port contention.
3) Only a maximum total of packets are routed from each
plane in each timeslot.
The pseudocode in the Appendix addresses the scheduling
process during a timeslot in detail.
IV. PACKET LOSS PROBABILITY
A. Analysis Assumptions
The analysis in [23] considers a WDM queue without any internal blocking; the packet loss probability analysis here is extended from this work and considers only fixed-length packets.
The architecture in Fig. 1 is used for the analysis since it is an unfolded version of the feedback geometry of Fig. 2 and both yield
the same packet loss probability. For simplicity, it is assumed
that independent Bernoulli processes govern input packets, and
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packets on all inputs are uniformly distributed among all switch
outputs. In reality, traffic is much more demanding; Internet [24]
and voice traffic [24] can be modeled by Pareto and exponentially distributed statistics, respectively. Here, the input packet
statistics are modeled as Bernoulli processes because it is the
simplest distribution, resulting in a tractable analysis while still
yielding an appreciation of switch performance.
To facilitate the analysis further, the queue size of a particular output referred to as the “tagged” output is focused upon.
From Fig. 2,
is the number of inputs and outputs,
is the
number of fiber delay lines in each set, and is the number of
wavelength channels per input or output. All switch inputs and
outputs are multiwavelength, where there may be up to wavelengths present on each input/output. Therefore, a maximum
wavelength channels are switched. The probability of a
of
input wavelength channels
packet’s arriving at one of these
, and hence for uniform traffic, the probability that there
is
. Conseis an input packet destined for a given output is
quently, the probability of packets’ wishing to go to the tagged
output from all inputs is given by a Binomial distribution

(1)
Packet arrivals are assumed to be independent. The steady-state
number of packets destined for different outputs will only be
independent if is large. Nevertheless, these independence assumptions are used here even for finite to simplify the analysis. The total buffer size is the maximum number of packets
that can be stored for the tagged output

In each timeslot, up to
packets may leave the buffer
feeding the tagged output. The steady-state probability of
packets scheduled to leave consecutively from the tagged
output buffer is defined as , when, if packets remain in the
leave on each timeslot. For example,
is
buffer,
the probability of there being five packets in the queue for the
, four of the buffered packets have
tagged output, and if
a one-timeslot delay and another one has a two-timeslot delay.
It is assumed throughout that packets are always scheduled to
leave on consecutive timeslots. The last packet in the queue
, where
is the smallest integer
experiences a delay of
greater than or equal to . Fig. 8 illustrates the buffer associated
with the tagged output.
B. Derivations of Associated Parameters
1) Probability of No Exit Time Contention: For the sake of
mathematical tractability, it is assumed throughout that packets
are routed to the tagged output before other outputs in each
timeslot, thus yielding a lower bound on the loss probability.
The exit time contention for the tagged output is considered
here. Since, in each timeslot, it is assumed that packets destined for the tagged output will be routed first, exit time contention originates from packets that are scheduled in previous
timeslots. Exit time contention is the only reason that a delay
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Illustration of the tagged output’s buffer/queue.

line would be unavailable since there are outputs and delays of each value, and also, all second-stage tunable wavelength
converters will be free since the tagged output is being routed
is the probability that all the new arfirst.
riving packets destined to the tagged output do not suffer exit
time contention with any of the packets scheduled in previous
timeslots for the same third-stage tunable wavelength converters
after -timeslot delays.
be the event that represents packets in any
Let
-timeslot delays in the current timeslot where the packets were
scheduled in previous timeslots and destined for output port .
This applies to packets scheduled before packets destined to the
tagged output are scheduled in the current timeslot.
is the event that any of these packets are routed to the same
third-stage wavelength converter as any of the new arriving
packets destined to the tagged output after -timeslot delays.
is the probability that a particular input packet
destined to the tagged output is unable to access a particular
third-stage tunable wavelength converter after a -timeslot
delay because it has already been reserved by packets scheduled
in previous timeslots, given by

upon on the number of packets scheduled in previous timeslots that are competing for the same stage of tunable wavelength
converters, i.e.,
in the following equation, which in turn is
determined by the queue size in (3), . Therefore, it is given by

where
if

[ is the value from (3)]

is the total number of third-stage tunable wavelength converters in all planes. Therefore, (2) becomes

(2)
is the probability of the output port ’s queue
1 [corresponding to a ( 1)-timeslot delay]
being of size
or more at the beginning of a timeslot. Assuming all the output
is then given by
ports are in equilibrium,
for all

(for

times)

(3)
(4)

is the probability that a parand
ticular packet destined to the tagged output is unable to access
a particular third-stage tunable wavelength converter given that
there are packets scheduled in previous timeslots competing for
the same wavelength converter. This probability is dependent

For simplicity, Lee’s approximation method [25] has been
used to estimate the blocking probability due to the third-stage
must be known, and it
wavelength converters.
is also necessary to know the probability that all the particular
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9.
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Example of the transition probability of t

wavelength converters associated to a -timeslot delay have not
already been allocated

where the values for

if

at least the tunable wavelength converters
( -timeslot) are free

,

and

are given by

then

else if

then

else

one particular tunable wavelength
converters is free
if

then

else if

then

one particular tunable
wavelength converters is busy
else if

(5)

then

else
where

is obtained from (4).

C. Transition Probabilities

if

for the number of cells in
The state transition probability
the queue can be obtained using the cell arrival probability .
is the transition probability of having cells in the queue at
the end of time slot given that there were cells at the end of
time slot

else if

otherwise

(6)

then
then

else if

then

else
In timeslot , a delay of
timeslots associated with a
third-stage wavelength converter is only available if no other
packets are already scheduled to transmit during timeslot
to the same converter. Consequently, the transition probability
of having cells in the queue at the end of timeslot , given
cells at the end of timeslot
, is only possible if there is no
exit time contention for any of the new arriving cells destined
for the tagged output.
To illustrate the formulation of , consider, as an example,
, where
,
, and
, i.e., the transition
probability of having two packets in the queue at the end of
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timeslot given one packet at the end of timeslot
(6)—the equation for

fulfilling condition for

, i.e.,
and

when
when

1. From

i.e.
Fig. 10. Packet loss performance of the switch using AWGs and space switch
= 16,
under uniform traffic of 0.8 (analytical and simulation results) for
= 4.

N

n

therefore

where
is the mean number of unused wavelengths,
which is given by

where
and
can be obtained
from (5). The probability of having two packets in the queue at
the end of timeslot if one packet exists at the end of timeslot
is
1) the probability of having five incoming packets (i.e.,
) destined to the tagged output;
2) no exit time blocking from packets scheduled in previous
timeslots, which are routed out to zero-timeslot delays
and one-timeslot delays.
Of the five incoming packets, three of them will be routed to
zero-timeslot delays and another two to one-timeslot delays.
Therefore, this transition is only possible if there is no exit time
contention blocking for zero-timeslot delay for three of the in] and one-timeslot delay
coming packets [i.e.,
], illustrated in Fig. 9.
for another two [i.e.,
Using the above state transition probability, the probability of
having cells in the queue at end of time slot , is given by
[23]
(7)
,
,
Eliminating the time dependency, i.e.,
1 linear equations, which will yield a trivial solu(7) gives
1 equations are linearly dependent and are retion. These
dundant. Therefore, to obtain a nontrivial solution for , one of
1 equations can be replaced by
.
the
D. Packet Loss Probability
The cell success probability (CSR) is equal to 1 CLR, where
CLR is the cell loss probability. The cell success probability is
the number of successfully transmitted cells divided by the mean
number of cells that enter the queue in each timeslot. Assuming
this, the number of successfully transmitted cells is
(8)

The mean number of cells arriving at the queue in each timeslot
is given by
(9)
Combining (8) and (9), the cell success probability CSR is then
CSR
Finally, the cell loss probability CLR is given by
CLR

CSR

and the mean delay DEL is

DEL

V. VERIFICATION AND RESULTS
The performance of the switch was obtained using the above
analytical framework for uniform Bernoulli traffic. Packet loss
performance was also evaluated for bursty traffic (exponentially
distributed packet inter arrival time) using the Monte Carlo approach. Furthermore, it is shown that simulation justifies the
analysis.
Figs. 10 and 11 show both the analytical and simulation results for a 16 16-switch packet loss and delay with four wavelengths per input at a uniform traffic load of 0.8 per wavelength channel, respectively. The packet loss probability is less
than 10 with a buffer depth per wavelength of 10 or more,
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Fig. 11. Delay performance under uniform traffic of 0.8 (analytical and
= 16, = 4.
simulation results) for

N

n
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Fig. 13. Packet loss performance under uniform traffic of 0.8 (analytical and
simulation results) for
= 16, = 4.

N

m

Fig. 14. Delay performance under uniform traffic of 0.8 (analytical and
simulation results) for
= 16, = 4.

N

Fig. 12. Packet loss performance under uniform traffic of 0.8 (analytical and
simulation results) for
= 32, = 6.

N

n

thus requiring 10 uniform1 delay lines (or more) in each set
of delay lines. The mean delay is less than 0.4 timeslots with
the same buffer depth per wavelength. The analytical results
for the packet loss probability match well with the simulation.
There is a discrepancy between delay performance in the analysis and simulation, since the analysis does not exactly model
the delay dependency between the blocked packets in the buffer.
The blocked packets affect the scheduled delays of the subsequent packets destined to the same output port due to the FIFO
scheduling algorithm. Therefore, the analysis underestimates
the delay performance.
For 32 inputs–outputs with six wavelengths per input or
for
output, the packet loss probability becomes less than 10
a buffer depth per wavelength of 10 or more (Fig. 12).
As expected, packet loss and delay performance improve with
increasing number of wavelength channels per input (Figs. 13
and 14). For a 16 16 switch with a buffer depth per wavelength of four at a uniform traffic load of 0.8 per wavelength, the
loss probability improves to less than 10 with more than 10
wavelengths per input, compared to 10 with four wavelengths
per input (Fig. 13). In addition, the delay performance decreases
with increasing number of wavelengths per input (Fig. 14).
Fig. 15 shows the packet loss performance improvement with
increasing number of wavelengths per input for a 32 32 switch
with a buffer depth per wavelength of four and at a uniform
1The

difference in the length of successive delay lines is one timeslot.

m

traffic load of 0.8 per wavelength. The packet loss probability is
10 and 10 with six and 10 wavelengths per input, respectively.
In addition, the switch packet loss performance was also evaluated by simulation under bursty traffic with a mean burst length
of four. As expected, the performance degrades markedly from
that obtained under uniform traffic (Fig. 16). For a switch size
of 16 inputs or outputs with four wavelengths per input and a
traffic load of 0.8 per wavelength, the packet loss probability
increases to 10 , compared to 10 under uniform traffic for
a buffer depth of six per wavelength.
Under bursty traffic, a 16 16 switch with four wavelengths
per input needs 200 buffer locations per wavelength to achieve a
packet loss probability of less than 10 . The packet loss probability improves to 10 , with 16 wavelengths per input and
a buffer depth per wavelength of 40. In [15], it is shown that
the packet loss performance improves significantly under bursty
traffic if the difference in successive delay line lengths is increased. Its packet loss performance approaches that under uni). The larger is, the larger
form traffic with a larger (
the switch latency is but the switch size remains the same.
VI. CONCLUSION
In this paper, architectures for optical packet switches have
been proposed that aim to circumvent the large optical splitting
loss inherent in many designs by using AWG devices. Two configurations have also been proposed: feed-forward delay lines
and feedback delay lines, both easily modified to handle WDM
inputs–outputs. The feedback architecture is expected to have
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N = 32, m = 4.

Fig. 15.

Packet loss performance under uniform traffic of 0.8 (analytical results) for

Fig. 16.

Packet loss performance under bursty traffic with mean burst length of four and load 0.8 (simulation results) for

Fig. 17.

The simplified design with

N AWGs with feedback delay lines in the node feedback loop.

N = 16, n = 4.
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The units (each consisting of a demultiplexer, delay lines,
1
1
and a multiplexer) can be replaced by an
AWG with feedback delay lines (Fig. 17). The proposed node
design can be further simplified by amalgamating the functions
of all AWGs in the feedback loop into only one AWG of size
(Fig. 18), referred to as the “second AWG.” If two or
more packets want to use the same delay in the feedback loop of
the second AWG, they have to be routed to different inputs of the
second AWG in order to access the same delay using different
wavelengths.
Experimental verification of the functionality of the switch
has also been undertaken successfully within the WASPNET
project [27].
APPENDIX

Fig. 18. The further simplified node design with only one AWG in the
feedback loop.

poorer optical performance than the feed-forward configuration
because a larger AWG is used, thus increasing the number of
crosstalk terms. However, the feedback configuration enables
the implementation of priority routing, where the high-priority
packets can preempt low-priority ones. Selected inputs of the
AWG may be left unused in order to reduce or even eliminate
homowavelength crosstalk [26].
In terms of the proposed node packet loss performance, for
32 inputs–outputs with six wavelengths per input or output, the
for a buffer depth per
packet loss probability is less than 10
wavelength of 10 or more with a uniform Bernoulli traffic load
of 0.8 per wavelength. The packet loss and delay performances
improve as the number of wavelength channels per input is increased.

Here,
identifies the delay lines (in the set
) correof delay lines identified by the parameter
sponding to the delay that the packet destined for switch output
should undergo, solving output port contention and keeping
the packet sequences within an optical path. After determining
the delay in order to preserve the packet sequences and avoid
indicates the set of
output port contention, parameter
delay lines exhibiting no exit time contention for the assigned
. The delay that the packet should
delay value of
experience is dependent on the delay of the last packet destined
for the same output, to preserve FIFO. Therefore, when a
packet arrives at timeslot , the control will schedule the packet
(
in
according to the value of
the following pseudocode) of the destined output; the delay
. The
that the new packet should be stored is then
control has to find the set of delay lines that has no exit time
contention for the arriving packet by examining the first set of
) until a set of delay lines is
delay lines (i.e.,
. If no set
available that matches the delay value of
) is available, the packet should
of delay lines (
), and if
be stored in longer delay lines (
are
all sets of delay lines for all delay values of
not available, the packet is then lost.

Scheduling Stage
let be the delay line that has the same delay as the last packet destined for the same
1, to preserve FIFO operation; i.e.,
output/optical path at the end of timeslot
where
is the maximum number of delay lines in each set of delay
0
lines. If this is the first packet being scheduled on this timeslot for a particular output, will be
equal to 0.
if a packet arrives at timeslot destined for output
identifies a set of fiber delay lines, hence 1
while (TRUE)

loop until exit via return statement
go through each set of fiber delay lines (i.e., the first-stage AWG’s output)
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if no exit time contention for the value of the assigned
route the packet to this delay line by:
1. converting its wavelength to be switched to this set of fiber delay lines via the first AWG
2. converting its wavelength again so it is routed to this delay line using the corresponding second stage
of tunable wavelength converter.
return packet routed
else

terminate the while loop because the scheduling is completed
if there is exit time contention

go to the same delay line in the next set of fiber delay lines
all sets of delay lines have exit time contention

if

go to a longer delay line
if
return packet lost
else

buffer overflow and terminate the while loop
no buffer overflow and go through each set of delay lines again
values
for the new

end while loop for
else

no packet arrives for output
decrease the delay counter for output

Switching Stage
for each input of the space switch
if a packet arrives from the delay lines
route the packet to the corresponding output by:
converting its wavelength to the transmission wavelength and then routing through the space switch
endif
go to next input
endfor

REFERENCES
[1] D. K. Hunter, M. H. M. Nizam, M. C. Chia, I. Andonovic, K. M. Guild,
A. Tzanakaki, M. J. O’Mahony, J. D. Bainbridge, M. F. C. Stephens, R.
V. Penty, and I. H. White, “WAPSNET: A wavelength switched packet
network,” IEEE Commun. Mag., vol. 37, no. 3, pp. 120–129, Mar. 1999.
[2] D. K. Hunter, M. C. Chia, and I. Andonovic, “Buffering in optical packet
switches,” J. Lightwave Technol., vol. 16, pp. 2081–2094, Dec. 1998.
[3] R. O. Onvural, Asynchronous Transfer Mode Networks: Performance
Issues. Norwood, MA: Artech House, 1994.
[4] G. Cheung and S. McCanne, “Optimal routing table design for IP address lookups under memory constraints,” in Proc. INFOCOM, Mar.
1999.
[5] V. Srinivasan and G. Varghese, “Faster IP lookups using controlled
prefix expansion,” in ACM Sigmetrics, 1998.
[6] A. Franzen, D. K. Hunter, and I. Andonovic, “Synchronization in optical packet switched networks,” in Proc. Workshop All-Optical Networks (WAON ’98), Zagreb, Croatia, May 6–8, 1998.
[7] D. K. Hunter, D. Cotter, R. B. Ahmad, W. D. Cornwell, T. H. Gilfedder,
P. J. Legg, and I. Andonovic, “2 2 buffered switch fabrics for traffic
routing, merging and shaping in photonic cell networks,” J. Lightwave
Technol., vol. 15, pp. 86–101, Jan. 1997.

2

[8] D. K. Hunter, W. D. Cornwell, T. H. Gilfedder, A. Franzen, and I.
Andonovic, “SLOB: A switch with large optical buffers for packet
switching,” J. Lightwave Technol., vol. 16, pp. 1725–1735, Oct. 1998.
[9] Y. Nakahira, H. Inoue, and Y. Shiraishi, “Evaluation of photonic ATM
switch architecture—Proposal of a new switch architecture,” in Proc.
15th Int. Switching Symp. (ISS ’95), vol. 2, Apr. 1995.
[10] Y. Shimazu and M. Tsukada, “Ultrafast photonic ATM switch with optical output buffers,” J. Lightwave Technol., vol. 10, pp. 265–272, Feb.
1992.
[11] W. D. Zhong, Y. Shimazu, M. Tsukuda, and K. Yukimatsu, “A modular
Tbit/s TDM-WDM photonic ATM switch using optical output buffers,”
IEICE Trans. Commun., vol. E77-B, no. 2, pp. 190–196, Feb. 1994.
[12] Y. Choi, H. Tode, H. Okada, and H. Ikeda, “A large capacity photonic
ATM switch based on wavelength division multiplexing technology,”
IEICE Trans. Commun., vol. E79-B, no. 4, pp. 560–568, Apr. 4, 1996.
[13] G. Bendelli, M. Burzio, M. Calzavara, P. Cinato, P. Gambini, M. Puleo,
E. Vezzoni, F. Delorme, and H. Nakajima, “Photonic ATM switch based
on a multiwavelength fiber loop buffer,” CSELT Tech. Rep., vol. 23, pp.
331–335, 1995.
[14] P. Cinato, G. Bendelli, M. Burzio, and P. Gambini, “Architectural analysis, feasibility study and first experimental results for a photonic ATM
switching module,” CSELT Tech. Rep., vol. 23, pp. 781–798, 1995.

CHIA et al.: PACKET LOSS AND DELAY PERFORMANCE

[15] Z. Haas, “The staggering switch: An electronically controlled optical
packet switch,” J. Lightwave Technol., pp. 925–936, May/June 1993.
[16] D. Chiaroni, C. Chauzat, D. De Bouard, S. Gurib, M. Sotom, and J.
M. Gabriagues, “A novel photonic architecture for high capacity ATM
switch applications,” in Photonics in Switching’95, Salt Lake City, UT,
Apr. 1995, paper PthC3.
[17] D. Chiaroni, C. Chauzat, M. Sotom, D. De Bouard, F. Masetti, J. C.
Jacquinot, J. L. Moncelet, M. Bachmann, P. Doussiere, M. Goix, and
E. Grard, “Feasibility issues of a high speed photonic packet switching
fabric based on WDM subnanosecond optical gates,” in Proc. ECOC’96,
Oslo, Norway, 1996, pp. 127–130.
[18] D. Chiaroni, C. Chauzat, D. De Bouard, and M. Sotom, “Sizeability
analysis of a high speed photonic packet switching architecture,” in
ECOC’95, Brussels, 1995, pp. 793–796.
[19] A. Olsson, “Lightwave systems with optical amplifiers,” J. Lightwave
Technol., vol. 7, pp. 1071–1082, July 1989.
[20] K. Okamoto, “Integrated optics in planar lightwave circuits,” Summary
of IEEE/LEOS Distinguished Lecture, June 1998.
[21] M. Henry, A. Le Corre, J. Kervarec, A. Dupas, P. Lamouler, G. Drien,
A. Luron, C. Vuchener, and C. Guillemot, “A fully functional optical
packet switch using fast wavelength routing,” in Proc. ECOC’99, 1999,
paper I-6.
[22] W. D. Zhong and R. S. Tucker, “Wavelength routing-based photonic
packet buffers and their applications in photonic packet switching systems,” J. Lightwave Technol., vol. 16, pp. 1737–1745, Oct. 1998.
[23] S. L. Danielsen, B. Mikkelsen, C. Joergensen, T. Durhuus, and K. E.
Stubjaer, “WDM packet switch architectures and analysis of the influence of tunable wavelength converters on the performance,” J. Lightwave Technol., vol. 15, pp. 219–226, Feb. 1997.
[24] W. Willinger and V. Paxson, “Where mathematics meets the internet,”
Notices Amer. Math. Soc., vol. 45, no. 8, pp. 961–970, Aug. 1998.
[25] J. Y. Hui, Switching and Traffic Theory for Integrated Broadband Networks. Norwell, MA: Kluwer Academic, 1990.
[26] M. C. Chia, D. K. Hunter, I. Andonovic, P. Ball, and I. Wright,
“Reducing crosstalk in optical switches by employing large arrayed-waveguide gratings (AWG’s),” in OSA Topical Meeting
Photonics in Switching, vol. 32, 1999, pp. 103–110.
[27] K. Guild, A. Tzanakaki, H. Lee, M. J. O’Mahony, M. Chia, M. Nizam, I.
Andonovic, D. Hunter, S. Yu, A. Wonfor, R. Varrazza, R. V. Penty, and I.
H. White, “Cascading and routing 14 optical packet switches,” in Proc.
Eur. Conf. Optical Communications (ECOC 2000), Munich, Germany.

M. C. Chia (S’97–M’00) was born in Malaysia in 1970. She received the Bachelor’s and Ph.D. degrees in electronic and electrical engineering from the University of Strathclyde, Glasgow, U.K., in 1995 and 2000, respectively.
She is currently a Member of Scientific Staff with Corning Inc., NY. Her interests include optical packet switching node design, traffic analysis, and optical
local-access networks.

D. K. Hunter (S’88–M’90–SM’00) was born in
Glasgow, Scotland, U.K., in 1965. He received
the B.Sc. degree in electronic and microprocessor
engineering (with first-class honors) and the Ph.D.
degree from the University of Strathclyde, Glasgow,
in 1987 and 1991, respectively.
His doctoral work involved optical TDM
switching architectures. He was with the University
of Strathclyde from 1991 to 2001, where he was
a Senior Research Fellow. Since August 2001,
he as been a Senior Researcher with Marconi
Labs, Cambridge, U.K. From 1995 to 2000, he held an EPSRC Advanced
Fellowship. From October 2000 to June 2001, he held a Special Research
Fellowship from the Leverhulme Trust. He has visited both BT Labs and the
University of Pittsburgh for extended research assignments. He researches
optical networking, particularly optical packet switching. He is the author or
coauthor of more than 80 journal and conference publications and is an active
reviewer for many international professional journals and conferences.
Dr. Hunter is a member of the Optical Society of America (OSA) and
the Institute of Electrical Engineers, U.K. He is an Associate Editor of both
the JOURNAL OF LIGHTWAVE TECHOLOGY and the IEEE TRANSACTIONS
ON COMMUNICATIONS. In 2000, he was a Guest Editor of the JOURNAL OF
LIGHTWAVE TECHOLOGY. He is a Chartered Engineer.

1253

I. Andonovic (M’79–SM’97) joined the Electronic
and Electrical Engineering Department, University
of Strathclyde, Glasgow, U.K., in 1985, where he is
a Professor of broadband networks. Previously, he
spent three years as a Research Scientist with Barr
& Stroud, where he was responsible for the design,
manufacture, and test of guided wave devices for a
variety of applications. His main interests center on
the development of optical networks, specifically
in guided wave architectures for implementation of
optical signal processing and switching functions
for future networks. He held a two-year Royal Society Industrial Fellowship in
collaboration with BT Labs, during which he investigated novel approaches
to networking. He has edited two books and authored or coauthored five
chapters in books and more than 180 journal and conference papers. He has
been Chairman of the Institute of Electrical Engineers (IEE) professional
group E13, held a BT Short Term Fellowship, and was a Visiting Scientist with
the Communications Research Labs of Japan. He is a Cofounder and Chief
Technical Officer of Kamelian Ltd., Glasgow.
Prof. Andonovic is a member of the Optical Society of America (OSA) and
a Fellow of the IEE, U.K.

P. Ball (M’94) received the B.Sc. degree in electronic
and electrical engineering from Loughborough University, U.K., in 1974 and the M.Sc. degree in microwaves and modern optics and the Ph.D. degree
from University College London, London, U.K., in
1977 and 1980, respectively.
His doctoral work was on coherent multimode optical fiber systems. In 1980, he joined the Telecommunications Division at GEC Hirst Research Centre,
where he worked on the development of optical communication systems and was also involved in European-funded projects, including RACE ACCESS and ESPRIT UCOL. In 1991,
he joined Fujitsu Europe Telecom R&D Center (FTRC), U.K., where he was
involved in product planning of SDH, ATM, and photonic systems for both core
and access networks. In 1996, he became General Manager of the FTRC Paris
Branch Office. Since July 2001, he was been with Fujitsu Networks Europe
Limited, where he is Vice President for Network Systems. He is also currently a
Visiting Professor with the School of Engineering, Sheffield Hallam University,
U.K.

I. Wright graduated in electronic and electrical engineering from the University
of Surrey, U.K., in 1985.
He was with BICC Research, where he worked on optical communications,
including free-space optical ethernet. He joined the GEC Hirst Research Centre
in 1987, initially working on FDDI and subsequently on ATM as part of a RACE
consortium. In 1990, he joined Fujitsu Europe Telecom R&D Center (FTRC),
U.K., and was involved in the deployment of the first SDH ring network in Europe. He has been involved in many aspects of SDH networking within Fujitsu,
including project planning, customer support, and network design. Since 1996,
he has been working increasingly on WDM systems and optical networking. He
has been involved with ETSI standards since 1991 and has been Chairman of
the ETSI Timing and Synchronization Experts Group since 1997.

S. P. Ferguson is Director of photonics market
strategy with Marconi Networks, U.K. He initiated
the managed photonics program in Marconi and
is responsible for guiding its market strategy and
long-term technical direction. When he joined Marconi in 1970, he led a wide range of development
projects on high-capacity digital systems for public
networks, in data, in radio, and in fiber optics. He
was a pioneer in the development of the synchronous
digital hierarchy (SDH)—the international variant
of SONET—initially in standards and then in
the architecture of products for optical fiber networks, for which he won
prestigious awards from his company. He is responsible for numerous patents
and publications and is a frequent presenter at international conferences on
photonic networks. He has links with a number of universities and is a Visiting
Professor at Aston University, U.K.

1254

K. M. Guild was born in London, U.K., in 1971.
He received the M.Eng. degree in electronic and
electrical engineering from the University of Surrey,
U.K., in 1993. He is currently pursuing the Ph.D.
degree in optical packet-switched networks at the
University of Essex, U.K.
Between 1993 and 1997, he was with Alcatel Submarine Networks, U.K., where he worked on a variety of projects related to advanced optical transport
networks and systems. In 1997, he joined the University of Essex as a Senior Research Officer for the
WASPNET project. He is a coauthor of more than 30 publications in international conferences and journals.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 9, SEPTEMBER 2001

M. J. O’Mahony (M’91–SM’91) received the Ph.D.
degree from Essex University, U.K., in 1977.
His doctoral research involved digital transmission systems. In 1979, he joined the Optical System
Research Division of British Telecom, where he
researched fiber-optic systems for undersea systems,
in particular experimental and theoretical studies
of receiver and transmitter design. In 1984, he
became a Group Leader responsible for the study
and application of optical amplifiers to transmission
systems. In 1988, he became a Head of Section
responsible for inland long-haul optical systems and networks. His areas of
interest include optical amplifiers, coherent optics, picosecond pulse systems,
and optical networks. In 1991, he joined the Department of Electronic Systems
Engineering, University of Essex, as a Professor of communication networks
and Director of the Network Research Centre. He is also Head of the Photonic
Networks Laboratory, which is focused on the study and design of photonic
networks, and the Chief Investigator for grants supported by industry, National
Research Councils, and the European Commission. His current areas of
interest are related to the study of future network infrastructures and optical
packet switching. He is the author of more than 200 papers relating to optical
communications.
Prof. Mahony is a member of the Institute of Electrical Engineers, U.K.

