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The Futare Core Network

Executive summary

DICONET Deliverable 7.3 includes the studies thatevconducted in the framework
of “Task 7.3 Techno-Economic Issues/Studies”. Tég &ctivity reported here is the techno-
economic analysis of the DICONET networking solatidhe core concepts of DICONET,
dynamicity and impairment awareness, are exploretkuthe perspective of cost and their
impact is translated to financial terms. Such awestigation is critical for the telecom
operators who seek viable long-term investments.

In this context, the choice of reconfigurable crosanecting nodes for an optical core
network has its own significance, given that th@ssount for a big fraction of the capital cost
of the transport plane. Hence, we address in sec®iothe different architectures of
Reconfigurable Optical Cross-connects (R-OXCs)iatrdduce some useful definitions. The
different architectures described, carry a differeambination of the following features:
coloured/colourless, directed/directionless andematonless/partly blocking free. As a result
each of these architectures are characteriseddiffeeent degree of flexibility. Besides, these
nodes have different requirements in capital aniééa a cost study presented in section 2.3
showed that it is more important for an operatante@st as a first step on directionless nodes
and as a second to colourless. The features olucand direction are also explored in
sections 2.4 and 2.5. In the former a study onirtigact of direction on restoration showed
that for full restoration the network needs directess node architecture. In the latter the
performance of several node architectures withrcatal direction related constraints were
evaluated and the results demonstrated that th®urc@onstraint is a more dominant
performance limiting factor than the direction tethone.

Following the thorough investigation on the nodeh#ectures and the limitations
they impose, section 3 is dedicated to the costeflind of the network capital and
operational expenses. Section 3.1 includes theassstmptions made for all the components
that are considered along with the cost model oh é&OXC. Then the yearly recurring costs
that correspond to the network related operatienpkenses are presented and include power
consumption, housing and maintenance costs.

In section 4 we discuss the role of Routing and 8l&wth Assignment (RWA) in the
network design process. We provide description®ath the Impairment Aware (IA) and
Impairment Unaware (IUA) algorithms that are usedhie techno-economic analysis. As the
different algorithms employ different resource edbon methods it is essential to utilize the
method that will perform the most efficient resaim@ptimisation; resource optimisation is
essential to achieve cost-effectiveness. The dlgos considered in the analysis concern both
the planning of transparent and translucent netsvdrkthe former case where the topologies
are typically small enough for the signal to progtagall optically, the solution of the
algorithms is a set of lightpaths that serve thmuirtraffic matrix. The 1A algorithm of the
transparent case benefits from the physical lat@us consideration to ensure the optimum
channel allocation, whilst the IUA one suffers frpimysical layer blocking. To overcome this
deficiency an additional capital expense is reqljisther by deploying an additional parallel
line system or by installing regenerators. In tasecof larger topologies (e.g. EU-wide) where
the presence of regenerators is unavoidable, therigdms presented here, the resource
optimization is not only limited to channels butended also to regenerators. Hence, the goal
here is to minimise the number of regeneratorsithict drives the overall capital expense.
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In the techno-economic analysis (section 5) thegwubf these network planning
methods was processed and mapped to capital amdtiopal costs using the cost models,
reported in section 3. In the transparent casei@eb.2.1.1) we quantified the results of the
IA and IUA RWA algorithms by estimating the costtbe required components (amplifiers,
add/drop terminals, transponders, network intedpoaf each planning solution. When
considering unidirectional traffic, regeneratorsend assumed to handle the physical layer
blocking experienced in the IUA case. As a consegeethe capital and, as a result,
operational cost surpasses the one estimated #onAhsolution. The same method was
applied to the output of the IA and IUA algorithiies translucent networks (section 5.2.1.2),
only here we studied two IA algorithms, one utilgi the worst-case cross-channel
interference and the other the actual interferefbe. worst-case-interference method led to
the highest capital expenses among the three dtigetover-provisioning of regenerators,
although this estimation is expected to remain @mswith a potential traffic increase. The
IA solution that considers the actual physical ifgieence resulted into the lowest capital and
operational costs, outperforming the IUA solutidio. capture the real-life deployments the
techno-economic analysis also studied network phenoost implications for bidirectional
traffic 5.2.2. The study showed that an IUA solati@quires additional capital investments
sooner than the IA one with the increased traffice transparent and translucent network
topologies were assumed to explore also the inthattvarious node architectures pose to the
network planning. The cost estimations followed saene pattern in both types of topologies
and were dominated by the number of add/drop teaisinindeed the most flexible node
architecture proved also to be the most costlgadmtrast in a study investigating the manual
interventions required for each type of node aedhitres during the operation phase and the
associated costs (section 5.3.1), the more flexiibele demonstrated more economic
performance. Section 6 summarises our conclusions.




@00 L"#'S $%  $% $ &"# 1'$
C0#s*+ (G,

The Futare Core Network

1. Introduction

When traffic in telecom networks was voice-centriigsigning and planning the
network was not a complicated task. Novel capadéyranding applications though, led to an
unprecedented growth of data-dominated traffic wighamic usage patterns. In this context,
telecom operators seek for a cost-effective cotealpnetwork that satisfies the new traffic
conditions. During network design, operators needmploy methods that minimise the total
cost of ownership and the network-related operati@xpenses while ensuring scalability,
dynamicity and adaptation to future demands. Githext network operators have a limited
budget available when designing or upgrading a oedw is of utmost importance to make
investments that will not require adding racks gfiipment in every traffic increase.

A telecom network, regardless of its size, entils classes of expenditures for the
operators: capital expenditures (CapEx) that ineltide cost of all the components that
comprise the network and the operational expereBt(©pEXx) that correspond to the costs
stemming from the power consumption of the netwbdysing, labour and maintenance. An
optical core network that spans over several hutsedog thousands of kilometres utilizes at
the bottom of its multilayer structure a WavelenBikision Multiplexing (WDM) transport
plane that is responsible for the signal transmisand switching from the source node to the
destination. Herein the cost analysis focuses erexpenses related to the WDM layer.

From an economic point of view, it is essentialntake maximum use of the all-
optical technology and have the signal travel @fiyd1] [2] avoiding the optical-electronic-
optical (O/E/O) conversions. The evolution of oglinetworks from opaque (where electrical
regeneration is present in every node) to trangphavas driven and justified by -among other
reasons- the ultra-high bandwidth provision, Qo8rgntee and scalability. Yet this transition
proved to be also particularly cost-effective. Host savings of a transparent network design
over an opague network may be up to 50% [1]. Th&Ogavings in the all-optical core
networks mostly due to the minimised power needphaftonics, [2] along with the CapEx
savings stemming from the elimination of the costlgtoelectronic interfaces, render
transparency highly correlated with the deploymehtan economically viable network.
Nonetheless error free detection of the opticataigan be achieved for a finite distance, as
the physical layer impairments accumulate degrathegyuality of transmission [3]. Thus in
large scale networks a small number of regenerasibes is required. In these semi-
transparent (translucent) networks the number gliired regenerators is critical to be
minimised as the cost of ownership is highly degenan the associated expense [4]. On a
similar manner fully transparent networks shoukbahake maximum use of the optical reach
as this ends up to lower blocking rates and mdreieft utilization of resources.

Further to the introduction of photonic switchesl amavelength selective switches,
reconfigurable optical switching components aradigpadopted due to their inherent ability
to support the dynamic traffic evolution in a fleld and most importantly economic manner
[5]. Reconfigurable optical networks present a iclaasiness case since the operators do not
have to overprovision their network with equipmergant to serve future variations in traffic.

In this context DICONET’s vision (Figure 1-1) forigh end-to-end all-optical
connectivity, reliability and dynamicity is studieshder the prism of capital and operational
cost. The networking solution that DICONET proposesealised through a set of resource-
optimisation algorithms that introduce also a bessmopportunity for the network operators.

0
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Intelligent routing and wavelength assignment, aged component placement, failure
localisation and resilience, all integrated in &iad control plane, provide the network with
an extended level of optimisation. Under T7.3 tlustcbenefit that is gained with the
DICONET solution is studied and quantified, focwgsion the concepts of impairment
awareness and reconfiguration ability.

Network Management
System
(NMS)

DICONET
Network Planning/Operation Tool

¢ Physical layer impairments modeling
* Optical performance and impairment monitoring (OIM/OPM)
« IA-RWA (lightpath routing)

« Component (Monitors + Regenerators) placement
« Failure localization and resilience algorithms

o Multi-layer traffic engineering

« Control plane interfacing and integration

Operator

Edge Routers and/or L2 switches

> = 5
o & o
QF’ % 4.1
[ V4
Transponder Interface
(GbE, 10GbE, STM-16,STM-64,STM-256)

Optical Transparent Network
L7

=
¥

Edge Routers and/or L2 switches|

Figure 1-1: The DICONET vision

The main goal of Task 7.3 is to perform a technmremic analysis that illustrates the
cost correlation of a physical layer aware netwagksolution compared to a physical layer
un-aware solution. In addition the impact of thiéedent reconfigurable node architectures on
the cost estimations is studied seeking the masteftective given specific conditions. Key
activities in this task include:

o Define traffic demand matrices to feed the techomaemic process

o Utilize the DICONET routing and wavelength assignin&gorithms to determine the

network requirements in resources

o Study of various node architectures and their impadhe routing algorithms

o Define the cost models corresponding to the Cagieonetwork

o Define the cost models corresponding to the OpBk@hetwork

o Perform a techno-economic analysis by mapping ¢lsirg solutions to CapEx and
OpEXx estimations

o Compare various reconfigurable nodes architectuiresterms of their cost

requirements

In the remainder, this deliverable is organizedadlsws: in section 2 we present useful
definitions and describe node architectures thatr libfferent degrees of flexibility. In
addition we provide three individual studies thatcdss the different features of the nodes
and their impact on routing and restoration, alevith an indicative cost comparison of
commercially available node architectures. In sect8 the assumptions and the models
followed in the cost modelling are presented, bfih the network-related operational
expenses and the capital ones. Section 4 elabdree®le of RWA in the network design
and the specific methods that are used for thenteelconomic analysis. The methodology
and the results of the mapping of the algorithnaltitsons to cost are compiled in section 5
and section 6 draws the conclusions.
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2. Node Architectures

A significant portion of a network’s cost of ownkig is allocated to the nodes that mesh the
network and whose role is to cross-connect or add/the traffic that reaches the nodes. In
view of these cost considerations it is vital fbe toperators to make educated decisions in
terms of the architectures and their correspond@agures in order to ensure a viable and
long-term investment. While all reconfigurable nedkeat cross-connect traffic in the optical
domain offer more or less the same functionalitytfe transit traffic, they primarily differ in
how the traffic local to the node is treated. Thame the different types OXCs are
categorized mainly based on the features/flexybit the add/drop ports. Before listing the
types of node architectures it is useful to intrmea few definitions that refer to the add/drop
ports of the nodes.

2.1.

DEFINITIONS

Colored - Colorless ports: Currently optical networks are evolving to support
colorless add/drop ports which, unlike colored ddujd ports, do not have a
permanently assigned wavelength channel but raherprovisioned as to which
wavelength channel will be added/dropped. Colorpesss are attractive as generally
fewer total add/drop ports are needed resultingjmpler operation and possibly more
compact physical interfaces. Considering tunaldegponders (TSP), colorless ports
allow the wavelength to be selected and provisionammotely (lower OpEx by
simplifying deployment and enabling remote and damiodification of a channel's
wavelength). Colorless ports are generally credgdeplacing a fixed wavelength
demultiplexing element (for example an arrayed wange grating (AWG)
component) with a wavelength selective switch (W@SWSS can steer each optical
channel present on its input port toward one ofoitgput ports. In this basic node
architecture, a colorless add/drop port is stillidated to a single transmission fiber
giving reason for some network blocking. This candvercome by the next port
category.

Directed - Directionless ports If a node is equipped with directed add/drop poat
channel on a specific transmission fiber enterimg node can be dropped only by a
de-multiplexing element connected to this transiorsdiber. In the same way, a
locally added channel leaves the node on a prexekbfiransmission fiber depending
on the selected add port. As this architectureomparably inflexible, architectures
with directionless ports have been proposed whitdwafully flexible transmission
fiber selection for add/drop. The network operasoable to select provision and alter
a signal pair's route at truly any point within wetk. Thus in an OXC with
directionless add/drop ports not only transit tcafis switched from/to arbitrary
transmission fibers, local traffic can be switchédxibly, too. Typically this
directionless port property is realized by re-dating a transmission fiber port to a
local port. It should be noted that for this reafian a particular wavelength can still
be added/dropped to only one transmission fibet. pidrte use of this wavelength
blocks adding/dropping of the same wavelength tdtear fiber port.

Contentionless ports It may be the outcome of an optimum Impairmentaftav
Routing and Wavelength Assignment (IA-RWA) compiatatas presented in the
deliverables of WP4 of the DICONET project that tiplié demands are assigned to
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identical wavelengths but different transmissiohefi pairs. Without any special
measures for achieving wavelength blocking-free. (€ontentionless) ports, it is an
intrinsic property of reconfigurable OXC to providaly a single add/drop port for
each wavelength. In this case — while the wavelengtpacity is available on the
transmission fibers — wavelength blocking may oa@uthe lightpath within the OXC

itself. Typically the contentionless port propeidyrealized by a spatial switch matrix.
In contrast to a WSS, this type of switch crosshsmts input ports irrespective of the
specific wavelength.

Partly blocking-free ports: An intermediate architectural step between fully
wavelength blocking-free ports irrespective of thamber of locally identical
transponder wavelengths on one side and a singlelag port for each wavelength
on the other side should be mentioned here. Thikl@arn high practical relevance in
future transparent networks as it allows an eaalirgr of the number of wavelength
blocking-free ports. The basic idea is to re-de@icaultiple transmission fiber ports
(for instance equipped with a WSS and a powertsplias local ports.

2.2. TYPES OFNODE ARCHITECTURES

DICONET D2.1 elaborated the implementation of cgtinodes by describing in
detail the architecture of Optical Add-Drop Mulepkrs (OADMSs), Reconfigurable OADMs
and OXCs. However, the node architectures desciib#te following, focus on the degree of
flexibility they introduce and are considered ims# correlation with the implications they
impose to the network dimensioning and consequéatthe cost evolution. We define here
as R-OXC 1 the Reconfigurable OXC that carries lighest degree of flexibility and
Imposes no constraints to the problem of RWA, a®itesponds to a node that is colorless,
directionless and contentionless. Considering R-QX&3% the reference architecture, a set of
nodes that carry different combinations of the efoentioned features is presented. They are
presented starting from the less flexible nodendeuline the architectural evolution towards
the most flexible one. R-OXC 1 is not commercialailable and difficult to implement with
WSS components and therefore not described inollaning.

2.2.1. Colored and directed node architecture (R-OXC 6)

The colored transparent architecture is a WSS-babeaxptical cross-connect with a
broadcast-and-select architecture. In this nodeictsire fixed and direction-specific
transponders are used. As a consequence eachamndesgs connected via a wavelength
multiplexer/de-multiplexer (e.g. AWG) to a fixedpof the node. If a particular wavelength
is not equipped in the terminal for a port, it cahbe used for add/drop at that particular port.
The advantage is that there is no need for extr& \&iipment in the add/drop terminals.
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Figure 2-1: Colored & directed transparent node artitecture

Specifications:
Transparent OXC based on multi-port WSSs in a cosrbconfiguration (Note:
unidirectional devices are depicted here, as they eequired in practical
implementations.)
N WSS required, if N is the number of network filpairs.
N:1 ports necessary for WSS
Colored add/drop ports

2.2.2. Colored and directionless node architecture (R-OX®)

To avoid having separate multiplexers/demultiplexier each network interface and
to be able to share the add/drop ports betweendtveork interfaces, one nodal degree of the
OXC is used as a common add/drop port. Channets &dank of (different) wavelengths
can be switched towards any network port conneci¢ide OXC, as shown in Figure 2-2. The
drawback of this architecture is that only thoseelangths equipped in the channel bank can
be used for traffic connections, and every wavdlergn only be used to terminate a single
network interface, only one wavelength per colar ba use.
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______ l_:_iég_d?é_ 2-2: Colored & directionless transparent no@ architecture
Specifications:
Transparent OXC based on multi-port WSSs in a coarlgonfiguration
N + 1 WSSs required, if N is the number of netwiiloker pairs.
N:1 ports necessary for WSS

Non-contentionless colored add/drop ports

2.2.3. Colorless and directed node architecture (R-OXC 4)

In the architecture introduced in section 2.2.lilaleée wavelengths are limited to
those transponders, which are currently equippéd i§ a constraint to a RWA function, as
long as not all possible wavelength transpondersquipped. To avoid having to spend a lot
of CapEx upfront to allow a more flexible routintpe architecture according to Figure 2-3
can be used. Here, the transponders have a tuwalildength. The dropped channels from a
network port are distributed to the correspondirayelength transponders via a 1XN WSS. In
the add direction, all wavelengths are combined sedt to the corresponding network
interface. This allows the reduction of the numioérequipped transponders while still
maintaining routing flexibility.
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Figure 2-3: Colorless and directed node architecte
Specifications:
Transparent OXC based on multi-port WSSs in a coertgonfiguration
N WSSs required in the network interfaces, if this number of network fiber pairs
N WSSs required in the add/drop terminals
N:1 ports necessary for WSS in network interface
M:1 ports necessary for WSS in add/drop terminah{ihber of add/drops)

2.2.4. Colorless, directionless, partly non-blocking archtecture (R-OXC 2&3)

Similar to the architecture in 2.2.2, “degrees”tioé OXC are used to add and drop
channels. However the transponder cards used kataré tunable wavelengths such that
each channel card can be tuned to any wavelengtedVDM spectrum. Each channel can
be connected to any network port, but, as befaeh evavelength can be connected to only
one network port. To partly overcome this wavelbnglocking, additional degrees of the
OXC can be used as flexible add/drop ports (segpay box in Figure 2-4). In Figure 2-4,
two add/drop ports are shown. With increasing nundfe'add/drop degrees” the blocking
probability decreases until the number of add/ddegrees equals the number of network
interfaces. With the reduction of blocking probapitomes, however, an increase in required
equipment. From the perspective of a pre-provisigmolicy this type of architecture may
still suffer from the 1-by-1 relation between ardabtop degree (grey box) and the single
usage of a wavelength.
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Figure 2-4: Colorless, directionless, partly non-tdcking node architecture
Specifications:
Transparent OXC based on multi-port WSSs in a coarlgonfiguration
N WSSs required, if N is the number of network fipairs.
(N+R-1):1 ports necessary for WSS, if R is the nandf add/drop terminals
R WSSs required in the add/drop terminals, with pbfts
R WSSs required in the add/drop terminals, with Mdkts necessary for WSS in
add/drop terminal (M number of add/drops)
Non-contentionless colored add/drop ports at orddadp terminal. Extra add/drop
terminals required to solve this problem.

2.2.5. Overview of different types of Reconfigurable OXCs

Table 2-1 summarizes the node architectures destrdbove as a function of the
flexibility they incur. Up to now the algorithmiesearch workpackages of the DICONET
project assume a node design without any archiactimitations. The impact of these
limitations on the RWA performance was studied esjabrted in section 2.5. On the other
hand section 2.3 includes a cost study that aimmditating the type of commercially
available OADM/OXC architectures to be expectethm near-future investments of network
operators.

Table 2-1: Types of OXC

Type of OXC Colour - Direction - Wavelength Remote re- Remarks
less less -blocking- configurabil
add/dro add/drop free ity for
p add/drop transit
R-OXC 1 Yes Yes Yes Yes Highest flexibility, no architectural
limitations, DICONET WP4 algorithm
assumption
R-OXC 2 Yes Yes Partly Yes High flexibility, Figure 2-4
R-OXC 3 Yes Yes No Yes Comparably high flexibility, Figure 2-4

R-OXC 4 Yes No No Yes Medium flexibility, comparably
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expensive, Figure 2-3

R-OXC 5 No Yes No Yes Simple extension of R-OXC 6,
moderate flexibility, Figure 2-2
R-OXC 6 No No No Yes Limited flexibility, only flexible transit,

but static add/drop, Figure 1-1

2.3. COST STUDY OF DIFFERENT R-OXC ARCHITECTURES WITHIN A
NATIONAL BACKBONE NETWORK

The DICONET project is primarily focussed on futuransparent networking concepts
together with principles of OXC architectures adlas on algorithms and software solutions.
In extension to this, DOCONET also considers reatldvnode architectures and their impact
on transparent and translucent networking.

This study recalls the today commercially availal@&DM/OXC architectures and
compares the costs of different Fixed OADM / R-OX{es based on the 14-nodes DT
network. It aims to give a good indication whiclpaeyof FOADM and R-OXC can be
practically expected in near future network depleyis — and even more important — which
type of R-OXC is so expensive such that it willqarmably earn no practical relevance in the
next few years.

As direct cost values are confidential only normedi values can be provided.
Furthermore, due to confidentiality reasons, thiglg is based on those OXC architectures
which are widely adopted and supported by the ntgjof system vendors. The underlying
cost values are quite speculative today, as theyather rely on purchasing lists nor
commercial quotes. Instead they are derived froomrtieal talks to and exchanges with
system integrators.

2.3.1. Considered node architectures

The node architectures considered in this studyiude two FOADMs one bearing
static optical attenuators and one bearing eledatiy adjustable variable optical attenuators
(eVOASs). lIin addition 3 different R-OXCs were alsaken into account, a directed and
colored node (R-OXC6, Figure 2-1) as the standatHitecture, a directionless and colored
node (R-OXC5, Figure 2-2) and a directionless amidrtess one (R-OXC3, Figure 2-4) as
the more and most advanced OXC type, respectiaelgilable today. Future trends of even
more flexible architectures, which might be foresegen today (flexible grid networks), are
explicitly excluded from this study.
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Figure 2-5: Fixed optical add/drop multiplexer with static optical attenuators as the fixed baseline

configuration.

Figure 2-5 shows a fixed architecture where all tiplgixed WDM channels are
completely demultiplexed by AWG. The interconnesti@f channels are manually provided
by patchcords. In order to guarantee correct poleeels of outgoing channels on the
transmission fibers, a per-channel attenuatioggally done on an exhaustive measurement
base by an operator's technician before the chammaliplexed again. That is why this
concept is usually denoted by “demux-switch-mux’endby the switching itself is performed
manually here. This procedure does not only tiersicerable amount of working time, it is
also quite fault-prone.
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Figure 2-6: Fixed optical add/drop multiplexer with electronically adjustable variable optical attenu#ors.

XPDR

This drawback can be overcome by electronically A\&rays (Figure 2-6). Channels
are still interconnected by patchcords, but thegrdevels are automatically controlled. From
the operational expenditures perspective, this aggbr does not differ much from the
previous case unless ring networks are deployatgyuffer the opportunity to patch through
all channels on all but one hops. The single nodhowt a through-connection serves to
break the lasing condition, i.e. without a phydicéiroken ring, the amplified ring network
tends to get unstable and to act like a ring laser.

A big step ahead is the introduction of a remotantrolled reconfigurable optical
add/drop multiplexing node. There are differentvélars out which mainly differ in the
add/drop ports’ architecture. They all share thmes@haracteristic of transparent transit of
lightpaths which can be reconfigured by a netwodnagement system. Therefore the transit
is state-of-the-art today and need not be deschieelin detail.

In the simplest add/drop architecture (Figure 2tfignsponders are connected to
colored and directed ports provided by AWGs. Thaeeflightpaths are permanently assigned
to a fixed wavelength port and to a fixed netwoirdection. This prohibits from automated re-
routing of lightpaths in the case of a failure hietfirst or last hop is affected. The only
alternative is to manually re-deploy that waveléngtto a new route.

A higher performing architecture replaces all mdtronal AWG-based add/drop
groups by a splitter/WSS card together with ampigyunits and a single bidirectional AWG
group (Figure 2-2). This enables directionless s€te the transmission fibers of the network.
However, due the usage of AWGs as the finally cotete element, this architecture still
suffers from the colored port feature. Even if tiple transponders are supposed, this
architecture does not support any wavelength t@btd on demand.

When substituting each add/drop AWG in Figure 232 & splitter/WSS card a
colorless though directed architecture can be Bkigure 2-3). As for a higher nodal degree

0



QOO0 F"#"S $% $% $ &"# '3

m (0 #$ + (.

rrrrrrrrrrrrrrrrrrr

this architecture comes along with a number of W&faiired, it is expected to be a dead end
development as it is prohibitively expensive todsyhen not following the architectural
development shown in Figure 2-3, there is stillagtion for further enhancements when
substituting the AWG ports shown in Figure 2-2 byerond coupler/WSS card. As the
passive coupler acts as a combiner, this devicansed like this in the yellow inset box in
Figure 2-4. Instead of a passive coupler, someesystendors also propose a further WSS
device for calibrating the power levels and prowgdiow insertion loss, colorless add ports.
In the drop path, the port count of the WSS diyestlales with the drop capability of the node
itself. As this is a critical parameter, a 1x23 WIS&ssumed. Should this number of add/drop
ports be not enough, a further yellow box can beneocted in parallel.

Today, the last R-OXC3 is typically the most adwhoffered by a majority of

system vendors. Therefore, this architecture stebas the benchmark.

2.3.2.  Network topology and Traffic assumptions

In order derive a reasonable cost comparisonribtsenough to compare direct costs
of network elements as different OXC architecturese different properties and show
different behavior. A comparison based on a specifetwork topology and traffic
assumptions is mandatory for a fair comparison.

The network topology that was considered correspdodthe 14 nodes of the DT
backbone reference network (Figure 2-7, [7]).

Figure 2-7: The generic 14 nodes DT backbone refaree network.
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We considered 10G services exclusively in orderbéoinline with the classical
DICONET assumptions taken so far. In order to hief@im high-capacity 40G wavelengths
we made use of 40G whenever more than two 10Gcesrdan be multiplexed together onto
a single 40G wavelength. Today this is a littlecspi@tive as the cost ratio of 40G versus 10G
transponders is still higher than 2.5 which was tycal ratio in the past. Taking also
operational aspects into account, the theoretioastment in 40G muxponders seems to be
justified; especially when one expects a cost erosif 40G technolody For this study we
applied the aforementioned rule of selecting a #welength instead of three or four 10G
transponders. Concerning the associated costsssuengd 40G to the price of 3.5 times 10G.

Table 2-2: 10G traffic matrix for the national connections; note that this matrix symmetric.
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Table 2-3: 10G traffic matrix for the international connections all terminating in the Frankfurt node; note
that this matrix symmetric.

<
Z |

Node |B HB |[Do |D |E F HH | H K |L S Ul

B 0 0 0 0 0 S 0 0 0 0 0 0 0 0
HB |0 0 0 0 0 2 0 0 0 0 0 0 0 0
Do 0 0 0 0 0 3 0 0 0 0 0 0 0 0
D 0 0 0 0 0 4 0 0 0 0 0 0 0 0
E 0 0 0 0 0 3 0 0 0 0 0 0 0 0
F 5 2 3 4 3 0 4 5 4 6 4 3 4 3
HH |0 0 0 0 0 4 0 0 0 0 0 0 0 0
H 0 0 0 0 0 S 0 0 0 0 0 0 0 0
K 0 0 0 0 0 4 0 0 0 0 0 0 0 0
L 0 0 0 0 0 6 0 0 0 0 0 0 0 0
M 0 0 0 0 0 4 0 0 0 0 0 0 0 0
N 0 0 0 0 0 3 0 0 0 0 0 0 0 0
S 0 0 0 0 0 4 0 0 0 0 0 0 0 0

! However, at the same time it might be anticipateat 10G technology also undergoes a comparabte pri
reduction.
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2.3.3. Network dimensioning and cost calculation

As a next step we routed the given traffic mathsough the network and calculated
the load on each link. As electrical grooming istactly transparent network is excluded,
each connection was routed individually on the aghtiwDM layer without modelling
physical impairments. Therefore, this study perf@mannetwork dimensioning (i.e. where to
locate which type of R-OXC and further functionak) rather than a detailed network
configuration with specific lightpaths including rairment awareness. This is typically a
preliminary step before the real network desigrcpdure.

The transmission system was modelled as an 80-ehagstem bearing both 10G as
well as 40G lambdas. Whenever more than two 10@exiions share the same source and
destination node, the traffic is multiplexed upanagppropriate number of 40G wavelengths
by a muxponder.

Originally it was intended to evaluate network asphent scenarios with a single
type of FOADM or R-OXC. However, for the FOADM s@eio without eVOASs, the link
length between Leipzig and Frankfurt turned outbto too long to be equipped without
eVOAs. Therefore, we decided to place there a dymagain equalization functionality
realized by eVOAs.

Generally, for directionless ports scenario we maske of one WSS degree for local
add/drop. As shown in Figure 2-2 and Figure 2-4jrgle WSS fiber port can be used to
enable directionless add/drop functionality. Fot bBut one nodes, this approach is
appropriate. For the central Frankfurt node with high load for international traffic, we
decided to spend two WSS/splitter cards in ordegabtwo-fold wavelength-blocking-free
operation.
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Figure 2-8: Cost comparison of different commercidy available node architectures for the given DT

backbone network and its original traffic matrix.

The cost table of Figure 2-8 is normalized to tbealt cost of the “R-OXC 3,
directionless, colorless” scenario for benchmarlkpogooses. In order to evaluate the impact
of traffic increase we also considered a traffiowgh factor of 2, where geographically the
traffic pattern remained unchanged. We had to wmgrthe link between Frankfurt and
Leipzig by a parallel 80-channel system. Everythefsg remained unchanged.
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Figure 2-9: Cost comparison of different commercidy available node architectures for the given DT
backbone network and the traffic matrix with a growth factor of 2.

Figure 2-9 shows the dominance of transpondersnamxpbonders in a reasonably
tailored optical transport network. Furthermore tlst premium when upgrading all R-OXC
nodes from being not only remotely reconfigurabiethe transit path but also exhibiting
directionless add/drop ports (R-OXC 5), is complradmall when comparing the total
network cost. Depending on the network load, ivithin a few percent range; for this study
we found about 4 % extra cost for the omni-direwlofeature. This offers a lot more
operation flexibility, especially when consideripgotection schemes. In contrast to this,
going for completely colorless and directionlesd/dtbp ports is associated with about 50 %
extra network cost compared with colored and dagqtorts.

2.3.4. Conclusion

From an operator's perspective, FOADM are only etge to play a role for bi-
connected nodes in a ring-like network architectiNete that from the network planning
process, it must be defined a-priori that such denwill stay a bi-connected node and its
degree will never be increased. For nodes likeeth€OADM with eVOA for spectrum
equalization may satisfy the operational requireisiens there is no need for automated
switching into different directions. However, th$sa strong limitation for network operation
and bears the risk for bottlenecks from inaccunatevork planning.

When the operator has already decided to go fdexabfe, automated and high-bitrate
transport platform relying on transparent netwogkiprinciples, it seems from the cost
comparison to be recommended to start the R-OX@ye@nt with directionless but colored
ports in all multi-degree nodes. By overcoming bloended direction of add/drop ports with
the R-OXC6 architecture, this feature is very apited for protection purposes.
Furthermore, and not less important, is the faat there is still a huge cost premium for
colorless add/drop ports (right bar in the figured)ich is interpreted to be prohibitive
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nowadays.

On the other hand, when starting the network depéyt with directionless and colored
ports, there is still an optional migration pathatthieve even colorless operation by inserting
additional WSS/splitter cards into the R-OXC, se#loyv box in Figure 2-4. This can be
accomplished without affecting the already existiragsit traffic on the node to be upgraded.
This is the final reason why — under the given ag#ions of this study — R-OXCS5 is
considered as the most promising architecture timyoperator’s perspective.

2.4. IMPACT OF NODE DIRECTIONALITY ON RESTORATION

A key feature of optical transport networks is lieace. There are two main approaches to
implementing resilience in the optical layer. Tlmstfapproach is protection, where backup
resources are provisioned and reserved in advéamé&ath Protection, two disjoint end-to-end
paths are provided for every connection in the oétwlf the backup paths are reserved for
each working path, then the network uses Dedidastll Protection. If two working paths are
disjoint, a single failure cannot affect both patfiterefore their Backup Paths can share
resources. This is called Shared Path Protectiba.sEcond approach is restoration, where a
new connection is provided on-the-fly after a feelun the network, using any available
resources. Restoration is typically more resouftieient than protection, because resources
do not need to be reserved for protection. Restoratiso has higher availability, because any
available path between source and destination eanskd. If two networks have the same
resources, then 1+1 or 1:1 protection has doulllerés which can terminate a connection,
whereas for restoration the graph needs to be miwmed However, restoration is usually
slower than protection, because path computatiehpath setup takes some time. We have
shown that the transparent architecture based o89/A&Sso cost-effective for switching trunk
traffic, that the impact of protection sharing retoptical layer on the node CapEx was very
small [6].

In evaluating protection or restoration strategiesjally the underlying node architecture
iIs not taken into consideration. In traditional wetks based on electronic switches, the
flexibility to switch traffic to any outgoing or @oming interface is present, without the need
to install additional interfaces in the endpoirigwever, fully transparent node architectures
do exhibit some limitations in flexibility. In thisection, we study the impact of the
directionality of broadcast-and-select WSS nodéitgctures in transparent optical networks
and show that it has very detrimental effects oticaprestoration. We assess the fraction of
traffic that can be restored without protectiortrahsponders (meaning that we overprovision
transponders so that in case of a link failure, vawe available transponders in another
direction) and show that a significant fraction tadffic is optically unrecoverable after a
failure and needs to be restored in higher layers.

The considered node architecture is directed, @dsrand contentionless (see section
2.2). This architecture promises to become a popmgdaition for switching trunk traffic at
wavelength granularity, because of its cost-effectess and modular design allowing for
pay-as-you-grow scalability. One of the drawbackshes architecture, however, is reduced
flexibility in the form of directionality. A schentia is given in Figure 2-3. The add/drop
terminals in this architecture are fixed to a spediber pair (direction), on the incoming side,
all traffic is split to each outgoing fiber andite associated add/drop terminal. Similarly, in
the outgoing direction an add/drop terminal is cated to the WSS of the outgoing fiber.
This directionality is also present when regeneratis required. In this architecture,
regeneration is achieved by direct back-to-backneotion of transponders. The incoming
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traffic must be dropped to a certain transpondet #ren automatically regenerated to a
specific outgoing fiber. This type of regenera®therefore also prone to directionality, and
reconfiguration requires manual intervention thtougconnecting to a different outgoing
transponder. These issues are not present in adtitlal cross connect based on a monolithic
n-by-n 3D MEMS switch fabric or in (more costlyyeictionless architectures.

Because of directionality, optical restoration witht work for all paths in a transparent
network based on the considered node architectareffect, if an affected transparent
connection is experiencing a failure on the finstast link, it will not be able to be restored
optically, and manual intervention (reconnection t&nsponders to a different add/drop
terminal) will be required.

In order to evaluate the impact of directionality the capability of the optical layer to
restore connections (without additional transposidere simulated restoration for a typical
translucent pan- European network topology [7]imudating behavior of the WSS node
architecture described above. It has 34 nodes 4nus, average node degree 3.18 (min.:2,
Max:5), average path length is 2397 km, with 4.dpshon average. For each of these
networks, we have a traffic matrix with a realistiaffic distribution for a carrier network.
The traffic matrix is routed over the shortest pbas paths. We then simulate each link
failure and check if the affected connections astarable under the directionality constraints
at the start and end-node and also at intermegkgtneration points. In the translucent case,
we require that the regenerators used for the nexstoonnection are the same as for the
affected connection. Furthermore, connections tsmlze un-restorable due to the transparent
length constraint. We assess the average frachetwéen 0 and 1) of the affected traffic
(meaning the lightpaths that are disrupted duédn¢éocbnsidered failure) and the of the total
traffic that is un-restorable assuming differemingparent lengths, ranging from regeneration
at every node (opaque) to fully transparent. Nbtg for the opaque case, we simply use
regeneration at every node, we do not consideiffereint node architecture.
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Figure 2-10: Fraction of un-restorable affectedfitdor GEANT2 topology

Simulation results are summarized in Figure 2-1@e Tigure shows that in the opaque
case all traffic is un-restorable in the opticayela after any failure. This was of course
expected, since all paths are one hop, and allplamal 2-hop paths are un-restorable. For a
transparent length of 2000km, some paths wereredgtounder the directionality constraint;
however, all of them exceeded the maximum transpaength (MTL). Increasing the
transparent length will allow longer paths, bothygibally, but, more importantly, in hop
count, which will give better restoration opportigs. For a 2500 km MTL (which is a
realistic value for 10G long haul transmission), matice that roughly 90% of affected traffic
is still unrecoverable, of which only 6-7% is dweexceeding the transparent length on the
restoration path. In the fully transparent case,lihseline performance is that almost 70% of
the affected traffic after a link failure is unreewvable in the optical layer.

Figure 2-11 shows the same results, but for tha toaffic in the network. This graph
takes into account the amount of traffic on eaok, liwhere the previous figure treats all links
as equal. It shows that increasing the transmisdistance increases the amount of traffic that
can be restored significantly, where in the opacase, on average 7.2% of the total traffic
load is lost after a failure, compared to 3.4%hia transparent case. This is only partly due to
the increased path length (less restoration pathsxceeding the transparent length) and
mainly due to the removal of directional regenemapoints.
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Figure 2-11: Fraction unrestorable traffic for GERNtopology

There should be a direct relation between the amotimnrecoverable traffic and the
average hopcount in the network. In order to eveldhis relation, we generated a large
number of random (connected) network topologie$ i, 30 and 100 nodes and different
average node degrees. These topologies range feestb very dense mesh topologies. Note
that for realistic telecommunication networks, tglinode degrees are between 2 for ring
networks and up to 3.5 for very dense mesh netwditkis corresponds to average hopcounts
of 1.3 to 3.4 for 10-node networks, between 2.5 &for 30-node networks and between 3.5
and 6 for 100- node networks. The traffic for theséworks is assumed to be a full mesh of

bidirectional lightpaths between all pairs of nades
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Figure 2-12: Fraction restorable traffic for randaetwork topologies versus average path
length (hops).

For each of these topologies, we calculated theageepath length (hops) and the fraction
of traffic that can be restored assuming full tparency. The results plotted in Figure 2-12
clearly show the relationship between the path tlerdstribution in the network and the
amount of restorable traffic. The longer the averbgpcount in the network, the higher the
fraction of traffic that is restorable. Note thhetgraph shows the fraction restorable traffic
versus the affected traffic. Increasing the patigtle in the network will increase the fraction
of the affected traffic that is restorable, butlvélso increase the total load on this link,
meaning that the total number of failed connectmwilsactually increase. Also, the larger the
number of nodes in the network, the better is thetion of restorable traffic. This is even
more valid if we take into consideration the avergmath lengths for realistic networks
mentioned above. In these ranges, for 10 node mk$wbe fraction is roughly 10-25%, for
30-node networks 20-40%, and for 100 node netwopk® 50%. These results also coincide
with our results for the Geant2 topology, which hasghly 35% restorability (34 nodes with
an average path length of 4.12 hops).

We have evaluated the impact of the directionalftgn optical cross-connect architecture
based on a broadcast-and-select design using V¢8tels with regard to optical restoration.
Following a link failure in such networks, onlyad¢tion of the affected traffic is restorable in
the optical layer. The average fraction of affedtadfic that is restorable after a link failure is
in direct relation to the average path length ie tietwork and the number of nodes in the
network. Increasing the transparent length willré@se the restoration opportunities by
increasing the average path length and, most irapthyt decrease the number of directional
regenerators needed in the network. Therefore mmesit aware networking will benefit
optical restoration in directional networks; however full restoration the network needs a
directionless node architecture or should implengeptotection scheme for all connections
instead of relying on restoration for dealing wiglures.
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2.5. IMPACT OF COLOR AND DIRECTION CONSTRAINTS IN WDM NETWORKS

Advances on optical devices, communication subesyst and network architectures have
led to a profound transformation in all aspectetical network communications. The most
common architecture used for establishing communicain WDM optical networks is
wavelength routing, where data are transmitted aleépptical WDM channels, called
lightpaths, which may span multiple consecutiverih A lightpath is realized by determining
a path between the source and the destinationlludting a free wavelength on all the links
of the path. The selection of the path and the \eagth to be used by a lightpath is an
important optimization problem, known as the RWAlgem [8].

The key elements that make this technology feasbdéeoptical line terminals, optical
add/drop multiplexers, and optical cross-conne@jisAn optical line terminal (OLT) includes
multiplexers/demultiplexers of wavelengths and TS®P3SP is responsible for adapting the
signal to a form suitable for transmission over dp#ical network for originating traffic and
for the reverse operation when traffic is termidatdn OADM takes in signals at multiple
wavelengths and selectively drops some of theseelagths locally, while letting others to
pass through. There are two types of OADMs: fixdedDADM) and reconfigurable
(ROADM). FOADMSs are capable of adding or droppiingfl wavelengths, while ROADMs
select the desired wavelengths to be dropped adddadn the fly, a feature that is quite
desirable.

OADMs are useful network elements to handle sinmgivork topologies, such as linear or
ring topologies and utilize fibers with small numladé wavelengths. In order to handle more
complex topologies and utilize a large number ofvelangths an optical cross-connect
(OXC) is required. An OXC essentially performs ftiags similar to the ROADMs but at
much larger sizes. As described in sections 2.1 2a8d OXC node architectures can be
distinguished based on whether colored or coloréess directed or directionless add/drop
ports are utilized. In a node equipped with dirdcaeld/drop ports, a channel on a specific
transmission fiber originating from or terminatiagthe node, can be added/dropped only by
a particular multiplexing/ demultiplexing elemepb(t) connected to this transmission fiber.
In order for such a port to switch to another wamgth or to another fiber respectively,
manual intervention is required, in other wordséhpersonnel on-site to reconfigure the node
accordingly. In any case, the number and the typES®s at each node are also important,
since they determine not only the exact number afelengths that can be added or dropped
but also the flexibility of the node. In what folls, we focus on OXCs; however our study
also applies for ROADMSs.

In this section we evaluate how a RWA algorithmf@ens under optical cross-
connecting node architectures with different leval€olor- and direction-related flexibility.
In particular, we concentrate on four node architess that use add/drop ports with the
following configurations: i) colored/directed, igolored/directionless, iii) colorless/directed,
and iv) colorless/directionless. These node archites come with a different cost; that is, the
more flexible ones are also more expensive. Assaltiean interesting tradeoff is introduced
between the network performance achieved, in tesfmgetwork blocking and number of
manual interventions, and the cost of the nodeitaatiire used. In the process of comparing
the node architectures of differing degrees ofifigity, we propose an adaptation of an
online RWA algorithm [10] that takes into accouhé tlack of node flexibility, and aims at
achieving -using the more constrained node arduites- performance similar to that
obtained with the more flexible and more expensiegle architectures. Additionally, we
evaluate different transponder assignment poliare$ determine their effect on the network
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performance achieved. Our simulation results shioat the color constraint affects more
strongly the network performance than the directar. In addition, the performance of the
architectures is highly affected by the transporadsignment policy used.

2.5.1. Previous Work

ROADMSs enable carriers to offer a flexible servase provide significant savings in
OpEx and CapEx [11]. Authors in [11] compare alatire ROADM network architectures
and show that optimally deployed higher-degree R®KQRvith optical bypass and grooming
can significantly reduce the cost. ROADM subsystears be implemented using a variety of
architectures and technologies, each with their otrede-offs in performance and
functionality [12]. In [12] authors describe the adable technology options, and
corresponding subsystem features, while highlightire key advantages and implementation
challenges associated with each of them.

Currently, most of the RWA algorithms proposed @sume that node architectures
are fully flexible. Very few studies consider RWAgarithms assuming nodes that have
architectural constraints. Authors in [13] studye therformance of WDM networks with
limited number of add/drop ports in OXCs. They c¢des the impact of the number of
add/drop ports and conclude that only a limited benof add/drop ports are required at each
node to achieve performance very close to that nétvork where each node is equipped
with the full number of widely tunable add/drop t®iThe authors in [14] compare the design
of metro optical WDM network architectures usingotwifferent ROADM architectures,
namely, a switching-based architecture and a tubasged architecture, and demonstrate that
tuning-based architectures are more cost-effedtvehe metro networks under the current
technologies. The same authors consider the tymogess of ROADMSs with the constraint
that it does not interfere with working wavelengtusd provide heuristics to avoid such
interference. Authors in [15] investigate the block performance of all-optical
reconfigurable networks with constraints on reogunfable optical add/drop multiplexers
(ROADMSs) and TSPs that can be tuned to transmitraoélive to a certain set of wavelengths
(limited tunable). They, also, develop an analyticaodel to calculate call blocking
probability in a network of arbitrary topology fowo different models of transponder sharing
within a node: the share-per-link (SPL) and thestper-node (SPN).

2.5.2. Network and Node Models
In this subsection we describe the network and moodels that we use.
25.2.1. NETWORK M ODEL

A network topology is represented by a connecteglyG=(V,E). V denotes the set of
OXCs-nodesE denotes the set of (point-to-point) single-fibeik§. Each fiber is able to
support a common s€={1,2,.... W} of W distinct wavelengths. Each linkis characterized
by the delay of the linki (or its length) and the availability of the wavaghs in the form of
a boolean vectow =(wi(1), wi(2),...wi(W)). We sew(i) equal to 0 when the wavelengttis
occupied, and equal to 1 when is free (available). This vector is called thekim
wavelength availability vector.

We assume that nodes are equipped with TSPs thdiectuned to transmit and receive
at any wavelength (widely tunable TSPs). In patéicithe number of TSPE each nod@ is

equipped with, depends on its deg2e The number of TSPs of nodewhich is assigned to
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each linkl, is assumed to be constant and equal tand as a result nodehas a total of
T =D, xT TSPs.

25.2.2. NODE M ODEL

In this study we consider four different node arettures:colored/non-directionless
colorless/non-directionlesscolored/ directionlessand colorless/directionlessFigure 2-13
shows these architectures. For example, Figure a2-iBustrates four add/drop ports
connected statically to Fibers 1 and 2 and wavéhend and 2 respectively, while Figure
2-13d) presents four add/drop ports that can svatcthe fly to any of the two fibers, serving
any wavelength. For more information on the funwidy of its of them please see section

Y }
4

)
4

Figure 2-13: Different node architectures: a) coloed/non-directionless, b) colored/non-directionless;)
colored/directionless, d) colorless/directionles3x,y express the ability of add/drop port: x is thefiber and
y is the wavelength that the transponder (TSP) islpgged in. The symbol ‘" denotes that there is no
limitation.

2.5.3. RWA Problem

The RWA problem is usually considered under twerakitive traffic modelOffline (or
statig lightpath establishment addresses the case whersethof connections is known in
advance, usually given in the form of a traffic mathat describes the number of lightpaths
that have to be established between each pair désa®ynamic (or online lightpath
establishment considers the case where conneduests arrive at random time instants,
over a prolonged period of time, and are servedupeir arrival, on a one-by-one basis. We
focus our study on the online RWA problem.

2.5.3.1. RWA ALGORITHM WITH FULL FLEXIBILITY

The RWA algorithm we consider in case nodes havdl fllexibility
(colorless/directionless nodes) is similar to the proposed in [12], but without the physical
impairment considerations present in that algorit@monsidering physical impairments would
only complicate our study, without adding any imgign it. This RWA algorithm consists of
two phases: in the first phase, the algorithm caegpa set of paths from a given source to the
destination as a generalization of Dijkstra’s aidpon. This set of paths is passed to the next
phase. Each path is associated with a wavelengdiahility vector. The wavelength
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availability vectorw of a path is computed by applying the logical ANPemator in the
wavelength availability vectors (component-wise)itsf constituent linksy . In the second

phase, the algorithm from the set of candidate pattlects the one with the most used
wavelength. In the end, the algorithm establishesdecided lightpath if there are available
TSPs in the source/destination nodes of the colmme@ssuming colorless/directionless node
architectures.

2.5.3.2. RWA ALGORITHM WITH LIMITED FLEXIBILITY

Colored vs. Colorless architecture

Colored add/drop ports in network nodes limit thexibility of the RWA algorithm,
mainly regarding which channels/wavelengths it cae for serving a connection request.
This is because the node ports are permanentigressio specific wavelengths. In this case,
the links’ wavelength availability vectorej, used by the RWA algorithm, are updated

according to these wavelengths. If the algorithmmnca find a lightpath for serving a
connection request, then manual intervention canpedormed. In particular, manual
intervention corresponds to the assignment of afable TSP to a different port than the one
already provisioned. If no TSPs are available, tinendemand is finally blocked.

Figure 2-14a) shows how the definition of the waweth availability vectowy of

link | has to be modified to account for the color relatenstraints. If nodel is the
destination of a connection request, then the aliity vectors of the node’s incoming links
are modified according to its available receiverdrep ports (that are tuned to specific

wavelengths). For example in Figure 2-14a), thgioal vector of linkl is V_\/|=[0 111 1
implying that the available wavelengths of lihlare thew,, w,, w,, w, (the example assumes

five wavelengths per fiber). In case the RWA altjoni attempts to find a lightpath that
terminates at node, then all the availability vectors of the linkcaming tod are modified
based on the way nodedsdrop ports are colored. In our example, nda=n only receive on
wavelengthsw,, w, because only receivers / drop pdRisandRs; are available and therefore,

the original availability vector is updated\t?T =[00100. This means that only wavelength
w, of link | is actually available for use by the RWA algoritimorder to end the lightpath in
noded.

If the RWA algorithm cannot find a lightpath, eittdgue to the unavailability of a path
and/or wavelength from source to destination or doethe color constraint, manual
intervention is necessary. In this case the RWArdlgm is re-executed for deciding the
lightpath that will serve the request, assuming thare are not color constraints. Next, based
on the RWA algorithm’s decisions manual intervemtis performed so as to plug a TSP at
the decided (input or output) port. As mentioné@, RWA algorithm (that does not consider
color constraints) is executed only if there asefl SPs at the source and destination nodes of
the connection request; otherwise the connectitipisked.
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Figure 2-14: a) Availability vectors of the RWA algrithm when considering colored ports. Receivers /
drop ports R1, R3 can only receive wavelengths w3, respectively. b) Availability vectors of the RVA
algorithm when considering directed ports, where tansmitter / input port T1 can only send traffic tolink
I1 and transmitter / input port T2 can only send traffic to link 12.

Directionless vs. Non-Directionless architecture

Non-Directionless ports limit the routing choicegidable to the RWA algorithm,
mainly regarding the first and the last link of hegth to be used for serving a connection. For
example, assume there is only one free input peith(a plugged TSP) connected to a
specific fiber in a node. This free input port can only be used by a cohaegequest, which
originates froms and uses this fiber as its first hop. This constreiust be accounted for by
the corresponding RWA algorithm. If a lightpath oahbe found, the connection is either
blocked, or manual intervention is performed toremt an available TSP to another fiber. In
this case, an RWA algorithm that does not congigrexction-related constraints will point out
which fiber-link is most efficient to use. In thase where there are no available TSPs then
the connection will be blocked.

In Figure 2-14b), if nods is the source of a connection request, then weoognset
up a connection from transmitter / input pdit to link [, and fromT, to |,. Also, the
wavelength availability vectors of the links areasgmodified, in a way similar to that used
for colored ports. In case we also have color cangs (that is, the ports are not colorless),
the RWA algorithm will have to find a solution und®th constraints.

TSP Assignment Policy

An important factor affecting network efficiency @ase colored node architectures are
used, is the way the transponders of a link argigianed to specific wavelengths. Next, we
present a number of such TSP assignment policies.

Colored Architectures - Policy 1: Lowest wavelengplnt first

The provision of wavelengths in the TSPs of a tak be performed according to the “lowest
available wavelength count first” rule. That iss@asing there ar@ available TSPs per link
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and no connections are already established, thes TT&R be provisioned to the firgt
wavelengths of the link (Figure 2-13a and Figurk3e).

Colored/non-directionless Architecture - Policy@yclic wavelength rotation

In this policy, theT available TSPs of each link are provisioned based cyclic
rotation process. That is, the TSPs of the firdt bf a node are provisioned to wavelengths 1
to T, the TSPs of the second link are provisioned to Vesmgghs T+1 to 2T, and the
provisioning procedure continues similarly to thamaining links, until all the TSPs are
provisioned (Figure 2-15a).

Colored/directionless Architecture - Policy 2: Fulavelength cover
Under this policy (Figure 2-15b), all the availaGli8Ps of a node are provisioned to
wavelengths 1 toT =D, xr, assumingT £W. In caseT >w, then T /w TSPs are

provisioned to all the wavelengths and the remainim modw TSPs are provisioned to

wavelengths 1 t@ modw.

Fiber 1.

Add

Fiber 2

colored/directionless architecture (as opposed tooficy 1 in Figure 2-13a and Figure 2-13c).

2.5.4. Simulation Results

The network topology used in our simulations was gieneric Deutsche Telekom network
(DTnet, Figure 2-7) that has 14 nodes and 23 lifkse capacity of a wavelength was
assumed equal to 10Gbps. Connection requests (eguahing bandwidth equal to 10Gbps)
are generated according to a Poisson process atgh (requests/time unit). The source and
destination of a connection are uniformly choseromgnthe nodes of the network. The
duration of a connection is given by an exponemdaldom variable with average 1{time
units). Thus, / gives the total network load in Erlangs. The totatwork load in Erlangs
gives the total number of lightpaths that are prese the network. In our simulations we
assume that widely tunable TSPs are plugged irtoifsp ports. In addition, we assume that
the number of TSPs is constant during the netwgeration. That is, we cannot add extra
TSPs and if a connection cannot be served duenitell resources then it is blocked. Also, in
the cases where we do not have fully flexible dechiuire and an available TSP has to be
assigned to a different port than the one origynatisigned, so as to serve a new connection,
then a manual intervention (M) is performed, usletherwise mentioned.

In Figure 2-16 we graph the blocking probability fbe four examined node architectures as
a function of the network load, assuming therel&available wavelengths and 12 TSPs per
fiber link. We observe that all node architectupesform similarly in terms of blocking
probability. This is explained by the fact that \abow manual interventions (Mis) for
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changing the direction and the color of a port, atedb each fiber has the same number of
wavelengths and TSPs. Small variations in blockimgbability are because in different
architectures the differences in ports flexibibtiead to different wavelength assignment by
the RWA algorithm, which assigns the wavelengthsedaon the already provisioned TSPs.
However, as Figure 2-17 indicates, different nodghitectures result in differences in the
number of Mls. The most flexible architecture withlorless/directionless ports has zero Ml
because every port can add/drop any wavelengtimyndaection. The second and the third
more flexible architectures are colorless/non-dioetess and colored/directionless,
respectively. Colorless/non-directionless architex exhibits very small number of Mls and
this can be explained by the characteristics ofifienetwork. In particular, the average node
degree of DT network is small and as result theation related constraint is not so restrictive
as the color related one. As expected the colooeddirectionless architecture needs the
largest number of Mls. Also, when the load is latfge number of connections blocked due to
limited resources (despite the MIs) increases,itgptb a small decrease in the number of
Mis.

Figure 2-16: Blocking probability

Figure 2-17: Average number of manual interventionsrequired per connection vs. network load,
assuming 16 wavelengths and 12 transponders per kinfor various node architectures.

Figure 2-18 illustrates the blocking probabilityses the number of TSPs per link for
different number of available wavelengths. In gahahe performance of the RWA algorithm




L"#"S $% $% $ &"# 1 $
C0#s*+ (G,

Is constrained by the number of transponders; heweas this number increases, then the
number of wavelengths becomes the performanceebettk. In particular, we note that in

order to achieve zero blocking probability 8 TSPs&l 44 wavelengths per link/fiber are

required. When having only 10 available wavelengtles fiber, we cannot achieve zero

blocking for load equal to 100 Erlangs, irrespesvof the number of TSPs. These results
and observations hold for all the node architestureder consideration.

Figure 2-18: Blocking probability vs. number of transponders for different number of available
wavelengths per link, assuming network load equalot 100. Blocking probability is the same irrespectie of
the node architecture used.

Figure 2-19 presents the number of manual interwmesit (MIs) required per
connection versus the number of available TSPdiplerassuming 10 wavelengths per link
and load equal to 100 Erlangs. The performanceltseape similar to those described in
Figure 2-18. As the number of transponders per Imdteases, the number of MIs per
connection decreases.

Figure 2-19: Manual interventions vs. number of traasponders, assuming 10 available wavelengths per
link and network load equal to 100, for various no@ architectures.

In Figure 2-20 we examine the performance of th@oua TSP assignment policies
proposed in conjunction with the node’s architeetuconsidered, assuming network load
equal to 100 Erlangs and 14 available wavelengphthis set of simulations, we assumed that
no Mis are allowed and as a result if the wavelerajtthe transmitter (source) does not fit
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with the wavelength at the receiver (destinatioim@n the connection is blocked. We observe
that the colored/non-directionless and coloreddtiioaless architectures exhibit the same, bad
performance when the TSP assignment policy 1 id.uBas is due to the fact that under this
policy not all the available wavelengths are adyualtilized. On the other hand the
performance of these architectures, and especidlbt of the colored/directionless
architecture, is improved when TSP assignment p@liis used.

Figure 2-20: Blocking probability vs. number of transponders when no manual interventions are allowed,
assuming 14 available wavelengths per link and netwk load equal to 100, for various node architectues
and TSP assignment policies

2.5.5. Conclusion

We evaluated and compared the performance of devada architectures with color
and direction related constraints used in a WDMwoét. In comparing the node
architectures, we also proposed an adaptation &VaA algorithm that accounts for the lack
of node flexibility, and aims at achieving performea similar to that obtained with fully
flexible node architectures. Our results demonstr#tat in topologies where the node degree
is small, the colored constraint is a more dominaatformance limiting factor than the
direction related one. In addition, we observedt tegen if a sufficient number of
transponders exist in each node, a small numberastlengths can also be a bottleneck of
the network’s performance. Finally, we illustratibét the way transponders are assigned to
wavelengths is important and policies utilizingthkk available wavelengths should be used.

3. Cost Modelling

3.1. NETWORK CAPITAL EXPENSES

In this section we present a detailed descriptibthe costs. The cost model is based on the
NOBEL phase Il cost model, updated through a suofelie most recent list prices published
by leading component manufacturers and system vendd. After the calculation of the
relative costs, with a long reach transponder &®,ball values were checked by different
system vendors and network operators, see Table 3-1

Costs are modeled with different levels of detasing driver based and dedicated cost
modeling. More information on the different meth@as be found in [17].
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A summary of all the used costs in the model isngshim Table 3-1. The costs of the different
node architectures are based on their physicalem@htations (section 2.2). An important
subpart is the network interfacHlf; its cost Cyn;) is based on the cost of the W54,
the number of necessary splitter poi@pfe) and a fixed cost for the casinGc{se n)
(Equation 1).

C:NI = CWSS + C:splitter + C:case_NI (1)

R-OXC6

Equation 2 shows the total cost of R-OXCGx.bxcg, see paragraph 2.2. The degkeef a
node is the most determining parameter of the toade cost. In a colored add/drop terminal
there is also a fixed cost included. In additioer pode there is a fixed cost to represent the
rack and other fixed equipmer@cse nodk

C:R-OXCB = N )(CNI + C:AWG + 2>C:EDFA2)+ Ccase_node (2)

Cawc= cost AWG and casing AWG
Cepraz = cost of a double stage EDFA

R-OXC5

The cost model of R-OXC5 is strongly related to R&®, but instead of N network
interfaces we need N+1 network interfaces. Eacheleagth can only be dropped once and
this is not really realistic with current routingcawavelength assignment algorithms. For this
reason there is no comparison with this architeciarthe CapEx study. The cost equation is
shown in equation 3.

CR— OXC5 = (N + 1) >(CN| +2 >C:EDFAZ) + CAWG +2 >CEDFA1 + Ccase_node (3)

R-OXC4

The cost of the network interface component issame as in previous case and shown in
equation 1. The cost of an add/drop terminal is asnposed in the same way as the network
interface component, but instead of using a splikecombiner will be used. The degree of
the add/drop terminal depends on the amount ofsdoo@mdds of that fiber. £ is the cost of
the colorless add/drop terminal. The cost equatouilt in the same way as the cost of a
network interface but instead of a splitter a camebiis used, see equation 4. The cost of one
add/drop terminal will depend on the number of amlddrops per fiber.

N

CR- OXC4 = N ><(CNI + 2 ><(:EDFAZ) + Ccase_node + C:a/d (4)

1

R-OXC2 and R-OXC3

Equation 5 shows the total cost for R-OXC 3 and X3 (Cr-oxc 23, See paragraph 2.2.
We include an extra parameter, the number of add/terminals R). An add/drop terminal
contains one subpart like a network interface anel with a combiner instead of a splitter.
This last part will vary in relation to the numhsradded channels. To compensate the extra
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signal degradations, a single stage EDFA is indudeboth directions. In case of R-OXC3
we consideR equal to 1. To calculate the cost of R-OXC2 the benof add/drop terminals
will be equal to the degree of the node.

CR-OXC_ZB =N )(CNI + 2>CEDFA2)+ R)(Ca/d_:l. + Ca/d_2 + 2>CEDFA1)+ Ccase_node (5)

Cad_1= cost of stage 1 of add/drop terminal similaCig
Caq 2= cost of stage 2 of add/drop terminal similaiG@ but with a combiner instead of a
splitter.

Table 3-1: CapEx cost model components

Power consumption

Equipment Relative cost W] MTBF
Long reach 10G TSP 1 30 250,000
EDFA, double stages 1.33 25 500,000
EDFA, single stage 1 15 500,000
1x4WSS (80 channels) 2.35 30 300,000
1x8 WSS 4.7 40 300,000
1x20 WSS 7.05 50 300,000
1x40 WSS 10.58 60 150,000
Splitter 0.05 - .
Combinet 0.13 - -
AWG 0.7 - -
Regenerator 1 30 250,000
Casing node 2.5 - -
Casing network interface 1-4 2-8 -
Casing AWG 0.5 - -

Transponder (TSP) is bidirectional consideredp#iler components are unidirectional.
MTBF (Mean time between failures)

EDFA (Erbium Doped Fiber Amplifier)

Cost per port

“considered here 2 devices for the MTBF

The required output of the routing and wavelengisignment is shown in Table 3-2. These
inputs are used to calculate the cost of all th#esan the network. The number of ports of
the network interface depends in general on the miegjree and the type of node architecture.
For example in case of R-OXC2 this number of poats increase caused the extra add/drop
terminals at that node. For every node (n1, n2, ngwe define the physical node degree, the
number of fiber pairs, the number of add/drop teats (only used for R-OXC 2), the number
of drops per fiber (drops and adds are the sanoase of bidirectional traffic). Number of
drops per fiber is used to calculate the numbgroofs of the colorless add/drop terminals for
R-OXC 4. For the directionless architectures thal tmamount of add/drops is used.
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Table 3-2: Output of RWA

Physical #
node fiber node | add/drop | drops drops drops drops drops  drops
Node | degree degree terminals | Fibre 1 Fibre 2 Fibre 3 Fibre4 Fibre5 Fibre 6
nl 3 3 3 8 20 31
n2 3 3 3 24 6 3
n3 3 3 3 24 7 11
n4 2 2 2 18 28
n5 3 3 3 13 19 5
n6 5 5 5 24 35 22 15 23
n7 3 3 3 12 10 30
n8 6 6 6 8 16 10 23 12 11
n9 3 3 3 21 9 24
ni0 4 4 4 17 21 22 23
nil 2 2 2 41 6
ni2 4 4 4 18 12 5 7
ni3 3 3 3 22 37 11
nil4 2 2 2 26 11

3.2. NETWORK RELATED OPERATIONAL EXPENSES

Network related OpEx are yearly recurring costsely related to the total infrastructure
cost. In the same way we dimension the nodes,atsio possible to calculate the total power
consumption of all the nodes. All used input valassshown in Table 3-3.

Power consumption

The inputs are the power of a WSS, the fixed popesrnetwork interface and the fixed
power per add/drop terminal. In the total powerstomption, we will also include the power
of the transponders and the EDFAs. We assume i@nefe price of 0.1€ for 1KW [18].

Floor space

As input we define the number of slots per WSShim network interface and the WSS in
the add/drop terminal. In the same way that thé abthe node is calculated, it is possible to
calculate the total number of slots. In the Colomede, the number of slots per AWG
component is needed too.

In the rent cost of the floor space we also inclutle general maintenance of the
racks. This results in a higher cost per squaremntban the actual renting cost. We consider
here a cost of 50€ per square meter per month [19].

Repair costs

If the mean time between failures (see equaticam@)the number of active components are
known, then we can calculate the number of failunethe whole network. In the cost per
failure we include the mean repair cost (see Tak¢ and the cost of the equipment.

MTBF :% (6)

T = total time
R = number of failures
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Table 3-3: Network OPEX Cost Model

Network OpEX input Relative cost
Cost per square meter per year 0.27

Cost per kW per year 0.79

Repair cost* per WSS failure 0.2

Repair cost* per Transponder failure 0.1

Repair cost* EDFA, double stage 0.1

Repair cost* EDFA, single stage 0.1

*The repair cost is without the equipment. In tbé&ak repair cost the necessary equipment
will be included.

4. The role of RWA in the Network Design

The efficient allocation of the available netwodsources has been examined thoroughly in
the relevant work packages of DICONET. The mainl goghis process was to optimise the
performance of the network. The minimisation of bhecking rate was achieved by utilising
the physical layer knowledge in conjunction withe thisposable resources (i.e. optical
channels). However, in what follows the role of RWsAdiscussed under the perspective of
network design. The solutions of different RWA noeth may result into different needs in
network equipment (e.g. transponders or regenadatand eventually different operational
costs. Of particular interest is the cost-effectr®s of the IA-RWA algorithms as these make
more efficient use of the network resources as sppdo simple RWA that ignore the Quality
of Transmission (QoT). The RWA approaches discussméafter are meant to assist the
reader to comprehend how the solution of an RWhapped to the capital and operational
expenses.

4.1. |IMPAIRMENTS

Typically I1A-RWA algorithms consider the dominanhysical layer effects in their
computations. Physical layer impairments (PLIs) asgally categorized as linear and non-
linear, according to their dependence on the powewever, when we consider IA-RWA
algorithms it is useful to categorize the PLIs lhode that affect the same lightpath, to be
referred to as Class 1 impairments [Amplified Spoebus Emission noise (ASE),
Polarization Mode Dispersion (PMD), Chromatic Dispen (CD), Filter concatenation (FC),
Self-Phase Modulation (SPM)] and to those that gererated by the interference among
lightpaths, to be referred to as Class 2 impairm@@tosstalk (XT) (intra-channel and inter-
channel crosstalk), Cross-Phase Modulation (XPMyrfVave Mixing (FWM)].

4.2. IA-RWA VERSUSIUA-RWA VERSUSWORST CASE ANALYSIS IN
OPTICAL NETWORKS

The typical objectives of the RWA problem are tduee both the blocking ratio over an
infinite time horizon but more importantly here akhe network cost in terms of CapEx and
OpEx. In transparent or translucent optical netwalconnection blocking may occur (i) due
to the unavailability of free wavelengths or linkeetwork-layer blocking) and (ii) due to the
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physical layer impairments, introduced by the ndeai physical layer, which may degrade
the signal quality to the extend that the lightpatimfeasible (physical-layer blocking).

The consideration of the PLIs in the RWA processuces the number of candidate
lightpaths that can be used for routing. Moreodeg to certain physical layer effects, routing
choices made for one lightpath affect and are &bty the routing choices made for the
other lightpaths. There are three approaches taessldthe IA-RWA problem while
accounting for the interference among lightpatinsthle first approach, the QoT of a new
candidate lightpath is calculated under the assomphat all wavelengths on all links are
fully utilized. This will be referred to as the vabrcase interference assumption. A lightpath
chosen in this way is bound to have acceptableitnéssion quality during its entire duration,
even if future interfering connections are estéldds However, this approach reduces the
candidate path space available for routing, reswlin larger blocking probability and
wasteful use of network resourcdhe second approach is to select the lightpathisowit
considering the physical layer impairments and het énd of the algorithm to allocate
regenerators where needed in order to ensure liealQoT of the lightpath is above a
predefined threshold. In what follows we name thgARalgorithms, which are based on this
approach as impairment unaware RWA (IJUA-RWA) algoris. The third approach is to
apply cross-layer optimization algorithms that tlse current network utilization to estimate
the actual interference among lightpaths. We ndraesorresponding RWA algorithms as IA-
RWA algorithms. These algorithms are able to expkiarger path space in comparison to
the algorithms, which are based on the worst cassféerence assumption approach. The
drawback of this approach is that the IA-RWA algans’ operation becomes more
complicated, since in this case the actual inggntpath interference has to be modeled, and,
additionally, the algorithm has to evaluate if #&ablishment of a new lightpath will turn
infeasible some of the already established conmesti

In what follows we present in more detail typicdgaithms that follow these three
approaches. Our aim is to investigate the perfoomaand other tradeoffs involved when
using worst case impairment estimates or impairmaaatvare or actual impairment estimates
in designing and operating an optical network.

4.2.1. Design of Transparent Networks

In transparent all-optical networks a data sigeahains in the optical domain along the
entire lightpath from the transmitting node to teeeiving node. However, in such networks
the signal degrades due to physical layer impaitsieRor this reason, the design of
transparent optical network requires the develognnRWA algorithms that take into
account the physical layer impairments. We constder kinds of RWA algorithms, the
impairment unaware RWA (IJUA-RWA) and the impairmeaware RWA (IA-RWA)
algorithms. These algorithms are provided withadfitt matrix and return a set of lightpaths,
with valid QoT, which can serve the demands.

42.1.1. IUA-RWA ALGORITHM

The impairment unaware RWA (IUA-RWA) algorithm, whi we consider in the
techno-economic analyses that follows, has beesepted in Deliverable 4.1 [20]. This IUA-
RWA algorithm initially selects, for the given tfiaf matrix, lightpaths using impairment
unaware criteria. Then it checks the QoT of theaf®paths using impairment aware criteria

/
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and places regenerators, when needed, ensuringiygaths’ quality of transmission QoT.
In this way all the lightpaths become valid, innter of their QoT, without changing the
impairment unaware decisions (path and wavelertgiten initially. We follow this process,
though designing transparent networks, becauseheéntéchno-economic evaluation that
follows we are interested in the scenario wheréhallconnection requests, in the given traffic
matrix, are served with lightpaths having valid QoT

In summary our algorithm consists of four phases:

Phase 1 In this phasek candidate paths are identified for serving eadguested connection.
These are selected by employing a variation of Kfshortest path algorithm. Given a
requested connection between source-ro@ad destination-nodd, the k-paths selection
process is as follows: Initially, all network linkee assigned unit cost values. Then the
minimum-cost path (and obviously the shortest agseadlentified using Dijkstra’s algorithm.
Once this path is identified, the cost of the lirnkat comprise it are increased in some
particular way (in the algorithms used to obtaim parformance results, they are doubled).
This process iterates, unkildifferent paths are identified. Each iterationes&d the shortest
possible path, by preferring links not often presly used. The paths obtained in this way
tend to use different edges so that they are negmesentative of the path solution space. This
process can easily be generalized to include wedlliik costs (for example the cost of a link
can be its length). After a s&y of candidate paths has been computed for eacltesour

destination pairgd), the total set of computed patRss s4¢Psg IS inserted to the next phase.

Phase 2 Taking into account the network topology, the ln@mof available wavelengths, the
traffic matrix, and the set of paths identifiedRhase 1, Phase 2 formulates the given RWA
instance as an LP problem, by relaxing the intégralonstraints (that is, the constraints
stating that flow variables have to be integer)e Torresponding LP’s are solved using the
Simplex algorithm, which is generally consideredbt® efficient for the great majority of
possible inputs and has a number of other advasitifige will be discussed. If the instance is
feasible and the solutions are integer, the algariterminates by returning the optimal
solution in the form of routed lightpaths and ased wavelengths, and blocking equal to
zero. If the instance is feasible but the solutiaresnon-integer we proceed to Phase 3.

Phase 3In case of a fractional (non-integer) solutidre third phase involves iterative fixing
and rounding methods and re-execution of Simplggrihm, in order to obtain more integer
solution variables. The maximum number of iteratigg the number of connection requests,
which is polynomial on the size of the input. If iiad a feasible solution the algorithm
terminates and outputs the routed lightpaths asj@sd wavelengths. The third phase of the
algorithm terminates and outputs the routed ligitpaand assigned wavelengths. The
objective of the algorithm is to minimize the maximm number of wavelengths of all links
required to serve all the connections, and thughigsyway to minimize the total number of
wavelengths required in the network.

Phase 4 At the end of the algorithm we allocate to theided lightpaths regenerators where

needed, in order to ensure that the quality ofh@llightpaths is above a predefined threshold.
In particular, for each lightpath that does not triee predefined threshold, one regenerator is
added in the middle of the lightpath. We then chag&in the QoT of the lightpaths. In case

the QoT of some lightpaths is below the predefittedshold we add extra wavelengths and
route these lightpaths using the new wavelengths.

I
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4.2.1.2. IA-RWA ALGORITHM

For the IA-RWA algorithm we use th®igma-Bound IA-RWAlgorithm presented in
Deliverable 4.1 [20]. Both linear and non-linear p@mrments are accounted for. The
formulation combines the physical impairments bingsoise variance related parameters,
and bounds the total interference caused on aphdgihntso that the solutions obtained have
acceptable QoT performance. This approach, mobdelstensity of the impairments directly
as constraints in its formulation. The objectivele proposed IA-RWA algorithm is not only
to serve the connection requests with the availalaieelengths, as pure RWA algorithm do,
but also to minimize the total signal degradatiooumnulated on the lightpaths established. In
this way all the decided lightpaths have valid Qdlleviating the need of placing
regenerators along the paths.

4.2.2. Design of Translucent Networks

In this section we focus on translucent networkd an algorithms that try to serve a
given traffic matrix optimizing the use of the resces (wavelengths and regenerators). In
translucent optical networks, regenerators are eyepl at some but not all the network
nodes. Some of the connections established areddtansparently, while others, typically
those served by lengthy paths, may need to utdeaeeral of the available regenerators to
restore the transmitted signal’s quality. The a#liRWA algorithms for these networks
decide the lightpaths but may also select the gdion sites and the number of regenerators
that need to be deployed on these sites, so aswe the given traffic matrix.

4.2.2.1. IUA-RWA ALGORITHM

For all the connection requests in the traffic matwe apply a shortest path and Most
Used Wavelength (MUW) based RWA algorithm. In thigay, we select the lightpaths
without considering the physical layer impairmertsthe end of the algorithm we allocate to
the found lightpaths regenerators where neededderdo ensure that the quality of all the
lightpaths is above a predefined threshold. Inipalgr, for each lightpath we first use one
regenerator in the middle of the path and checlkQb€ of the two created sub-paths. In case
this is still below the predefined threshold we addre regenerators. This procedure is
repeated for all the lightpaths.

4.2.2.2. IA-RWA ALGORITHM : ACTUAL AND WORST CASE

In order to provision the network we compare twidedent approaches that are based on
the same IA-RWA algorithm presented in [21]. In tmalar, we compare a worst case
interference 1A-RWA algorithm, where the physicayér constraints are confronted by over-
provisioning the network in terms of regenerat@guired, with an IA-RWA algorithm that
calculates the actual interference among lightpa#iaxing in this way the regenerator over-
provisioning at the cost of an increased algorithmomplexity. In both approaches a traffic
matrix is given as the input to the algorithm ahel humber of regenerators required to serve
this traffic is recorded as the output of the alkipon.

The IA-RWA algorithm we use under both the worsdecaand the actual-case
interference approaches, consists of three ph&sgsie 4-1 demonstrates the flow chart of
the algorithms that follow the actual and the waase interference approaches. In the first
phase, the connection demands are distinguishedhose that can be served transparently
and those that are served using regeneratorseladtual interference approach, in order to
find the pairs of transparently connected regermragites it is assumed that the network is
empty and thus only Class 1 impairments affect@od of the paths. Class 1 and Class 2

/
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impairments are considered in the next phaseseodltprithm. In contrast, in the worst case
interference approach, it is assumed that the n&twgofully loaded and as a consequence
both Class 1 and Class 2 impairments are considertbe first phase. In both approaches the
quality of transmission evaluation estimator mod@eTool) is used for assessing the QoT of
lightpaths. Next, the non-transparent connections tansformed into a sequence of
transparent connections by routing them througrerées of regenerators. To do so, the
algorithm formulates a virtual topology problem.eVirtual topology consists of the original
network’s regeneration sites, with (virtual) linketween any pair of transparently connected
regeneration sites. Each virtual link of the pathssen in the virtual topology to serve a
connection, corresponds to a transparent sub-figtitp@th) in the physical topology. The
algorithms used for routing the non-transparerfficr@emands in the virtual topology, are
based on a k-shortest path algorithm. In this @gaor all the links of the virtual graph have
cost equal to 1, and the cost of a virtual pathogal to the number of regenerators it crosses.
The optimal virtual path is the one consisting lod fewest regenerators (virtual hops). Then
the algorithm selects the routes to be followedbg-transparent connections by minimizing
on the total number of regenerators used in thevar&t To perform this optimization, the
virtual topology problem is formulated as an inteljgear program (ILP). By the end of the
first phase the initial traffic matrix is transfoeah into a new traffic matrix whose source-
destination pairs can, in principle, be transpdyerdnnected.

In the second phase, when the actual interfereppeoach is followed, an IA-RWA
algorithm for transparent networks is applied, witput the transformed transparent traffic
matrix, in order to select the routes and wavelengd be used. On the other hand, in the
worst interference approach, an impairment unaviRW¢A algorithm is applied. This is
because the fully loaded network assumption appghethe first phase of the algorithm,
results in all lightpaths having acceptable QoThahy, in the third phase of the algorithm,
which is necessary only for the actual interferemapproach, the connections that were
rejected in the second phase due to physical-lageking are rerouted through the remaining
(unused in the first phase) regenerators.
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Figure 4-1: Flow chart of the algorithms that follow the actual and the worst case interference apprahes.

In general, the CapEx and OpEx of a translucenveorét depend not only on the
number of wavelengths but also on the number adirerator sites and regenerators used. The
use of the worst and the actual interference assangpintroduces a trade-off between the
fast execution time and the over-provisioning o tesources on one hand and the larger
execution time and efficient use of the availal@eources on the other. This trade-off is
examined in the simulation results presented ini&e&.2.1.2.

5. Techno-Economic Analysis

5.1. METHODOLOGY

In the techno-economic analysis we dimension theeor& with a given traffic matrix as
input. In this study we compare different plannsitategies, namely the 1A versus the IUA
strategies. The output of a RWA algorithm is aludlyaa list of routes and their assigned
wavelengths corresponding to each of the demankis. dutput will be processed to the
number of drops per link in every node. The highestelength number is also necessary to
know which type of WDM system is needed. The sohgiprovided by the RWA modules
take also into account the impact of the varioudenarchitectures as these may possibly
constrain the process given the available add/teopinals. The OpEx assumptions and the
details about the calculation method of the costrioseare given in section 3. Figure 5-1
illustrates the various blocks and the flow of &#mtire analysis considered in this study.
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Figure 5-1: The flow of the techno-economic analysiprocess

In the effort to assess the impairment-aware nédyptanning, T7.3 utilises the IA-RWA
algorithms developed in the relevant workpackadésnetheless these algorithms were
developed assuming unidirectional traffic. The ternidirectional traffic signifies that each
traffic demand from node “s” to node “d” is serviedependently of the traffic demand from
node “d” to node “s”, rendering the traffic non-ayretrical. However in commercial
networks, operators always assume that the tragfisymmetrical or otherwise noted as
bidirectional and do the planning accordingly. histcase every demand in the traffic matrix
has its “mirror” and both of them are assigned dame optical channel and the same route
but in opposite directions. The DICONET consortiiglantified the need to capture the real-
life implications and dedicated a part of the dfftr consider planning for bidirectional
traffic. In order to account for this type of traffone of the offline IA-RWA was properly
adjusted to support it (see section 5.2.2). Indbedechno-economic models were designed
for bidirectional traffic.

To consider unidirectional trafficwe had to make some assumptions in the cost
calculation of the different node architecturest Beery node architecture we had to split a
transponder in a transmitter and a receiver ankl ittto account a cost increase of 20%. With
R-OXC4 we need to know the number of drops perrfilieyou consider unidirectional
routing the number of drops and additions can Herént. For this node architecture we took
the maximum to dimension the add/drop side. For X€® and R-OXC2 we had not to
consider extra assumptions.

5.2. PLANNING PHASE
5.2.1. Unidirectional Traffic

5.2.1.1. Transparent Networks

In the unidirectional case we considered the plamfor the traffic matrix of 2009, 2010
and 2011 (Figure 5-2). The assumed traffic matfi2@)9 was reported in Deliverable 2.1
and the assumed annual evolution of the demangbawn in Figure 5-2. The reference
topology considered in this scenario is the 14-nbdebackbone network ([7], Figure 2-7).
We assumed 10Gbps transmission rates and charamhgpf 50 GHz. The span length in
each link was set to 10dn. Each link consisted exclusively of SSMF fibeigh dispersion
parameterD=17 ps/nm/km and attenuation parame$e0.25 db/km. For the DCF we

! This means that a path from A to B can be diffethan the path from B to A, the assigned wavelerngin
also be different.
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assumed parameteess0.5 dB/km andD=-80 ps/nm/km. The launch power was set to 3
dBm/ch for every SMF span and -4 dBm/ch for the D@ddules. The EDFAS’ noise figure
was set to approximately 6 dB with small variatiqi#s0.5 dB) and each EDFA exactly
compensates for the losses of the preceding fip@n.sWe assumed two different scenarios
for switch-crosstalk ratio with valueXs,=32 dBs (high-crosstalk) an¥s,=29 dBs (low-
crosstalk) with small variations per node Z dB). The acceptable Q-factor limit was taken
equal toQmi=15.5 dB.

The used RWA algorithms are impairment-aware (Isigrfia bound implementation)
and impairment-unaware. More information about toeasidered RWA-strategies can be
found in section 4. We used heuristic RWA approactat rely on a pre-processing step
where demands are ordered before a route and waytielare found to meet the QoT.

Figure 5-2 Traffic evolution in number of 10G demanls — unidirectional case

Table 5-1: Demand Matrix 2009 (Gb/s) DTnet

Node ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 0.00 8.98 | 12.35 | 13.64 9.74 | 32.70 | 19.34 | 21.04 | 14.59 | 33.68 | 15.40 | 12.32 | 23.74 | 11.07
2 8.98 0.00 5.76 6.23 4.51 | 14.19 9.92 | 10.56 6.59 | 12.59 6.43 5.13 | 10.15 4.69
3 12.35 5.76 0.00 | 12.27 | 10.90 | 21.94 | 11.38 | 13.34 | 12.17 | 17.73 9.33 7.50 | 15.10 6.88
4 13.64 6.23 | 12.27 0.00 | 12.52 | 24.58 | 12.48 | 14.31 | 18.02 | 19.54 | 10.42 8.33 | 16.96 7.68
5 9.74 4.51 | 10.90 | 12.52 0.00 | 17.29 8.95 | 10.25 | 10.46 | 13.96 7.39 5.92 | 11.98 5.45
6 32.70 | 14.19 | 21.94 | 24.58 | 17.29 0.00 | 28.99 | 33.09 | 27.13 | 47.75 | 26.20 | 21.64 | 27.56 | 19.88
7 19.34 9.92 | 11.38 | 12.48 8.95 | 28.99 0.00 | 20.87 | 13.26 | 26.42 | 13.30 | 10.60 | 20.84 9.65
8 21.04 | 10.56 | 13.34 | 14.31 | 10.25 | 33.09 | 20.87 0.00 | 15.16 | 30.04 | 14.81 | 11.94 | 23.42 | 10.79
9 14.59 6.59 | 12.17 | 18.02 | 10.46 | 27.13 | 13.26 | 15.16 0.00 | 20.96 | 11.22 8.99 | 18.44 8.30
10 33.68 | 12.59 | 17.73 | 19.54 | 13.96 | 47.75 | 26.42 | 30.04 | 20.96 0.00 | 22.38 | 18.38 | 34.50 | 16.09
11 15.40 6.43 9.33 | 10.42 7.39 | 26.20 | 13.30 | 14.81 | 11.22 | 22.38 0.00 | 10.82 | 20.38 | 10.49
12 12.32 5.13 7.50 8.33 5.92 | 21.64 | 10.60 | 11.94 8.99 | 18.38 | 10.82 0.00 | 16.32 7.82
13 23.74 | 10.15 | 15.10 | 16.96 | 11.98 | 27.56 | 20.84 | 23.42 | 18.44 | 34.50 | 20.38 | 16.32 0.00 | 17.52
14 11.07 4.69 6.88 7.68 5.45 | 19.88 9.65 | 10.79 8.30 | 16.09 | 10.49 7.82 | 17.52 0.00

/0
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Performance of the different RWA

The performance of the different cases differseimis of number of required wavelengths in
the line system and in terms of number of regenesaBased on Figure 5-3, we can conclude
that in this scenario the IA-RWA needs always meeelengths than the IUA-RWA. This
number of wavelengths is the highest wavelengthbamm use. The IUA-RWA is totally
unaware of the quality of the found lightpath.Hétquality of transmission is insufficient, the
signal will be regenerated at a certain node taaw the optical signal. The needed numbers
of regenerators are shown in Figure 5-4. The taggh” and “low” next to the 1A and IUA
algorithms declare high and low values of intrarsted crosstalk respectively.

Figure 5-3: Number of wavelengths required in the ystem for IA and IUA scenarios
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Figure 5-4: Number of regenerated lightpaths for tle different scenarios

5.2.1.1.1. CAPEX
Figure 5-5 shows the total CapEx for a greenfidlshsion of an IA and an IUA scenario and
that for 2009, 2010 and 2011, with the describaffitrevolution (Figure 5-2). The increase
in cost in the IUA case is related to the augmemigahber of regenerations. IUA planning
results in a 7% cost increase. The cost differebedseen the different years in the IA case
are related to the increased number of demands.e Mt@mands require additional
transponders to set-up the paths.

. e
] I I I | E -
. BN N .

Figure 5-5: Total CapEx of IA vs. IUA with R-OXC6
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5.2.1.1.2. IMPACT OF NODE ARCHITECTURE

In this section we will consider the different poged node architectures of section 2.2. The
results of the planning of year 2009 are shown iguie 5-6. Here we can see a clear
difference between the various node architectdresre is a cost increase of 40% between R-
OXC 4 and R-OXC 6. This increase is mainly relatedhe extra WSS components in the
add/drop terminal. R-OXC 3 is not totally realistige to the constraint of only dropping each
wavelength number once. It gives only indicatiobhswd the possible savings if we decrease
the number of add/drop terminals. The cost increaigle R-OXC-6 is now 30%. If we
consider N (N is equal to the node degree) add/tmopinals we come to R-OXC 2. Here the
increase is 88% more than R-OXC 6. To add all ihectionless terminals, the degree of the
network interface components augments with a fator

1
p
[ #$
i I =% # & #'(
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Figure 5-6: Cost difference between the differentode architectures in year 2009

In Figure 5-7, the impact of a price reductiontté ¥WSS components is shown. The case that
considers R-OXC 6 appears to have limited impaciabse of the low amount of WSS
components in the system. There is a reductior?ob8 the total CapEx. If we consider the
more flexible node architecture R-OXC 2, the ranfighe price reduction becomes about
20% on the total CapEx. We can conclude here th@XR 2 is more sensitive to price
changes of WSS components.
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Figure 5-7: Influence of a price reduction of the VS component

5.2.1.1.3. NETWORK RELATED OPEX

In Figure 5-8, the network related OpEx of IA vexdUA in case of R-OXC 6 is illustrated.
The trend of this graph is closely related to tlagEX of the system. The power consumption
of the optical cross connect is much lower than pwver consumption of all the
transponders. With current input parameters thar ffpace cost stayed almost the same in all
cases. With augmented demands the power cost pad o®st of the transponders increases
in the same trend as the number of demands. Inrd-i619, the network related OpEx for the
different node architectures are shown. Here welseeame trend as in Figure 5-6. In case of
higher flexible nodes the repair costs of the WiBSke optical cross connects increase a lot.
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Figure 5-8: Network related OpEXx of 1A vs. IUA with R-OXC6
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Figure 5-9: Network related OpEXx of 1A vs. IUA for the different node architectures in year 2009

5.2.1.2. Translucent Networks

In this section we evaluate the translucent casee kthe GEANT2 pan-EU reference
network is considered, (Figure 5-10). More inforimatof the used topology and the traffic
matrix (Table 5-2) can be found in Deliverable 271 To evaluate the feasibility of the
lightpaths we used the Q-factor estimator thaesetin analytical models to account for the
most important impairments. We assumed 10Gbpsmigs®on rates and 50 GHz channel
spacing. The span length in each link was set tkniOEach link was assumed to consist
exclusively of SSMF fibers with dispersion paramel=17 ps/nm/km and attenuation
parametera=0.25 db/km. For the DCF we assumed parametefs5 dB/km andD=-80
ps/nm/km. The launch power was 3 dBm/ch for evévifFrSpan and -4 dBm/ch for the DCF
modules. The EDFAS’ noise figure was 6 dB with dmatiations & 0.5 dB) and each EDFA
exactly compensates for the losses of the precdiiagspan. We assumed a switch-crosstalk
ratio Xs,=30 dBs with small variations per nod¢ Z dB). The acceptable Q-factor limit was
taken equal t@mi=15.5 dB.

Regarding the RWA methodology described in secdonwe performed a network
planning with the traffic matrix of 2009. The Ghgimsmands are translated to a number of 10G
demands. All strategies know the constraint of @w@velength line-system. In this way we
have a fair comparison of the different strategi€se routing is also performed in a
unidirectional way. This means that a path fromo/tcan be different than the path from B
to A, the assigned wavelength can also be different
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Figure 5-10: DICONET GEANT2 pan-EU reference netwok
Table 5-2: Demand Matrix 2009 (Gb/s) GEANT2
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5.2.1.3. CAPEX

Figure 5-11 depicts the result of the planning tfeg demands in year 2009 for the
different cases, as described in section 4.2.2.cbise difference between the cases is caused
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by the number of regenerators. The total CapExX% inore expensive in the worst case. If
we consider an IUA strategy the cost differencehwiite IA case is 9%. The planning phase
considered a line system with 80 wavelengths arsdlithitation is taken into account in the
algorithms. Otherwise the number of necessary weagths would exceed the 80

wavelengths.
[
pn
[ #$
#(

% # & #'(

Figure 5-11: CapEx of the planning for 2009

5.2.1.4. IMPACT OF NODE ARCHITECTURE

In this section we will consider node architectuaesong the ones proposed in section
2.2, namely R-OXC 2, R-OXC 3, R-OXC 4 and R-OX(T'Be results of the planning of year
2009 for the IA-design are shown in Figure 5-6. Tigare illustrates a clear cost difference
among the 4 nodes with R-OXC 2 being the most gostiere is a steep cost increase of 43%
moving from R-OXC 6 to R-OXC 4. This increase isimha related to the extra WSS
components in the add/drop terminal. R-OXC 3 istotlly realistic due to the constraint of
only dropping each wavelength number once. It gioely indications about the possible
savings if we decrease the number of add/drop texisi The cost increase with R-OXC-6 is
now 31%. If we consider N (N is equal to the nddgree) add/drop terminals we come to R-
OXC 2. Here the increase is 74% more than R-OXTo6add all the directionless terminals,
the degree of the network interface components auaggrwith a factor 2. These results are of
course closely related to the results of the traresg case.
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Figure 5-12 CapEx of IA case for the different noderchitecture

5.2.1.5. NETWORK RELATED OPEX

In Figure 5-13, we can see that the network rel@p&x has the same trend as the
CapEx. Here we considered R-OXC6 and the numbeateafands of 2009. The network
OpEXx of the worst case and the IUA case are retivigher than in the 1A actual approach.
This is caused by the higher amount of transpondansl results in a higher power
consumption and repair cost. The repair cost ofattteve node equipment is the same in all
cases, because of the same optical line systegeraral the energy and the repair costs of
the nodes are less than those for the transponders.
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Figure 5-13: Network related OpEx for IA vs IUA vs.worst case

5.2.2. Bidirectional Traffic

In the bidirectional traffic case only networks sialler scale were considered
(transparent). The IA-RWA algorithm that was uglizin this case is an efficient heuristic
with dedicated path protection reported in [22] atgb in the DICONET Deliverable D4.1.
This algorithm was also selected to be the offlisdRWA algorithm of the planning mode of
the DICONET NPOT [23], one of the main outcomeshaf project. For the purposes of this
study we do not make use of the protection funetipnof the algorithm.

In the utilized 1A-RWA algorithm we establish ligiaths in a pre-defined sequence.
The order in which the demands are considered @laymportant role in the performance of
the proposed algorithm. Hence, the main buildingcklin our algorithm is a demand pre-
processing ordering module. A-priori, we compute distancd.(s, d) between source nodes
s and destination node of all the demands in terms of length using shsbrpath algorithm.
Then, we order the demands according to this s$tadistance in decreasing order (demands
with longest shortest path first). Ties are brokandomly in this pre-processing step. The
rationale behind this is that it is generally mdi#icult to accommodate demands with large
resource requirements; hence we seek to accommeoelsterce-consuming requests first,
which could easily be blocked by further, less tese-consuming requests. Longer hop paths
may in general cross more imperfect componentsnaglating physical layer impairments
and may interfere with more active lightpaths fratduce excessive cross talk (multi-channel
effects), which will increase the chances of blagkif we perform the pre-processing (i.e.
ordering) in increasing order.
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Figure 5-14: Flow chart of offline Rahyab algorithm

The flow of proposed algorithm is depicted in Fig&14 . For each demand, in turn,
we construct a layered network graph (LNG) as fe#ioThe network topology for a given
WDM optical network is defined b§(V,E,W)whereV is the set of nodes in the netwokkis
the set of bidirectional links, and/ is the set of wavelengths. A layered network graph
LNG(V;E) is a directed graph constructed fr@n Each nodé / N in G is replicated\WM
times in the LNG. These nodes are denotedify,v.., u(]W]). If Li; T L connects nodeto
nodej, then vertices(w) and y(w) are connected by two edgegws) and g (w) for all w1
W. The representation of an LNG is shown in Figbfg5. A diverse routing engine then
constructs a set of diverse routes in each wavtietayer of the LNG graph. After
constructing the pool of candidate paths, we expiha physical layer performance evaluator
Q-tool to compute the margin of each candidateerdwith respect to the minimum allowed
Q factor Qhreshod On the currently established lightpaths. The nmarig computed by
subtracting @reshoidfrom the Q factors of all active lightpaths (inding the candidate path)
and finding the minimum value, as expressed inhereQ is a vector that includes the Q
factors of all lightpaths established in the netweo far, without differentiating between
primary and backup lightpaths:

QM argin = mln(Q - QThreshoId) (1)




L"#"S $% $% $ &"# 1 $
C0#s*+ (G,

Figure 5-15: Layered Network Graph (LNG)

The next step is to select a lightpath from thedadate lightpath list. We consider a
heuristic, by which the candidate lightpath witlgltest non-negative \§win is selected. If
this lightpath is found then the lightpath will bstablished and the network topology graph
will be updated to reflect the wavelength and raltecation. Since we have decomposed the
network graph into different wavelength layers éodeach layer we are finding a diverse set
of candidate paths, we actually find a lightpathat thffects least the already active lightpaths
as far as the Q factor metric is concerned. .pifager lightpath is not found, then the demand
is blocked. The algorithm was properly adjustedatount both for bidirectional and
unidirectional traffic. In the bidirectional casesclissed here the algorithm processes a
demand and assigns the same channel and routep@site direction) to its “mirror” one.

The IUA-RWA algorithm that is employed stems frommetIA-RWA algorithm
described above yet without the physical layer @ration and the pre-processing phase.
The IUA method similarly to the IA one decompodes hetwork to the LNG(V;E) but only
one shortest path is considered, yielding a smalb&l of candidate paths. The routes and
wavelengths are then assigned, but only constramedhe available channels and the
wavelength continuity constraint. The routes assigoorrespond to the shortest path and
wavelength selected is the first available (indesel In case there are no channels available
along the shortest path then the second shortéstipassigned. After the end of the RWA
process, the output of the algorithm is fed toghme QoT estimator (Q-tool) to check which
of the lightpaths are feasible and which would leeked because of unacceptable QoT.

The input traffic that was used in this case cauesls to traffic loads of [0.8-1.1]
with a step of 0.1. The traffic matrix corresporglito load 1, assumes one bidirectional
demand between its pair of nodes. In order to geeehe matrices with lower load, demands
from the load-1 matrix were removed randomly urgdching the 10% decrease in number of
10G demands. In the same way the matrix of loadvhd generated from the load-1 one and
randomly adding connection demands until reacharagl 11.1. The evolution of the assumed
input traffic is depicted in Figure 5-16. The refiece topology considered here is the 14-node
DT backbone network ([7], Figure 2-7). To quantifig planning solutions of the two RWA
approaches it was assumed that the network is pegivith 80-channel line systems. As
soon as the 80-channel system is exhausted in teimesources or blocking occurs due to
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QOT not allowing the entire input traffic matrix ke served, an extra line has to be installed
to support the blocked traffic. In other words tREVA algorithms are run assuming 80
wavelengths available. If for any reason a sethef demands does not get served, then we
assume a second parallel line system and re-contipeiteoutes and channels of the blocked
demands.

250

200 A

150 A

100 A

# 10G demands

50 1

0.8 0.9 1 1.1
Load

Figure 5-16: Traffic evolution in number of 10G denands — bidirectional case

5.2.2.1. CAPEX

Following the techno-economic evaluation of the fanning approaches, the results
collected in terms of CapEx with respect to thffitrdoad for R-OXC6 are depicted in Figure
5-17. Focusing at first on load 0.8 of the scersastudied, the two methods yield the same
capital cost as both can serve the traffic with 8@ channels available. As the load is
increasing towards load 1.1 the IA respective dosts not increase dramatically as it can still
serve all of the demands with no blocking. InddezlIA relative cost rises slightly due to the
number of transponders, related to the increasetbau of demands. Nonetheless, the IUA
algorithm for loads higher than 0.8, experiencegsmal blocking that leads to a significant
increase in capital. To resolve this, the analgssumes an extra line system that results in a
cost increase of around 60% at all cases (exceéht dbmpared to the IA counterpart.
Evidently, the excessive computed cost stems fitoenneed of the IUA of two times more
EDFAs and network interfaces in the node becausleeoéxtra line system. The two planning
methods were also assessed assuming another typedef namely R-OXC-4. The results
with respect to load are illustrated in Figure 5+d8ere the same trend can be identified. The
overall higher computed cost when compared to R-@X€ due to the higher cost required
for the add/drop terminals.
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Figure 5-17: Total CapEx of IA vs. IUA with R-OXC6
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Figure 5-18 Total CapEXx of IA vs. IUA with R-OXC4
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5.2.2.2. Impact of Node Architecture

As performed for the unidirectional traffic, thestamplications of four different node
architectures were also studied when provisionimgtavork with bidirectional traffic. Figure
5-19 illustrates the computed relative costs fa fibur nodes for load 0.8. As load 0.8 is
small enough for the IUA to serve the traffic withhdhe need of extra equipment, there is no
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cost difference with the IA solution. On the comréhere is a significant difference between
the two schemes (IA vs IUA) for load 1.1 (see Fggbi¥20) due to the respective difference in
CapEx requirements. Nevertheless, for both traffiatrices the cost corresponding to a
specific node architecture, is driven primarily tne number of the add/drop terminals and
secondly by the network interfaces. As a conseqenregardless of the traffic load the most
flexible node, i.e. R-OXC2 is also the most costly.
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Figure 5-19: Cost difference between the differemode architectures with load 0.8

R-OXC4 is more costly than R-OXC6 due to the e&S components in the add/drop
terminals. To implement a directionless node (ilkeR-OXC3) we need an extra network
interface components per add/drop terminal. R-OX@GBtains only one common add/drop
terminal, with this implementation each wavelencgh only be dropped once at that node. R-
OXC2 solves this problem by adding extra add/desminals, here the number of add/drop
terminals is equal to the node degree. The differdretween R-OXC3 and R-OXC4 is little
because with R-OXC4 there are more spare colodeds per fiber input and in case of R-
OXC3 we can use all the colorless ports to conteeat! fiber pairs. If we do not modify the
RWA, R-OXC3 will cause extra blocking due to thedattop terminal. For load 0.8 we
calculated a blocking of 32 demands. In case daf b4 there are 52 blockings. If we make
the RWA aware of this constraint these blockings loa avoided. We confirmed this for load
0.8.
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Figure 5-20: Cost difference between the differemode architectures with load 1.1

5.2.2.3. Network related OPEX

In Figure 5-21, the network related OpEx of IA wersUA in case of R-OXC 6 is illustrated.
The OpEXx in the IA case increases a little with itheased number of demands from load
0.8 to load 1.1. The operational expenses relaidtid transponders, such as the necessary
repair costs and the power they need to run, aporsible for a slight OpEXx raise with
respect to the traffic. Similar to the CapEx caitedtl in section 5.2.2.1 the sharp increase in
the IUA case for loads higher than 0.8 dependderektra equipment assumed which in turn
leads to higher OpEx. In particular the housing clmibles as there is a need for two times
more floor space. In the same way all operatiomdiviies related to the node and line
equipment require twice the same cost. On the apnthe power needs and maintenance of
the transponders is effectively the same when comdpbhetween IA and IUA for a given
load, as the number of transponders remains the samnthe two cases.

Figure 5-22 then depicts the computed OpEx for filng different node architectures
considered in section 5.2.2.2. Overall the cogefmir the active node equipments accounts
for the major part of the OpEx. Nonetheless, theEXollows the same trend as the
corresponding CapEx when considering the impattefirchitecture and R-OXC6 incurs the
lowest OpEx requirement.




L"#"$ $% $% $ &"# 1'$
CO@s + (.

m) 1 234'5%6

m) #

m) #7 23%$#
"#

Figure 5-21: Network related OpEx of IA vs. IUA with R-OXC6
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Figure 5-22: Network related OpEXx of 1A vs. IUA for the different node architectures with load 1.1
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5.3. OPERATION PHASE

5.3.1. Impact of node flexibilities on service related cds

In this study we evaluate a realistic operatiogaingirio of the DT core network. The
methodology used in this section is based on tlsergion in section 2.5. All the optical
cross connects are dimensioned with the traffic20L1. In year 2008 the network is
provisioned with 460 transponders. New demands aviive during the next years. In this
study we evaluate different node architectures térms of flexibility in the add/drop
terminal). Different pre-provisioning strategieg atso included in this study.

Traffic evolution
The traffic evolution assumed here follows the sgaitern as iffigure 5-2

Pre-provisioning strategies

In this study we consider different pre-provisiapistrategies. All strategies start with 10
TSPs per link, this result in 460 TSPs in totaleTinst strategy is when there are no more
TSPs available at that particular node, the ne@@Rlwill be installed. We call this approach
(one TSP). The other approaches will install aazeramount of TSPs per link. For example
in case of one TSP per link, you will install 3 xtransponders if the node degree is 3. We
have also similar approaches with 3, 5, 7 and 9sTi&® link.

Labor

The costs of a certain operational activity carclleulated by its duration (from the
tables above) multiplied by the hourly cost of gmployee performing this activity. We
distinguish several staff categories: sales, tedhrield staff, technical staff in the network
operations center (NOC), administrative and helkdtaff, researchers and engineers. Labor
cost information is given in Table 5-3. The overha@aicates a factor with which the salary
needs to be multiplied in order to find the fullgcaunted cost of this person for the company.
Apart for the wages and the taxes, this also ireduddditional costs such as tools and
transport, see also [24]. Exactly calculating theoant of training and the tools needed for
each of the considered actions is probably imptssBut the overhead factor allows us to
indicate the general trends. There will be moraing needed for staff performing difficult
technical tasks than for people answering help d@edlk. Technicians also need more tools
than administrative staff. To calculate an hourbstcfrom a yearly cost, we assume 38
working hours in a week and 46 weeks a year, takitogaccount holidays [25].

Table 5-3: Staff wage assumptions

Department Salary, incl. taxes Overhead factor Fully accounted cos|
(euro/year) (euro/hour)
Technical 7860( 2 90

Operational activities

The description of the operational processes ireslgeveral actions/activities that
need to be performed by the operator’s staff. Tinattbn of the activity determines, to an
important extent, the cost of the action. Table §hdws the actions that will be considered in
this case study. We will take into account 2 défartype of manual interventions. The first
type of intervention is the switching from a traosder to another port. Manual intervention
type 2 will install extra transponders. The cosis tfansport (going to the location of the
failure or node where an intervention is needed aalculated from the topology
characteristics. We assume that technical teamgrasent on average 2 links away from one
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another, this is every 340 km. The average distamdtlee failure location is therefore 85 km.
One way and return adds to 170 km, with an avespged of 50 km/h, this means 3.4 hours
for transport.

Table 5-4: Durations of the different actions

Action Duration (hours)
Transport 3.4
Switching of a transponder 1
Installation of a transponder 1

Quantitative results
In Figure 5-23 the number of manual interventiangstall new transponders (type 2)

is shown. Because we have pre-installed transpahéetotal amount of interventions is not

the same as the number of demands. In case wesggnovnore than one transponder at once,
the total number of interventions will decrease.this concrete scenario the benefits of
installing more than five TSPs per link are minor.
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Figure 5-23: Number of manual interventions of type? for the different scenarios

In Figure 5-24, Figure 5-25 and Figure 5-26, thenaglative sum of the number of
manual interventions type 1 and type 2 are showehtlaat for the provisioning strategies one
TSP, one TSP per link and three TSP per link. Isecaf one TSP at once, the manual
interventions of type 1 (to switch from port) aret increasing that much in the next year
because you will only install a new transponder nwiieis required. In the strategy of
provisioning one TSP per link the MIs1 increase enfor the less flexible architectures. The
number of MIs2 decreases a lot because of thellatsta of more TSPs at once. With the
colorless directionless architecture you never reesditching from a transponder to another
port. The colorless directed architecture can halmost the same flexibility as the
directionless, if you install enough TSPs at efdogr.
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Figure 5-24: Cumulative sum chart of number of manal interventions for one TSP at once
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Figure 5-25: Cumulative sum chart of number of manal interventions for one TSP per link
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Figure 5-26: Cumulative sum chart of number of manal interventions for three TSPs per link

In Figure 5-27, we show the sum of the manual waetions of type 1 and those of type 2 and
cumulated them over the several years. The refsulthifferent node flexibilities are shown to
see the differences between them. In Figure 5-2WeAcan conclude that provisioning of
more transponders has only a little impact on thewnt of manual interventions. In Figure
5-27 B, we add the directionless feature and a nmbedectual provisioning. This results in a
lower number of manual interventions. In Figure/A& it is clear that provisioning of more
transponders has huge result on the manual intgownsn The difference between three and
nine transponders per link is really small. So it @nly cost you more if you increase this
number more. In Figure 5-27 D, we consider the rbeds and directionless architecture. The
performance is better than in the colorless digectese, because all transponders provisioned
in the node can be used for every new demand. Tdrer@o constraints in terms of color or
fiber anymore. If you provision every time one TH& link, this can already result in more
than 200 interventions less. For the concrete itrafivolution is provisioning more
transponders less interesting.
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Figure 5-27: Cumulative sum chart of all manual inerventions for colored directed p1 (A), Colored
directionless p2 (B), colorless directed (C) and tarless directionless (D)

Techno-economic results

With the number of MI1 and MI2 we can calculate tibial transport time and the real
intervention time like the time to switch a transger in case of MI1 and the time to install
new transponders in case of MI2. The duration efdiiferent actions are described in Table
5-4.

In Figure 5-28 we can see that the two coloredctik nodes and the colored
directionless policy 1 node have no improvementsint@rvention times. With a more
intelligent assignment policy you can save some pwmer. We have already benefits with
provisioning one TSP if needed, but this is becdlieee are initial 460 TSPs installed and the
270 demands are already established. The casg wsitiitthe new demands during the years
2009, 2010 and 2011.
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Figure 5-28: Working hours of manual interventionsin case of one TSP

In Figure 5-29, we can see that the more fixed isctures consume even more
working hours. This is because you install more §&Ponce and a switching of a TSP can
occur more often. The working hours in case of de#s directed and colorless directionless
are less than in previous case because you provisare TSPs at once and save transport
time.
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Figure 5-29: Working hours of manual interventionsin case of one TSP per link

In Figure 5-30, we can see the same trend as ingue case. The savings of the two
colorless architectures are even higher. A remamie hs that the colorless directionless
architecture has almost the same performance ofcoharless directionless. So with the
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provisioning of more TSPs per fiber the benefits tbé directionless architecture are
negligible.

. 4
m#HTH
i ] #
3

N 2 N 61, > )

. (\% <
2 RN &% £ & N
& xS X N & & o
RN & & N N & &
S W S < ° B &
Q¢ 0 80 & & N &
= N N & & < 5
S S d ¢
N ) > > < N
< < & & O
S d I
> o ©
< ¢

Figure 5-30: Working hours of manual interventionsin case of three TSPs per link
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6. Conclusions

The future core network is the result of a techgiwlal and socioeconomic evolution
that transformed optical networks from opaque &mglucent or transparent in an effort to
satisfy the ever-growing demand for bandwidth, wegh improved economics. The dynamic
traffic patterns that came along with the rapidficancrease though, led to the need for and
the fast adoption of reconfigurable networking eguent that allow the operators to adapt
dynamically their network to the new conditions.e$h concepts along with the impairment-
aware network planning and operation reside inctite of the DICONET solution that takes
advantage of the QoT to allocate efficiently anéréifiore cost-effectively the available
resources.

Indeed this was proved with the techno-economidyarsathat was conducted. In the
case of the transparent networks IA-RWA and IUA-R\&l8orithms were used to compare
their planning solutions for a nation-wide backboe¢work in terms of CapEx and OpEx. A
given traffic matrix with a specific annual increas evolution was fed to the algorithms.
Evidently the solutions of the IA-RWA algorithm uitrated that it may serve the input
demand without any requirement for regenerationaléernatively a second parallel line
system, as opposed to the IUA-RWA method. Therlattees not consider the QoT in the
lightpath computation and therefore the routing aménnel allocation is not optimised
leading to physical-layer blocking. The IA solutiomtweighs the IUA one in CapEx and
OpEx and the respective difference is directly prtipnal to the regeneration sites or the
extra line system that would be required to serithomt any blocking the given traffic. For
both bidirectional and unidirectional traffic, tlstudy demonstrated that the IUA solution
calls for a capital investment sooner than the tk @s the traffic increases. For the same
scenario four different reconfigurable nodes wearastdered in order to quantify the relative
CapEx required. A colourless, directionless butlpaontentionless architecture (R-OXC3)
appears to be a good choice for the specific saenas it is a node with a relatively high
degree of flexibility and a moderate cost. AlthouBHOXC 3 is more inexpensive, it is
anticipated that in the presence of an increasatictrvolume the more flexible nodes (R-
OXC2) would perform better in terms of blocking,spthbly compensating for the higher
CapEx.

In the same way a scenario for a pan-Europeandgpaolas assumed in an effort to
investigate the business potential of the impaitn@@vareness in a translucent network. The
IUA planning method led to a greater overall CagBrmpared to the actual IA method, as the
number of regenerators that is required domindtedost estimations. On the other hand the
worst-case interference method resulted in thednigbapEx requirement due to the over-
provisioning of regenerators. The OpEx estimationthe three methods followed the same
trend as the various operational costs are drivethé needs of the regenerators for power
consumption, maintenance and housing. In the effrexplore the impact of various
reconfigurable OXCs in a large-scale topology, s@me four architectures as in the
transparent scenario were chosen. The cost estinsdtiere followed the same pattern as with
the transparent case and were dominated by the eruaibadd/drop terminals causing the
most flexible one (R-OXC 2) to be also the mosttlgoShe performance of the different
node architectures were also studied during theatipe phase. The metric used for this
study accounted for the manual interventions amdatssociated operational costs of these
actions. The results illustrated the benefit of tare flexible nodes as opposed to the fixed
ones that by nature require these actions frequentl
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