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Abstract— Multi-stage optical packet switching fabric based on
the broadcast-and-select principle is considered to implement the
shared-per-node wavelength conversion scheme. This approach
fairly allows to combine contention resolution in the wavelength
and space domains. A scheduling algorithm is proposed to control
optical packet forwarding in synchronous context. The results
aim at showing how the sharing of wavelength converters impacts
on node performance, the degree of sharing achieved with respect
to the reference shared-per-node architecture, and at providing a
meaningful support for cost-performance benchmarking studies.
An important aspect dealt with in the paper is the complexity
evaluation in terms of expensive optical components, tunable
wavelength converters (TWCs) and semiconductor optical am-
plifiers (SOAs) used as optical gates. The multi-stage switching
fabric is compared with the reference shared-per-node scheme in
terms of complexity, thus showing the better scalability property
of the proposed architecture, given the reduced number of optical
gates employed.
Index terms: Optical packet switching, Contention resolution, Tun-
able wavelength converters, Optical gates, Switch complexity, Cost
evaluation

I. I NTRODUCTION

Photonic packet switches [1], [2], [3] are key devices in
the design of dynamically reconfigurable optical networks
to support statistical multiplexing in the optical layer with
finer switching granularity with respect to optical lighpaths
for the proliferation of future Internet based services [4], [5],
[6]. One of the main and still open issues in optical packet
switches is contention resolution, which arises when packets
compete for the same resource at the same time. Space, time,
wavelength and (now) code [7] domains are the contexts
where contention can be solved. While in electronic packet
switches contention is managed in the time domain through
random access memories used as queues, in the optical domain
this approach has limited applicability since it relies on fiber
delay lines (FDLs) that offer only discrete and limited delay
values while they are contributing to further signal quality
degradation. On the other hand, contention resolution can
be performed in the wavelength domain taking advantage of
wavelength conversion [8].

Since tunable wavelength converters (TWCs) are expensive
components [9], switch architectures where TWCs are shared

among optical channels through a node have been proposed
in literature [10], [11], [12]. Here the shared-per-node (SPN)
scheme, also shown in figure 1, is considered as a reference
where a pool of TWCs serves all input fibers to properly
forward incoming packets to the output wavelengths [12].

It has been demonstrated that such architectures with a lim-
ited number of full-range tunable-input tunable-output TWCs
can provide the same performance as the fully equipped
case, thus assuring relevant cost saving [12]. The sharing of
TWCs typically requires additional space switching capability
to allow packets that need conversion to access the wavelength
converter pool and then to reach the proper output fiber. In
any case most works refer to general switch architectures as
in figure 1, while only recent investigations refer to practical
switch implementations and related control algorithms [12],
[13]. In this paper, the activity developed in the frameworkof
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Fig. 1. SPN switch architecture withN input and output fibers,M
wavelengths per fiber and limited numberR of TWCs shared-per-node.

the e-photon/ONe and OSATE projects is presented to discuss
practical issues to implement the shared-per-node concept
by combining wavelength and space domains exploitation. A
buffer-less multi-stage switch architecture is first presented.



Similarly to their electronic counterparts, single stage optical
cross-connects require either a large number of space switch-
ing elements, like optical gates (OGs), or tunable wavelength
converters that are tuned over a large number of wavelength
channels like in [14]. Both these approaches do not scale easily
in terms of capacity. A multi-stage architecture facilitates
in overcoming these limitations. In addition, it is taken as
axiomatic that future nodes should be cross-connecting an
unspecified mixture of both optical circuit switched (OCS)
and optical packet switched (OPS) traffic where the OCS can
be constructed by means of sequential concatenation of slots.
The proposed switch could perform this task if it is operated
in a synchronous packet/slot context, meaning that optical
packets/slots should have fixed length and are packet level
synchronized at switch input like in [15]. Moreover, since
the switch is operated in a slot synchronized mode, a Re-
arrangeable Non-Blocking (RNB) fabric could ensure high
throughput, providing that a suitable scheduling algorithm is
adopted, thus leading to further hardware saving (comparedto
strictly non-blocking architectures).

The multi-stage switch considered here is organized as
space-lambda-space (S-λ-S) architecture to keep complexity
low. It employs fast optical technology such as tunable trans-
mitters and optical gates that are expected to mature in the
near future, as shown in [15]. Particularly, semiconductor
optical amplifiers (SOAs) used as optical gates (OGs) are very
attractive due to the tuning time in the range of the nanosecond
and sufficient maturity. A scheduling algorithm is presented to
assign switch resources on a time slot basis to incoming optical
packets and avoid contention. Switch performance has been
evaluated by means of an analytical model in [16], that takes
into account the particular organization of shared wavelength
converters related to the multi-stage architecture.

Here extended results, obtained by simulation, are presented
to evaluate the complexity in terms of the optical components
(TWCs and OGs) of the multi-stage architecture in comparison
with the reference SPN architecture (figure 1). The obtained
results can be used for any meaningful cost-performance
benchmarking study.

The paper is organized as follows. Section II presents back-
ground and related works. Section III describes the multi-stage
architecture. Section IV presents the traffic assumptions and
an example of heuristic scheduling algorithm to control optical
packet forwarding. Section V illustrates a comparison between
the reference shared-per-node and multi-stage architecture in
terms of both performance and complexity (i. e. the number
of optical components needed). Finally, section VI illustrates
the conclusions of this work.

II. BACKGROUND AND RELATED WORKS

The sharing of TWCs in general all-optical switch architec-
tures based on strictly non-blocking space switching matrix
has been extensively studied in the past [10], [11], [12], with
the aim to demonstrate that architectures with limited number
of TWCs can provide the same performance as fully equipped
architectures. In particular two types of TWCs sharing have

been investigated, the shared-per-node (SPN), where a pool
of TWCs is shared between all input fibers and channels,
and the shared-per-link (SPL), where each output fiber has
a dedicated pool of TWCs. Here the focus is pointed in
SPN architectures. In this kind of switches, a scheduling
algorithm is needed to manage the packet forwarding. In
particular in synchronous context, algorithms with the aimto
maximize the number of packets forwarded in a time slot are
required. In [12], a scheduling algorithm to manage packet
forwarding in synchronous environment in general shared-
per-node architecture is presented. This scheduling algorithm
aims at minimizing the number of wavelength conversion,
maximizing the number of packets forwarded in a time slot.
The scheduling algorithm is composed by three steps. In
the first step, the input channels (wavelengths) are scanned,
and the packets carried by the same wavelength and directed
to the same output fiber are grouped. Packets in the same
group contend for the same output channels, while packets on
different groups are output contention free. For this reason, in
the second step one packet from each set, randomly chosen,
is sent without wavelength conversion and removed from the
set. In this way the maximum number of packets are sent
without conversion. In the third step, the output fibers are
randomly selected and the remaining packets in the groups
are sent exploiting wavelength conversion, until there areboth
free output channels and free TWCs, other packets are lost.

In any case, most works in literature don’t consider the
practical implementation of the switch and the related number
of optical components, as well as needed scheduling algo-
rithms. In this paper, a practical implementation of the shared-
per-node concept is illustrated. The proposed architecture,
starting from the all-optical switches presented in [17], [18],
implement the sharing of TWCs in a multi-stage broadcast-
and-select S-λ-S architecture. Multi-stage architectures are of
interest because they allow to save a large number of optical
components with respect to general architectures based on
strictly non-blocking space switching matrices.

When S-λ-S architecture is taken in account, a proper
scheduling algorithm is needed given the multi-stage organiza-
tion and the related particular organization of TWCs sharing.

Here, a scheduling algorithm suitable to manage packet
forwarding in the multi-stage architecture is presented. This al-
gorithm is similar to the scheduling algorithm presented in[12]
and previously recalled, in the sense that it aims at maximizing
the number of packets forwarded without conversion, but it is
modified to taking in account the particular organization of
the TWCs in the S-λ-S architecture. This algorithm has been
presented for the first time in [16]. The scheduling algorithm
is presented in section IV.

III. M ULTI -STAGE BROADCAST-AND-SELECT

ARCHITECTURE WITH SPARSE WAVELENGTH CONVERTERS

The practical implementation of the shared per node concept
here proposed, called MS-SPN, is illustrated in figure 2. It is
composed by three stages and organized as S-λ-S architecture.
The first and third stages (S) are identical. These space



switches exploit the broadcast-and-select principle and were
reported for the first time in [17], [18]; since then they have
been extensively considered in literature. The principle of
operation is the following: at each node input, after optical
amplification by means of an EDFA (Erbium-Doped Fiber
Amplifier), a power coupler is used to generate multiple copies
of the multi-wavelength bundle of channels entering the node
from this input. The power coupler should haveN +1 outlets
where one outlet per incoming fiber is reserved for a local
drop, while N copies for each input fiber are directed to
a group ofN wavelength selectors (only theN outlets for
the transit traffic are shown in the figure). Each wavelength
selector (WS) consists of two grating Mux/Demuxes (or any
device with equivalent functionality) in tandem separatedby
an array ofM optical devices (each one dedicated to one
wavelength) that are able to operate as a ’shutter’ (optical
ON/OFF gate). At the output side, the WSs are interconnected
by means of aN : 1 power combiner in such a way that only
one WS from the same input fiber might be coupled to the
same output power combiner. Again, there might beN + 1
branches in the coupler to serve for local add. Switching is
achieved when the optical device is turned to the on-state,
letting the wavelength to pass through, whilst when a particular
wavelength should not appear in a particular output fiber, the
’gate’ is switched to the off-state, blocking further propagation
of the wavelength. The on-off ratio of the gate determines the
level of in-band/out-of-band crosstalk. In [18] detailed infor-
mation about this architecture is given. Since the architecture
belongs to the broadcast-and-select family of switching fabrics
it easily allows broadcasting and multicasting.

The intermediate stage (λ) represents the conversion stage
and it is composed byB TWC blocks andN − B optical
fibers. Each TWC block is equipped withM wavelength con-
verters. In the same block, each TWC is dedicated to a single
wavelength, so that in this architecture tunable-input tunable-
output or fixed-input tunable-output wavelength converters can
be used indifferently. Being the TWCs in the same block
dedicated to different wavelengths, packets carried by the
same wavelength can exploitB TWCs placed inB different
blocks. For this reason, incoming packets carried by the same
wavelength (up toN ) can exploitN − B optical channels
without TWC andB TWCs. The connectivity of the switch
is maintained, so the packets that don’t need conversion are
sent on channels without conversion capability (in the optical
fibers) and other packets (those that need conversion) are
sent on blocks with TWCs. When TWC blocks are removed,
the cost of the switch drops but blocking increases. The
optimum number of TWCs is obtained by evaluating this cost-
performance trade-off.

In each TWC block, the outputs of the wavelength con-
verters are interfaced to theλ-module. This module can be
physically constructed from a variety of devices/sub-systems
e.g. a) anM : 1 power coupler b) anM × K passive
AWG router andK : 1 coupler c) anM × M passive
router and an array ofM wavelength converters with fixed
output wavelength followed by a grating multiplexer. The role

of the λ-module is to group all theM wavelengths to a
single fiber. Although the options (a-c) are identical in terms
of logical performance, their physical layer performance is
radically different. Further, the cost difference betweenthese
three options is enormous.
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Fig. 2. Multi-stage switching node architecture withN = 3 input/output
fibers,M = 4 wavelengths per fiber with sparse TWCs shared-per-node (MS-
SPN).

By observing the multi-stage (figure 2) and the shared-per-
node (figure 1) architectures, it is possible to observe thatthe
differences between them are:

• the organization of the TWCs. In the SPN the TWCs
are grouped in a single pool, if tunable-input TWCs are
taken in account, each incoming packets can exploit each
TWCs. In MS-SPN the TWCs are partitioned inB blocks
of M TWCs, in a block each TWC is dedicated to one
specific wavelength, so that even if tunable-input TWCs
are considered, an incoming packet can exploit onlyB

TWCs placed in different blocks (those TWC dedicated
to the wavelength the packet is carried)

• packet grooming. In the SPN the packets at the output
of the TWC pool are sent directly to the proper output
fiber using a strictly non-blocking space switching matrix.
In MS-SPN the wavelengths at the output of each TWC
block are grouped in a single fiber by theλ-module. This
can limit the possibility to find a match on the wavelength
to forward a packet (i. e. two packets in the same TWC
block cannot be converted in the same wavelength even
if they are directed to different output fibers)

The first situation is the most evident and leads to the fact that
the employment of tunable-input TWCs in MS-SPN is useless
from logical point of view. The second effect is negligible
especially when the load per wavelength is not very high.

A space equivalent of the proposed architecture helps to
understand contention occurrences and to propose a scheduling
algorithm that optimize resource utilization. It is presented
in figure 3, for N = 3 input and output fibers,M = 4



wavelengths per fiber andB = 1 TWC block. It is composed
by 3 stages, being the first and the third stages identical and
consisting ofM N × N cross-bars, each one representing
contention on the same wavelength. The middle stage (B TWC
blocks equipped withM TWCs dedicated each one to one
specific wavelength andN −B groups ofM optical channels
(each dedicated to one specific wavelength) is equivalent toB

M ×M cross-bars andN −B groups ofM simple channels.
By observing in figure 3 the first cross-bar in the first stage,
which concernsλ0, it is possible to understand that a packet
carried byλ0 can exploitN − B = 2 optical channels and
B = 1 TWC. In this situation, if three packets carried byλ0

are directed to the same output fiberk, one packet is sent
on an optical channel, one packet is sent on TWC and one
packet is lost because no further TWC block is available for
wavelength conversion. When the number of TWC blocksB

increases, the number of optical fibersN−B decreases, so that
if B is high, it is possible that some packets that do not need
conversion cannot exploit optical channels and must use TWCs
even if they don’t need conversion. The proposed switch can
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Fig. 3. Space equivalent of multi-stage architecture with N=3 input/output
fibers, M=4 wavelengths per fiber and B=1 block of TWCs.

be used in virtual wavelength path (VWP) networks offering
both shared wavelength path (SHWP) and scattered wave-
length path (SCWP) functionality which according to [14]
means wavelength-to-wavelength and fiber-to-fiber switching
respectively. Therefore, with OCS traffic and the associated
network-wide decisions for connection set-up, the proposed
switch is non-blocking. This is not the case with OPS traffic
in a multi-hop scheme and the blocking probability will be
assessed here.

To resolve contentions, a scheduling algorithm is presented
and applied to the architecture with a limited number of TWCs
shared-per-node. The fully equipped switch can be dealt with
as a special limiting case.

IV. T RAFFIC ASSUMPTIONS AND SCHEDULING

ALGORITHM FOR FIBER-TO-FIBER SWITCHING

Two main different traffic assumptions are considered re-
garding the arrivals on switch input channels:

• Bernoulli arrivals, meaning that arrivals in different slots
are independent and characterized by the average arrival
ratep packets/slot

• Admissible traffic, meaning that arrivals are still charac-
terized by meanp but no more thanM packets arrive in
a slot for the same output fiber

Bernoulli traffic can be considered as representative of thetraf-
fic in connection-less optical packet-switched networks asthe
result of statistical multiplexing of an high number of optical
packets generated by the edge assembly units [19]. Admissible
traffic could, on the other hand, be considered as the result of
the admission operation performed on optical bursts that makes
the traffic at each node to avoid switch output overbooking in
each time slot, that is no more thanM bursts are admitted on
the same output fiber. In any case also admissible traffic needs
wavelength conversion to resolve contention in the wavelength
domain and could run into switch internal blocking due to
switch resource unavailability. For both kinds of traffic fiber-
to-fiber switching is considered meaning that a packet arriving
on an input fiberk and wavelengthj could in principle be
forwarded to any outputl and wavelengthm. The proposed
scheduling algorithm is able to manage both kinds of traffic.

The proposed switching architecture can be used in dif-
ferent network contexts ranging from wavelength switching
to optical packet switching. Here the attention is focused
on synchronous optical packet-switched networks with fixed-
sized optical packets transferred through the network using a
slotted statistical multiplexing scheme.

A heuristic scheduling algorithm called SB is here briefly
recalled (a detailed description of the SB scheduling algorithm
may be found in [16]). The scheduling algorithm operates on
the particular organization of TWCs, that are grouped inB

blocks, and on the multi-stage organization of the proposed
architecture. The algorithm aims at maximizing the number
of packets forwarded without conversion. It is an extensionto
the multi-stage architecture of the idea presented in [12].Let
us introduce the following definitions:

• L
j
k the sets that contain the packets carried by wavelength

j and directed to output fiberk in a time slot (k =
0, · · · , N − 1; j = 0, · · · ,M − 1).

• Ok the sets that contain the packets directed to output
fiber k in a time slot (k = 0, · · · , N − 1).

The SB scheduling algorithm consists of two steps executed
at each time slot. The first step is the creation of setsL

j
k

and Ok. To this end, the input fibers are scanned and, if a
packet carried by wavelengthj and directed to output fiber
k is found, it is added toLj

k and Ok. In the second step
the output fibers are scanned sequentially starting to the one
indicated by a round robin counter RRO (modulo N). The
wavelength on each fiber are considered starting from that
one indicated by RRW (modulo M) as many times until all
packets directed to that output fiber are served. At the first
iteration related to an output fiber one packet, if present, from
each setLj

k is sent without conversion for each output fiber,
given that packets on different groups are output contention



free. When wavelengthj on output fiberk is taken in account,
the algorithm randomly chooses a packet fromLj

k (while
L

j
k 6= ⊘) and calls the proceduresel lambda SB that returns

a wavelength to encode the packet. The pseudo code of the
proposed scheduling algorithm is here presented:
step 1:

for (i = 0; i < N ; i + +)

for (j = 0; j < M ; j + +)

if (there is a packet on fiber ’i’ carried byλj directed to output ’k’)

add the packet toLj

k
and Ok;

step 2:

for (k = 0 ; k < N ; k + +) {

out = (k + RRO) modN ;

j = 0;

while (Oout 6= ⊘) {

λ = (j + RRW ) modM ;

if (Lλ
out 6= ⊘) {

λo=sel lambda SB(λ, out);

select randomly a packet fromLλ
out;

if (λo ≥ 0) the packet is sent on output fiber ’out’ on λo;

else the packet is lost;

remove the packet fromLλ
out and Oout;

}

j = (j + 1) modM ;

}

}

RRO = (RRO + 1) modN ;

if (RRO == 0) RRW = (RRW + 1) modM ;

The proceduresel lambda SB tries to forward the packet
without conversion. If the wavelength the packet is carriedis
free on the destination output fiber (the packet does not need
conversion), the packet is sent exploiting one of the fibers
in the second stage, if there is at least one fiber where the
that wavelength is free. In this casesel lambda SB returns
the same wavelength the packet is carried. If no fiber is
available, the packet is sent to the first TWC block where the
corresponding TWC is free, and forwarded without conversion
if the corresponding wavelength is free at the output of the
TWC block (sel lambda SB returns the same wavelength the
packet is carried). Otherwisesel lambda SB returns the first
available wavelength on the TWC block. If the wavelength the
packet is carried is not available on the destination outputfiber,
sel lambda SB looks for a TWC block where the TWC ded-
icated to that wavelength is free, and returns the first available
wavelength to forward the packet. After having considered
all available TWC blocks without finding any wavelength to
match the preceding conditions,sel lambda SB returns a null
value (-1) and the packet is lost. The pseudo-code and a
detailed description ofsel lambda SB may be found in [16].

By observing the architecture implementation (figure 2), a
path between input and output channel (wavelength) must be
established to forward a packet. Suppose that the scheduling
algorithm decides to forward a packet from wavelengthj = 4
of the input fiberk = 2 to the wavelengthm = 3 on the
output fiber l = 1. In addition suppose that the scheduling
algorithm decides to forward the packet exploiting the TWC

block i = 1 in the conversion stage. In the first stage the
ON/OFF gatej = 4, in theWS connecting input fiberk = 2
and TWC blocki = 1 (third WS starting from the top), has
to be turned on. In the second stage, the TWCj = 4 on
TWC block i = 1 is used to convert a packet on the proper
output wavelengthm = 3. Finally, in theWS connecting the
TWC block i = 1 and the output fiberl = 1 (seventh WS),
the ON/OFF gatem = 3 must be turned on.

V. PERFORMANCE AND COMPLEXITY COMPARISON

The aim of this section is to compare the MS-SPN im-
plementation presented in this paper with the reference SPN
scheme as regards performance and complexity in terms of
expensive optical components.

A. Performance comparison between multi-stage and shared-
per-node architectures

In this subsection, MS-SPN and SPN architectures are
compared by simulation using SB algorithm for MS-SPN and
a similar scheduling algorithm, already presented in [12] and
briefly illustrated in II, for SPN. This algorithm allows to
forward the maximum number of packets in a time slot, so
that results evaluated with this scheduling algorithm provide a
lower bound of packet loss probability obtainable with the SPN
architecture. Simulation results are obtained with confidence
interval at 95% less than or equal to the 5% of the mean.

First, the two architectures are compared when tunable-
input tunable-output TWCs are employed. The shared-per-
node architecture with this kind of TWCs is here called ID-
SPN. Figure 4 shows a comparison between MS-SPN and ID-
SPN architectures, equipped with the same number of TWCs
(R = BM ), in terms of packet loss probability under Bernoulli
traffic. The packet loss is plotted as a function of the number
of TWCs varying load in case (N = 64,M = 8). Both
architectures lead to the same asymptotic value of packet loss,
due to output blocking, while ID-SPN architecture provides
better performance than the MS-SPN when the number of
TWCs is limited. This is due to the intrinsic characteristics
of the multi-stage organization that does not allow the perfect
sharing of available wavelength converters, that are partitioned
among the input wavelengths. Instead, in ID-SPN architecture
equipped with tunable-input tunable-output TWCs, each in-
coming packet can exploit whatever TWC.

The same comparison with admissible traffic is shown in
figure 5 in caseN = 64,M = 8. Packet loss probability is
plotted as e function of the number of TWCs varying load.
When the load is very highp = 1, the packet loss of MS-SPN
presents an asymptote. This is due to the packet grooming after
each TWC block, that reduces the possibility to find a path
between input and output channels. In fact, in a TWC block,
two packets cannot be converted in the same wavelength even
if they are directed to different output fibers, given that they
are put in the same fiber at the output of the TWC block. This
effect can be reduced by adding some additional fibers in the
second stage [16]. In this manner, as it can be seen in figure



 0.0001

 0.001

 0.01

 0.1

 1

 0  50  100  150  200  250  300  350  400

P
ac

ke
t L

os
s 

P
ro

ba
bi

lit
y

# TWCs

0.9 - MS-SPN
0.9 - ID-SPN
0.7 - MS-SPN
0.7 - ID-SPN
0.5 - MS-SPN
0.5 - ID-SPN
0.3 - MS-SPN
0.3 - ID-SPN

Fig. 4. Comparison between shared-per-node architecture with tunable-
input TWCs (ID-SPN) and multi-stage architecture (MS-SPN) under Bernoulli
traffic. Packet loss probability as a function of the number ofTWCs varying
load in caseN = 64, M = 8.

 1e-007

 1e-006

 1e-005

 0.0001

 0.001

 0.01

 0.1

 1

 0  50  100  150  200  250  300  350  400

P
ac

ke
t L

os
s 

P
ro

ba
bi

lit
y

# TWCs

ID-SPN - p=1 
MS-SPN - p=1 
MS-SPN - p=1 , K=1
ID-SPN - p=0.7
MS-SPN - p=0.7
MS-SPN - p=0.7, K=1
ID-SPN - p=0.5
MS-SPN - p=0.5
MS-SPN - p=0.5, K=1

Fig. 5. Comparison between shared-per-node architecture with tunable-
input TWCs (ID-SPN) and multi-stage architecture (MS-SPN) with admissible
traffic. Packet loss probability as a function of the number ofTWCs varying
load in caseN = 64, M = 8 andK = 0, 1 additional links in the MS-SPN.

5, where the case withK = 1 additional fiber is also plotted,
the asymptotic value of packet loss can be lowered. Anyway,
also with admissible traffic SPN architecture provides better
performance than the MS-SPN, due to the complete sharing
of TWCs.

Now, the two architectures are compared when fixed-input
tunable-output TWCs are considered. The SPN with this kind
of TWCs is called FI-SPN (fixed-input shared-per-node). FI-
SPN is equipped withB TWCs dedicated to each wavelength
(like in the MS-SPN) for a total amount ofR = BM TWCs.
Figure 6 presents a comparison between MS-SPN and FI-SPN
in terms of packet loss as a function of the total number of
TWCs in caseN = 64,M = 8 varying load per wavelength
under Bernoulli traffic. MS-SPN and FI-SPN architectures
provide the same performance. Only when load is high, there
is a very little difference between the two architectures, due to
the packet grooming that limit the capability of the scheduling
algorithm to find a path to forward a packet. This constraint
is due to the particular implementation, and it is not present
in FI-SPN architecture. Anyway, the differences due to this
constraint are negligible as shown in figure 6. In conclusion,
under Bernoulli traffic, performance of MS-SPN architecture is
the same with fixed-input or tunable-input TWCs, due to the
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particular organization, while the SPN performs better with
tunable-input TWCs, because they allows to achieve more
TWCs sharing.

In figure 7 the same comparison is illustrated when ad-
missible traffic is taken in account. Packet loss probability is
illustrated as a function of the total number of TWCs varying
load, in caseN = 64,M = 8. Further, packet loss probability
when K = 1 additional optical fiber is added in the middle
stage is plotted. In this situation, with FI-SPN architecture the
packet loss is only due to the lack of TWCs, and this packet
loss tends to zero when the number of TWCs is enough high.
Instead in the MS-SPN, when the load is high, the packet
loss tends to an asymptotic value when the number of TWCs
increases. This is due to the constraint introduced by the packet
grooming after each TWC block, as illustrated in IV. Also in
this case the asymptote can be lowered by adding a number
of optical fibers in the middle stage, as shown in figure 7. By
adding some simple optical fibers, the packet loss of MS-SPN
tends to the packet loss of FI-SPN, also whenp = 1. The
differences between MS-SPN and FI-SPN are not negligible
only when the load is high (p = 0.9, 1).
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TWCs (FI-SPN) and multi-stage architecture (MS-SPN) with admissible
traffic. Packet loss probability as a function of the number ofTWCs varying
load in caseN = 64, M = 8 andK = 0, 1 additional links in the MS-SPN.



B. Complexity comparison between multi-stage and shared-
per-node architectures

In this section the two architectures are compared by eval-
uating the number of expensive optical components needed,
i.e. optical gates (SOA) and TWCs. To this end the shared-
per-node architecture is assumed to rely on the same SOA
technology as the multi-stage architecture to implement the
switching fabrics. The number of TWCs and optical gates
needed for SPN and MS-SPN is evaluated.

The total number of TWCs in the SPN is:

#TWCSPN = R (1)

The SPN architecture consists of two space switching matrices,
the first with sizeNM × (NM + R), the second with size
R×N(M −1), beingM −1 the maximum number of packets
per output interface which may require wavelength conversion.
The total number of optical gates in the SPN architecture
results in:

#OGSPN = NM(NM + R) + RN(M − 1) =

= N2M2 + RN(2M − 1) (2)

The number of optical gates needed in the SPN depends on
the number of TWCs employed,R.

In the MS-SPN architecture each of theB TWC blocks is
equipped withM TWCs, so the total number of TWCs is:

#TWCMS-SPN = MB (3)

MS-SPN is equipped withM optical gates in each wavelength
selector (WS). In the first stage, there areN WSs for each
input interface, so the total number of WSs in the first stage
is N2, and the number of optical gates in the first stage is
N2M . The third stage is identical to the first one, so the total
number of optical gates in the MS-SPN architecture is:

#OGMS-SPN = 2N2M (4)

The number of optical gates does not depend on the number
of TWCs. In comparison with the number of OGs in the SPN,
it is possible to see that in this case the dependence fromM

is linear instead of squared.
Table I shows a comparison between SPN and MS-SPN

in terms of main optical components (optical gates, TWCs).
Now, some complexity evaluations as a function of the main

MS-SPN SPN
# TWC BM R

# ON/OFF gates 2N2M N2M2 + 2NMR

TABLE I

NUMBER OF OPTICAL COMPONENTS NEEDED INMS-SPNAND SPN

ARCHITECTURES

switch parameters (N , M , number of TWCs employed) are
presented. First of all, in figure 8 a comparison of the number
of optical gates needed for SPN and MS-SPN architecture as a

function of the total number of TWCs employed is presented.
The number of optical gates needed in the SPN is bigger than
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Fig. 8. Number of optical gates needed in the SPN and MS-SPN architectures
as a function of the number of TWCs employed in caseN = 64, M = 8.

in the MS-SPN, independently on the number of TWCs. It
means that, even if MS-SPN would require a larger number
of TWCs, it allows to obtain a saving in terms of optical gates
employed. In figure 9 the number of optical gates needed in
SPN and MS-SPN architectures is plotted as a function of the
number of wavelengths per fiber varying the total number of
TWCs employed, in the caseN = 64. For MS-SPN, only
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as a function of the number of wavelengthsM varying the total number of
TWCs employed in caseN = 64.

one curve is plotted, given that the number of optical gates
employed in this architecture is independent on the number
of TWCs, in the SPN instead the number of optical gates
needed increases with the increase in the number of TWCs.
In the SPN the dependence fromM is squared while in the
MS-SPN is linear. This means that the difference in terms
of optical components enormously increases as the number
of wavelengths per fiber increases (that is expecting for the
future). In figure 10 the number of optical components in the
SPN and MS-SPN architectures is presented as a function of
the number of input/output fibersN , varying the percentage
of TWCs with respect to the fully equipped architecture (NM



TWCs), in caseM = 8. The number of optical gates needed
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Fig. 10. Number of optical components needed in SPN and MS-SPN
architectures as a function of the number of input/output fibers N varying
the percentage of TWCs employed with respect to the maximum number
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for both SPN and MS-SPN is a function ofN2. Anyway, the
SPN would require a bigger number of optical gates than the
MS-SPN, with all value ofN .

Finally, when the MS-SPN architecture withK additional
fibers in the middle stage is taken in account (in order to
reduce the packet loss with Admissible traffic and high load),
the number of WSs connected to each input fiber becomes
(N + K), and the number of WSs connected to each output
fiber also becomesN + K. The total number of WSs in the
MS-SPN withK additional fibers is2N(N +K), and the total
number of optical gates is:

#OG′

MS−SPN = 2NM(N + K) = 2N2M + 2NMK (5)

The K additional fibers require2NK additional WSs, so the
complexity in terms of optical gates is increased by2NK with
respect to the MS-SPN.

In figure 11 is presented the number of optical gates needed
for the MS-SPN as a function of the switching node size (N )
varying the number of additional fibersK, in caseM = 8 and
the number of TWC blocks equal to 50% of the maximum
value (NM ). The influence ofK is relevant only when the
switching size is low. In addition, the number of additional
optical fibers needed is very narrow, so the complexity of the
MS-SPN with some additional fibers is in the same magnitude
of MS-SPN, except when the switching size is very limited.

In conclusion, the MS-SPN allows to save many optical
gates with respect the SPN, especially when the switching
size increases in both number of links (N ) and wavelengths
per fiber (M ).

C. Switch complexity evaluation: numerical example

To have an idea of the switching cost, the proposed architec-
tures have to be compared in both number of optical gates and
TWCs in a common scenario. The number of TWCs needed
depends on the input traffic characteristics. In fact the packet
loss depends on the input traffic.
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Fig. 11. Number of optical gates needed in the MS-SPN architecture as
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When Bernoulli traffic is considered, the target is to obtain
the asymptotic value of the packet loss (see figure 4, 6) with
the minimum number of TWCs.

In figure 4 MS-SPN and SPN architectures are compared
when tunable-input tunable-output TWCs are employed under
Bernoulli traffic. By observing this figure it is possible to
evaluate the number of TWCs needed to obtain the asymptotic
value of the packet loss for both architectures. They resultin
#TWCSPN = 72 for SPN and#TWCMS-SPN = 112 for MS-
SPN when the load per wavelength isp = 0.5. The number of
the optical gates needed for SPN and MS-SPN can be obtained
by applying (2), (4). They result in#OGSPN = N2M2 +
RN(2M − 1) = 331264, #OGMS-SPN = 2N2M = 65536
respectively. The number of optical components (optical gates
and TWCs) for both architectures with Bernoulli traffic and
p = 0.5 is presented in the table II

p=0.5 MS-SPN SPN
# TWC 112 72

# ON/OFF gates 65536 331264

TABLE II

NUMBER OF OPTICAL GATES ANDTWCS NEEDED INMS-SPNAND SPN

ARCHITECTURES WITH BERNOULLI TRAFFIC AND LOADp = 0.5

When admissible traffic is considered, the packet loss tends
to zero when the number of TWCs increases. In this case a
suitable value of the packet loss that can not be overcome
is chosen, then the minimum number of TWCs that allows
to satisfy this condition can be found. For example, if the
maximum tolerated value of packet loss is1e−5, for p =
0.7, the number of TWCs needed for SPN and MS-SPN
is #TWCSPN = 120 and #TWCMS-SPN = 176 (22 TWC
blocks withM = 8 TWCs each) respectively (deduced from
the figure 5). Then, the number of optical gates is evaluated
by applying (2), (4), as in Bernoulli case. The total number
of optical components needed with admissible traffic, load
p = 0.7, maximum packet loss1e−5 can be found in table



III

p=0.5 MS-SPN SPN
# TWC 176 120

# ON/OFF gates 65536 377344

TABLE III

NUMBER OF OPTICAL COMPONENTS NEEDED INMS-SPNAND SPN

ARCHITECTURES WITH ADMISSIBLE TRAFFIC, LOAD PER WAVELENGTH

p = 0.5 AND PACKET LOSS LOWER THAN1e−5 .

By observing the tables, it is possible to see that the MS-
SPN requires a bigger number of tunable-input tunable-output
TWCs than the SPN, but it allows to save a very relevant
number of optical gates (SOA). So, the proposed multi-stage
architecture demonstrates the feasibility of SPN concept with
limited complexity.

VI. CONCLUSIONS

In this paper a multi-stage broadcast-and-select architecture
that implements the shared-per-node wavelength sharing has
been described. It has been thought to be implemented with
available photonic devices and to ensure future proof concepts
by taking advantage of new components with enhanced func-
tionalities, with minimum disruption. A scheduling algorithm
has been proposed to exploit switch resources in a synchronous
packet context. Comparisons with the ideal shared-per-node
scheme in terms of performance and complexity have been
also presented showing the main differences related to the
multi-stage switch organization. It has been demonstratedthat
the multi-stage architecture allows to obtain a relevant saving
in terms of optical gates, which are expensive components.
In addition, the multi-stage architecture provides the same
performance as the SPN equipped with fixed-input tunable-
output TWCs with Bernoulli traffic. With admissible traffic,
when the load is very high the multi-stage architecture has to
be modified by adding some additional fibers in the second
stage to obtain the same performance as the SPN equipped
with fixed-input tunable-output TWCs. Further work concerns
the study of the proposed architecture as an hybrid opto-
electronic switch equipped with electronic buffers for con-
tention resolution also in the time domain.
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