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Abstract 
The introduction of multicasting in optical transport networks is analysed and discussed. Three 
different optical path realisation techniques, involving the multicasting function, are examined: the 
Multicast Wavelength Path (MWP}, the Multicast Virtual Wavelength Path (MVWP) and the Partial 
Multicast Virtual Wavelength Path (PVWP). A performance evaluation model is reported and 
results of the performance analysis are discussed. In addition several optical cross-connect 
architectures, allowing multicasting to be achieved, are investigated and compared. Three different 
types of optical switches are considered: space division, delivery and coupling, and wavelength 
switches. Crucial aspects as the modularity, the complexity, the costs and some transmission 
aspects are taken into account in the analysis. 
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1 INTRODUCTION 
The layered structure of the transport network, introduced and discussed in ITU-T [1], allows the 
design, the development and the operation of the network to be facilitated, also permitting its 
smooth evolution in pace with user demands. Likewise, the introduction of the layered concept 
allows network layers to evolve independently through the introduction of new technology 
specific to each layer. Up to now, optical technologies have been employed just within the 
physical media layer to greatly increase the transmission capacity. The technical advances in 
WDM techniques suggest that their practical application is now feasible [2], making possible the 
introduction of optical technology into the path layer. It considerably enhances path layer 
capability, and provides a transmission platform that supports different transfer modes. In 
addition, using the wavelength routing concept it is possible to accomplish routing and switching 
functions on high speed data streams, so overcoming the bottleneck induced by electronic 
technology [2). 

As a whole the introduction of the WOM optical path layer allows the node throughput to be 
enhanced, and improves network flexibility and robustness in case of failures. Moreover optical 
layer transparency (i.e. the independence of the transmission format and the bit rate) is made 
possible [3,4,5,6]. This means that no restrictions on electrical path transmission mode carried by 
optical paths is imposed, i.e. POH, SOH, ATM, or even analog transmission modes are possible. 

In the future B-ISON, initial traffic demands will be quite limited; therefore communications 
networks have to be flexible and require the minimum investment for economical introduction 
while also supporting future growth and incremental investment as traffic demand increases. Thus 
when constructing optical path networks, optical cross-connect nodes (OXCs) have to be designed 
taking into account these requirements [7]. 
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Two main path layer realisation approaches have been proposed: the Wavelength Path (WP) and 
the Virtual Wavelength Path (VWP) [4,7). In the former each optical path is established between 
two nodes by the allocation of one wavelength per each path. In the VWP scheme, the wavelengths 
are allocated link-by-link and thus the wavelength of the optical path is converted node-by-node. 
This is similar to the Virtual Path Identifier (VPI) assigrunent principle in ATM networks; for this 
reason this scheme is called Virtual WP. 

The transparency provided by the optical path layer agrees with the possibility of conveying 
signals carrying distributive services. An important example is the transport of cable television 
signals (CATV), in analog or digital format, from a production centre to the access nodes. Such a 
potentiality is very important because consents the network infrastructure to be exploited more 
effectively, so increasing the revenues for a given investment. This perspective suggests the 
investigation of the introduction of multicasting facility in the optical path layer. This means that 
each OXC should have the possibility of multicast one or more input channels to several output 
ports. 

It is not possible to foresee the evolution route of the communication networks towards 
broadband systems, but the flexibility and transparency of the optical path layer, together with the 
multicasting function, will allow the network to readily satisfy the market demand. 

In this paper we analyse the issue of multicasting in the optical path layer. The concept of 
multicast optical path is introduced, and three different ralisation approaches are discussed. The 
first derives from WP: the input channel and all the multicasted output channels are carried by the 
same wavelength. The other two derive from VWP: any of the output channels can be carried by a 
proper wavelength, as stated in the following. A preliminary performance evaluation study is also 
reported, with a performance comparison among the three strategies. 

Subsequently we analyse the impact of the introduction of multicast function on the OXC 
architectures. Different OXC schemes, adopting several optical switching methods, are considered, 
discussing the most important technologies issues. The different OXC schemes are then compared, 
considering their modularity and flexibility, their complexity and some transmissive topics. 
Finally conclusions and perspective are reported. 

2 OPTICAL PATH REALISATION TECHNIQUES 
Two basic approaches have been proposed in literature for the realisation of the optical path layer 
in a global area network infrastructure [4): the Wavelength Path (WP) and the Virtual Wavelength 
Path (VWP). 

In the WP scheme (fig. Ia), each optical path is established between two OXCs by means of the 
allocation of a single wavelength; the intennediate OXCs along the path perform the WP routing 
using the same wavelength. 

In the VWP scheme (fig. lb), the wavelengths are allocated link-by-link, so an optical path is 
formed by the concatenation of as many wavelengths {possibly different each other) as the 
number of crossed physical links is. 

Although the WP scheme leads to simpler OXC architectures in which wavelength conversion is 
not needed, it implies a number of drawbacks [8) (i.e. complex wavelength assignment 
procedures, low wavelength reuse in the network, especially when fault restoration procedures are 
performed). Instead, the VWP scheme permits to solve these problems. 

In the context of providing an optical point-to-multipoint transport service, the concept of 
optical path has to be generalised to include the definition of multicast optical path. A multicast 
optical path is defined as an optical path established between one originating node and a number 
of tenninating nodes. Topologically, a multicast optical path is a tree, in which the originating 
node is the root and the tenninating nodes are the leaves. Each node crossed by a multicast optical 
path has to connect an incoming channel with a set of outgoing channels, each on a different 
outgoing fiber. Given a multicast optical path, the number of outgoing channels that a node has to 
connect to an incoming fiber is called node fan-out. 

(a) (b) 

Figure 1 Optical Path Techniques: a) Wavelength Path (WP); b) Virtual Wavelength Path (VWP). 
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In order to cover the case of multicast optical paths, three different realisation schemes can be 
considered: 
1) Multicast Wavelength Path (MWP), it is a direct extension of the concept of WP in the unicast 

environment; it aims at establishing a multicast optical path by utilising the same wavelength in 
all the links of the path; an OXC crossed by the path only performs the splitting of the 
incoming channel towards a set of outgoing fibers, without any wavelength conversion (Fig. 
2a). 

2) Partial Multicast Virtual Wavelength Path (PVWP), it is a limited extension of the concept of 
VWP; it utilises the same wavelength on all the fibers outgoing from a node, but this 
wavelength may be different from that utilised in the incoming link (Fig. 2b); this scheme 
foresees a wavelength conversion, carried out before the splitting and the switching. 

3) Multicast Virtual Wavelength Path (MVWP), it is a general extension of the concept of VWP; 
with respect to the PVWP, it foresees that the wavelengths outgoing from a node of the tree 
may be different each other (Fig. 2c); for the application of this scheme, it is needed that 
nodes carry out the wavelength conversion downstream the switching stage. + (c) 

Aout A.out Aout Aout_ A.out_2 

Figure 2 Multicast Optical Path Techniques. a) Multicast Wavelength Path (MWP). b) Partial multicast 
Virtual Wavelength Path (PVWP). c) Multicast Virtual Wavelength Path (MVWP). 

As far as the applicability of the previous schemes is concerned, it is to be expected that the 
considerations arisen from the performance studies concerning unicast WP and VWP also hold for 
the comparison of MWP and MVWP schemes; moreover, PVWP should have an intermediate 
behaviour. A simple model to preliminary investigate the performance of the three proposed 
schemes is discussed in the next section. 

2.1 Performance analysis 
This section aims at comparing the performance of the three strategies for the handling of the 
multicast paths described in the previous section, i.e. MWP, PVWP and MVWP. 

In some papers [8], performance are evaluated with reference to a static scenario, i.e. a given set 
of path requests has to be set up with the goal to route such requests utilising the minimum 
number of wavelengths. In these studies the reference figure of merit is the number of needed 
wavelengths. Here, as in [9], a dynamic scenario is assumed and only multicast path handling is 
considered. A single Optical Cross Connect (OXC) is considered. The paths are dynamically set 
up and tear down according to given input and service processes. By indicating with v the node 
fan-out of a multicast path, the utilised figure of merit is the probability P x(v) that a multicast path 
with fan-out v, can not be set up according to relevant to the strategy x (i.e. MWP, PVWP, MVWP) 
due to the unavailability of one or more wavelengths in the output fibers. 

The analysis is carried out according to the hypothesis that the occupancies of the channels in 
different fibers outgoing are independent, whereas the dependence between channels belonging to 
the same fiber is taken into account. This independence assumption is the more true the lower the 
average value of fan-out of the multicast paths is, with respect to the number of node outgoing 
fibers. 

In addition to the independence assumption, the analysis is also based on the following 
hypotheses: 
a) the OXC is non blocking, i.e. it is able to connect any pair of free channels whatever the status 

of the switch is; 
b) the path request arrival process is characterised by inter arrival times exponentially distributed 

with average time 1/S; 
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c) the holding times of the multicast wavelength paths are assumed to be exponentially 
distributed; the average value is normalized to unit; 

d) the load is uniform on both the incoming and the outgoing channels; 
e) Lost Call Cleared (LCC) [10], i.e. a loss event does not modify the arrival process of the path 

requests. 
Let: 

N: number of fibers incoming to and outgoing from an OXC (including that ones coming from 
local transmitters, and going to local receivers); 

M: number of channels per incoming and outgoing fiber; 
~ mean arrival rate of the multicast path set-up requests on each incoming wavelength; 
av: probability that a path request with node fan-out equal to v has to be set up (l~vSN); 
K: the average value of the node fan-out of a multicast path, i.e. 

N 
K=Iv·av (l) 

v=l 
A0 : the mean value of the offered traffic to an outgoing fiber; by recalling the above mentioned 

assumptions, it is easy to derive that A0 = ~·K·M, and OSA0~; 
Ac: the mean value of the carried traffic on an outgoing fiber, being OSAc~o . 

a) Multicast Wavelength Path ( MWP ). 
As the wavelengths on the outgoing fibers have to be equal to that utilised on the incoming one, 
on the basis of the previous assumptions, it is easy to derive that the probabilities PMwp(v) is 
equal to: 

PMWp(v) = 1-(1- Ac )v (2) 
M 

A simple upper bound of PMwp(v) can be obtained assuming Ac=A0 , obtaining 

A0 v ~K v 
PMWP(v)S1-(1-M) =1-(1-M) (3) 

b) Multicast Virtual Wavelength Path (MVWP) 
In this case there are no constraint on the wavelength to be selected on each outgoing fiber. The 
assumptions relevant the input and the service processes together with the independence 
assumptions allows the outgoing fibers to be independently modelled as M/MIM queues with no 
buffer space. Therefore, the probability that a single wavelength in an outgoing fiber is not 
available for the set-up of a multicast path is given by the Erlang-B formula [10], i.e. B(M,A0 ). 

Therefore, PMvwp(v) is given by 

f>MVWP(v>= 1-[1-B(M,A0 )r (4) 

c) Multicast Virtual Wavelength Path Single Conversion (PVWP). 
In this case we have to take into account the constraint that the v output wavelengths of the 
multicast optical path have to be equal each other. 

Let us suppose that a multicast path with fan-out v has to be set-up and that the wavelength 
finding process follows these steps: 
a) one outgoing fibers (out of the v) is randomly selected, this fiber is called reference fiber; 
b) an unused wavelength on the reference fiber is searched; if it is not found the procedure stops 

and the request is lost, otherwise go to the next step; 
c) the wavelength chosen in the step b) is tested on the remaining v-1 outgoing fibers; if it is free 

in all the fibers the request is accepted and the path is set-up, otherwise the procedure returns 
to the step b). 

Let us suppose that in the reference fiber i (0 ~ i ~ M) wavelengths are busy, whereas M-i are 
free. The probability Po(M-i) that no wavelength (out of the M-i) are available in all the remaining 
v-1 fibers and the probability Pi that i wavelengths are busy in the reference fiber, i.e. the Erlang 
distribution, are given by 
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[ ']M-i 
po(M-i) = 1-(1-~ r- Ai /M Aj 

Pi= -f L -f 
1• i=O J. 

wherein Ac=A0 [l-B(M,A0 )]. So, the probability Ppvwp(v) is given by 

M [ A v-l]M-i 
Ppvwp(v)= ~ 1-(1- ~) ·Pi (1 SvSN) 

It is to be noted that, as expected, Ppvwp(l)=PMvwp(l)=B(M,A0 ). 

(1 S iSM) (4) 

(5) 

Figure 3 plots the blocking probability P x vs the offered traffic A0 for the three strategies in 
case of an OXC with N=8 and M=8 and for a set of values of v (namely v=1,2,4). As expected, the 
best and the worst performance are obtained by the MVWP and MWP strategies, respectively, 
whereas an intermediate behaviour is presented by the PVWP. Moreover, for MVWP, the blocking 
probability is roughly independent of the fan-out of the path; the range of variation of PMvwP(v) 
with respect to v is less than an order of magnitude for the whole A0 axis. This is not true for the 
PVWP, in fact Ppvwp(v) rapidly reaches very high values of blocking even if the value of vis low, 
e.g. Ppvwp exceeds 10-2 for v;;,:2 and A0 >0.3. 

Finally, the obtained results demonstrate that the MWP strategy is practically unusable. It leads 
to too high values of blocking even for very low values of A0 . 

It is to be noted that, obviously, for v=l, the curves relevant to PVWP and MVWP coincide; that 
correspond to the implementation of the concept of Virtual Wavelength Path (VWP) in the case of 
unicast paths. 
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Figure 3 Blocking probabilities versus the mean value of the offered traffic 10 a wavelength, for the three 
strategies MWP, MVWP, PVWP; in case of an OXC with N=8 and M=8. 

3 OPTICAL CROSS-CONNECT ARCHITECTURE 
To introduce multicasting in the optical path layer, suitable Optical-Cross-Connects (OXCs) have 
to be devised. In this Section, some OXC architectures able to support the multicast optical path 
realisation strategies previously discussed will be analysed and compared taking into account node 
modularity, complexity, and transmissive aspects. 

In order to be gradually introduced by upgrading the existing network and to respond to the 
rapid changes in traffic demand, the optical path layer is requested to be modular and scalable 
[2,6]. The path layer modularity is smoothly attained if the OXC has the possibility to add a new 
input/output fiber without completely changing the OXC structure. This is possible if the OXC is 
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link modular [7], that is if new input/output fibers can be added without changing the OXC 
structure but for the addition of new components. 

Moreover, during the scaling of the network, it can be needed to increase the capacity of the 
single WDM link. In this case, the optical path layer scalability is readily preserved if the OXC is 
wavelength modular [7]. This means that a new WDM channel can be added at each OXC input 
without changing the OXC structure but for the addition of new components. 

In this paper we consider transparent OXC architectures in which no electro/optical conversion 
occurs along the signal path. We do not consider OXCs in which the signal is regenerated during 
the processing inside the node since, in this case, any kind of network transparency is prevented. 

In a transparent network, the transmission route of the optical signal comprises all the crossed 
OXCs. Two main transmission impairments arise from the OXC structure: optical noise and 
crosstalk. These phenomena have to be somehow characterised to evaluate the transmission 
performances of a given OXC architecture. 

Several OXC architectures have been reported in the literature based on three different types of 
optical switching: space division, wavelength division and delivery and coupling (D&C) switching. 
For each architecture we analyse the possibility to introduce the multicast function. 

3.1 OXCs based on Space Switching Matrixes 
The first class of OXC we consider is based on optical switching matrixes. A first architecture 
belonging to this class is shown in fig. 4a. At the OXC input, afterwards optical amplification, 
wavelength demultiplexing is accomplished through a combination of optical power splitters and 
tunable filters. This approach allows the order of the wavelengths at the demultiplexers output to 
be changed, so that any channel can be sent to any switch matrix. The space division switches 
actually perform the channels routing, and the combiners multiplex the channels before the 
output fibres. A further amplification is generally needed at the OXC outputs to compensate the 
losses. The set of transmitters and receivers consents to add and drop, respectively, channels 
in/from the traffic. For instance this scheme has been reported in [3] and practically implemented 
in the framework of the RACE project MWTN (RACE 2028). 

This architecture does not allow the VWP scheme because it does not employ wavelength 
conversion. Of course, it is possible to receive a given channel through a local receiver and re
transmit it on another wavelength using a local transmitter. However this operation does not keep 
the transparency of the optical layer and, in any case, uses resources devoted to the add/drop 
function. 

A second architecture is similar to the previous one, but involves all-optical wavelength 
converters located at the outputs of the space switching matrixes, as shown in figure 4b [11]. This 
scheme permits the implementation of VWP. 

Both the architectures shown in fig. 4a and 4b are able to support the multicasting function. In 
fact let's consider the optical space switch scheme depicted in fig. 5 [12]. Each input is connected, 
through an optical waveguide, to every output. In any waveguide there is a gate which allows or 
inhibits its proper route, according to a logical command. To introduce the multicast function it is 
possible to grant more than one route associated to the same input; hence the signal at the input 
reaches more than one output. In the case of the OXC of fig. 4a the WP is to be adopted to realise 
a multicast optical path; conversely the OXC of fig. 4b allows the MVWP scheme to be 
implemented, because the wavelength conversion, following the space switching stage, allow to 
arbitrarily select the wavelength of each output channel. 

3.2 OXCs based on Wavelength Switching 
The second class of OXC we consider is based on wavelength switching. An example of OXC 
belonging to this class is illustrated in fig. 6 [ 13] while other examples are reported in [7] and in 
[11]. At the OXC input, the WDM combs carried by the input fibers are wavelength translated so 
to occupy contiguous parts of the optical spectrum. After translation, the signals are amplified and 
feed the inputs of an N x N M star coupler. At the star centre, all the incoming optical channels are 
wavelength multiplexed onto a single comb. At the star coupler outputs the tunable filters route 
each channel towards the proper output fiber. The wavelength converters set the channel 
wavelengths to a suitable value to allow multiplexing onto the output fiber. Multiplexing is 
performed by optical couplers and at the OXC output the signal is amplified. It is to be noted that, 
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at the OXC input, wavelength conversion is set before amplification since wavelength converters 
able to shift an entire WDM comb works more efficiently with a low input signal power. 

This architecture can implement the MVWP scheme since a single channel can be multicast 
towards a set of output fibers by an opportune tuning of the routing filters and the wavelengths of 
the output channels are independently selected by the wavelength converters. 

3.3 OXCs based on Delivery and Coupling Switches 
The third class of OXC we consider is based on D&C switches. Figures 7a and 7b report the 
architectures of two OXCs of this class while the scheme of the D&C switch is depicted in fig. 8 
[7]. 

The two architectures have been contrived in order to satisfy the link modularity and the 
wavelength modularity requirements, respectively. 

Both the architectures can adopt the PVWP scheme. Actually the D&C switch can be designed so 
that each 1x2 switch can operate in one of the following ways: i) inhibits both its output, ii) allows 
only one output (acting as a normal lx2 switch), iii) broadcasts the input signals to both the 
outputs. This way it can implement the multicasting function. It is worth noting that wavelength 
conversion must be placed before the switch itself. Otherwise in the scheme shown in fig. 7a, 
contentions would occur in the output star couplers when different channels, at the same 
wavelength, were routed to the same output fibre. Furthermore, the OXC of fig. 8 would never 
work, because the D&C switches deal with channels all at the same wavelength. 

This kind of cross-connect does not allow to directly perform the MVWP scheme. Actually it 
would be still possible to perform MVWP by putting a wavelength converter before the star 
coupler in the D&C switch. This way the structure of the switch would be completely flexible. 
Nevertheless the number of wavelength converters would increase considerably (proportional to 
N2M). 

4 TECHNOLOGICAL ISSUES 
In the architectures considered in this paper, besides mature optical components (e.g. optical 
transmitter and receivers, power splitters and erbium doped fiber amplifiers) there are some key 
optical devices which are worthy to be analysed. They are the tunable optical filters, the optical 
switches and the wavelength converters. Here we discuss some technological issues which concern 
their realisation. 

4.1 Tunable Optical Filters 
Two different technologies are mature for tunable optical filtering: the fiber Fabry-Perot filters 
[ 15] and acousto-optic filters [ 16]. The first type presents low losses, easy tunability, large tuning 
range (more than 30 mn) and are polarisation insensitive. However, their roll-off is quite slow. 
This means that the channel spacing must be great enough to not appreciably introduce crosstalk 
(for example 3 nm for 10 Gbit/s channels [17,18]). The second type have a large tuning range 
(more than 30 nm) and a good roll-off coefficient. Moreover these filters can select more 
frequencies at a time, being each frequency independently tunable. This property can be useful 
both in designing add/drop all optical multiplexers and OXC architectures based on wavelength 
switching [19]. 

A third type of filters could be employed in the future, based on lnP technology [20]. However, 
for the time being, they are not mature for implementation. Their most important advantage is 
that they could be monolithically integrated with active optical devices such as lasers, 
semiconductor optical amplifiers and wavelength converters. The integration has the considerable 
advantages of removing the stabilisation and coupling problems that are present in the 
implementations by discrete devices and of lowering the costs. 

4.2 Optical Space Switches 
Basically, two types of space switching matrixes have been realised: one based on LiNb03 
technology [21] and the other one based on InP technology [12]. 



Analysis of multicasting in photonic transport networks 413 

TF SSM TF SSM we 

Figure 4 Optical cross-connect architecture based on space division switches: a) no wavelength conversion; b) 
with optical wavelength converters. EDFA: Erbium Doped Fiber Amplifier; TF: Tunable Filter; SSM: Space 
Switch Matrix; DXC: Digital Cross-Connect. 

The latter seems more suitable for application in the OXC switching fabric. At the state of the art, 
it presents lower losses (for example of the order of 3 dB for a 4x4 matrix [22]) and allows the 
realisation of integrated optical circuits. The main difficulty in realising loP space switch matrixes 
is in assuring their stability, avoiding lasing inside the structure. For instance, at the state of the art, 
the input power of a 4x4 matrix cannot overcome a threshold of the order of -20 dB. This could 
be a limiting factor for the maximum feasible matrix size. In fact, relating to fig. 5, the gate 
element is a semiconductor optical amplifier (SOA) which allows or inhibits its optical path 
according to a current signal. If this current signal is low the device absorbs the radiation, while if 
it is high the device permits the signal to pass. In addition, if the switch dimension is (M x M) 
there are M SOAs at the input which provide a little amplification to partially compensate the 
device losses, and M SO As at the output, which are used for equalising output signals, by adjusting 
the input current. 

As far as the D&C switch is concerned, the same technologies used for the switching matrixes 
could be employed. In fact the (1:2) element could be realised both in LiNb03 or in InP 
technology. 

4.3 All-Optical Wavelength Converters 
At the time being there are not commercially available wavelength converters. Anyway there are 
several technological solutions reported in the literature. Among them, those based on 
semiconductor technology give several advantages: they can operate at high speed, present a large 
conversion bandwidth and can be integrated in a single chip. Moreover, they seem to be mature 
for a rapid engineering [23]. In fact, monolithical integration, as for instance demonstrated in 
[24], allows coupling and stability problems that are present when using discrete components to 
be avoided. More specifically two types of devices can be favourably realised to perform 
wavelength conversion in optical transport networks. They are the devices based on Four Wave 
Mixing (FWM) in SOAs [25,26] and on Cross-Phase Modulation (XPM) in SOAs put in 
interferometric configuration [23]. It is worth while noting that FWM devices can translate an 
entire WDM comb [27], while XPM do not offer this possibility. This fact influences the design of 
wavelength switched OXC, as better described in Section III.3.2. 

In a previous work [14] we analyse the employment of such devices in an optical transparent 
network and show that both these solutions could be favourably employed for this type of 
applications. In particular, network paths covering distance of the order of 1500 and 2500 km 
with four channels at 2.5 and 10 Gbit/s respectively can be realised [6]. If cross phase modulation 
converters are adopted, the ultimate limit to transmission performance is set by fiber dispersion 
and Kerr effect. Moreover the dependence of the device behaviour on the input signal power and 
the dependence upon the transmission format impact on the design complexity. 
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Figure 5 Scheme of an optical space division switch Figure 6 OXC based on wavelength switching 
based on InP technology. accomplished through wavelength converters. FC: 

Frequency Converter for a WDM comb 

Figure 7 OXC architectures using D&C switches: a) Link modular OXC; b) Wavelength modular OXC. SC: 
Star Coupler; DXC: Digital Cross-Connect. 

1 

2 ~----~+-----~-r--

1 2 N 

Figure 8 Scheme of MxN dimension D&C switch, used in the scheme reported in fig. 7a. In the case of the 
scheme shown in fig. 7b, this device has NxN dimension. SC: Star Coupler. 
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On the other hand, if FWM devices are adopted, tolerance with respect to signal power 
fluctuations and transmission format transparency are obtained [28]. Moreover, in geographical 
networks, the ability of FWM to compensate chromatic dispersion and Kerr effect can be very 
useful [29,30]. These advantages are partially countelbalanced by their higher noise factor and by 
the dependence of the converter efficiency on the conversion interval. As a matter of fact, this last 
characteristic calls for a power equalisation of the output signal. 

S ARCHITECTURES COMPARISON 
To compare different OXC schemes three different criteria can be introduced: OXC flexibility 
and modularity, the OXC complexity and its transmission pedonnances. 

The OXC flexibility is essentially related to the ability to implement a flexible multicasting 
routing. Thus the OXC can be classified on the ground of the ability to implement PVWP or even 
MVWP. The OXC wavelength or link modularity has been already defined and is mainly related 
to the possibility to upgrade the OXC capacity by adding new WDM channels on the existing 
fibers or new input/output fibers. 

To evaluate the OXC complexity, three basic elements can be individuated: space gates, 
wavelength converters and tunable filters. The other devices used inside the OXC, as the star 
couplers, the optical passive waveguides and so on, have a minor impact on the system 
complexity. Regarding the erbium doped fiber amplifiers, their number is the same in all the 
considered architectures. A useful indication can also be achieved by evaluating the overall 
number of semiconductor active devices (lasers and SOAs). Of course, in evaluating the utility of 
this figure, it is to be taken into account that semiconductor devices designed for different 
applications can be quite different, even under a control and cost point of view. For example, the 
semiconductor amplifiers used in all optical wavelength converters are quite different from those 
used in the switch matrixes realised in InP technology for their characteristics of size, gain and 
current absorption. 

The OXC introduces noise due to the presence of active optical elements, e.g. optical amplifiers,. 
The power spectral density S can be written as 
S = F·G·h·V (6) 
wherein G is the overall OXC gain or attenuation, h is the Plank constant and v the optical 
frequency. The noise factor F, depending on OXC architecture and on the adopted technology, 
can be assumed as figure of merit representing the noise pedonnances. 

Concerning the crosstalk, it mainly depends on channel spacing and on the tunable filters 
technology. The dependence of the crosstalk on the OXC architecture is quite complex and does 
not critically impact on the transmission performances. Thus crosstalk will be neglected in the 
following comparison. 

In the following, the different OXC architectures will be compared on the ground of the criteria 
introduced in this section. To obtain a fair comparison, the following hypothesis will be assumed 
for all the OXCs: 
I) Space switching matrixes and D&Cs are realised in InP technology, as described in [12]; it 

implies that at each lx2 switch of a D&C there are two gates realised by semiconductor 
amplifiers. 

2) All-optical wavelength converters based on FWM in SOAs are adopted [26]; this is a realistic 
hypothesis for OXCs designed for multicasting since it assure the higher degree of 
transparency and the ability to translate a whole WDM comb. The parameters assumed for the 
FWM converters are those reported in [6], considering devices in which the SOAs have been 
designed in order to optimise frequency conversion. 

3) The tunable filters that are required after each wavelength converter are accounted in the 
overall number of tunable filters. 

4) The attenuation and noise parameters of the devices different from wavelength converters are 
those reported in (6]; the following typical parameters are assumed for an OXC with Goxc=l: 
the channel bit rate is 2.5 Gbit/s, M=4, N=4, the power at the OXC input is -5 dBm and the 
channel spacing 0.5 nm. 

To obtain numerical values for the noise factor of different OXCs, the analytical model reported 
in [11] has been used. The results of the comparison are shown in table I. It is evident that the 
OXC based on wavelength switching has three main advantages: i) it can support MVWP; ii) it is 
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both wavelength and link modular; iii) the number of active semiconductor devices increases 
linearly with the number N of input/output fibers, whereas in the other cases it increases 
quadratically. These advantages are partially counterbalanced by the need of more sophisticated 
devices and by a greater noise factor. As a matter of fact, the SOAs employed in the wavelength 
converters are more critical than those employed in the gates of space switching devices. Since 
even the noise factor depends mainly on the technology of wavelength converters, the possible 
application of the OXC based on wavelength switch is mainly related to the advances in the 
technology of wavelength converters. 

Among the other OXC architectures, the only allowing MVWP is that based on space switching 
and adopting wavelength conversion. This architecture is less complex than both the architectures 
based on D&C and provides a comparable noise factor. However this architecture is only 
wavelength modular, not link modular. The only architecture not based on wavelength switching 
that results link modular is the second architecture exploiting D&Cs. 

Finally the less complex architecture is that based on space switching without the use of 
wavelength converters. This architecture offers even the lowest noise factor. However these 
advantages are counterbalanced by the impossibility to implement effectively MVWP or PVWP. 

Table 1 Comparison of OXC architectures 

oxc Space Space D&C D&C Wavelength 
Architecture Switch-I Switch-2 Switch-1 Switch-2 Switch 
Multicast support WP MVWP PVWP PVWP MVWP 
Link modularity NP NO NO YES YES 
Wavelength modularity YES YES YES NO YES 
Number of gates M·Nl M·N2 2·M·N2 2·M·N2 

Number of tunable filters N·M 2·N·M 2·N·M 2·N·M N+N·M 
Number of converters N·M N·M N·M N+N·M 
Semiconductor devices N-M-(2+N) NM·(4+N) 2·N·M·(2+N) 2·N·M·(2+N) 2·N-(1+M) 
Noise factor 15dB 16dB 17dB 17dB 21dB 

6 CONCLUSIONS 
In this paper three different optical path strategies to implement multicasting in optical transport 
network have been analysed. As a result the MWP strategy seems to be practically unusable, 
because it leads to very high values of blocking even for very low values of the mean offered 
traffic. On the other hand, MVWP presents the best performance and is practically independent of 
the fan-out of the path. Intermediate figures are provided by PVWP strategy. 

Different optical cross-connect architectures have been analysed, allowing the implementation of 
multicasting according to at least one out of the considered strategies. In particular, two OXC 
schemes allow MVWP to be achieved: one based on space division switching, the other based on 
wavelength switching. The comparison has revealed that the former is wavelength modular but not 
link modular, whereas the latter is both link and wavelength modular and employs a number of 
semiconductor devices which is sensitively lower with respect to the former. On the other hand, the 
noise factor of the latter is 21 dB regardless of the 16 dB of the former, and the number of 
wavelength converters is N times greater. 
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