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Abstract. As new bandwidth-hungry IP services are demanding more
and more capacity, transport networks are evolving to provide a recon-
figurable optical layer in order to allow fast dynamic allocation of WDM
channels. To achieve this goal, optical packet-switched systems seem to
be strong candidates as they allow a high degree of statistical resource
sharing, which leads to an efficient bandwidth utilization. In this work, we
propose an architecture for optical packet-switched transport networks,
together with an innovative switching node structure based on the con-
cept of per-packet wavelength routing. Some simulations results of node
operation are also presented. In these simulations, the node performance
was tested under three different traffic patterns.

1 Introduction

Telecomunication networks are currently experiencing a dramatic increase in de-
mand for capacity, driven by new bandwidth-hungry IP services. This will lead
to an explosion of the number of wavelengths per fiber, that can’t be easily
handled with conventional electronic switches. To face this challenge, networks
are evolving to provide a reconfigurable optical layer, which can help to relieve
potential capacity bottlenecks of electronic-switched networks, and to efficiently
manage the huge bandwidth made available by the deployment of dense wave-
length division multiplexing (DWDM) systems.

Ag current applications of WDM focus on a relatively static usage of single
wavelength channels, many works have been carried out in order to study how
to achieve switching of signals directly in the optical domain, in a way that
allows fast dynamic allocation of WDM channels, to improve transport network
performance. Two main alternative strategies have been proposed to reach this
purpose: optical packet switching [1], [2] and optical burst switching [3], [4].

In this article, we first introduce optical packet and burst switching ap-
proaches. Then an architecture for packet-switched WDM transport networks
and a novel optical switching node are proposed. Some simulation results of
node operation, under different traffic patterns, are also presented.



2 Optical Packet and Burst Switching

Optical packet switching allows to exploit single wavelength channels as shared
resources, with the use of statistical multiplexing of traffic flows, helping to
efficiently manage the huge bandwidth of WDM systems. Several approaches
have been proposed to this aim [5], [6].

Most proposed systems carry out header processing and routing functions
electronically, while the switching of optical packet payloads takes place directly
in the optical domain. This eliminates the need for many optical-electrical-optical
conversions, which call for the deployment of expensive opto-electronic compo-
nents, even though most of the optical components, needed to achieve optical
packet switching, still remain too crude for commercial availment.

Optical burst switching aims at overcoming these technological limitations.
The basic units of data transmitted are bursts, made up of multiple packets,
which are sent after control packets, carrying routing information, whose task
is to reserve the necessary resources on the intermediate nodes of the transport
network (see Fig. 1). This results in a lower average processing and synchroniza-
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Fig. 1. The use of an offset time in optical burst switching

tion overhead than optical packet switching, since packet-by-packet operation
is not required. However packet switching has a higher degree of statistical re-
source sharing, which leads to a more efficient bandwidth utilization in a bursty,
IP-like, traffic environment.

Since optical packet-switching systems still face some technological hurdles,
the existing transport networks will probably evolve through the intermediate



step of burst-switching systems, which represent a balance between circuit and
packet switching, making of the latter alternative a longer term strategy for
network evolution.

In this work, we have focused our attention on optical packet switching,
since it offers greater flexibility than the other relatively coarse-grained WDM
techniques, aiming at efficient system bandwidth management.

3 Optical Transport Network Architecture

The architecture of the optical transport network we propose consists of M = 2™
optical packet-switching nodes, each denoted by an optical address made of
m = log, M bits, which are linked together in a mesh-like topology. A number
of edge systems (ES) interfaces the optical transport network with IP legacy

(electronic) networks (see Fig. 2).
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Fig. 2. The optical transport network architecture

Edge system

An ES receives packets from different electronic networks and performs traffic
aggregation in order to build optical packets. The optical packet is composed of
a simple optical header, which comprises the m-bits long destination address,
and of an optical payload made of a single IP packet, or, alternatively, of an
aggregate of IP packets.



The optical packets are then buffered and routed through the optical trans-
port network to reach their destination ES, which delivers the traffic it receives
to its destination electronic networks.

At each intermediate node, in the transport network, packet headers are
received and electronically processed, in order to provide routing information
to the control electronics, which will properly configure the node’s resources to
switch packet payloads directly in the optical domain.

The transport network operation is asynchronous; that is, packets can be
received by nodes at any instant, with no time alignment. The internal operation
of the optical nodes, on the other hand, is synchronous (slotted). In the model
we propose, the time slot duration, T', is equal to the amount of time needed to
transmit an optical packet, with a 40-bytes long payload, from an input WDM
channel to an output WDM channel.

The operation of the optical nodes is slotted since the behavior of packets,
in an unslotted node, is less regulated and more unpredictable, resulting in a
larger contention probability.

A contention occurs every time that two or more packets are trying to leave
a switch from the same output port. How contentions are resolved has a great
influence on network performance. Three main schemes are generally used to
resolve contention: wavelength conversion, optical buffering and deflection rout-
ing.

In a switch node applying wavelength conversion, two packets trying to leave
the switch from the same output port are both transmitted at the same time but
on different wavelengths. Thus, if necessary, one of them is wavelength converted
to avoid collision. In the optical buffering approach, one or more conteding pack-
ets are sent to fixed-length fiber delay lines, in order to reach the desired output
port only after a fixed amount of time, when no contention will occur. Finally,
in the deflection routing approach, contention is resolved by routing only one of
the contending packets along the desired link, while the other ones are forwarded
on paths which may lead to longer than minimum-distance routing paths.

Implementing optical buffering gives good network performance, but involves
a great amount of hardware and electronic control. On the other hand, deflection
routing is easier to implement than optical buffering, but network performance
is reduced since a portion of network capacity is taken up by deflected packets.

In the all-optical network proposed, in order to reduce complexity while aim-
ing at attaining good network performance, the problem of contention is resolved
combining a small amount of optical buffering with wavelength conversion and
deflection routing. Our policy can be summarized as follows:

1. When a contention occurs, the system first tries to transmit the conflicting
packets on different wavelengths.

2. If all of the wavelengths of the correct output link are busy at the time the
contention occurs, some packets are scheduled for transmission in a second
time, and are forwarded to the fiber delay lines.



3. Finally, if no suitable delay line is available, at the time the contention
occurs, for transmission on the correct output port, a conflicting packet can
be deflected to a different output port than the correct one.

4 Node Architecture

The general architecture of a network node is shown in Fig. 3. It consists of
N incoming fibers with W wavelengths per fiber. The incoming fiber signals
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Fig. 3. Optical packet-switching node architecture

are demultiplexed and 2* wavelengths, from each input fiber, are then fed into
one of the W/2* switching planes, which constitute the switching fabric’s core.
Once signals have been switched in one of the second stage parallel planes,
packets can reach every output port on one of the 2* wavelengths that are
directed to each output fiber. This allows the use of wavelength conversion for
contention resolution, since 2 packets can be contemporarely be transmitted,
by each second-stage plane, on the same output link.

The detailed structure of one of the W/2* parallel switching planes is shown
in Fig. 4. Each incoming link carries a single wavelength and the switching plain
consists of three main blocks: an input synchronization wnit, as the node is
slotted and incoming packets need to be aligned, a fiber delay lines unit, used to
store packets for contention resolution, and a switching matriz unit, to achieve
the switching of signals.

These three blocks are all managed by an electronic control unit which carries
out the following tasks:



— optical packet header recovery and processing;

— managing the synchronization unit in order to properly set the correct path
through the synchronizer for each incoming packet;

— managing the tunable wavelength converters in order to properly delay and
route incoming packets.
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Fig. 4. Detailed structure of one of the W/2* parallel switching planes

We will now describe the second-stage switching planes mentioned above, de-
tailing their implementation.

4.1 Synchronization Unit

This unit consists of a series of 2x 2 optical switches interconnected by fiber delay
lines of different lengths. These are arranged in a way that, depending on the
particular path set through the switches, the packet can be delayed of a variable
amount of time, ranging between Aty = 0 and Atye, = (1 - (1/2)") x T,
with a resolution of T//2", where T is the time slot duration and n the number
of delay lines.

The synchronization is achieved as follows: once the packet header has been
recognized and packet delineation has been carried out, the packet start time
is identified and the control electronics can calculate the necessary delay and
configure the correct path of the packet through the synchronizer.

Due to the fast reconfiguration speed needed, fast 2 x 2 switching devices,
such as 2 x 2 semiconductor optical amplifier (SOA) switches [7], which have a
switching time in the nanosecond range, must be used.



4.2 Fiber Delay Lines Unit

After packet alignment has been carried out, the routing information carried by
the packet header allows the control electronics to properly configure a set of
tunable wavelength converters, in order to deliver each packet to the correct delay
line to resolve contentions. To achieve wavelength conversion several devices are
available [8], [9], [10].

Depending on the managing algorithm used by control electronics, the fiber
delay lines stage can be used as an optical scheduler or as an optical first-in-
first-out (FIFO) buffer.

— Optical scheduling: this policy uses the delay lines in order to schedule the
transmission of the maximum number of packets onto the correct output link.
This implies that an optical packet Py, entering the node at time #; from
the i-th WDM input channel, can be transmitted after an optical packet
P, entering the node on the same input channel at time ¢35, being £ > ;.
For example, suppose that packet Py, of duration [y, must be delayed of
dy time slots, in order to be transmitted onto the correct output port. This
packet will then leave the optical scheduler at time ¢;44,. So, if packet Ps,
of duration [T, has to be delayed for ds slots, it can be transmitted before
P if t94 gy41, < t144, since no collision will occur at the scheduler output.

— Optical FIFO buffering: in the optical FIFO buffer the order of the packets
entering the fiber delay lines stage must be maintained. This leads to a
simpler managing algorithm than the one used for the optical scheduling
policy, yielding, however, a sub-optimal output channel utilization. In fact,
suppose that optical packet P;, entering the FIFO buffer at time #;, must
be delayed for d; time slots. This implies that packet P;, behind packet P,
must be delayed of, at least, d; time slots, in order to maintain the order of
incoming packets. Due to this rule, if packet Py has to be delayed for dy < dy
slots, in order to avoid conflict, its destination output port is idle for d; — ds
time slots, while there would be a packet to transmit.

4.3 Switching Matrix Unit

Once packets have crossed the fiber delay lines unit, they enter the switching
matrix stage in order to be routed to the desired output port. This is achieved
using a set of tunable wavelength converters combined with an arrayed waveguide
grating (AWG) wavelength router [11].

This device consits of two slab star couplers, interconnected by an array of
waveguides. Each grating waveguide has a precise path difference with respect
to its neighbours, A X, and is characterized by a refractive index of value n,,.

Once a signal enters the AWG from an incoming fiber, the input star coupler
divides the power among all waveguides in the grating array. As a consequence
of the difference of the guides lengths, light travelling through each waveguide
emerges with a different phase delay given by:

AX

AP = 21y X —— 1
T X — (1)
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Fig. 5. Arrayed waveguide grating

being A the incoming signal central wavelength. As all the beams emerge from
the grating array they interfere constructively onto the focal point in the output
star coupler, in a way that allows to couple an interference maximum with a
particular output fiber , dependig only on the input signal central wavelength.

Figure 5 shows the mechanism described above. Two signals of wavelength
Ao and A3z entering an 8 x 8 AWG, from input fibers number 6 and number 1
respectively, are correctly switched onto the output fibers number 0 and number
3, being the wavelength of signals the only routing information needed to achieve
the required permutation.

The AWG is used as it gives better performance than a normal space switch
interconnection network, as far as insertion losses are concerned. This is due
to the high insertion losses of all the high-speed all-optical switching fabrics
available at the moment, that could be used to build a space switch intercon-
nection network. Moreover AWG routers are strictly non-blocking and offer high
wavelength selectivity.

After crossing the three stages previously described, packets undergo a final
wavelength conversion, to avoid collisions at the output multiplexers, where W
WDM channels are multiplexed on each output link.

5 Simulation Results

In this section, we present some simulation results of the operation of one among
the W/2* parallel switching planes, which structure has been shown in Fig. 4.

These results have been obtained assuming that the node receives its input
traffic directly from N edge systems. The edge systems buffers capacity is sup-
posed to be large enough to make packet loss negligible. Each WDM channel is
supposed to have a dedicated buffer in the edge system.

The packet arrival process has been modeled as a Poisson process, with packet
interarrival times having a negative exponential distribution. As the node oper-
ation is slotted, the packets duration was always assumed to be multiple of the
time slot duration 7', which is equal to the amount of time needed to transmit



an optical packet, with a 40-bytes long payload, from an input WDM channel
to an output WDM channel.

As far as packet length is concerned, the following probability distributions

were considered:

p(t)A p(t) A
T T
0.5833
0.3333
I $0-0834 | sppapapapaatars 0.0588 ;
T 15T 38T t T 17T Tt
(a) ®)
p(t) o
T al
9T t
©

Fig. 6. Packet duration probability distributions: empirical distribution (a), uniform
distribution (b), constant duration (c)

1.

Empirical distribution. Based on real measurements on IP traffic [12], [13],
we assumed the following probability distribution for the packet length L:

po = P(L = 40 bytes) = 0.5833
p1 = P(L = 576 bytes) = 0.3333 (2)
ps = P(L = 1500 bytes) = 0.0834

In this model, packets have average length equal to 341 bytes. Since a 40-
bytes long packet is transmitted in one time slot of duration T', the average
duration of an optical packet is approximatively 97. Moreover, pg, p; and
po represent the probability that the packet duration is T, 157 and 38T
respectively (see Fig. 6 (a)).

Uniform distribution. To show a comparison with the empirical model de-
scribed above, we have modeled the optical packet length as a stochastic
variable, uniformly distributed between 40 bytes (duration T') and 680 bytes



(duration 17T"). Also in this model, packets have average duration of 9T (see
Fig. 6 (b)).

3. Constant length. We have also investigated the behaviour of the system when
packets have a constant duration of value 9T (see Fig. 6 (c)).

These simulations were carried out assuming that no deflection routing algo-
rithm is implemented. Under this assumption, a packet is supposed to be lost if
it can’t be delayed of a suitable amount of time, in order to transmit it onto the
correct output port. Figures 7 through 12 show the packet loss probability at
different traffic loads per wavelength, for different values of the maximum delay
attainable by the fiber delay lines unit, D =4T (i =0,1,2,-- ).

Figures 7, 9 and 11 report the simulation results for the optical FIFO buffer-
ing (OFB) policy, in the fiber delay lines unit, while Figs. 8, 10 and 12 report
the results for the optical scheduling (OS) policy.

It can be seen that, regardless of packet length distribution, the OS policy
yields a better performance than the OFB policy, with an increasing improve-
ment as D grows.

Figures 13, 14 and 15 show the values of the ratio

11
B HOOFSB ®
for different values of the maximum delay achievable, D, at different traffic loads
per wavelength, where IIpg and IIprp are the packet loss probability for the
optical scheduling and optical FIFO buffering policy, respectively. It can be
pointed out that no significative improvement is experienced as D value is 0,
1,2 or 4.

It can also be seen that this increase is more evident for the uniform distribu-
tion, and even more for the constant length packets. This happens because the
system performance is not only influenced by the maximum delay achievable, D,
but also by the maximum optical packet length.

In fact, what really influences the system performance is the Lys/D rate,
being L s the maximum packet duration and D the maximum delay attainable.
So as the value of D is much smaller than Ljs, the influence of the fiber delay
lines managing discipline is negligible. When D becomes much larger than Ly,
on the other hand, the OS policy efficiency improvement becomes more and more
evident.

It is now interesting to show the efficiency improvement variation, yielded
by the OS policy, depending on the optical packet length. Figure 16 plots this
variation at different loads per wavelength, for three values of the packet length,
for constant length packets, when the maximum delay attainable is D = 16.
It can be seen that, for Ly = 8, that is Ly = D/2, a significative efficiency
improvement is experienced, while for Ly, = 32, that is Ly, = 2D, the optical
scheduling and optical FIFO buffering policies almost give the same performance.
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Fig. 7. Packet loss probability for the empirical distribution, with FIFO policy, at
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different loads per wavelength
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6 Conclusions and Topics for Further Research

In this work, we proposed an architecture for optical packet-switched transport
networks. The structure of the optical switching nodes was detailed and the basic
building blocks were described. Some simulation results were also presented,
showing a comparison between two different managing policies for the fiber delay
lines stage: optical scheduling and optical FIFO buffering.

It was shown that, for D << Ljys, OS and OFB almost give the same perfor-
mance. For D >> Ly, on the other hand, the optical scheduling policy yields a
better performance than the optical FIFO buffering policy, because the output
links are more efficiently exploited.

Many issues will have to be addressed in the future, such as the detailed
study of the improvement attainable with the optical scheduling policy depend-
ing on the optical packet length. Moreover, the behaviour of an optical transport
network, as a whole, will have to be investigated, since a single node operation
was simulated for this work. Another interesting issue is the implementation of a
suitable deflection routing algorithm in order to improve network performance,
varying the optical network topology.
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