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Abstract—This paper describes the network architecture and The resource assignment performed at the network controller

provides a performance analysis of a passive optical network (NC) avoids conflicts among transmitters and receivers when
named SONATA, which has been proposed and demonstrated transmitting data.

in the context of the European Union ACTS Program. In this . oo . .
nationwide all-optical network, end terminals access a single In SONATA, the physical switching function is removed

passive routing node via PONs using a TDMA/WDMA access from the nodes and distributed at the terminals. Although
scheme based on reservations. The centralized network controller a centralized network control is required, and active wave-
runs resource allocation algorithms in order to avoid conflicts length conversion is performed inside the network, we refer
among end terminals. We formally define the resource allocation ;1 the SONATA network structure as a “switchless” network,

problem at the network controller, and show that, in general, it . th that ith | lectroni itchi d
is NP-hard. We also provide simple heuristic algorithms to solve 'l the SENSE that neither purely electronic switching nodes

the problem. The analysis of the algorithms is performed both via Of Cross-connects (telephony, IP, ATM, SDH) are required

analysis and simulation. within the network, nor optical cross-connects (except for the
Index Terms—All-optical networks, network control and man-  Wavelength routing node). Moreover, and most remarkably, the
agement, wavelength division multiplexing. network is completely bufferless. This approach provides major

network architecture simplifications and hardware reductions.
We do not tackle issues related to the SONATA network fea-
sibility in this paper, nor do we discuss the components that
HE project SONATA aims at avoiding the need for largghould be used or the physical limitations that should be taken
and fast switching electronic nodes in a high-speed niato account when dimensioning the network. All these issues,
tionwide network. To reach this goal, the network structure andgether with the specification of the signalling protocol be-
the layer architecture within the network have been drasticatiyeen terminals and the NC, have been deeply analyzed in the
simplified. The new proposal consists of a single-layer netwoBONATA project, and are discussed in [1] and [2].
platform for end-to-end optical connections, able to serve a veryThe focus of the paper is on algorithms that must be executed
large number of terminals for both business and residential ciggthe NC to solve the resource allocation problem. We first pro-
tomers over a nationwide geographical area. vide a more detailed description of the switchless network ar-
In the SONATA network, a large number of end terminalghitecture. Then, we discuss the time/wavelength resource allo-
which, depending on the network usage, can be street cabinetsion problem at the network controller. We provide an integer
IP routers, LAN switches, or workstations, are grouped inlmear programming (ILP) formulation of the problem, and we
passive optical network (PON) infrastructure. The networhow that it is in general NP-hard. Even restricting the problem
topology is based on a centralized passive wavelength-routtagmake it tractable using polynomial algorithms is impractical
node (PWRN) withV input andV output ports, which provides given the network size in terms of terminals and PONs. As a con-
full connectivity among PONs via a single dedicated wavgequence, we propose a simple heuristic to solve the problem of
length channel for each pair of PONs. Wavelength convert@isource allocation: we decouple the time dimension from the
arrays are used at the PWRN in order to dynamically increag@velength dimension, thus splitting the problem into two sub-
the channel capacity among pairs of PONs, as described belpwblems: the scheduling of terminal requests in the time do-
This multiple-access network is based on WDMA/TDMAmain given a PON-to-PON channel assignment, and the design
protocols, and exploits time and wavelength agility at terminads the logical topology, i.e., the assignment of wavelengths to
in a simple network structure where the single PWRN nod®Ns via a proper setting of wavelength converters. We de-
provides passive routing functions and actively controllestribe two analytical models for both the scheduling and the
wavelength conversion. The network control is centralized, afshical topology design problems. Finally, we analyze the per-
its primary goal is to assign time/wavelength resources to ternfdrmance of the algorithms used at the network controller both
nals: a signalling protocol that allows terminals to request botka simulation and analysis.
connection-oriented and connectionless services is designed.

I. INTRODUCTION

Manuscr_ipt received October 29, 19_99; revised May 12, 2000. Thi_s work was Il. NETWORK ARCHITECTURE
supported in part by the European Union ACTS Program under project AC351
S?";:’:z:thors are with the Dipartimento di Elettronica, Politecnico di Torino we prOVide a description of the network architecture in this
Italy (e-mail: {bianco, leonardi, mellia, neri}@polito.it). Section. The SONATA switchless network has the target of per-
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TABLE |
NETWORK CONFIGURATION AND DIMENSION PARAMETERS

N; =20 million terminals N, =400 PONs
ng = 50,000 terminals per PON N4 = 400 wavelength converter arrays, 400 wavelength converters each

W = 801 wavelength channels on each fiber | N,,» = 1 PWRN (Passive Wavelength Router Node), 801 x 801 channels

By = 10 Mbit/s average rate per terminal B, = 622 Mbit/s maximum rate per terminal
F = 1,000 slots per frame 10us of slot time, with 1us devoted to guard time
200 Tbit/s maximum network throughput D,, = 1000 km maximum distance between terminals.

functions within a single network layer by providing end-to-enélexibility in allocating capacity can be obtained with actively
optical connections between a large number of terminals ovec@ntrolled wavelength converter arrays. As shown in Fig. 2,
large geographical area. these devices can be added, as required, around the PWRN, and
The structure of the switchless network is depicted in Fig. tonnected to a certain numbéY,() of its auxiliary ports (called
Terminals equipped with fast tunable transmitters and receivédgsimmy ports”). On each PON, a wavelength channel is avail-
are attached to passive optical network (PON) infrastructuredale to reach a particular dummy port, hence a wavelength con-
Each PON is directly connected to an input and an output pedrter array. From each array, one wavelength channel is pro-
of the single passive wavelength-routing node (PWRN). Théded to reach every output PON. Hence, information from PON
PWRN hasV inputand output ports, i.e., itisafV x N wave- ¢ to PONj can be routed on the direct chanhgt ¢|», and on
length multiplexer. Logically, the behavior of the PWRN is suchp to NV, additional channels going through wavelength conver-
that wavelengthh; at input: is routed to outpu§ = |i + k|x. sion. In this way a variable number of wavelengths, depending
Hence, wavelength channdlsl, 2,---, N — 1 on input port; on traffic requirements, can be dynamically allocated between

lead to output ports, i + 1,742, ---,4— 1, and, on output fiber a pair of PONSs as traffic demand requires.
J,wavelength channets 1,2, - - -, N —1, transportinformation  Additional N, ports of the PWRN interconnect network ter-
originated at inpuy,j — 1,5 — 2,---,j + 1. minals with the centralized network control (NC) device, which

Aglobal synchronization is made available by centralized di responsible for allocating time slots and wavelength channels
tribution of reference tunes and by the execution of ranging proge-terminal requests. This network controller may be duplicated
dures; transmissionis organized in WDMA/TDMA frames. Eacfor reliability concerns.
frame is composed df fixed-length slots. Any terminalwishing  The optimum technical solution for a “switchless” network
to communicate with another terminal simply tunes, in the allgepends on the size of the network itself. As discussed in [1],
cated time slots, its transmitter and receiver to a known wavefeasible set of characteristics for a large-scale switchless net-
length carrying multiplexed traffic through the PWRN betweework, which can provide a communication infrastructure to ter-
the pair of PONSs to which the transmitting and receiving termiminals at the customer premises distributed nationwide, is re-
nals are attached. Only one tunable transmitter/receiver pair perted in Table I.
terminal (plus a fixed transmitter/receiver for signalling) there-
fore permits data communication between a given terminal aﬂd
all other terminals in the network, regardless of the network size.
Note that multicast transmissions to several terminals belongingrhe network structure depicted in Fig. 1 provides a full
to the same PON can be supported. mesh topology between PONSs through direct connections, and

Each wavelength is shared between all terminals belongiagdarge number of additional connections through wavelength
to the same PON. A TDMA control protocol is thus requirecconverter arrays. The firs¥,, ports of the PWRN provide a
Since time is divided into time slots, and each time slot can Beired” (fixed) full-mesh connectivity between PONSs, while
used in a particular wavelength channel by only one of the teéhe additional’v, dummy ports add a “programmable” con-
minals connected to the same PWRN port, a significant comectivity between PONSs. Fig. 2 shows the equivalent logical
plexity is required in the network controller operations. Furthéopology provided in the programmable portion of the PWRN
constraints on the controller are due to the fact that the singfethe caseNy; = N, = 4. Terminals in PON: can reach
transmitter/receiver pair has to be shared by all the connecti@rs/ of the IV, wavelength converter arrays by tuning to the
which the terminal keeps active at the same time; more precisglgpper wavelength channel. This tuning capability corresponds
to permit a transmission from terminato terminald in slotk, to the first A-switching stage in the logical topology. The
we must ensure thatis not already transmitting ik and also individual wavelength converters can be configured in order
thatd is not already engaged in a receptiorkin to route input information to any output PON, leading to the

Although all connections can be made directly through theecond\-switching stage in Fig. 2. The receivers in each PON
PWRN, for unbalanced traffic patterns and when traffic volumesn tune to any of thé/; wavelengths routed to the PON by
grow toward the capacity limit of the network, a high degree afavelength converter arrays, leading to the thirdwitching

Logical Topology
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Fig. 2. Three-stage equivalent of the programmable portion of the SONATA network.

stage. The resulting logical topology is a three-stageA — A different slots within the time frame can be viewed as a further
switch, i.e., a Clos interconnection network. It is well knowiswitching stage in the time domain. Overall, the programmable
from the Slepian—Duguid theorem [4] that this three-stagmrtion of the switchless network can be logically described as a
interconnection structure is rearrangeable nonblocking whiive-stagel”’ — A — A — A — 1" switch, which can be reconfigured
Ng > N,, as is normally the case for SONATA. Note thatn every time slot.
the interconnection between PONSs is nonblocking, while the
interconnection between terminals is blocking, due to the
multiplexing of many terminals in each PON (at most 400 out
of 50 000 terminals can receive/transmit in each slot). The main task of the network controller is to allocate re-
If we keep considering only the programmable portion of theources (time slots) to end terminals, choosing a proper wave-
network, the possibility of allocating transmission requests langth among the available ones. We first formalize the network

I1l. NETWORK CONTROLLER
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controller task as an ILP (integer linear programming) problem. 2) In each slot, a source terminal can only transmit one
Then, we discuss the feasibility of this approach given the net-  packet:

work parameters we should handle in a nationwide network.

Later we present our proposal, that is obviously suboptimal, but > Toawk) <1 Vk,s. (2
can be implemented with reasonable complexity in a real net- w,d

work. We will discuss the performance achieved by our algo- 3) |n each slot, a destination terminal can only receive one

rithms later in the paper. packet:

A. Optimal Resource Allocation: ILP Formulation Y Toawk) <1 Vkd 3)
We provide in this section an ILP formulation for the resource w8

allocation problem in SONATA. 4) At most one transmitter can use a particular slot in a
We first define some indexes: given wavelength channel, provided that a path exists

* sis the index to address a source terminal in the set con-  from source PONS to destination POND:
taining all source terminals;

« dis the index to address a destination terminal in the set > Toawk) < Cspuwlk)  Vkw. 4)
containing all destination terminals; 5CS,dCD

* k is the slot index in the time frame, whose duratiodis 5) Thew wavelengths can be used only once by a single
slots; source PONg, for all the slotsk:

« w is the wavelength index in the set of all the possible
wavelengthsh . Z Cspu(k) <1 Vkawe WL (5)

Recall thatV, is the number of wavelength converters that S,D

each source terminal can reach.
Let S be the set of all source terminals that belong to RON
andD the set of all destination terminals that belong to PON

6) The number of wavelength converters that source BON
can reach in each slétis always smaller thawV,:

Finally, IetTS?(-l be the pumber of s_lots thfit source terminal Z Cs.pw(k) < Ny VS, k. (6)
s has to transmit to destination termin&turing a frame. We Dowewrre
consider this request as atomic: either all the slots are scheduled ?
or the request is rejected. 7) The number of wavelength converters that destination
Now, we define the variables that are used in the ILP formu-  POND can use in each sldtis always smaller thaiV,:
lation.
> Cspuwk)<Ns VD,k (7)

* T, 4. (k) is a binary variable that takes the valuéd ter-
minal s is scheduled to transmit to termindlin the kth
slot using wavelength. Note that we could relax the atomicity constrain, i.e., atomic

* Cs,p,w(k) is a binary variable that takes the valtiéf  allocation of terminals requests, by modifying constraint (1) as:
PON S is connected to POND during thekth slot via

wavelengthw. Note thatCss, p. ., (k) is fixed (not a vari- > Toawlk)<rea  Vs,d.
able) ifw € WL, wherew/™ is the subset of wave- w,k
lengths that connects directly PONto any PON via the
fixed portion of the network, whil&s p .,(k) is a state
variable ifw € W%, wherew?'? is the subset of wave-
lengths connecting PONIto a wavelength converter arrayB. Optimal Resource Allocation: Feasibility
in the programmable portion of the network.

* X, qis a binary variable that takes the valli all slots
from source terminad to destination terminal are sched-

S,wEW;T‘q

In this case, the variables,; are not needed in the formula-
tion.

We have formulated the problem as an ILP problem. It is
well known that the general ILP problem is NP-hard. However,
; the ILP formulation by itself does not imply that the problem
uled in the current frame. . ] .
o o - is NP-hard; we are able to show that, under the atomicity con-
Our objective function is to maximize the total number of . . :
o ) straint for terminal requests, the problem is NP-hard, whereas,
transmissions per frame: . . o
when relaxing the above constraint, and considering only the
max Z T, aw(k) programmable portion of the SONATA network, polynomial al-
” gorithms can be used to solve the problem. We are unable to
formally prove that for the complete network (i.e., considering
subject to the following constraints. both fixed and programmable portions) without the atomicity
1) The number of slots allocated from each sourt@each Constraints on terminal requests the problem is still NP-hard,
destinationd is either equal to the number of requeste@lthough we provide some considerations suggesting that this is

s,d,w,k

slots or zero (atomicity constraint): a reasonable assumption. _ _
Note that, given the very large number of terminals, even with
Z Ts.a.0(k) =75.aXs4a Vs, d. (1) polynomial algorithms it would be impractical to implement an

w k optimal solution. Moreover, to make the problem practical, the
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resource allocation must be done on-line (while the ILP formu- < schedulingfirst-fit allocation of slots given a fixed net-
lation assumes off-line operation), i.e., the network controller ~ work connectivity;

decides whether or not to accept slot allocation requests givene logical topology designreconfiguration of the network
an allocation state without modifying previously allocated re-  connectivity via wavelength converter arrays.

?uests. Otherwise, the S|gn§1II|ng bandwidth requwed to notify 1) Scheduling: The scheduling algorithm is executed at the
rom network controller the time/wavelength assignment to end

terminals would be very large, as discussed in [2]. For all trqn(eetwork controller on the basis of terminal requests received via

above reasons, we propose later in this paper a simplified |_na!ling messages-. Terminals can request slots according to
proach to the resource allocation problem. o different modes:

Let us assume that the NC is subject to the atomicity con- ¢ “persistent” request—an integer number of slots in each
straint, i.e., either all or none of the requested slots are allo- frame is assigned at connection setup; this number can be
cated. In this context, if we consider only a source and a des- changed (either increased or decreased) during the con-
tination PON, the NC task is to allocate terminal requests given  nection life;

a number of available slots ranging from a minimun¥gequal * “nonpersistent” request—a possibly large amount of slots
to the frame size on the fixed wavelength connecfirtg D, to is assigned to a datagram communication, without time
amaximum ofF" x (N, + 1), equal to the frame size multiplied constraints in terms of number of involved frames.

by the maximum number of channels available frénto D. Obviously, the two modes refer mainly to CBR (or slowly

This is equivalent to a knapsack problem which is known to k@rying VBR) connection-oriented services, and to datagram
an NP-hard problem [7]. As a consequence, the SONATA Néervices, respectively.

resource allocation problem is also NP-hard. When terminals belonging to PONS sends a request to the
Let us now relinquish the atomicity constraint: the NC coulfiC in order to communicate with termindbelonging to PON
partially allocate slot requests. In this context, if we considgp, the sequence of steps executed at the NC is the following.
only the programmable portion of the network, the SONATA _ )
network can be seen as a hierarchical switching system (HSs,* !f terminal s requests the set up of a new connection, the
see [5]), with2V, inputs and outputs. In [6], it has been shown ~ NC looks for a candidate wavelength channel by scanning
that the time slot assignment (TSA) in an HSS is equivalent 2 linked list of wavelength channels assigned to the pair of
to a TSA in a simple TDM switching system with a signifi- PONS — D;the linked listis ordered in increasing order
cantly larger number of input and outputs. The TSA in a TDM of _channel utilization, and the first element is always the
switching system can be solved using single commodity net- Wwired” channel among PONS — D). The new alloca-
work flow algorithms which have polynomial complexity [8]. t!on is attempt'ed on the first channel on the list that satis-
If we consider the complete SONATA network, i.e., also the f|e§ the condition that the number of free slots exceeds by
fixed portion of the network, we can model the system by using & 9iven percentagethe number of requested slots.
a multicommodity network flow integer formulation, which is  * If s iS requiring new slots for an already set-up connec-
known to be NP-hard [8]. However, we are not able to formally tion, the NC considers the first wavelength channel used

prove that the problem is equivalent to a well-known NP-hard ~ for this connection. The NC counts the available slots, ex-
problem. cluding among free slots those in which either the source

terminal or the destination terminal are busy (possibly for
transmitting/receiving data associated to different connec-
C. The SONATA Resource Allocation Algorithm tions).
« If the amount of free slots resulting from the previous op-

Although better algorithms to solve the problem of resource  eration is less than the terminal request, the NC looks for
allocation at the network controller are possible, we propose in  another wavelength channel (only for a new connection
this paper a simple approach based on the decoupling of the request).
time dimension from the wavelength dimension. This means ¢ If none of the wavelength channels already used for the
that we split the resource allocation problem into two subprob- communication from PON to POND is usable, the re-
lems:schedulingpf terminal requests inthe time domain givena  quest is not accepted.

PON-to-PON channel assignment, dadical topology design « If the number of free slots matches the terminal request,
of the network connectivity by properly assigning wavelengths  the NC selects the first available slots in the selected
to PONs via wavelength converter arrays. channel (first-fit allocation).

While scheduling is a relatively simple task which must be * In the case of a datagram request, if the number of avail-
done slot by slot, the more complex logical topology designis ~ able free slots is less than the number of data slots re-
assumed to be performed at a lower rate. Aiming at a suboptimal duested by the end terminal, the NC could also decide to
approach with a limited complexity, we assume that the wave- Operate a partial resources allocation: a threshold can be
length converters are reconfigured only once in a while (e.g., at defined for this goal.
frame boundaries) and that the scheduling algorithm operate$ig. 3 provides a block diagram of the proposed scheduling
on a given fixed logical topology. algorithm.

We analyze in the sequel the two-steps of the resource allofor connection-oriented (or persistent) requests, resources
cation algorithm: are allocated until one of the two involved terminals signals
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Fig. 3. Block diagram for the scheduling algorithm.

that it wants either to release some slots for this connection all the other channels in the ordered list. If the reallocation
or to close it. For datagram (or nonpersistent) requests, wcess is successful, the channel can be freed and added to a
assume that resources are allocated only in a single frameligh of available channels. Otherwise, if even a single slot is not
the next frame, the NC will release all the resources previouslyccessfully reassigned, the channel cannot be released. Note
allocated to datagram traffic. that, to be more precise, releasing a channel means releasing a
2) Logical Topology Design:The logical topology design wavelength on the transmitter side, and a wavelength on the re-
aims at obtaining an efficient allocation of available channeteiver side.
among PONSs. The idea is quite simple: in order to reduce the slotWhen trying to add a channel we consider only a single
allocation failure rate, the NC can reassign channels. A chanobhnnel addition between the PONs selected according to the
experiencing a load below a given threshold can be freed, obrdund robin scheme. We first look for an available wavelength
ously rerouting connections previously assigned to that chanmanverter, i.e., a wavelength converter that is not used by both
free channels can be assigned to pairs of PONs experiencing@N S and POND; if found, we compute the wavelength that
load above a given threshold. should be used at the transmitter and at the receiver, and we
In every frame, a pair of PONs (a source POGNwind a des- logically add the channel to the pair of PONSs.
tination POND) is selected using a round-robin algorithm. We If an available converter is not directly found, we check
computeLs, the number of free slots on all the channels frorwhether an available wavelength at both the transmitter and the
PON S to POND. If Lsp is larger than threshold,, we try receiver exists. If this is true, we know by the Slepian—Duguid
to release a single channel, choosing the least loaded chantielorem [4] that we can rearrange the logical topology so that
If Lsp is below thresholdd < L, we try to assign another at the end of the process we obtain an available wavelength
channel to the pair of PONSs, provided that at least a free chanoehverter. Paull’s algorithm [4] can be used to obtain the new
is available. logical topology, i.e., the new wavelength assignment. The
In order to avoid user service interruptions, the process latter algorithm is based on an iterative process that, after
channel release is subject to the reallocation of all used sloggssigning at mos¥, wavelength converters, guarantees the
in the selected channel. Only if this process is successful, i.@vailability of a wavelength converter among the two PONSs.
all the slots can be allocated on other channels, is the selectelBlig. 4 provides a block diagram of the proposed logical
channel freed. We perform a complete search on all other chémpology design algorithm.
nels allocated to the pair of PONs in order to reallocate everyNote that each reassignment made while running the algo-
single slot, starting from the “wired” channel and continuingithm implies updating a significant amount of data structures
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(which are not reported here for the sake of conciseness), ttius call blocking probability; the second describes the logical

resulting in some computational complexity. Moreover, somepology design algorithm, and provides performance indexes

bandwidth must be devoted to signal all the modifications ®&uch as the distribution of the number of wavelength channels

end terminals. used between any pair of PONs, the probability that a new
In the SONATA project, schemes where all existing connechannel that should be allocated between two PONs is not

tions are continuously reallocated in subsequent frames wesailable when requested, and the average channel holding

proposed and studied. These schemes have much strongetimee.

quirements in terms of signalling bandwidth and of computa-

tional complexity at the NC. However, the results presented M Modeling the Scheduling Algorithm

[3, Ch. I, Sect. 3] show that signalling in this worst case can UseThe model estimates the call blocking probability obtained
as little as less than 2% of the available network capacity. Morgi, our scheduling algorithm, and allows us to compare the

over, sophisticated parallel algorithms and architectures Ca”ﬁlé?formance achieved with our scheme to the one obtained with
used at the NC controller to cope with the computational cornz, igeal scheduling algorithm.

plexity of schedule computation. o We focus on a specific transmitter, a specific receiver, and a
The approach described in this section is much less dgsecific wavelength channel to describe the model. We assume
manding in terms of complexity at the NC and of signalling,a¢ the transmitter, the receiver, and the wavelength channel
bandwidth, since the reconfiguration process is enabled opfycpancies can be modeled as independent random variables.
for one source/destination PON per frame. This assumption is obviously closer to reality as the number of
~Note that no service degradation is perceived by the usgsNs and users increases. We further assume that the traffic
since active connections are transp.arently moved in the “nl?rrginated by end terminals inside a PON can be modeled as
wavelength frame at frame boundaries. Poisson traffic with average rate and that the call duration is
exponentially distributed with averagé ..
Under these hypotheses, neglecting the effect of blocking
probability on the call arrival rate, we can model the evolution
We describe in this section two analytical models: the firgf the number of slots per frame in which the terminal is trans-
refers to the scheduling problem and allows us to computdtting as a M/M/F/0 queue.

IV. MODELING THE NC RESOURCEALLOCATION
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Thus, at the transmitter:

mi(6) = 2 ®)

where 7,(¢) represents the probability that transmitteris
sending: slots per frame, ang, is the transmitter load.
Similarly, for the receiver:
ol

41

T )
I

>4

=0

where 7,.(j) represents the probability that receiveris

receivingj slots per frame, ang. is the receiver load.
Finally, considering the wavelength channel:

m(j) =

k

wo(k) = — KL

Ta— (10)

=l
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since the offered traffic rate should be dependent on the
blocking probabilities (11). The model could be improved in
order to take into account the effect of the blocking probability
on the arrival rates and on the state distribution. In this case,
we should describe the state evolution of the receiver, of the
transmitter, and of the wavelength channel as continuous time
Markov chains whose transition rates depend on the blocking
probability value. A fixed point technique can be used to obtain
the call blocking probability, as described in [9].

The perturbation due to the blocking probability can be con-
sidered as a second-order effect until the blocking probability
remains small, and we decided to neglect it, given the huge
number of terminals in the real network. In addition, by ne-
glecting this effect we obtain an upper bound on the blocking
probability of our scheme. We can therefore perform a conser-
vative comparison with an ideal scheduling algorithm.

B. Modeling the Logical Topology Design

In this section we present a model based on a continuous
time Markov chain (CTMC) to evaluate the performance of the
SONATA logical topology design algorithm. The model allows
us to compute the distribution of the number of wavelength
channels used between any pair of PONs, along with the prob-
ability that a new channel that should be allocated between two

wherer, (k) represents the probability thaslots per frame are
transmitted on channe| andp. is the channel load.

The blocking probability giver, j, andk can be computed by \We suppose that all calls request the same bandwidth, equal

an analogy: consider red, green, and yellow balls representi ) )
respectively, busy slots at the transmitter, busy slots on the Wapep ne slot per frame. In the model, the duration of every callis

ponentially distributed with averad¢ ... The aggregate call

length channel, and busy slots at the receiver. Assume to Cﬁrr' al brocess at each PON is assumed 1o be a PoiSSOn Drocess
tribute the balls into cups, corresponding to slots in the fram%, vaip ! u ! P '

under the constraint of having no more than one ball of the sa éet.us consider a pair of P_ONS (source PON, d_estmanon
color in the same cup. The blocking probability can be easir\g N); the CTMC state is defined b, w), where s 1S the
computed as the probability of finding no empty cups, i.e., mber of calls allocated between the PONSs, ands the

the ratio between the number of ways in whiched balls, j number of channels allocated betyveen the PONs. )

green balls, and yellow balls can be distributed il cups such Denote byC' = Nq + 1 the maximum number of available

that no cup will remain empty, and the total number of ways {f{'@"N€ls among each pair of PONSis the length of the frame
which the balls can be distributed I cups. in slots, H is the channel load threshold above which a new

A simple combinatorial computation dives: channel between P.ONs is allocated, dnt the ch_annel load
P P 9 threshold below which a channel between PONs is deallocated.
Py(i, 4, k) From state s, w), the following states are reachable.
( min(F—i,5)

<F> <F _ L) < i ) < i+ ) * (s+1,w): anew call request arrives and it is allocated; it

. . . must bes < Fw; the rate of the transition i.

' : ARA ML * (s — 1,w): a call ends; it must be > 0; the rate of the
transition issp.

* (s,w + 1): a new channel is allocated; it must be >
wl — H; the rate of the transition is;f.

* (s,w—1):achannel is deallocated; it mustbe< wF —
L; the rate of the transition is .

In order to simplify the model and to reduce the state space
As a consequence, the call blocking probability can be evalardinality, we assume an ideal slot scheduling algorithm. (This

uated by averaging} (i, j, k) over all possible states: assumption is close to reality as demonstrated by the results re-

o ) ) ported in Fig. 6, where the SONATA and the ideal scheduler are

b= Z Z Z By(t, g, k)me (@) (f)me (k). compared.) By ideal scheduler, we refer to a system which is

Lod K always able to deallocate a channel between a pair of PONs if

Relations (8)—(10) were derived assuming that the rate extough free slots are available on the remaining channels, and

which end terminals offer calls to the system is constant, i.e.fdr which w is decreased by one as soon as the load reaches
is independent from the system state. This is an approximatidmesholdZ. Note that, in the real system, the deallocation of

PONs is not available when requested, and the average channel
holding time.

I=max(0,j—1)

i+k+k>F
\ 0 otherwise.

(11)
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(F+)

Fig. 5. State transition diagram of the CTMC.

channehs;; can take place only provided that the scheduler it &1 Er o e o '
able to reallocate on other wavelength channels all calls acti SONATA Scheduler - 10% -0
on channeks S leal Soheauler - 100% o
iy eal Scheduler - zo 8=
The state transition diagram of the CTMC is sketched in Fi¢ e I ot 1o
5. = B2y 1
Inthe CTMC, the channel allocation rates are unknown. Theé
are obtained by applying the following fixed point technique. %,
1) New channel allocation rates are initialized to a very largg
2 13}
value. Gl
2) The CTMC models are solved for each pair of PONSs.
3) The distribution of the number of channels used betwee
each pair of PONs is evaluated.
4) The global distribution of the number of used channelsi &4 ~ = 09 o9 1
computed. Load

5) The values of the probabilities of new channel allocation
are computed. These provide also a new set of chanfigh 6. Blocking probability for scheduling algorithms.
allocation rates.

6) Steps 2—5 of the procedure are iterated until convergené@Mmunication to PO, is

When the load grows above threshélda new channel is al- c
located either immediately, if available, or as soon as a channel P;[blockk to j] = Z N;jj(w).
becomes available. The inverse of the channel allocation rate w=C—k

(i.e., the average time that should pass before the new chanfgd probability that no additional wavelength channel is avail-
can be allocated) is therefore obtained as the product of tygje at PONj, given thatk channels are already allocated for
terms: the average channel holding time, i.e., the average gis communications from PON can be computed in the same
ration of the time between the allocation of a channel and {jg;,
subsequent deallocation; and the probability that a new channe

is not available when it is needed. ) =
While the first quantity can be easily obtained by the solution Pj[blocKk from 1] = Z Njji(w)- 12)
w=C—k

of the CTMC, in order to obtain the second a further assump-
tion is needed: we assume that the numbers of channels usigthg the distributionsV;; (w) to uncondition (12) with respect
between each pair of PONs are independent random variabtes:, we can obtain the average probabilfy[block, i.e., the

Let V;;(w) be the distribution of the number of channels beprobability that no additional wavelength channel is available at
tween PONi and PONj. The number of wavelength channel$PON ;.

used fromi to all the destinations except NV;);(w), is thus the  Finally, the probability that a channel is not available when it
sum of independent random variables. Hen¥g, (w) is the is needed for establishing a connection from PQdIPON;; is
convolution of the distributions: equal to

P, ;[unavailabilityk] = P;[block k] + P;[block|k]

Ny (w) =N 1(w) « Nyo(w)x---x N; ;1 (w

() = Nia(w) * Nia(w) =1(w) — P;[block k] P; [block{#]

* Nijgr(w) * - % Ny, (w)

whereN,, is the number of PONSs. The tail of the distribution is V. PERFORMANCERESULTS

folded ontoV;;(C). In this section we present some performance results to assess
The probability that no new wavelength channel is availabthe merits of our proposal. We first concentrate on the sched-

at PON, given thatk channels are already allocated for theuling algorithm and compare our algorithm to an ideal algorithm
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TABLE I
CHANNEL DISTRIBUTION P,,, CHANNEL UNAVAILABILITY PROBABILITY P, , AND AVERAGE CHANNEL HOLDING TIME 7, UNDER UNIFORM TRAFFIC

A=06 A=14 A=16 A=24
n i 2 3 1 2 3 1 2 3 1 2 3
P, 1099 0.01 <10°¢ | 2107* 0.99 10°% | 1107 099 103 | 0.12 0.76 0.12
P, - 1076 10-¢ - 1.81072 0.98 - 0.18 0.99 - 0.99 0.99

T oo 34107! 861072 00 7.410% 0.2 00 2010* 03 oo 43101 32108

by using the previously described analytical model. Then we The performance indexes we obtain with the analytical model
concentrate on the analysis of the logical topology design algare the channel distribution among each pair of PONSs, the prob-
rithm. Finally, we examine a small-scale network by simulatiompility that a channel is not available when required, and the
taking into account both the scheduling and the logical topologyerage channel holding time.

design algorithms. A network of 100 PONs is considered wity; = 100 dummy
] ] ports, and the frame lengthi is set equal to 100 slots. The av-
A. Scheduling Algorithm erage call duration has been set to 1 time unit, and each call

We examine the SONATA network under a uniform trafficequires 1 slot. The channel allocation threshfldchas been
distribution. We consideN, = 20000 000 end terminals, 400set to 10 slots, while the channel deallocation threstiolths
PONSs, 400 wavelength converter arrays, @d= 1000 slots. been set to 20 slots. Note that such a large-scale system can be
We compute the blocking probability of an ideal scheduler, i.e.hardly analyzed by simulation. Moreover, although in the real
scheduler able to allocate a new request if there are enough timeéwork the frame length is equal to 1000 slots, envisioning
slots available atthe source terminal, atthe receiver terminal, &iogle connection-oriented calls of 1 slot is reasonable only for
onthe wavelength channel,independently of the position of théetephone calls. An allocation request of 10 slots would corre-
time slots in the frame, and of the allocation used for the alreaggond to a bandwidth of about 5 Mbit/s, a reasonable value for
existing competing traffic. We compare the blocking probabilityideo traffic; the ratio 10 slots over 1000 slots is the same ratio
of our scheduler (using the analytical model presented in Sectiga use in this section, where connections require 1 slot and the
IV-A) to the ideal scheduler, varying the PON offered load. Wisame length is set to 100 slots.
consider as a parameter the percentage of active terminals in &able 1l reports the channel distributid?), (probabilities of
PON, i.e., the percentage of users that can generate a call reqghasging » channels allocated to a pair of PONSs), the channel
among the 50 000 end terminals. unavailability probability?,, and the average channel holding

The results are plotted in Fig. 6, where dashed lines referttme 7 obtained when the traffic is uniformly distributed among
the real SONATA scheduler, and continuous lines refer to tleach PON pairs, for variable values of traffic loadIf A =
ideal scheduler. The curves for the ideal scheduler are not disfixt, the programmable portion of the network is marginally ex-
guishable in the figure because they overlap among themsely@sjted. Thus, the probability of channel unavailability is negli-
and also in part with the lowest curve of the real scheduler. Ogible, and the average channel holding time is very small for the
SONATA scheduler performs very close to the ideal schedulextra channels.
when all users (100%) are active. Only when the percentage ofNVhen the PON-to-PON load is increasedXe= 1.4 or to
active users is reduced to 10% or 5% is it possible to see a slight- 1.6, the programmable portion of the network is fully
performance degradation; indeed, having a smaller numberesploited; the probability of unavailability of the third channel
active users per PON decreases the multiplexing effect, thagproaches 1, while its value is smaller when the second channel
the blocking probability increases due to the unavailability a§ required.
source or destination slots. When the PON-to-PON load is further increased te 2.4,

These results, together with the fact that for the ideal schesb that more than two channels between each PONs pair are
uler no performance difference exists when reducing the peequired on average to transfer all the traffic, the channel un-
centage of active users, support the assumption that the blockiwgilability probability approaches 1, and the channel holding
probability is mainly addressable to the unavailability of slots athme becomes really large. In this case, the channel distribution
wavelength channel, and not to the users occupation level. shows a significant variance. This is mainly due to the fact that

Moreover, the analysis of the logical topology design algahe topology design algorithm can very hardly converge to the
rithm discussed in Section IV-B, that assumes an ideal schegbtimal topology due to the high network traffic overload.
uler, is supported by the small differences shown in this sectionTable Il refers to a scenario in which the amount of traffic

between the ideal and the real scheduler. originated in a PON and directed to receivers belonging to the
, ) same PON is larger than the amount directed to any other PON.
B. Topology Design Algorithm Intra-PON traffic load is)\;, = 6.0 while inter-PON traffic

We analyze the “steady-state” behavior of the algorithm bgad isA,..; = 1.0. Data reported refer only to intra-PON con-
using the analytical model described in Section 1V-B. nections. In this case, the probability of channel unavailability



BIANCO et al: NETWORK CONTROLLER DESIGN FOR SONATA 2027

TABLE Il 12 ' ' T =09 ——
CHANNEL DISTRIBUTION P,,, CHANNEL UNAVAILABILITY PROBABILITY P, ;»:;.i .

AND AVERAGE CHANNEL HOLDING TIME 7, UNDER NONUNIFORM TRAFFIC

n 5 6 7 8 g

7
P, 21074 0.83 0.17 1106 % |
P, | 253107 1.4510~* 6.77 10-* 2511073 :3

° i

T | 2.8710° 2.80 102 0.333 0.091

4

is negligible, since on average only few programmable chal s

nels are used to carry inter-PON traffic. The intra-PON chann Joo 150 200
distribution has an average value close to 6 as expected. The

channel holding time of the first 5 channels is really large singgy. 7. Convergence of the current logical topology to the reference topology.
they are rarely deallocated, while it decreases more than six or-

ders of magnitude for channels 6, 7, and 8.

The model also provides a rough estimation of the catk end terminals, and one channel missing toward the other two
blocking probability, evaluated as the probability of finding th@aths. Note that this is a logical topology that maximizes the
system in the statg: F', k), wherek = 1,---, C. This allows us topological distance from the optimal topology under uniform
to perform a first setting of threshold values. Although optimataffic.
threshold values are dependent on the traffic pattern, it can b&Ve show in Fig. 7 the topological distance of the current
shown that, in general, when threshollsand/ are decreased, topology from the optimal topology as a function of time (one
the probability of channel unavailability slightly decreasesinit refer to a time frame), for variable loads. For medium-high
since we better exploit the network bandwidth. However, Hgads & = 0.9), the system converges rapidly to the optimal
decreasingd, the call blocking time experienced while waitingtopology; once the optimal topology is reached, due to traffic

for the channel to become available also increases. fluctuations, the algorithm sometimes modify the logical
_ topology, but the topological distance from the optimum
C. Network Controller Resource Allocation remains small. Results for smaller loads are not reported for

We examine by simulation the algorithm in terms of its spedie sake of conciseness and show a very similar behavior.
of convergence to the optimal logical topology, and its stability. For moderate overload\(= 1.4), the optimal topology is
By optimal topology, we define the topology that maximizes thi€ached quite quickly; once all the channels are correctly allo-

network throughput in a given traffic scenario. cated to pair of PONs, the system does not modify the topology
We concentrate on a smaller system, with 3 PQNs= 150 ~ Since no channels become available at any time. _
end terminals, i.e, 50 users per PON, frame lenfgtk= 100, For sustained overload\(= 2.4), the optimal topology is

N, = 3 dummy ports connected to a bank of 3 wavelengthever reached; similarly to the previous scenario, once all the
converter arrays, and 6 wavelengths per fiber. We study bd&annels are allocated to pair of PONs, the system is not able to
network controller resource allocation algorithms, i.e., logic&nodify this topology since no channel becomes available at any
topology design and scheduling, under uniform traffic patteriime. However, the system does not converge in general to the
We discuss the speed of convergence of the algorithm to @timal topology but to a topology that depends on the initial
optimal logical topology as a function of the system load. Nogochastic behavior of call requests.

that in this case the optimal topology is obtained by allocating Note the good agreement between the results presented in this

the same number (2) of channels to each PON pair. section and those reported in Section V-B.
Attime O, all then,, x Ng = 9 additional channels provided
by the programmable portion of the network are allocated be- VI. CONCLUSION

tween PONs connected to input and output ports with the SaMerpe paper described the network architecture and provided

inde?<, i'?" 4 channels are ava”able betw_een squrce pand a performance analysis of a passive optical network named
destination PON and 1 (wired) channel is ava_ulable_ bet\_'vee%ONATA, which has been proposed and demonstrated in the
PON.I and all other PONS. Thqs, the topological distanise context of the European Union ACTS Program. SONATA aims
12, since each PON has 2 additional channels allocated to rege voiding the need for large and fast switching electronic

'We define as topological distance between two topologies the followigodes in a high-speed nationwide network. To reach this
quantity: goal, the network structure and the layer architecture within

S 3 (0, — €2 the network have been drastically simplified: the transport
— L TED I infrastructure consists of a single-layer of end-to-end optical

, connections. End terminals fully exploit time and wavelength
where indexes$ andD span over PONs, and whef&. ,, andC?% , represent

the number of channels allocated from PGtb POND in the first and second aglllty to eXChange paCke“Zed information in the mUIt'pIe'aC'
logical topology, respectively. cess network.
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