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Abstract— In order to support efficiently the fast-growing de-
mand for transmission capacity, optical packet-switched systems
seem to be strong candidates as they allow fast dynamic alloca-
tion of WDM channels combined with a high degree of statis-
tical resource sharing. In this work, we propose the architec-
ture of an input/shared-buffered optical packet switching node,
for all-optical switching of IP traffic flows. Since a limited hard-
ware complexity is a key requirement for all-optical switches, due
to the high cost of optical components, different node configura-
tions are compared in order to evaluate the effect of a hardware-
complexity variation on the performance of the proposed archi-
tecture.

I. INTRODUCTION

As telecommunication networks are experiencing a dramatic
increase in demand for capacity, mainly related to the expo-
nential growth of the IP traffic, they are evolving to provide
a reconfigurable optical layer. This optical layer will help to
relieve potential capacity bottlenecks of electronic switched
networks and to efficiently manage the huge bandwidth made
available by the deployment of dense wavelength division mul-
tiplexing (DWDM) systems.

As current applications of WDM focus on a relatively static
usage of single wavelength channels, many works have been
carried out, [1], [2], [3], [4], in order to study how to achieve
the switching of packets directly in the optical domain, in a
way that allows fast dynamic allocation of WDM channels, so
as to improve the transport network performance.

In this context all-optical switching fabrics become more
and more important since these systems allow the switch-
ing of signals directly in the optical domain, eliminating the
need for many time-consuming optical-electrical-optical con-
versions. Unfortunately, today optical devices used in market
equipment are still very expensive. Thus a key requirement in
optical switches design is to limit hardware complexity, due to
the high cost of optical components.

In this article we present the architecture of an optical packet
switching node equipped with fiber delay lines used as both
input and shared buffers to delay packets for contention reso-
lution. Performance evaluation, in terms of packet loss prob-
ability and average delay, is carried out for this node when

it is loaded by a real IP traffic pattern. Different node con-
figurations are compared in order to evaluate the effect of a
hardware-complexity variation on the performance of the pro-
posed architecture.

The paper is organized as follows. Sections Il and 1l de-
scribe the optical network architecture we envision and the pro-
posed architecture of an optical packet switching node. Traffic
performance results attainable with different node configura-
tions are described in section V. Some conclusions are finally
given.

Il. OPTICAL TRANSPORT NETWORK

The architecture of the optical transport network we pro-
pose consists of M optical packet switching nodes linked to-
gether in a mesh like topology, which allow switching of data-
gram, variable-length IP-like packets directly in the optical do-
main. These nodes are connected to IP legacy (electronic) net-
works by means of electro-optic edge systems (ES), as shown
in Fig. 1.

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

Fig. 1. The optical transport network architecture.

will properly configure the node devices to switch packet pay-
loads 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. Sup-
posing a bit rate of 10 Gbps per wavelength channel, a 40 ns
slot duration seems to be appropriate, since the 40 bytes pay-
load is transmitted in 32 ns, and the additional time can be used
for the optical packet header transmission and for the provision
of guard times.

I1l1. OPTICAL NODE ARCHITECTURE

The general architecture of a network node consists of N
incoming fibers with W wavelengths per fiber (see Fig. 2).

The incoming fiber signals are demultiplexed and G wave-
lengths from each input fiber are fed into one of the W/G
switching planes, which constitute the switching fabric core.
Once signals have been switched in one of the second-stage
parallel planes, packets can reach every output port on one of
the G wavelengths that are directed to each output fiber. This
allows the use of wavelength conversion for contention resolu-
tion, since G packets can be concurrently transmitted, by each
second-stage plane, on the same output link. Thus the param-
eter G is here referred to as “channel group size”.

A. Switching Plane Structure

The detailed structure of one of the W/G parallel switch-
ing planes is presented in Fig. 3. It consists of three main
blocks. An n-stage input synchronization unit, as the node is
slotted and incoming packets need to be aligned. This unit
consists of a series of 2 x 2 SOA optical switches, [5], in-
terconnected 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 by a

N i

Fig. 2. The optical packet-switching node architecture.

variable amount of time, ranging between At,;;, = 0 and

Atmaz = (1 —(1/2)™) - T, with a resolution of T'/2™, where
T is the time slot duration and n the number of delay lines.

A fiber delay lines (FDL) unit is then used to store pack-
ets for contention resolution. The delay lines unit is used as
an optical scheduler, by proper operation of a set of tunable
wavelength converters, [6], [7], in order to schedule the trans-
mission of the maximum number of packets onto the correct
output link. This is obtained delaying each packet by a vari-
able amount of time, ranging between 0 and D, 4.

Finally a switching matrix unit is used to achieve the switch-
ing of signals, using an AWG (Arrayed Waveguide Grating,
[8]). The implementation of each unit of a switching plane is
detailed in [9].

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

« optical packet header processing;

« synchronization unit managing, in order to properly set
the correct path through the synchronizer for each incom-
ing packet;

« tunable wavelength converters managing, in order to
properly delay and route incoming packets.

Actually the switching matrix is used to switch packets to the
output ports or, if necessary, to a number of recirculation ports,
in order to store them for an additional amount of time to avoid
collisions. To this purpose R output ports of the AWG are con-
nected, via fiber delay lines, to R input ports. Each switching
plane is then characterized by C' = N -G traffic channelsand R
recirculation channels, and the switching matrix permutations
are managed using tunable wavelength converters.

As far as recirculation lines are concerned, two different
structures are considered: the constant delay recirculation
(CDR) and the variable delay recirculation (VDR). In the CDR
structure all the recirculation ports delay each packet by the
same amount of time, D,.. = kT, while in the VDR struc-
ture D,.. doubles every two ports, in such a way that the
i — th couple of recirculation lines delays each packet by
Dyeei = 2U-DT. The first couple of ports will then have
a recirculation delay of T, the second couple of 27", and so on.

B. Switching Plane Hardware Complexity

Since hardware complexity is a key constraint in optical
switching node architecture design, in the following we dis-
cuss the complexity of a single switching plane of the model
we propose. The hardware complexity is expressed in terms
of number of SOA switches, ngo 4, mux/demux, nyx, tun-
able and fixed wavelength converters, nTw ¢ and npwc, as a
function of the number of traffic channels C = N - G:

nsoa=(Mn+1)-C
npux = 2C
nrwec = 2C + R
nrwe =C
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Fig. 3. Detailed structure of one of the W/@ parallel switching planes.

It can be pointed out that each parameter varies linearly with
the number of traffic channels C' and, therefore, with the prod-
uct N - G.

C. Node Hardware Complexity

We would like to investigate the effect of a variation of the
parameter G on the hardware complexity of the node, keep-
ing the number N of input/output fibers and the number W of
wavelength channels per fiber constant. A reduction of the pa-
rameter G, by a factor 2, yields a reduction of the hardware
complexity of each switching plane, in such a way that:

(nsoa=Mm+1)-NF=(n+1)-%

(e}

nljl/IUX =2
< (2

n,TWC = 22% +R

' c
\ "Frwc = 2%

However, if the number of wavelength channels per in-
put/output fiber is constant, a reduction of G yields an increase
in the number of switching planes, by the same factor 2*. The
node hardware complexity is then given by:
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Thus a reduction of the parameter G leaves the hardware com-
plexity of the node unchanged, with the exception of the num-

ber of tunable wavelength converters used to manage the recir-
culation lines.

The same considerations are valid when the parameter G
and the total number of external wavelength channels, N -
W, are kept unchanged while varying the number N of in-
put/output fibers and the number W of wavelength channels
per fiber. In fact, if N is reduced by a factor 2% and W is
increased by the same factor, to keep NV - W constant, the num-
ber of traffic channels per switching plane, C = N -G, and the
number of switching planes, W/G, change in the same way as
the previous situation.

IV. SIMULATION RESULTS

In this section we show some simulation results of the opera-
tion of different configurations of the node architecture, which
were carried out assuming a packet length distribution based
on real measurements on IP traffic [10]:

po = P(L = 40 bytes) = 0.6
p1 = P(L = 576 bytes) = 0.25 (4)
p2 = P(L = 1500 bytes) = 0.15

In this model, packets have average length equal to 393 bytes.
Since a 40-bytes long packet is transmitted in one time slot of
duration T', the average duration of an optical packet is approx-
imatively 107". Moreover, po, p1 and p» represent the proba-
bility that the packet duration is 7', 157" and 38T respectively.

We evaluate how the size of the parameter GG, which repre-
sents the number of channels per input/output fibers handled
by a single plane, affects the overall packet loss performance
of the node. To this aim we have selected a node architec-
ture with a single switching plane (W = G). We have first
compared four switch configurations with the same external
lightpath number (V - W), and no recirculation lines (R = 0).
By assuming the availability of a 32 x 32 AWG and an FDL



stage with maximum delay D, ., = 8T, the switch size varies
in the set N = {2,4,8,16} and the channel group size in the
set G = {16,8,4,2}, in such a way that N - G = 32. Fig. 4
shows that for a given offered load the packet loss performance
improves as G increases. In particular for low levels of the of-
fered traffic the improvement can be of several orders of mag-
nitude. This improvement is nothing else than that attained in
any multiple-server system, in which all users fully share the
set of servers. Traffic engineers well know this phenomenon
under various names, among which perhaps the most common
is "channel grouping” (or trunk grouping”).

We have then compared two configurations, with and with-
out recirculation lines. A single switching plane node,
equipped with an 8 x 8 AWG, has been selected. The num-
ber of input/output fibers is kept constant (N = 2), while the
grouping factor varies in the set G = {2,4}.

Figs. 5 and 6 show the packet loss probability and average
delay for a node with and without fiber recirculation lines, for
different values of the offered load; the FDL stage maximum
delay is D,,,, = 16T and the recirculation lines configura-
tion is the CDR configuration. It can be pointed out that the
reduction of the grouping factor G, from G = 4 (R = 0) to
G =2 (R =4and D,.. = {T,4T}), yields higher loss prob-
ability and average delay. This performance worsens more as
the average traffic load decreases, since the effect of the group-
ing factor variation is more evident for low levels of the offered
load, as we pointed out before. A similar behavior can be ob-
served comparing the curves obtained with the configurations
G=4R=0andG =2, R =4, D... = 16T. Now
the delay D, is large enough to compensate the loss prob-
ability increase due to the grouping factor reduction. As far
as average delay is concerned, however, it can be pointed out
that the node without recirculation lines always yields a bet-
ter performance since more contentions can be resolved in the
wavelength domain.

Similar considerations can be drawn observing Fig. 7, which
plots the packet loss probability, at different traffic loads per
wavelength, for a switching node with R = 4 recirculation
lines (VDR configuration) and a node without recirculation
lines (R = 0), for different values of D, .

Finally, we have compared the performance of two archi-
tectures, with and without recirculation fibers, with the same
number of input/output fibers N = 2, the same value of the
grouping factor G = 4, varying the AWG dimension. An
8 x 8 AWG, without recirculation lines and a 16 x 16 AWG,
with R = 8 recirculation lines have been selected to this aim.
Figs. 8 and 9 show a comparison between the packet loss per-
formance of these models. It can be pointed out that, as the
grouping factor doesn’t change, the nodes with recirculation
lines always give a better performance, since they have a higher
buffering capability than the nodes without recirculation lines,
while the same number of contentions can be resolved in the
wavelength domain.
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max
T

Packet loss probability
=
o

. . . .
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Fig. 4. Packet loss performance for different grouping factor and node di-
mension values.
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Fig. 5. Packet loss performance for different grouping factor values, with and
without recirculation lines (R = 0 vs. R = 4 CDR).

V. CONCLUSIONS

In this work, we have proposed an architecture for optical
packet-switched transport networks. The proposed structure
of the optical switching nodes has been presented and the basic
building blocks have been described. Simulation results have
been also presented, showing a comparison between different
node configurations.

It has been shown that the hardware complexity of the node,
in terms of optical components number, varies linearly with
the number of traffic channels C' and, therefore, with the the
number G of channels per input/output fibers handled by a
single plane. It has been then found that the value of G' has
a great influence on the overall performance of the node as
well. In fact a reduction of G, for the same value of the overall
delay-lines buffer capacity, yields a reduction of the number
of contentions that can be resolved in the wavelength domain.



Fig. 6.
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Fig. 7. Packet loss performance for different grouping factor values, with and
without recirculation lines (R = 0 vs. R = 4 VDR).

Nevertheless, this reduction worsens the node performance es-
pecially in terms of packet loss probability.
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