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Abstract— Optical packet/burst switching is considered a
promising technique to improve the performance of optical
networks. Key components in these technologies are the optical
switching nodes. Some of these node architectures suffer from
internal blocking. Synchronous operation allows overcoming
most of the problems introduced by this internal blocking.
However, in asynchronous networks internal blocking can have a
more pronounced effect. In this paper we propose a windowing
technique to improve the performance of internally blocking
optical switching nodes in asynchronous operation. Simulations
will show that significant improvements can be made.
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1. INTRODUCTION

In the past, optical networking experienced a first great
boom with the introduction of optical fiber and a second time
when optical amplifiers (e.g. Erbium Doped Fiber Amplifiers,
EDFA) allowed the deployment of Dense Wavelength Division
Multiplexing (DWDM). In these optical networks, bandwidth
is usually assigned (semi-)statically on a per wavelength basis.
These circuit switched networks have to be well dimensioned
[1] and good survivability [2] can be realized. However the
coarse granularity of assigning bandwidth per wavelength
results in poor bandwidth efficiency, especially in current
networks where bursty data traffic is becoming predominant.
Several techniques are now under study to improve the
bandwidth utilization: Optical Packet Switching (OPS) [3],
Optical Burst Switching (OBS) [4], Wavelength-Routed OBS
[5], etc. Common factor in all of these is the limited
wavelength occupation time, allowing to benefit from
statistical multiplexing directly at the optical layer.

The driving force in the success of optical communication
up to now was concentrated around the continuous increase of
available bandwidth, in several ways: (a) hardware evolutions,
such as fiber improvements (lower loss, lower dispersion...)
and optical amplifiers in a broad wavelength range allow
higher bit rates and a broader wavelength range; (b) the use of
time and wavelength division multiplexing. Further evolution
of optical networks will however need to focus on other parts
of the network, the switching nodes. As bandwidth keeps
increasing, the use of switches that convert the optical input
signal to the electronic domain, perform the switching
functionality electronically, and then convert this signal back to
the optical domain, will soon become very complicated and

expensive. Furthermore it can be expected that evolution in the
speed of electronics will not be able to keep up with the fast
growing bandwidth availability. These problems are driving the
migration to implementing switching functionality in the
optical domain. This evolution can also be seen in circuit
switched optical networks [6], where its benefits can increase
survivability [2]. For circuit switching as well as for
packet/burst switching optically transparent switches are
preferred, allowing smooth adaptation to any future changes in
bit rate, data format, and so on. Clearly, circuit and packet
switched networks also show important differences in the
requirements for switching nodes. The most important issue is
the switching time. In a circuit switched network a wavelength
path is set up for a relatively long period, so a slow switch can
suffice. However, if the holding time of the wavelength
decreases, this switching overhead time leads to increased
inefficiencies. Hence fast switches are required to make packet
switching viable.

Key component in these fast optical switches is the
switching matrix, where optical signals are routed from a
certain input port to the destination output port. Doing this over
the entire path keeps the payload in the optical domain from
source to destination. Several architectures of these switching
matrices are possible [7]. Some of these have the drawback of
being internally blocking, limiting the throughput, and thus
increasing the packet loss in such a node. The impact of this
internal blocking can be limited in synchronous operation by
using the knowledge of all simultaneously active input ports.
We will shortly elaborate on this in Section III. However it is
not possible to make a straightforward translation of this
solution to the unsynchronized case. In Section IV we will
describe a method that allows to partially circumvent the
negative influences of the internal blocking, the proposed
windowing technique.

II.  NODE ARCHITECTURE

A. Generic description

An OPS/OBS node has a generic architecture as depicted in
Figure 1. First of all the node structure considered here is
hybrid. The payload is switched transparently in the optical
domain, without any opto-electronic conversion along the path
from source to destination, thus keeping the payload optical
end-to-end. As optical processing is still in its infancy, the
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control information contained in the headers is opto-
electronically converted to allow electronic processing.
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Figure 1. A generic representation of an optical packet/burst switch.

When a packet/burst arrives at the node, its header is
extracted, while the payload is delayed in a fixed length fiber
delay line. An alternative approach is to separate header and
payload in time by using an offset [4], having some
repercussions on node complexity [8]. This delay is needed in
order to allow the processing of the header. The information
contained in this header is then used to set up the switching
matrix to switch the packet/burst to the correct output port. At
the output interface of the switch a new (possibly modified)
header is written for the outgoing packet.

Generally speaking, a network can be operated in two
ways, either synchronized or asynchronous. In synchronized
operation, the switch’s input-output connections are
reconfigured at discrete points in time. To this end,
packets/bursts at different input ports should all arrive at the
same time. Therefore a synchronization stage is necessary at
the input interface when synchronized operation is chosen. In
asynchronous operation however, packets can arrive at any
time.

B. Internal blocking

The switching matrix is the core of the switching node, and
several implementations are available [7]. In any switch
contention occurs when two or more packets/burst want to use
the same output port at the same time. Clearly only one of them
can be sent, resulting in loss of the other(s) (in a bufferless
switch). A node is said to be internally blocking if loss occurs
even though the traffic does not show contention, usually
caused by the physical properties of the switching device.

We will clarify this with an example. Consider the node
structure of Figure 2. The core of this node is an Arrayed
Waveguide Grating (AWG): a passive optical device where,
when light enters at an input port, the output port where it will
exit from depends on the wavelength used. Exploiting this
feature with fast Tunable Wavelength Converters (TWC) at the
input ports, it is possible to build a fast operating transparent
optical packet/burst switch.

A detailed study of this architecture can be found in [9].
Depending on the input port where the signal enters, the
incoming wavelength will have to be converted to a certain
wavelength in order to be routed to the correct output fiber. For
output fiber 0, the conversions are shown in TABLE 1. From
this (very simple) example, it is clear that the node is internally
blocking, as a packet arriving at input port 4 will never be able

to reach output fiber 0, even if it is the only packet arriving (no
contention). Now suppose packets come in at input ports 2 and
3. None of these packets gets lost if input port 2 is converted to
Ay, and 3 to Ay. However, if we would have chosen to convert
input port 2 to A this would lead to loss of the packet at input
port 3. From this we can conclude that is important to make a
good choice for the wavelength conversion. If it is possible to
configure the switch in such a way that no loss occurs for any
combination of active input ports (of course excluding
contention), we call the switch rearrangable nonblocking.
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Figure 2. Example of an internally blocking node architecture, based on a
single AWG and TWCs.
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Note that although the architecture of Figure 2. is not
completely rearrangeable nonblocking, it is still possible to
make good configuration choices to improve throughput, as
was shown by the example. This property will be exploited in
synchronized operation. It will also form the basic condition
for the windowed technique to function properly. It is also
worth mentioning that making the correct choice on which
output ports of the AWG to combine within an output fibre can
optimize this node structure [9].

The TWC’s used have an output wavelength range of W.
Using a range of FW would allow to build a nonblocking
switch, but this would come at the cost of extra wavelength
converters at the output ports, in order to have a.o. correct
operation at the next node, where these W wavelengths (and no
others) are expected at the input. Also using a range of FW
would scale poorly to nodes with high fiber and/or wavelength
count.

III.  SYNCHRONIZED OPERATION

Essential in synchronized operation is that all packets arrive
at the same time. In this way the configuration of the switching
matrix can be done based on information of all simultaneously
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active input ports. We will call this condition “total input
information availability” from now on. Like this, for
synchronized operation, an internally completely rearrangeable
node will have the same loss as an internally nonblocking
switch: no loss will occur as long there is no contention.

Even when a node is not completely internally
rearrangeable, synchronized operation allows for better
performance. Again due to the fact that we know which input
ports are active, the effect of internal blocking can be mostly
alleviated. We repeat the stated example from above, having
input ports 2 and 3 active. Since we know these input ports are
active simultaneously we can decide to convert input port 2 to
A1, keeping A, available for input port 3, so it will not get lost.
We demonstrated in [9] that it is indeed possible to almost
completely overcome the internal blocking, by using an
algorithm based on Maximum Matching in bipartite graphs, for
an architecture as the one shown in Figure 2.

IV. ASYNCHRONOUS OPERATION

A. Problem formulation

Not synchronizing in the node reduces the hardware
complexity of the node. Of course this comes at a cost. The
requirements for the switching matrix are now more
demanding, since now rearrangeable nonblocking property
does not suffice and strictly nonblocking is needed. This can be
clearly seen on Figure 3. If there are already N-1 packets goin%
out of output fiber Oy, there still has to be room for an N'
packet to be switched to this output fiber, without changing the
current configuration of the switching matrix. This condition
should hold for any possible active input port configuration.

The main difference with synchronous operation is that we
do not have total input information available. Since it is
impossible to know which input ports will become active in the
(near) future, we cannot predict which channels will overlap in
time, and might contend. Consequently, no intelligent decision
on the “best” configuration of the switching matrix can be
made. This is the major reason for the poor behavior of
internally blocking switching matrices when deployed in
asynchronous regime. Again we go back to the example above.
If input port 2 would become active at time ¢, a decision has to
be made on which conversion to choose. Suppose input port 3
becomes active at #+7, when input port 2 is also still active. If
the decision, made at time z, was to convert input port 2 to A,
the packet subsequently arriving at input port 3 will be lost.

N

Figure 3. Generic node structure.

B. Proposed Solution

As discussed above, in order to improve the behavior of an
internally blocking node, it is essential to have knowledge of
which ports will be active at the same moment in time in order
to be able to make a good decision for the configuration of the
switching matrix. The availability of this total input
information in synchronized operation allows largely decreased
losses.

The key to improving loss characteristics in asynchronous
operation is that we need to find a way to make more input
information available when decisions have to be made. In fact
what we need is a way to know which input ports will become
active in the future. A possible way to realize this is enlarging
the length of the fixed fiber delay line, that is present to
compensate for the processing time of the opto-electronically
converted header, by a length L (corresponding with an extra
time delay 6=L/c, with ¢ the speed of light in the fiber). By
doing this, the configuration decision can be postponed until
more information is available on which other input ports
become active in the future, since the headers of these future
packets will already have arrived. This principle is further
clarified in Figure 4.

Suppose the switch has to be configured correctly for
packet/burst A. At that time however, due to the extra delay of
0, the headers of the packets B, C, D and E will have entered
the switch controller too, thus we know that (and when) these
ports will become active. In this case, we know that (the
payload of) A, C and E overlap in time. This information
allows for an intelligent decision for the switching matrix
configuration for packet A, minimizing the impact on the loss
probability of C and E. The same is done when packet C needs
to be switched through the node, this process is repeated and
goes on continuously for all packets, which is why we name &
the decision window duration. In short: for each packet we use
future usage information on several input channels to make a
decision for that packet.
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Figure 4. An example showing how the windowing technique works.

V. SIMULATION RESULTS

We will now show some results for asynchronous operation
of the node architecture described in Figure 2. Although the
following results are obtained on this specific architecture we
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would like to stress the general applicability of the windowed
technique for internally blocking switching nodes. The only
condition needed is the existence of some algorithm to improve
the blocking behavior when information is available on
simultaneously active input ports (as the Maximum Matching
based algorithm did for the described architecture).

We simulated a packet switch with three incoming and
three outgoing fibers, each fiber carrying 9 wavelengths. The
applied traffic pattern was Poisson, generated using a high
quality pseudo-random generator, based on a Mersenne Twister
[10], implemented in the COLT library for Java [11].
Simulation was stopped based on the size of the 95%
confidence interval compared to the estimate of the mean
value. When this ratio was smaller than 0.05, simulation was
halted. Error flags are omitted on the figures in order to make
them more readable. All of this allows us to have a high-quality
reliable simulation [12]. Two distinct cases were studied, one
with fixed packet sizes, described in subsection A, and another
one in subsection B with burst sizes that had a negative
exponential distribution.

A. Fixed Size Packets

The results of the fixed size packet simulations for an
asynchronous switch are shown in Figure 5. The number in the
legend denotes &/L, this is the window delay time & expressed
in multiples of the fixed packet size L. Also indicated is the
behavior when no windowing is used (none), and the
performance of a perfect internally nonblocking switch as a
way to assess the quality of the improvement obtained by the
windowing technique.
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Figure 5. Simulation results for fixed packet size.

We see that introducing the windowed technique decreases
loss significantly. It is clearly shown that the larger &/L is, the
higher the performance of the windowing technique becomes.
However values higher than 1 have no or little use. Since the
packet size is fixed, the packet for which a configuration
decision has to be made can only possibly overlap with packets
arriving L later. Another feature that is clear from the result is
the better behavior of the windowed approach in regions of
lower load, while the improvement is smaller when load is
high. This is a quite logical evolution, as for higher loads, the

most important cause of loss is contention. It is only at low
loads that the internal blocking is dominating the loss
probability, since at these low loads the probability of
contention is very small. This is again shown by the “no
contention 1” curve, which is the result of a simulation with
&/L=1 and where traffic applied to the input of the switch was
contention free. We see that for low loads the curve coincides
with the curve for traffic with contention: the case with
contention has a small probability of contention, so it coincides
with the “no contention” case. When the load increases, we see
that the behavior of “no contention” is getting better than the
case with contending traffic, showing that in this region
contention is the most important cause of loss. It is impossible
to avoid the contention losses by using a better configuration
algorithm or increasing the window size; other solutions such
as deflection routing, optical buffering... are needed to resolve
these problems [13]. We do point out that for internally
blocking nodes, the better the performance without any of these
extra contention resolution mechanisms, the more effective
these contention resolution features will be in reducing the loss
due to contention. If the node suffers from severe internal
blocking, the resource originally meant to resolve contention
will in the first place be used up to compensate for this internal
loss, leaving them to be less powerful for solving contention.

B. Variable size packets

We will now discuss the results for the simulation where
packet length has a negative exponential distribution, with
mean length L. We perform simulations for different values of
O/L.

The results for variable packet length are shown in Figure
6. They have some similarities to those of fixed size packet
length, but also some important differences. As was the case
for fixed size, there is an improvement by using the windowed
technique, again the lower loss rate is more pronounced at
lower loads, for the same reasons. We do see that with variable
packet lengths the improvement is not that high as it was for
fixed size packets. This is due to the higher overlap probability
using variable lengths. Now it also makes sense to have &/L,,
values higher than 1. As bursts can be longer than L, overlap
can occur on larger timescales, however there is a value of &
after which there is no longer a significant improvement
visible, since it covers a very large portion of the overlap
probability. Burst size distributions with an upper limit on the
burst size are therefore interesting, since it allows to be certain
of the largest possible overlap interval.

Using variable packet sizes thus gives slightly worse loss
performance, and a higher & value is needed to achieve
significant performance improvement in terms of PLR. Clearly,
this implies that more fiber delay should be implemented, delay
is higher and of course memory and processing requirements in
the electronic switch controller will be higher. Therefore we
can conclude that the windowed technique is preferably to be
used with fixed packet sizes, or at least packet size distributions
with a maximum.
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Figure 6. Simulation results for negative exponentially distributed packet
size.

VI. CONCLUSION

In this paper we studied the logical performance of an
OPS/OBS switch with internal blocking, both in synchronous
and asynchronous operation. In the synchronized case, the
complete knowledge of which input ports are simultaneously
active can be exploited to considerably reduce the traffic loss.
Based on these observations, we developed a technique to
improve the behavior in asynchronous operation. The proposed
windowing technique makes information available on future
active input ports, allowing lower losses, due to better
switching matrix configurations. However as opposed to the
synchronous case (where the effect of internal blocking could
be ruled out almost completely) the loss improvement is not as
large. This shows internal blocking has a higher impact in
asynchronous operation, even with the windowed technique.
Using fixed size packets allows better performance of the
windowing technique compared to using variable packet
lengths.
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