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Abstract— Multi-stage optical packet switching fabric based on among optical channels through a node have been proposed
the broadcast-and-select principle is considered to implement the in |iterature [10], [11], [12]. Here the shared-per-nod®K8

shared-per-node wavelength conversion scheme. This approachgeheme, also shown in figure 1, is considered as a reference
fairly allows to combine contention resolution in the wavelength

and space domains. A scheduling algorithm is proposed to control where a_ pool_of TWCs serves all input fibers to properly
optical packet forwarding in synchronous context. The results forward incoming packets to the output wavelengths [12].
aim at showing how the sharing of wavelength converters impacts It has been demonstrated that such architectures with a lim-

to the_reference shared-per-node architecture, and at_provmhg_a can provide the same performance as the fully equipped
meaningful support for cost-performance benchmarking studis.

An important aspect dealt with in the paper is the complexity CaS€, thus assuring relevant cost saving [12]. The shafing o
evaluation in terms of expensive optical components, tunable TWCSs typically requires additional space switching capgbil

wavelength converters (TWCs) and semiconductor optical am- to allow packets that need conversion to access the waubleng
plifiers (SOAs) used as optical gates. The multi-stage switching converter pool and then to reach the proper output fiber. In

fabric is compared with the reference shared-per-node scheme in o, o456 most works refer to general switch architectures as
terms of complexity, thus showing the better scalability property

of the proposed architecture, given the reduced number of opcal N figure 1, while only recent investigations refer to preati
gates employed. switch implementations and related control algorithms],[12
Index terms: Optical packet switching, Contention resolution, Tun{13]. In this paper, the activity developed in the framewofk
able wavelength converters, Optical gates, Switch complexity, Cost
evaluation Sty Non lacking

pace Switching Matrix

[NM] X [NM + R]

I. INTRODUCTION

Photonic packet switches [1], [2], [3] are key devices in N1
the design of dynamically reconfigurable optical networks |
to support statistical multiplexing in the optical layerthvi !
finer switching granularity with respect to optical lighpst
for the proliferation of future Internet based services [8],
[6]. One of the main and still open issues in optical packe!
switches is contention resolution, which arises when piacke
compete for the same resource at the same time. Space, tin
wavelength and (now) code [7] domains are the context "
where contention can be solved. While in electronic packe [
switches contention is managed in the time domain throug NN
random access memories used as queues, in the optical dom —
this approach has limited applicability since it relies dvefi
delay lines (FDLs) that offer only discrete and limited gelarig. 1.  SPN switch architecture wittV input and output fibers)
values while they are contributing to further signal qua”twavelengths per fiber and limited numbBrof TWCs shared-per-node.
degradation. On the other hand, contention resolution ca
be performed in the wavelength domain taking advantage the e-photon/ONe and OSATE projects is presented to discuss
wavelength conversion [8]. practical issues to implement the shared-per-node concept

Since tunable wavelength converters (TWCs) are expenshy combining wavelength and space domains exploitation. A
components [9], switch architectures where TWCs are shafguffer-less multi-stage switch architecture is first prasd.




Similarly to their electronic counterparts, single stagéical been investigated, the shared-per-node (SPN), where a pool
cross-connects require either a large number of spacehswitof TWCs is shared between all input fibers and channels,
ing elements, like optical gates (OGs), or tunable wavdltengand the shared-per-link (SPL), where each output fiber has
converters that are tuned over a large number of wavelengthdedicated pool of TWCs. Here the focus is pointed in
channels like in [14]. Both these approaches do not scallyea$SPN architectures. In this kind of switches, a scheduling
in terms of capacity. A multi-stage architecture faciit algorithm is needed to manage the packet forwarding. In
in overcoming these limitations. In addition, it is taken aparticular in synchronous context, algorithms with the &m
axiomatic that future nodes should be cross-connecting araximize the number of packets forwarded in a time slot are
unspecified mixture of both optical circuit switched (OCShequired. In [12], a scheduling algorithm to manage packet
and optical packet switched (OPS) traffic where the OCS cfarwarding in synchronous environment in general shared-
be constructed by means of sequential concatenation & slger-node architecture is presented. This scheduling ighgor
The proposed switch could perform this task if it is operatemims at minimizing the number of wavelength conversion,
in a synchronous packet/slot context, meaning that opticabximizing the number of packets forwarded in a time slot.
packets/slots should have fixed length and are packet leVéle scheduling algorithm is composed by three steps. In
synchronized at switch input like in [15]. Moreover, sincghe first step, the input channels (wavelengths) are scanned
the switch is operated in a slot synchronized mode, a Ra&nd the packets carried by the same wavelength and directed
arrangeable Non-Blocking (RNB) fabric could ensure higto the same output fiber are grouped. Packets in the same
throughput, providing that a suitable scheduling algonitis group contend for the same output channels, while packets on
adopted, thus leading to further hardware saving (comp@areddifferent groups are output contention free. For this reago
strictly non-blocking architectures). the second step one packet from each set, randomly chosen,

The multi-stage switch considered here is organized sssent without wavelength conversion and removed from the
space-lambda-space £SS) architecture to keep complexityset. In this way the maximum number of packets are sent
low. It employs fast optical technology such as tunablesranwithout conversion. In the third step, the output fibers are
mitters and optical gates that are expected to mature in ttamdomly selected and the remaining packets in the groups
near future, as shown in [15]. Particularly, semiconduct@re sent exploiting wavelength conversion, until therebemté
optical amplifiers (SOAs) used as optical gates (OGs) ang vdree output channels and free TWCs, other packets are lost.
attractive due to the tuning time in the range of the nanasco In any case, most works in literature don't consider the
and sufficient maturity. A scheduling algorithm is presdrie practical implementation of the switch and the related neimb
assign switch resources on a time slot basis to incomingalptiof optical components, as well as needed scheduling algo-
packets and avoid contention. Switch performance has be#&hms. In this paper, a practical implementation of thergtla
evaluated by means of an analytical model in [16], that takper-node concept is illustrated. The proposed architectur
into account the particular organization of shared wawgten starting from the all-optical switches presented in [1ZB][
converters related to the multi-stage architecture. implement the sharing of TWCs in a multi-stage broadcast-

Here extended results, obtained by simulation, are predenand-select S-S architecture. Multi-stage architectures are of
to evaluate the complexity in terms of the optical composeninterest because they allow to save a large number of optical
(TWCs and OGs) of the multi-stage architecture in comparisaomponents with respect to general architectures based on
with the reference SPN architecture (figure 1). The obtainsttictly non-blocking space switching matrices.
results can be used for any meaningful cost-performanceWhen SA-S architecture is taken in account, a proper
benchmarking study. scheduling algorithm is needed given the multi-stage drgan

The paper is organized as follows. Section Il presents badlon and the related particular organization of TWCs sharing
ground and related works. Section Il describes the mtdities Here, a scheduling algorithm suitable to manage packet
architecture. Section IV presents the traffic assumptiorts aforwarding in the multi-stage architecture is presentdis al-
an example of heuristic scheduling algorithm to controlagdt gorithm is similar to the scheduling algorithm presented 2
packet forwarding. Section V illustrates a comparison leetw and previously recalled, in the sense that it aims at maxngiz
the reference shared-per-node and multi-stage architegtu the number of packets forwarded without conversion, bis it i
terms of both performance and complexity (i. e. the numberodified to taking in account the particular organization of
of optical components needed). Finally, section VI illagés the TWCs in the Sx-S architecture. This algorithm has been
the conclusions of this work. presented for the first time in [16]. The scheduling alganith

is presented in section IV.
II. BACKGROUND AND RELATED WORKS

The sharing of TWCs in general all-optical switch architec- I1l. M ULTI-STAGE BROADCASFAND-SELECT
tures based on strictly non-blocking space switching matri*RCHITECTURE WITH SPARSE WAVELENGTH CONVERTERS
has been extensively studied in the past [10], [11], [12ihwi The practical implementation of the shared per node concept
the aim to demonstrate that architectures with limited neimbhere proposed, called MS-SPN, is illustrated in figure 2slt i
of TWCs can provide the same performance as fully equippedmposed by three stages and organized asSSarchitecture.

architectures. In particular two types of TWCs sharing havkhe first and third stages (S) are identical. These space



switches exploit the broadcast-and-select principle aedew of the A-module is to group all thed wavelengths to a
reported for the first time in [17], [18]; since then they havsingle fiber. Although the options (a-c) are identical inmsr
been extensively considered in literature. The principle of logical performance, their physical layer performanse i
operation is the following: at each node input, after opticaadically different. Further, the cost difference betwélese
amplification by means of an EDFA (Erbium-Doped Fibethree options is enormous.
Amplifier), a power coupler is used to generate multiple espi
of the multi-wavelength bundle of channels entering theenod
from this input. The power coupler should ha¥e+ 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 of N wavelength selectors (only th® 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 separabgd
an array of M 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 o
by means of aVv : 1 power combiner in such a way that only N-L = % . o
one WS from the same input fiber might be coupled to the
same output power combiner. Again, there might¥er 1 N
branches in the coupler to serve for local add. Switching is  D>EeoFa  =twe {)%rwcoupler E=3 ON/OFF gating
achieved when the optical device is turned to the on-state,
letting the wavelength to pass through, whilst when a palgic
wavelength should not appear in a particular output fiber, thig. 2.  Multi-stage switching node architecture witi = 3 input/output
'gate’ is switched to the off-state, blocking further prgption fibers,M = 4 wavelengths per fiber with sparse TWCs shared-per-node (MS-
of the wavelength. The on-off ratio of the gate determines PN
level of in-band/out-of-band crosstalk. In [18] detailedoir-
mation about this architecture is given. Since the architec ) . o .
belongs to the broadcast-and-select family of switchirtgits npde (Agure 1) architectures, it is possible to observe theat
- ; - ; ; differences between them are:
it easily allows broadcasting and multicasting.

The intermediate stage\) represents the conversion stage * the organization of the TWCs. In the SPN the TWCs

By observing the multi-stage (figure 2) and the shared-per-

and it is composed by3 TWC blocks andN — B optical are grouped in a single pool, if tunable-input TWCs are
fibers. Each TWC block is equipped wifif wavelength con- taken in account, each incoming packets can exploit each
verters. In the same block, each TWC is dedicated to a single TWCs. In MS-SPN the TWCs are partitionedZhblocks
wavelength, so that in this architecture tunable-inpuahble- of M TWCs, in a block each TWC is dedicated to one
output or fixed-input tunable-output wavelength convertam specific wavelength, so that even if tunable-input TWCs

be used indifferently. Being the TWCs in the same block are considered, an incoming packet can exploit afily
dedicated to different wavelengths, packets carried by the TWCs placed in different blocks (those TWC dedicated

same wavelength can explait TWCs placed inB different to the wavelength the packet is carried)
blocks. For this reason, incoming packets carried by theesam ¢ Packet grooming. In the SPN the packets at the output
wavelength (up toN) can exploitN — B optical channels of the TWC pool are sent directly to the proper output

without TWC andB TWCs. The connectivity of the switch  fiber using a strictly non-blocking space switching matrix.
is maintained, so the packets that don't need conversion are N MS-SPN the wavelengths at the output of each TWC
sent on channels without conversion capability (in theazbti block are grouped in a single fiber by themodule. This
fibers) and other packets (those that need conversion) are can limitthe possibility to find a match on the wavelength
sent on blocks with TWCs. When TWC blocks are removed, o forward a packet (i. e. two packets in the same TWC
the cost of the switch drops but blocking increases. The block cannot be converted in the same wavelength even
optimum number of TWCs is obtained by evaluating this cost- if they are directed to different output fibers)
performance trade-off. The first situation is the most evident and leads to the faadt th
In each TWC block, the outputs of the wavelength corthe employment of tunable-input TWCs in MS-SPN is useless
verters are interfaced to themodule. This module can befrom logical point of view. The second effect is negligible
physically constructed from a variety of devices/sub-ayst especially when the load per wavelength is not very high.
e.g. a) anM : 1 power coupler b) anM x K passive A space equivalent of the proposed architecture helps to
AWG router and K : 1 coupler ¢c) anM x M passive understand contention occurrences and to propose a sotgedul
router and an array o/ wavelength converters with fixedalgorithm that optimize resource utilization. It is pretszh
output wavelength followed by a grating multiplexer. Théero in figure 3, for N = 3 input and output fibersM = 4



wavelengths per fiber an® = 1 TWC block. It is composed « Bernoulli arrivals, meaning that arrivals in different tslo

by 3 stages, being the first and the third stages identical and are independent and characterized by the average arrival
consisting of M N x N cross-bars, each one representing ratep packets/slot

contention on the same wavelength. The middle stajEWC « Admissible traffic, meaning that arrivals are still charac-
blocks equipped withA/ TWCs dedicated each one to one terized by meam but no more than\/ packets arrive in
specific wavelength an®y — B groups of M optical channels a slot for the same output fiber

(each dedicated to one specific wavelength) is equivaleBt togernoylij traffic can be considered as representative ofrtife

M x M cross-bars an&v — B groups of M simple channels. fic in connection-less optical packet-switched networkghas
By.observmg in f|g}Jr_(e 3 the. first cross-bar in the first staggas,it of statistical multiplexing of an high number of i
Whl(?h concerns\g, it is possmle to under_stand that a paCk%ackets generated by the edge assembly units [19]. Adrgssib
carried by Ao can exploit N — B = 2 optical channels and y5ffic could, on the other hand, be considered as the rebult o
B =1 TWC. In this situation, if three packets carried By he admission operation performed on optical bursts thiesia
are directed to the same output fibkr one packet is sent he raffic at each node to avoid switch output overbooking in
on an optical channel, one packet is sent on TWC and 0ggeh time slot, that is no more thad bursts are admitted on

packet is lost because no further TWC block is available fgfe same output fiber. In any case also admissible trafficsneed
wavelength conversion. When the number of TWC bloéks \ayelength conversion to resolve contention in the wagtten

increases, the number of optical fibé¥s- B decreases, so thatyomain and could run into switch internal blocking due to

if B is high, it is possible that some packets that do not neggliich resource unavailability. For both kinds of trafficeiib

conve.rsion cannot exploit optical_ channels and must use TWeSiiber switching is considered meaning that a packetiagiv
even if they don't need conversion. The proposed switch cgf gn input fiberk and wavelengthi could in principle be

. ) forwarded to any output and wavelengthm. The proposed
scheduling algorithm is able to manage both kinds of traffic.
0 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 networkguain
slotted statistical multiplexing scheme.
A heuristic scheduling algorithm called SB is here briefly
recalled (a detailed description of the SB scheduling algor
N1 may be found in [16]). The scheduling algorithm operates on
the particular organization of TWCs, that are groupedBin
_ blocks, and on the multi-stage organization of the proposed
ot " architecture. The algorithm aims at maximizing the number
of packets forwarded without conversion. It is an extens@mn

. . . . - the multi-stage architecture of the idea presented in [lL&].
Fig. 3. Space equivalent of multi-stage architecture witt8Nput/output . d he followi definiti .
fibers, M=4 wavelengths per fiber and B=1 block of TWCs. us introduce the following definitions:

o e Li the sets that contain the packets carried by wavelength
be used in virtual wavelength path (VWP) networks offering  ; "and directed to output fibek in a time slot & =

both shared wavelength path (SHWP) and scattered wave- (... N _1,j=0,...,M — 1).
length path (SCWP) functionality which according to [14] , o, the sets that contain the packets directed to output
means .wavelength—to—wavglength and flber—to-flber sw@hl fiber k in a time slot § = 0,--- , N — 1).
respectively. Therefore, with OCS traffic and the assodiate
network-wide decisions for connection set-up, the progose . X . .
switch is non-blocking. This is not the case with OPS traffigt de‘?;h _tllm?h.SIOt' Jhteh f|r§t Stte?bls the creation c?f 3%’15.],
in a multi-hop scheme and the blocking probability will b&"¢ “x- 10 thiS end, the input Tbers are scanned and, 1T a
assessed here packet carried by wavelengtf and directed to output fiber
. . S ’

To resolve contentions, a scheduling algorithm is presen IS found,.|t is added tal;, and Oj. !n the sepond step

and applied to the architecture with a limited number of TW e output fibers are scanned sequentially starting to tee on

shared-per-node. The fully equipped switch can be dealt ijdicated by a round .robin counter. RRO (mod_ulo N). The
as a special limiting case. wavelength on each fiber are considered starting from that

one indicated by RRW (modulo M) as many times until all
IV. TRAFFIC ASSUMPTIONS AND SCHEDULING packets directed to that output fiber are served. At the first
ALGORITHM FOR FIBER-TO-FIBER SWITCHING iteration related to an output fiber one packet, if presentnf
Two main different traffic assumptions are considered reach setl;, is sent without conversion for each output fiber,
garding the arrivals on switch input channels: given that packets on different groups are output contentio

The SB scheduling algorithm consists of two steps executed



free. When wavelength on output fiberk is taken in account, block : = 1 in the conversion stage. In the first stage the
the algorithm randomly chooses a packet frdi)y (while ON/OFF gatej = 4, in the WS connecting input fibek = 2

L7 # @) and calls the procedure:l_lambda_SB that returns and TWC blocki = 1 (third WS starting from the top), has
a wavelength to encode the packet. The pseudo code of thebe turned on. In the second stage, the TWG= 4 on

proposed scheduling algorithm is here presented: TWC blocki = 1 is used to convert a packet on the proper
sep L: output wavelengthn = 3. Finally, in theW S connecting the

for (i=0; i< N;i++) TWC blocki = 1 and the output fibet = 1 (seventh WS),
for(j=0;j<M;j++) the ON/OFF gaten = 3 must be turned on.

if (there is a packet on fiber i’ carried by; directed to output 'K’)

add the packet td.] and Oy;
V. PERFORMANCE AND COMPLEXITY COMPARISON

step 2:

for (¢} =0; k<N E++) | The aim of this section is to compare the MS-SPN im-
out = (k+ RRO) mod N; plementation presented in this paper with the reference SPN
ji=0; scheme as regards performance and complexity in terms of
while Oout # @) { expensive optical components.

A= (j + RRW) mod M;
if (Lo # @) {
Ao=sel_lambda_SB(, out);

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

select randomly a packet froth),,,; In this subsection, MS-SPN and SPN architectures are
if (\o > 0) the packet is sent on output fiberit’ on A,; compared by simulation using SB algorithm for MS-SPN and
else the packet is lost; a similar scheduling algorithm, already presented in [1#] a
remove the packet frori)), . and Oout; briefly illustrated in Il, for SPN. This algorithm allows to
1 forward the maximum number of packets in a time slot, so
j=(j+1) modM; that results evaluated with this scheduling algorithm fate\a
} lower bound of packet loss probability obtainable with tHRNS
} architecture. Simulation results are obtained with comiige
RRO = (RRO + 1) mod N; interval at 95% less than or equal to the 5% of the mean.
if (RRO==0) RRW = (RRW + 1) mod M; First, the two architectures are compared when tunable-

The proceduresel_lambda_SB tries to forward the packet input tunable-output TWCs are employed. The shared-per-
without conversion. If the wavelength the packet is carigd node architecture with this kind of TWCs is here called ID-
free on the destination output fiber (the packet does not ne®8N. Figure 4 shows a comparison between MS-SPN and ID-
conversion), the packet is sent exploiting one of the fibePN architectures, equipped with the same number of TWCs
in the second stage, if there is at least one fiber where tffé@ = BM), in terms of packet loss probability under Bernoulli
that wavelength is free. In this casel_lambda_SB returns traffic. The packet loss is plotted as a function of the number
the same wavelength the packet is carried. If no fiber @§ TWCs varying load in caseN = 64,M = 8). Both
available, the packet is sent to the first TWC block where tlchitectures lead to the same asymptotic value of packsf lo
corresponding TWC is free, and forwarded without conversiafue to output blocking, while ID-SPN architecture provides
if the corresponding wavelength is free at the output of tHeetter performance than the MS-SPN when the number of
TWC block (sel_lambda_S B returns the same wavelength thefWCs is limited. This is due to the intrinsic characteristics
packet is carried). Otherwisel_lambda_S B returns the first of the multi-stage organization that does not allow the qurf
available wavelength on the TWC block. If the wavelength thgharing of available wavelength converters, that are tjaréd
packet is carried is not available on the destination outpat, among the input wavelengths. Instead, in ID-SPN architectu
sel_lambda_SB looks for a TWC block where the TWC ded-equipped with tunable-input tunable-output TWCs, each in-
icated to that wavelength is free, and returns the first alolil coming packet can exploit whatever TWC.
wavelength to forward the packet. After having considered The same comparison with admissible traffic is shown in
all available TWC blocks without finding any wavelength tdigure 5 in caseN = 64, M = 8. Packet loss probability is
match the preceding conditions;l_lambda_S B returns a null plotted as e function of the number of TWCs varying load.
value (-1) and the packet is lost. The pseudo-code andWéen the load is very high = 1, the packet loss of MS-SPN
detailed description ofcl_lambda_SB may be found in [16]. presents an asymptote. This is due to the packet groomieg aft
By observing the architecture implementation (figure 2), @ach TWC block, that reduces the possibility to find a path
path between input and output channel (wavelength) must lbetween input and output channels. In fact, in a TWC block,
established to forward a packet. Suppose that the schgduliwo packets cannot be converted in the same wavelength even
algorithm decides to forward a packet from wavelengjth 4 if they are directed to different output fibers, given thatyth
of the input fiberk = 2 to the wavelengthn = 3 on the are putin the same fiber at the output of the TWC block. This
output fiberi = 1. In addition suppose that the schedulingffect can be reduced by adding some additional fibers in the
algorithm decides to forward the packet exploiting the TWGecond stage [16]. In this manner, as it can be seen in figure
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TWCs (FI-SPN) and multi-stage architecture (MS-SPN) undern@&ali
traffic. Packet loss probability as a function of the numbel8fCs varying
load in caseN = 64, M = 8.

particular organization, while the SPN performs betterhwit
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 probahbitit
illustrated as a function of the total number of TWCs varying
load, in caseV = 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 architeetthe
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 thkegta
grooming after each TWC block, as illustrated in IV. Also in
this case the asymptote can be lowered by adding a number

5, where the case with' = 1 additional fiber is also plotted, of optical fibers in the middle stage, as shown in figure 7. By
the asymptotic value of packet loss can be lowered. Anywayiding some simple optical fibers, the packet loss of MS-SPN
also with admissible traffic SPN architecture providesdsetttends to the packet loss of FI-SPN, also wher= 1. The

performance than the MS-SPN, due to the complete sharigiferences between MS-SPN and FI-SPN are not negligible

of TWCs.

only when the load is highp(= 0.9, 1).

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 wittB TWCs dedicated to each wavelength

(like in the MS-SPN) for a total amount d® = BM TWCs.

0.1f

0.01+

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 tb

the packet grooming that limit the capability of the schauul
algorithm to find a path to forward a packet. This constraint
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is due to the particular implementation, and it is not préseplg 2

Comparison between shared-per-node architectute fixed-input

in FI-SPN architecture. Anyway, the differences due to thigycs (FI-SPN) and multi-stage architecture (MS-SPN) with asibie
constraint are negligible as shown in figure 6. In conclusiofaffic. Packet loss probability as a function of the numbem@/Cs varying

under Bernoulli traffic, performance of MS-SPN architeetisr

load in caseN = 64, M = 8 and K = 0, 1 additional links in the MS-SPN.

the same with fixed-input or tunable-input TWCs, due to the



B. Complexity comparison between multi-stage and sharddnction of the total number of TWCs employed is presented.
per-node architectures The number of optical gates needed in the SPN is bigger than

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- 700000
per-node architecture is assumed to rely on the same SOA 600000+
technology as the multi-stage architecture to implemeat th
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: aooo00f "

#TWCspn= R Q) 200000}

800000

MS-SPN ——
SPN -

500000

400000

# optical gates

The SPN architecture consists of two space switching nesgyic 1000007

the first with sizeNM x (NM + R), the second with size 05 - o~ = e =
Rx N(M —1), beingM —1 the maximum number of packets STWC
per output interface which may require wavelength coneersi

The total number of optical gates in the SPN architectuféo. 8. Number of optical gates needed in the SPN and MS-SHhtectures
results in: as a function of the number of TWCs employed in caée= 64, M = 8.

#0Gspn = NM(NM+R)+RN(M 1) = in the MS-SPN, independently on the number of TWCs. It
= N?M?+RN(2M —1) (2) means that, even if MS-SPN would require a larger number
oér;l' WCs, 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 cas® = 64. For MS-SPN, only

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

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

#TW Cus.spn= M B ©)

MS-SPN is equipped witll/ optical gates in each wavelength
selector (WS). In the first stage, there a¥eWSs for each 1e+006|
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
NZ2M. The third stage is identical to the first one, so the total

# optical gates

100000 F

number of optical gates in the MS-SPN architecture is: e PN #TWC=64 —— |
¥ e SPN, #TWC=128 --x-
_ o> o e
#0OGms-spn=2N"M (4) L SPN, #TWC=320 -=-
. 10000 L SPN,#TWCfBB4 e
The number of optical gates does not depend on the number SENATWE=448 -
of TWCs. In comparison with the number of OGs in the SPN, 0 5 10 1 2 25
it is possible to see that in this case the dependence f¥bm # wavelengths per fibre (M)

is linear instead of squared. 19. 9. Number of optical gates needed in the SPN and MS-SHhtectures
Table | shows a comparison between SPN and MS'Séga function of the number of wavelengths varying the total number of

in terms of main optical components (optical gates, TWCS)WCs employed in cas&/ = 64.

Now, some complexity evaluations as a function of the main
one curve is plotted, given that the number of optical gates

- MS-SPN SPN employed in this architecture is independent on the number

# BM R ; ; ;
of TWCs, in the SPN instead the number of optical gates

# ONJ/OFF gat 2N2M | N2M?+2NMR > . i :
gaes + needed increases with the increase in the number of TWCs.
TABLE | In the SPN the dependence froh is squared while in the

NUMBER OF OPTICAL COMPONENTS NEEDED|N\/|S‘SPNAND SPN MS'SPN |S I|near ThIS meanS that the dlﬁ:erence |n termS
ARCHITECTURES 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
switch parametersN, M, number of TWCs employed) areSPN and MS-SPN architectures is presented as a function of
presented. First of all, in figure 8 a comparison of the numbtite number of input/output fiberd’, varying the percentage
of optical gates needed for SPN and MS-SPN architecture asfal’'WCs with respect to the fully equipped architectufeM/



TWCs), in caseM = 8. The number of optical gates needed
1e+006
10000
[%]
Q
g
100000+ =
[+
+++++ 2
%3 Q
o] © 1000}
S *
< 10000
k] MS-SPN, K=0 —
g MS-SPN, K=1 -
_ MS-SPN, K=2
#* R=12.5% : s
i SPN, R=25% - ] i MS-SPN, K=3
1000 = 100 MS-SPN, K=4
/ SPN, R=37.5% - M3-SPN. K=5
3 SPN, R=50% ‘ ‘ ‘ , MoSHIL RS
SPN, R=62.5% ---
’ PN Rogm T 10 20 40 50 60
100 ¥ SPN, R=87.5% -~~~ | # INJOUT fibres (N)
‘ ‘ ‘ MS-SPN | T
10 20 30 40 50 60 Fig. 11. Number of optical gates needed in the MS-SPN ardhitecas
#IN/OUT fibres (N) a function of the number of input/output fiber§ varying the number of

additional fibers on the second stad€, in caseM = 8, B = 50% of the
Fig. 10. Number of optical components needed in SPN and MS-SRhaximum value N M
architectures as a function of the number of input/outputréiié varying
the percentage of TWCs employed with respect to the maximum number

VAL, in casel = 8. When Bernoulli traffic is considered, the target is to obtain

the asymptotic value of the packet loss (see figure 4, 6) with
F]hee minimum number of TWCs.

In figure 4 MS-SPN and SPN architectures are compared
when tunable-input tunable-output TWCs are employed under

fibers in the middle stage is taken in account (in order %ernoulll traffic. By observing this figure it is possible to

. o ) . valuate the number of TWCs needed to obtain the asymptotic
reduce the packet loss with Admissible traffic and high Ioad\‘jalue of the packet loss for both architectures. They r{isSIt

the number of WSs connected to each input fiber becom Swo 72 for SPN andT W C 112 for MS
SPN = MS-SPN = -

(N + K), and the number of WSs connected to each outp IDN when the load per wavelengthpis= 0.5. The number of

fiber also become#’ + K. The total number of WSs in the . .
. . . . ; the optical gates needed for SPN and MS-SPN can be obtained
MS-SPN withK additional fibers i2 N (N + K), and the total by applying (2). (4). They result IEOGspy — N2M? +

number of optical gates is: RN(2M — 1) = 331264, #0Gus.son — IN2M — 65536

#0G) ;5 _spny =2NM(N + K) = 2N*M +2NMK (5) respectively. The number of optical components (optictéga
- _ . N and TWCs) for both architectures with Bernoulli traffic and
The K additional fibers require NV K additional WSs, so the 4, — (.5 is presented in the table II

complexity in terms of optical gates is increasecy K with

respect to the MS-SPN. #p;\(l)\-/g MS-SPN | SPN
In figure 11 is presented the number of optical gates needed 112 72

for thegMS—SPN gs a function of the switchl?ng nogde Sizg ( # ONIOFF gates | 65556 | 331264

varying the number of additional fibefs, in caseM = 8 and TABLE |l

the number of TWC blocks equal to 50% of the maximunkymeer oF opPTICAL GATES ANDTWCS NEEDED INMS-SPNAND SPN

value (VM). The influence ofK" is relevant only when the ARCHITECTURES WITH BERNOULLI TRAFFIC AND LOADp = 0.5

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 magnitudewhen admissible traffic is considered, the packet loss tends

of MS-SPN, except when the switching size is very limitedto zero when the number of TWCs increases. In this case a
In conclusion, the MS-SPN allows to save many opticaluitable value of the packet loss that can not be overcome

gates with respect the SPN, especially when the switchiitgchosen, then the minimum number of TWCs that allows

size increases in both number of link& X and wavelengths to satisfy this condition can be found. For example, if the

for both SPN and MS-SPN is a function 8f2. Anyway, the
SPN would require a bigger number of optical gates than t
MS-SPN, with all value ofV.

Finally, when the MS-SPN architecture witki additional

per fiber (). maximum tolerated value of packet loss ls~>, for p =
] ) ) ) 0.7, the number of TWCs needed for SPN and MS-SPN
C. Switch complexity evaluation: numerical example is #TWCspy = 120 and #TW Cus.spn = 176 (22 TWC

To have an idea of the switching cost, the proposed architdédecks with M/ = 8 TWCs each) respectively (deduced from
tures have to be compared in both number of optical gates ahd figure 5). Then, the number of optical gates is evaluated
TWCs in a common scenario. The number of TWCs needég applying (2), (4), as in Bernoulli case. The total nhumber
depends on the input traffic characteristics. In fact thekgtac of optical components needed with admissible traffic, load
loss depends on the input traffic. p = 0.7, maximum packet losse=> can be found in table



I (2]

p=0.5 MS-SPN | SPN
# TWC 176 120 [3]
# ON/OFF gates | 65536 377344
TABLE IlI (4l

NUMBER OF OPTICAL COMPONENTS NEEDED INIS-SPNAND SPN
ARCHITECTURES WITH ADMISSIBLE TRAFFIG LOAD PER WAVELENGTH
p = 0.5 AND PACKET LOSS LOWER THANle 5.

(5]

(6]

By observing the tables, it is possible to see that the M§y
SPN requires a bigger number of tunable-input tunabletdutp
TWCs than the SPN, but it allows to save a very releval
number of optical gates (SOA). So, the proposed multi—stag)l
architecture demonstrates the feasibility of SPN conceéft w
limited complexity. [

VI. CONCLUSIONS

In this paper a multi-stage broadcast-and-select ar¢hiec
that implements the shared-per-node wavelength shariag ha
been described. It has been thought to be implemented WlH\]
available photonic devices and to ensure future proof quisce
by taking advantage of new components with enhanced func-
tionalities, with minimum disruption. A scheduling algiwin  [12]
has been proposed to exploit switch resources in a synchsono
packet context. Comparisons with the ideal shared-pee-nod
scheme in terms of performance and complexity have belddl
also presented showing the main differences related to the
multi-stage switch organization. It has been demonstrétad [14]
the multi-stage architecture allows to obtain a relevaminga
in terms of optical gates, which are expensive componen[tlss.]
In addition, the multi-stage architecture provides the esam
performance as the SPN equipped with fixed-input tunabl@®l
output TWCs with Bernoulli traffic. With admissible traffic,
when the load is very high the multi-stage architecture bas t
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