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Executive summary 
DICONET Deliverable 7.3 includes the studies that were conducted in the framework 

of “Task 7.3 Techno-Economic Issues/Studies”. The key activity reported here is the techno-
economic analysis of the DICONET networking solution. The core concepts of DICONET, 
dynamicity and impairment awareness, are explored under the perspective of cost and their 
impact is translated to financial terms. Such an investigation is critical for the telecom 
operators who seek viable long-term investments. 
 

In this context, the choice of reconfigurable cross-connecting nodes for an optical core 
network has its own significance, given that these account for a big fraction of the capital cost 
of the transport plane. Hence, we address in section 2 the different architectures of 
Reconfigurable Optical Cross-connects (R-OXCs) and introduce some useful definitions. The 
different architectures described, carry a different combination of the following features: 
coloured/colourless, directed/directionless and contentionless/partly blocking free. As a result 
each of these architectures are characterised by a different degree of flexibility. Besides, these 
nodes have different requirements in capital and indeed a cost study presented in section 2.3 
showed that it is more important for an operator to invest as a first step on directionless nodes 
and as a second to colourless. The features of colour and direction are also explored in 
sections 2.4 and 2.5. In the former a study on the impact of direction on restoration showed 
that for full restoration the network needs directionless node architecture. In the latter the 
performance of several node architectures with color and direction related constraints were 
evaluated and the results  demonstrated that the colour constraint is a more dominant 
performance limiting factor than the direction related one. 

 
Following the thorough investigation on the node architectures and the limitations 

they impose, section 3 is dedicated to the cost modelling of the network capital and 
operational expenses. Section 3.1 includes the cost assumptions made for all the components 
that are considered along with the cost model of each R-OXC. Then the yearly recurring costs 
that correspond to the network related operational expenses are presented and include power 
consumption, housing and maintenance costs. 

 
In section 4 we discuss the role of Routing and Wavelength Assignment (RWA) in the 

network design process. We provide descriptions of both the Impairment Aware (IA) and 
Impairment Unaware (IUA) algorithms that are used in the techno-economic analysis. As the 
different algorithms employ different resource allocation methods it is essential to utilize the 
method that will perform the most efficient resource optimisation; resource optimisation is 
essential to achieve cost-effectiveness. The algorithms considered in the analysis concern both 
the planning of transparent and translucent networks. In the former case where the topologies 
are typically small enough for the signal to propagate all optically, the solution of the 
algorithms is a set of lightpaths that serve the input traffic matrix. The IA algorithm of the 
transparent case benefits from the physical layer status consideration to ensure the optimum 
channel allocation, whilst the IUA one suffers from physical layer blocking. To overcome this 
deficiency an additional capital expense is required, either by deploying an additional parallel 
line system or by installing regenerators. In the case of larger topologies (e.g. EU-wide) where 
the presence of regenerators is unavoidable, the algorithms presented here, the resource 
optimization is not only limited to channels but extended also to regenerators. Hence, the goal 
here is to minimise the number of regenerators that in fact drives the overall capital expense.  
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In the techno-economic analysis (section 5) the output of these network planning 
methods was processed and mapped to capital and operational costs using the cost models, 
reported in section 3. In the transparent case (section 5.2.1.1) we quantified the results of the 
IA and IUA RWA algorithms by estimating the cost of the required components (amplifiers, 
add/drop terminals, transponders, network interfaces) of each planning solution. When 
considering unidirectional traffic, regenerators where assumed to handle the physical layer 
blocking experienced in the IUA case. As a consequence the capital and, as a result, 
operational cost surpasses the one estimated for the IA solution. The same method was 
applied to the output of the IA and IUA algorithms for translucent networks (section 5.2.1.2), 
only here we studied two IA algorithms, one utilizing the worst-case cross-channel 
interference and the other the actual interference. The worst-case-interference method led to 
the highest capital expenses among the three due to the over-provisioning of regenerators, 
although this estimation is expected to remain constant with a potential traffic increase. The 
IA solution that considers the actual physical interference resulted into the lowest capital and 
operational costs, outperforming the IUA solution. To capture the real-life deployments the 
techno-economic analysis also studied network planning cost implications for bidirectional 
traffic 5.2.2. The study showed that an IUA solution requires additional capital investments 
sooner than the IA one with the increased traffic. The transparent and translucent network 
topologies were assumed to explore also the impact that various node architectures pose to the 
network planning. The cost estimations followed the same pattern in both types of topologies 
and were dominated by the number of add/drop terminals; indeed the most flexible node 
architecture proved also to be the most costly. In contrast in a study investigating the manual 
interventions required for each type of node architectures during the operation phase and the 
associated costs (section 5.3.1), the more flexible node demonstrated more economic 
performance. Section 6 summarises our conclusions. 
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1. Introduction  
When traffic in telecom networks was voice-centric, designing and planning the 

network was not a complicated task. Novel capacity-demanding applications though, led to an 
unprecedented growth of data-dominated traffic with dynamic usage patterns. In this context, 
telecom operators seek for a cost-effective core optical network that satisfies the new traffic 
conditions. During network design, operators need to employ methods that minimise the total 
cost of ownership and the network-related operational expenses while ensuring scalability, 
dynamicity and adaptation to future demands. Given that network operators have a limited 
budget available when designing or upgrading a network it is of utmost importance to make 
investments that will not require adding racks of equipment in every traffic increase.  

 
A telecom network, regardless of its size, entails two classes of expenditures for the 

operators: capital expenditures (CapEx) that include the cost of all the components that 
comprise the network and the operational expenditures (OpEx) that correspond to the costs 
stemming from the power consumption of the network, housing, labour and maintenance. An 
optical core network that spans over several hundreds or thousands of kilometres utilizes at 
the bottom of its multilayer structure a Wavelength Division Multiplexing (WDM) transport 
plane that is responsible for the signal transmission and switching from the source node to the 
destination. Herein the cost analysis focuses on the expenses related to the WDM layer.  

 
From an economic point of view, it is essential to make maximum use of the all-

optical technology and have the signal travel optically [1] [2] avoiding the optical-electronic-
optical (O/E/O) conversions. The evolution of optical networks from opaque (where electrical 
regeneration is present in every node) to transparent was driven and justified by -among other 
reasons- the ultra-high bandwidth provision, QoS guarantee and scalability. Yet this transition 
proved to be also particularly cost-effective. The cost savings of a transparent network design 
over an opaque network may be up to 50% [1]. The OpEx savings in the all-optical core 
networks mostly due to the minimised power needs of photonics, [2] along with the CapEx 
savings stemming from the elimination of the costly optoelectronic interfaces, render 
transparency highly correlated with the deployment of an economically viable network. 
Nonetheless error free detection of the optical signal can be achieved for a finite distance, as 
the physical layer impairments accumulate degrading the quality of transmission [3]. Thus in 
large scale networks a small number of regeneration sites is required. In these semi-
transparent (translucent) networks the number of required regenerators is critical to be 
minimised as the cost of ownership is highly dependent on the associated expense [4].  On a 
similar manner fully transparent networks should also make maximum use of the optical reach 
as this ends up to lower blocking rates and more efficient utilization of resources.  

 
Further to the introduction of photonic switches and wavelength selective switches, 

reconfigurable optical switching components are rapidly adopted due to their inherent ability 
to support the dynamic traffic evolution in a flexible and most importantly economic manner 
[5]. Reconfigurable optical networks present a clear business case since the operators do not 
have to overprovision their network with equipment meant to serve future variations in traffic.  
  

In this context DICONET’s vision (Figure 1-1) for high end-to-end all-optical 
connectivity, reliability and dynamicity is studied under the prism of capital and operational 
cost. The networking solution that DICONET proposes is realised through a set of resource-
optimisation algorithms that introduce also a business opportunity for the network operators. 
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Intelligent routing and wavelength assignment, optimised component placement, failure 
localisation and resilience, all integrated in a unified control plane, provide the network with 
an extended level of optimisation. Under T7.3 the cost benefit that is gained with the 
DICONET solution is studied and quantified, focusing on the concepts of impairment 
awareness and reconfiguration ability. 

 

 
Figure 1-1: The DICONET vision 

 
The main goal of Task 7.3 is to perform a techno-economic analysis that illustrates the 

cost correlation of a physical layer aware networking solution compared to a physical layer 
un-aware solution. In addition the impact of the different reconfigurable node architectures on 
the cost estimations is studied seeking the most cost-effective given specific conditions. Key 
activities in this task include: 

o Define traffic demand matrices to feed the techno-economic process 
o Utilize the DICONET routing and wavelength assignment algorithms to determine the 

network requirements in resources 
o Study of various node architectures and their impact on the routing algorithms 
o Define the cost models corresponding to the CapEx of the network 
o Define the cost models corresponding to the OpEx of the network 
o Perform a techno-economic analysis by mapping the routing solutions to CapEx and 

OpEx estimations 
o Compare various reconfigurable nodes architectures in terms of their cost 

requirements 
 

In the remainder, this deliverable is organized as follows: in section 2 we present useful 
definitions and describe node architectures that bear different degrees of flexibility. In 
addition we provide three individual studies that discuss the different features of the nodes 
and their impact on routing and restoration, along with an indicative cost comparison of 
commercially available node architectures. In section 3 the assumptions and the models 
followed in the cost modelling are presented, both for the network-related operational 
expenses and the capital ones. Section 4 elaborates the role of RWA in the network design 
and the specific methods that are used for the techno-economic analysis. The methodology 
and the results of the mapping of the algorithmic solutions to cost are compiled in section 5 
and section 6 draws the conclusions.  
 
 



�

����������� ! �"�#�"$����$%��� �����$%����$ &�"'�#����!���$��� �
�������(����()
�(�#*�$�*��+����,�,(���(-�.,�

�

��� ��� ��� ��� ��� ��� ��� ���
	
���������
�������� �


����� �� ���� �� �

�

2. Node Architectures 
A significant portion of a network’s cost of ownership is allocated to the nodes that mesh the 
network and whose role is to cross-connect or add/drop the traffic that reaches the nodes. In 
view of these cost considerations it is vital for the operators to make educated decisions in 
terms of the architectures and their corresponding features in order to ensure a viable and 
long-term investment. While all reconfigurable nodes that cross-connect traffic in the optical 
domain offer more or less the same functionality for the transit traffic, they primarily differ in 
how the traffic local to the node is treated. Therefore, the different types OXCs are 
categorized mainly based on the features/flexibility of the add/drop ports. Before listing the 
types of node architectures it is useful to introduce a 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 add/drop ports, do not have a 
permanently assigned wavelength channel but rather are provisioned as to which 
wavelength channel will be added/dropped. Colorless ports are attractive as generally 
fewer total add/drop ports are needed resulting in simpler operation and possibly more 
compact physical interfaces. Considering tunable transponders (TSP), colorless ports 
allow the wavelength to be selected and provisioned remotely (lower OpEx by 
simplifying deployment and enabling remote and rapid modification of a channel’s 
wavelength). Colorless ports are generally created by replacing a fixed wavelength 
demultiplexing element (for example an arrayed waveguide grating (AWG) 
component) with a wavelength selective switch (WSS). A WSS can steer each optical 
channel present on its input port toward one of its output ports. In this basic node 
architecture, a colorless add/drop port is still dedicated to a single transmission fiber 
giving reason for some network blocking. This can be overcome by the next port 
category. 
 

·  Directed - Directionless ports: If a node is equipped with directed add/drop ports, a 
channel on a specific transmission fiber entering the node can be dropped only by a 
de-multiplexing element connected to this transmission fiber. In the same way, a 
locally added channel leaves the node on a pre-defined transmission fiber depending 
on the selected add port. As this architecture is comparably inflexible, architectures 
with directionless ports have been proposed which allow fully flexible transmission 
fiber selection for add/drop. The network operator is able to select provision and alter 
a signal pair’s route at truly any point within network. Thus in an OXC with 
directionless add/drop ports not only transit traffic is switched from/to arbitrary 
transmission fibers, local traffic can be switched flexibly, too. Typically this 
directionless port property is realized by re-dedicating a transmission fiber port to a 
local port. It should be noted that for this realization a particular wavelength can still 
be added/dropped to only one transmission fiber port. The use of this wavelength 
blocks adding/dropping of the same wavelength to another fiber port.  

 

·  Contentionless ports: It may be the outcome of an optimum Impairment Aware- 
Routing and Wavelength Assignment (IA-RWA) computation as presented in the 
deliverables of WP4 of the DICONET project that multiple demands are assigned to 



�

����������� ! �"�#�"$����$%��� �����$%����$ &�"'�#����!���$��� �
�������(����()
�(�#*�$�*��+����,�,(���(-�.,�

�

��� ��� ��� ��� ��� ��� ��� ���
	
���������
�������� �


����� �� ���� �� �

�

identical wavelengths but different transmission fiber pairs. Without any special 
measures for achieving wavelength blocking-free (i.e. contentionless) ports, it is an 
intrinsic property of reconfigurable OXC to provide only a single add/drop port for 
each wavelength. In this case – while the wavelength capacity is available on the 
transmission fibers – wavelength blocking may occur on the lightpath within the OXC 
itself. Typically the contentionless port property is realized by a spatial switch matrix. 
In contrast to a WSS, this type of switch cross-connects input ports irrespective of the 
specific wavelength.  

 

·  Partly blocking-free ports: An intermediate architectural step between fully 
wavelength blocking-free ports irrespective of the number of locally identical 
transponder wavelengths on one side and a single add/drop port for each wavelength 
on the other side should be mentioned here. This could earn high practical relevance in 
future transparent networks as it allows an easy scaling of the number of wavelength 
blocking-free ports. The basic idea is to re-dedicate multiple transmission fiber ports 
(for instance equipped with a WSS and a power splitter) as local ports.  

 

2.2. TYPES OF NODE ARCHITECTURES  
DICONET D2.1 elaborated the implementation of optical nodes by describing in 

detail the architecture of Optical Add-Drop Multiplexers (OADMs), Reconfigurable OADMs 
and OXCs. However, the node architectures described in the following, focus on the degree of 
flexibility they introduce and are considered in close correlation with the implications they 
impose to the network dimensioning and consequently to the cost evolution. We define here 
as R-OXC 1 the Reconfigurable OXC that carries the highest degree of flexibility and 
imposes no constraints to the problem of RWA, as it corresponds to a node that is colorless, 
directionless and contentionless. Considering R-OXC 1 as the reference architecture, a set of 
nodes that carry different combinations of the aforementioned features is presented. They are 
presented starting from the less flexible node to underline the architectural evolution towards 
the most flexible one. R-OXC 1 is not commercially available and difficult to implement with 
WSS components and therefore not described in the following. 

2.2.1. Colored and directed node architecture (R-OXC 6) 
The colored transparent architecture is a WSS-based all-optical cross-connect with a 

broadcast-and-select architecture. In this node structure fixed and direction-specific 
transponders are used. As a consequence each transponder is connected via a wavelength 
multiplexer/de-multiplexer (e.g. AWG) to a fixed port of the node. If a particular wavelength 
is not equipped in the terminal for a port, it cannot be used for add/drop at that particular port. 
The advantage is that there is no need for extra WSS equipment in the add/drop terminals. 
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Figure 2-1: Colored & directed transparent node architecture 

Specifications: 
�  Transparent OXC based on multi-port WSSs in a combiner configuration (Note: 

unidirectional devices are depicted here, as they are required in practical 
implementations.) 

�  N WSS required, if N is the number of network fiber pairs. 
�  N:1 ports necessary for WSS 
�  Colored add/drop ports 

 

2.2.2. Colored and directionless node architecture (R-OXC 5) 
To avoid having separate multiplexers/demultiplexers for each network interface and 

to be able to share the add/drop ports between the network interfaces, one nodal degree of the 
OXC is used as a common add/drop port. Channels from a bank of (different) wavelengths 
can be switched towards any network port connected to the OXC, as shown in Figure 2-2. The 
drawback of this architecture is that only those wavelengths equipped in the channel bank can 
be used for traffic connections, and every wavelength can only be used to terminate a single 
network interface, only one wavelength per color can be use. 
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Figure 2-2: Colored & directionless transparent node architecture 

Specifications: 
�  Transparent OXC based on multi-port WSSs in a combiner configuration  
�  N + 1 WSSs required, if N is the number of network fiber 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 2.2.1 available wavelengths are limited to 

those transponders, which are currently equipped. This is a constraint to a RWA function, as 
long as not all possible wavelength transponders are equipped. To avoid having to spend a lot 
of CapEx upfront to allow a more flexible routing, the architecture according to Figure 2-3 
can be used. Here, the transponders have a tunable wavelength. The dropped channels from a 
network port are distributed to the corresponding wavelength transponders via a 1xN WSS. In 
the add direction, all wavelengths are combined and sent to the corresponding network 
interface. This allows the reduction of the number of equipped transponders while still 
maintaining routing flexibility.  
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Figure 2-3: Colorless and directed node architecture 

Specifications: 
�  Transparent OXC based on multi-port WSSs in a combiner configuration  
�  N WSSs required in the network interfaces, if N is the 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 terminal (M number of add/drops) 

 

2.2.4. Colorless, directionless, partly non-blocking architecture (R-OXC 2&3) 
Similar to the architecture in 2.2.2, “degrees” of the OXC are used to add and drop 

channels. However the transponder cards used here feature tunable wavelengths such that 
each channel card can be tuned to any wavelength of the WDM spectrum. Each channel can 
be connected to any network port, but, as before, each wavelength can be connected to only 
one network port. To partly overcome this wavelength blocking, additional degrees of the 
OXC can be used as flexible add/drop ports (second grey box in Figure 2-4). In Figure 2-4, 
two add/drop ports are shown. With increasing number of “add/drop degrees” the blocking 
probability decreases until the number of add/drop degrees equals the number of network 
interfaces. With the reduction of blocking probability comes, however, an increase in required 
equipment. From the perspective of a pre-provisioning policy this type of architecture may 
still suffer from the 1-by-1 relation between an add/drop degree (grey box) and the single 
usage of a wavelength. 
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Figure 2-4: Colorless, directionless, partly non-blocking node architecture 

Specifications: 
�  Transparent OXC based on multi-port WSSs in a combiner configuration  
�  N WSSs required, if N is the number of network fiber pairs. 
�  (N+R-1):1 ports necessary for WSS, if R is the number of add/drop terminals 
�  R WSSs required in the add/drop terminals, with N:1 ports 
�  R WSSs required in the add/drop terminals, with M:1 ports necessary for WSS in 

add/drop terminal (M number of add/drops) 
�  Non-contentionless colored add/drop ports at one add/drop 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 described above as a function of the 

flexibility they incur. Up to now the algorithmic research workpackages of the DICONET 
project assume a node design without any architectural limitations. The impact of these 
limitations on the RWA performance was studied and reported in section 2.5.  On the other 
hand section 2.3 includes a cost study that aims at indicating the type of commercially 
available OADM/OXC architectures to be expected in the near-future investments of network 
operators. 
 
Table 2-1: Types of OXC  
Type of OXC  
 

Colour -
less 
add/dro
p 

Direction -
less 
add/drop 

Wavelength
-blocking-
free 
add/drop 

Remote re -
configurabil
ity for 
transit 

Remarks  

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 



�

����������� ! �"�#�"$����$%��� �����$%����$ &�"'�#����!���$��� �
�������(����()
�(�#*�$�*��+����,�,(���(-�.,�

�

��� ��� ��� ��� ��� ��� ��� ���
	
���������
�������� �


����� �� ���� �� �

�

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 future transparent networking concepts 

together with principles of OXC architectures as well as on algorithms and software solutions. 
In extension to this, DOCONET also considers real-world node architectures and their impact 
on transparent and translucent networking. 
 

This study recalls the today commercially available OADM/OXC architectures and 
compares the costs of different Fixed OADM / R-OXC types based on the 14-nodes DT 
network. It aims to give a good indication which type of FOADM and R-OXC can be 
practically expected in near future network deployments – and even more important – which 
type of R-OXC is so expensive such that it will presumably earn no practical relevance in the 
next few years.  

 
As direct cost values are confidential only normalized values can be provided. 

Furthermore, due to confidentiality reasons, this study is based on those OXC architectures 
which are widely adopted and supported by the majority of system vendors. The underlying 
cost values are quite speculative today, as they do neither rely on purchasing lists nor 
commercial quotes. Instead they are derived from technical talks to and exchanges with 
system integrators.  
 

2.3.1. Considered node architectures  
The node architectures considered in this study, include two FOADMs one bearing 

static optical attenuators and one bearing electronically adjustable variable optical attenuators 
(eVOAs). IIn addition 3 different R-OXCs were also taken into account, a directed and 
colored node (R-OXC6, Figure 2-1) as the standard architecture, a directionless and colored 
node (R-OXC5, Figure 2-2) and a directionless and colorless one (R-OXC3, Figure 2-4) as 
the more and most advanced OXC type, respectively, available today. Future trends of even 
more flexible architectures, which might be foreseen even 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 multiplexed WDM channels are 
completely demultiplexed by AWG. The interconnections of channels are manually provided 
by patchcords. In order to guarantee correct power levels of outgoing channels on the 
transmission fibers, a per-channel attenuation is typically done on an exhaustive measurement 
base by an operator’s technician before the channel multiplexed again. That is why this 
concept is usually denoted by “demux-switch-mux” whereby the switching itself is performed 
manually here. This procedure does not only tie a considerable 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 attenuators.  
 

This drawback can be overcome by electronically eVOA arrays (Figure 2-6). Channels 
are still interconnected by patchcords, but the power levels are automatically controlled. From 
the operational expenditures perspective, this approach does not differ much from the 
previous case unless ring networks are deployed. Rings offer the opportunity to patch through 
all channels on all but one hops. The single node without a through-connection serves to 
break the lasing condition, i.e. without a physically broken 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 remotely controlled reconfigurable optical 
add/drop multiplexing node. There are different flavours out which mainly differ in the 
add/drop ports’ architecture. They all share the same characteristic of transparent transit of 
lightpaths which can be reconfigured by a network management system. Therefore the transit 
is state-of-the-art today and need not be described here in detail.  
 

In the simplest add/drop architecture (Figure 2-1), transponders are connected to 
colored and directed ports provided by AWGs. Therefore, lightpaths are permanently assigned 
to a fixed wavelength port and to a fixed network direction. This prohibits from automated re-
routing of lightpaths in the case of a failure if the first or last hop is affected. The only 
alternative is to manually re-deploy that wavelength onto a new route. 

 
A higher performing architecture replaces all bidirectional AWG-based add/drop 

groups by a splitter/WSS card together with amplifying units and a single bidirectional AWG 
group (Figure 2-2). This enables directionless access to the transmission fibers of the network. 
However, due the usage of AWGs as the finally connected element, this architecture still 
suffers from the colored port feature. Even if tuneable transponders are supposed, this 
architecture does not support any wavelength to be routed on demand. 

 
When substituting each add/drop AWG in Figure 2-2 by a splitter/WSS card a 

colorless though directed architecture can be built (Figure 2-3). As for a higher nodal degree 
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this architecture comes along with a number of WSS required, it is expected to be a dead end 
development as it is prohibitively expensive today. When not following the architectural 
development shown in Figure 2-3, there is still an option for further enhancements when 
substituting the AWG ports shown in Figure 2-2 by a second coupler/WSS card. As the 
passive coupler acts as a combiner, this device is named like this in the yellow inset box in 
Figure 2-4. Instead of a passive coupler, some system vendors also propose a further WSS 
device for calibrating the power levels and providing low insertion loss, colorless add ports. 
In the drop path, the port count of the WSS directly scales with the drop capability of the node 
itself. As this is a critical parameter, a 1x23 WSS is assumed. Should this number of add/drop 
ports be not enough, a further yellow box can be connected in parallel.  
 

Today, the last R-OXC3 is typically the most advanced offered by a majority of 
system vendors. Therefore, this architecture is treated as the benchmark. 
 

2.3.2. Network topology and Traffic assumptions 
 

In order derive a reasonable cost comparison it is not enough to compare direct costs 
of network elements as different OXC architectures have different properties and show 
different behavior. A comparison based on a specific network topology and traffic 
assumptions is mandatory for a fair comparison.  
 

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

 
Figure 2-7: The generic 14 nodes DT backbone reference network. 
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We considered 10G services exclusively in order to be inline with the classical 
DICONET assumptions taken so far. In order to benefit form high-capacity 40G wavelengths 
we made use of 40G whenever more than two 10G services can be multiplexed together onto 
a single 40G wavelength. Today this is a little speculative as the cost ratio of 40G versus 10G 
transponders is still higher than 2.5 which was the typical ratio in the past. Taking also 
operational aspects into account, the theoretical investment in 40G muxponders seems to be 
justified; especially when one expects a cost erosion of 40G technology1. For this study we 
applied the aforementioned rule of selecting a 40G wavelength instead of three or four 10G 
transponders. Concerning the associated costs, we assumed 40G to the price of 3.5 times 10G. 
 
Table 2-2: 10G traffic matrix for the national connections; note that this matrix symmetric. 

Node B HB Do D E F HH H K L M N S Ul 
B 0 1 2 2 1 4 2 3 2 4 2 2 3 2 
HB 1 0 1 1 1 2 1 2 1 2 1 1 2 1 
Do 2 1 0 2 2 3 2 2 2 2 1 1 2 1 
D 2 1 2 0 2 3 2 2 2 2 2 1 2 1 
E 1 1 2 2 0 2 1 2 2 2 1 1 2 1 
F 4 2 3 3 2 0 3 4 3 5 3 3 3 2 
HH 2 1 2 2 1 3 0 3 2 3 2 2 3 1 
H 3 2 2 2 2 4 3 0 2 4 2 2 3 2 
K 2 1 2 2 2 3 2 2 0 3 2 1 2 1 
L 4 2 2 2 2 5 3 4 3 0 3 2 4 2 
M 2 1 1 2 1 3 2 2 2 3 0 2 3 2 
N 2 1 1 1 1 3 2 2 1 2 2 0 2 1 
S 3 2 2 2 2 3 3 3 2 4 3 2 0 2 
Ul 2 1 1 1 1 2 1 2 1 2 2 1 2 0 
 
 
Table 2-3: 10G traffic matrix for the international  connections all terminating in the Frankfurt node; note 
that this matrix symmetric. 

Node B HB Do D E F HH H K L M N S Ul 
B 0 0 0 0 0 5 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 5 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 

�
1 However, at the same time it might be anticipated that 10G technology also undergoes a comparable price 
reduction. 
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Ul 0 0 0 0 0 3 0 0 0 0 0 0 0 0 
 

2.3.3. Network dimensioning and cost calculation 
As a next step we routed the given traffic matrix through the network and calculated 

the load on each link. As electrical grooming in a strictly transparent network is excluded, 
each connection was routed individually on the optical WDM layer without modelling 
physical impairments. Therefore, this study performs a network dimensioning (i.e. where to 
locate which type of R-OXC and further functionalities) rather than a detailed network 
configuration with specific lightpaths including impairment awareness. This is typically a 
preliminary step before the real network design procedure. 
 

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

Originally it was intended to evaluate network deployment scenarios with a single 
type of FOADM or R-OXC. However, for the FOADM scenario without eVOAs, the link 
length between Leipzig and Frankfurt turned out to be too long to be equipped without 
eVOAs. Therefore, we decided to place there a dynamic gain equalization functionality 
realized by eVOAs.  
 

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

backbone network and its original traffic matrix. 
 

The cost table of Figure 2-8 is normalized to the total cost of the “R-OXC 3, 
directionless, colorless” scenario for benchmarking purposes. In order to evaluate the impact 
of traffic increase we also considered a traffic growth factor of 2, where geographically the 
traffic pattern remained unchanged. We had to upgrade the link between Frankfurt and 
Leipzig by a parallel 80-channel system. Everything else remained unchanged. 
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Figure 2-9: Cost comparison of different commercially 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 transponders and muxponders in a reasonably 
tailored optical transport network. Furthermore the cost premium when upgrading all R-OXC 
nodes from being not only remotely reconfigurable in the transit path but also exhibiting 
directionless add/drop ports (R-OXC 5), is comparably small when comparing the total 
network cost. Depending on the network load, it is within a few percent range; for this study 
we found about 4 % extra cost for the omni-directional feature. This offers a lot more 
operation flexibility, especially when considering protection schemes. In contrast to this, 
going for completely colorless and directionless add/drop ports is associated with about 50 % 
extra network cost compared with colored and directed ports.  

2.3.4. Conclusion 
From an operator’s perspective, FOADM are only expected to play a role for bi-

connected nodes in a ring-like network architecture. Note that from the network planning 
process, it must be defined a-priori that such a node will stay a bi-connected node and its 
degree will never be increased. For nodes like these, FOADM with eVOA for spectrum 
equalization may satisfy the operational requirements, as there is no need for automated 
switching into different directions. However, this is a strong limitation for network operation 
and bears the risk for bottlenecks from inaccurate network planning. 
 

When the operator has already decided to go for a flexible, automated and high-bitrate 
transport platform relying on transparent networking principles, it seems from the cost 
comparison to be recommended to start the R-OXC deployment with directionless but colored 
ports in all multi-degree nodes. By overcoming the bounded direction of add/drop ports with 
the R-OXC6 architecture, this feature is very appreciated for protection purposes. 
Furthermore, and not less important, is the fact that there is still a huge cost premium for 
colorless add/drop ports (right bar in the figures) which is interpreted to be prohibitive 
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nowadays.  
 
On the other hand, when starting the network deployment with directionless and colored 
ports, there is still an optional migration path to achieve even colorless operation by inserting 
additional WSS/splitter cards into the R-OXC, see yellow box in Figure 2-4. This can be 
accomplished without affecting the already existing transit traffic on the node to be upgraded.  
This is the final reason why – under the given assumptions of this study – R-OXC5 is 
considered as the most promising architecture from the operator’s perspective. 

2.4. IMPACT OF NODE DIRECTIONALITY ON RESTORATION  
A key feature of optical transport networks is resilience. There are two main approaches to 

implementing resilience in the optical layer. The first approach is protection, where backup 
resources are provisioned and reserved in advance. In Path Protection, two disjoint end-to-end 
paths are provided for every connection in the network. If the backup paths are reserved for 
each working path, then the network uses Dedicated Path Protection. If two working paths are 
disjoint, a single failure cannot affect both paths. Therefore their Backup Paths can share 
resources. This is called Shared Path Protection. The second approach is restoration, where a 
new connection is provided on-the-fly after a failure in the network, using any available 
resources. Restoration is typically more resource efficient than protection, because resources 
do not need to be reserved for protection. Restoration also has higher availability, because any 
available path between source and destination can be used. If two networks have the same 
resources, then 1+1 or 1:1 protection has double failures which can terminate a connection, 
whereas for restoration the graph needs to be disconnected. However, restoration is usually 
slower than protection, because path computation and path setup takes some time. We have 
shown that the transparent architecture based on WSSs is so cost-effective for switching trunk 
traffic, that the impact of protection sharing in the optical layer on the node CapEx was very 
small [6]. 

 
In evaluating protection or restoration strategies, usually the underlying node architecture 

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

 
The considered node architecture is directed, colorless and contentionless (see section 

2.2). This architecture promises to become a popular solution for switching trunk traffic at 
wavelength granularity, because of its cost-effectiveness and modular design allowing for 
pay-as-you-grow scalability. One of the drawbacks of this architecture, however, is reduced 
flexibility in the form of directionality. A schematic is given in Figure 2-3. The add/drop 
terminals in this architecture are fixed to a specific fiber pair (direction), on the incoming side, 
all traffic is split to each outgoing fiber and to its associated add/drop terminal. Similarly, in 
the outgoing direction an add/drop terminal is connected to the WSS of the outgoing fiber. 
This directionality is also present when regeneration is required. In this architecture, 
regeneration is achieved by direct back-to-back connection of transponders. The incoming 
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traffic must be dropped to a certain transponder and then automatically regenerated to a 
specific outgoing fiber. This type of regenerator is therefore also prone to directionality, and 
reconfiguration requires manual intervention through reconnecting to a different outgoing 
transponder. These issues are not present in a full optical cross connect based on a monolithic 
n-by-n 3D MEMS switch fabric or in (more costly) directionless architectures. 

 
Because of directionality, optical restoration will not work for all paths in a transparent 

network based on the considered node architecture. In effect, if an affected transparent 
connection is experiencing a failure on the first or last link, it will not be able to be restored 
optically, and manual intervention (reconnection of transponders to a different add/drop 
terminal) will be required. 

 
In order to evaluate the impact of directionality on the capability of the optical layer to 

restore connections (without additional transponders), we simulated restoration for a typical 
translucent pan- European network topology [7]), simulating behavior of the WSS node 
architecture described above. It has 34 nodes and 54 links, average node degree 3.18 (min.:2, 
Max:5), average path length is 2397 km, with 4.12 hops on average. For each of these 
networks, we have a traffic matrix with a realistic traffic distribution for a carrier network. 
The traffic matrix is routed over the shortest physical paths. We then simulate each link 
failure and check if the affected connections are restorable under the directionality constraints 
at the start and end-node and also at intermediate regeneration points. In the translucent case, 
we require that the regenerators used for the restored connection are the same as for the 
affected connection. Furthermore, connections can also be un-restorable due to the transparent 
length constraint. We assess the average fraction (between 0 and 1) of the affected traffic 
(meaning the lightpaths that are disrupted due to the considered failure) and the of the total 
traffic that is un-restorable assuming different transparent lengths, ranging from regeneration 
at every node (opaque) to fully transparent. Note that for the opaque case, we simply use 
regeneration at every node, we do not consider a different node architecture. 
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Figure 2-10: Fraction of un-restorable affected traffic for GEANT2 topology 
 
Simulation results are summarized in Figure 2-10. The figure shows that in the opaque 

case all traffic is un-restorable in the optical layer after any failure. This was of course 
expected, since all paths are one hop, and all 1-hop and 2-hop paths are un-restorable. For a 
transparent length of 1000km, some paths were restorable under the directionality constraint; 
however, all of them exceeded the maximum transparent length (MTL). Increasing the 
transparent length will allow longer paths, both physically, but, more importantly, in hop 
count, which will give better restoration opportunities. For a 2500 km MTL (which is a 
realistic value for 10G long haul transmission), we notice that roughly 90% of affected traffic 
is still unrecoverable, of which only 6-7% is due to exceeding the transparent length on the 
restoration path. In the fully transparent case, the baseline performance is that almost 70% of 
the affected traffic after a link failure is unrecoverable in the optical layer.  

 
Figure 2-11 shows the same results, but for the total traffic in the network. This graph 

takes into account the amount of traffic on each link, where the previous figure treats all links 
as equal. It shows that increasing the transmission distance increases the amount of traffic that 
can be restored significantly, where in the opaque case, on average 7.2% of the total traffic 
load is lost after a failure, compared to 3.4% in the transparent case. This is only partly due to 
the increased path length (less restoration paths are exceeding the transparent length) and 
mainly due to the removal of directional regeneration points. 
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Figure 2-11: Fraction unrestorable traffic for GEANT2 topology 
 
There should be a direct relation between the amount of unrecoverable traffic and the 

average hopcount in the network. In order to evaluate this relation, we generated a large 
number of random (connected) network topologies with 10, 30 and 100 nodes and different 
average node degrees. These topologies range from trees to very dense mesh topologies. Note 
that for realistic telecommunication networks, typical node degrees are between 2 for ring 
networks and up to 3.5 for very dense mesh networks. This corresponds to average hopcounts 
of 1.3 to 3.4 for 10-node networks, between 2.5 and 5 for 30-node networks and between 3.5 
and 6 for 100- node networks. The traffic for these networks is assumed to be a full mesh of 
bidirectional lightpaths between all pairs of nodes. 
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Figure 2-12: Fraction restorable traffic for random network topologies versus average path 

length (hops). 
 
For each of these topologies, we calculated the average path length (hops) and the fraction 

of traffic that can be restored assuming full transparency. The results plotted in Figure 2-12 
clearly show the relationship between the path length distribution in the network and the 
amount of restorable traffic. The longer the average hopcount in the network, the higher the 
fraction of traffic that is restorable. Note that the graph shows the fraction restorable traffic 
versus the affected traffic. Increasing the path length in the network will increase the fraction 
of the affected traffic that is restorable, but will also increase the total load on this link, 
meaning that the total number of failed connections will actually increase. Also, the larger the 
number of nodes in the network, the better is the fraction of restorable traffic. This is even 
more valid if we take into consideration the average path lengths for realistic networks 
mentioned above. In these ranges, for 10 node networks the fraction is roughly 10-25%, for 
30-node networks 20-40%, and for 100 node networks up to 50%. These results also coincide 
with our results for the Geant2 topology, which has roughly 35% restorability (34 nodes with 
an average path length of 4.12 hops). 

 
We have evaluated the impact of the directionality of an optical cross-connect architecture 

based on a broadcast-and-select design using WSS elements with regard to optical restoration. 
Following a link failure in such networks, only a fraction of the affected traffic is restorable in 
the optical layer. The average fraction of affected traffic that is restorable after a link failure is 
in direct relation to the average path length in the network and the number of nodes in the 
network. Increasing the transparent length will increase the restoration opportunities by 
increasing the average path length and, most importantly, decrease the number of directional 
regenerators needed in the network. Therefore impairment aware networking will benefit 
optical restoration in directional networks; however, for full restoration the network needs a 
directionless node architecture or should implement a protection scheme for all connections 
instead of relying on restoration for dealing with failures. 
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2.5. IMPACT OF COLOR AND DIRECTION CONSTRAINTS IN WDM  NETWORKS 
Advances on optical devices, communication sub-systems, and network architectures have 

led to a profound transformation in all aspects of optical network communications. The most 
common architecture used for establishing communication in WDM optical networks is 
wavelength routing, where data are transmitted over all-optical WDM channels, called 
lightpaths, which may span multiple consecutive fibers. A lightpath is realized by determining 
a path between the source and the destination and allocating a free wavelength on all the links 
of the path. The selection of the path and the wavelength to be used by a lightpath is an 
important optimization problem, known as the RWA problem [8]. 
 

The key elements that make this technology feasible are optical line terminals, optical 
add/drop multiplexers, and optical cross-connects [9]. An optical line terminal (OLT) includes 
multiplexers/demultiplexers of wavelengths and TSPs. A TSP is responsible for adapting the 
signal to a form suitable for transmission over the optical network for originating traffic and 
for the reverse operation when traffic is terminated. An OADM takes in signals at multiple 
wavelengths and selectively drops some of these wavelengths locally, while letting others to 
pass through. There are two types of OADMs: fixed (FOADM) and reconfigurable 
(ROADM). FOADMs are capable of adding or dropping fixed wavelengths, while ROADMs 
select the desired wavelengths to be dropped and added on the fly, a feature that is quite 
desirable.  
 
OADMs are useful network elements to handle simple network topologies, such as linear or 
ring topologies and utilize fibers with small number of wavelengths. In order to handle more 
complex topologies and utilize a large number of wavelengths an optical cross-connect 
(OXC) is required. An OXC essentially performs functions similar to the ROADMs but at 
much larger sizes. As described in sections 2.1 and 2.2, OXC node architectures can be 
distinguished based on whether colored or colorless and directed or directionless add/drop 
ports are utilized. In a node equipped with directed add/drop ports, a channel on a specific 
transmission fiber originating from or terminating at the node, can be added/dropped only by 
a particular multiplexing/ demultiplexing element (port) connected to this transmission fiber. 
In order for such a port to switch to another wavelength or to another fiber respectively, 
manual intervention is required, in other words have personnel on-site to reconfigure the node 
accordingly. In any case, the number and the type of TSPs at each node are also important, 
since they determine not only the exact number of wavelengths that can be added or dropped 
but also the flexibility of the node. In what follows, we focus on OXCs; however our study 
also applies for ROADMs. 
 

In this section we evaluate how a RWA algorithm performs under optical cross-
connecting node architectures with different levels of color- and direction-related flexibility. 
In particular, we concentrate on four node architectures that use add/drop ports with the 
following configurations: i) colored/directed, ii) colored/directionless, iii) colorless/directed, 
and iv) colorless/directionless. These node architectures come with a different cost; that is, the 
more flexible ones are also more expensive. As a result, an interesting tradeoff is introduced 
between the network performance achieved, in terms of network blocking and number of 
manual interventions, and the cost of the node architecture used. In the process of comparing 
the node architectures of differing degrees of flexibility, we propose an adaptation of an 
online RWA algorithm [10] that takes into account the lack of node flexibility, and aims at 
achieving -using the more constrained node architectures- performance similar to that 
obtained with the more flexible and more expensive node architectures. Additionally, we 
evaluate different transponder assignment policies and determine their effect on the network 
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performance achieved. Our simulation results show that the color constraint affects more 
strongly the network performance than the direction one. In addition, the performance of the 
architectures is highly affected by the transponder assignment policy used. 

2.5.1. Previous Work 
ROADMs enable carriers to offer a flexible service and provide significant savings in 

OpEx and CapEx [11]. Authors in [11] compare alternative ROADM network architectures 
and show that optimally deployed higher-degree ROADMs with optical bypass and grooming 
can significantly reduce the cost. ROADM subsystems can be implemented using a variety of 
architectures and technologies, each with their own trade-offs in performance and 
functionality [12]. In [12] authors describe the available technology options, and 
corresponding subsystem features, while highlighting the key advantages and implementation 
challenges associated with each of them. 
 

Currently, most of the RWA algorithms proposed [8], assume that node architectures 
are fully flexible. Very few studies consider RWA algorithms assuming nodes that have 
architectural constraints. Authors in [13] study the performance of WDM networks with 
limited number of add/drop ports in OXCs. They consider the impact of the number of 
add/drop ports and conclude that only a limited number of add/drop ports are required at each 
node to achieve performance very close to that of a network where each node is equipped 
with the full number of widely tunable add/drop ports. The authors in [14] compare the design 
of metro optical WDM network architectures using two different ROADM architectures, 
namely, a switching-based architecture and a tuning-based architecture, and demonstrate that 
tuning-based architectures are more cost-effective for the metro networks under the current 
technologies. The same authors consider the tuning process of ROADMs with the constraint 
that it does not interfere with working wavelengths and provide heuristics to avoid such 
interference. Authors in [15] investigate the blocking performance of all-optical 
reconfigurable networks with constraints on reconfigurable optical add/drop multiplexers 
(ROADMs) and TSPs that can be tuned to transmit and receive to a certain set of wavelengths 
(limited tunable). They, also, develop an analytical model to calculate call blocking 
probability in a network of arbitrary topology for two different models of transponder sharing 
within a node: the share-per-link (SPL) and the share-per-node (SPN). 

2.5.2. Network and Node Models 
In this subsection we describe the network and node models that we use. 

2.5.2.1. NETWORK MODEL  
A network topology is represented by a connected graph G=(V,E). V denotes the set of 

OXCs-nodes. E denotes the set of (point-to-point) single-fiber links. Each fiber is able to 
support a common set C={1,2,…,W} of W distinct wavelengths. Each link l is characterized 
by the delay of the link dl (or its length) and the availability of the wavelengths in the form of 
a boolean vector lW =(wl(1), wl(2),...,wl(W)). We set wl(i) equal to 0 when the wavelength � i is 
occupied, and equal to 1 when � i is free (available). This vector is called the link’s  
wavelength availability vector.  
 

We assume that nodes are equipped with TSPs that can be tuned to transmit and receive 
at any wavelength (widely tunable TSPs). In particular, the number of TSPs nT  each node n is 

equipped with, depends on its degree nD . The number of TSPs of node n, which is assigned to 



�

����������� ! �"�#�"$����$%��� �����$%����$ &�"'�#����!���$��� �
�������(����()
�(�#*�$�*��+����,�,(���(-�.,�

�

��� ��� ��� ��� ��� ��� ��� ���
	
���������
�������� �


����� �� ���� �� �

�

each link l, is assumed to be constant and equal to T  and as a result node n has a total of 

n nT D T= ×  TSPs.  
 

2.5.2.2. NODE MODEL  
In this study we consider four different node architectures: colored/non-directionless, 

colorless/non-directionless, colored/ directionless and colorless/directionless; Figure 2-13 
shows these architectures. For example, Figure 2-13a) illustrates four add/drop ports 
connected statically to Fibers 1 and 2 and wavelengths 1 and 2 respectively, while Figure 
2-13d) presents four add/drop ports that can switch on the fly to any of the two fibers, serving 
any wavelength. For more information on the functionality of its of them please see section 
2.2. 

 
Figure 2-13: Different node architectures: a) colored/non-directionless, b) colored/non-directionless, c) 
colored/directionless, d) colorless/directionless. Tx,y express the ability of add/drop port: x is the fiber and 
y is the wavelength that the transponder (TSP) is plugged in. The symbol ‘:’ denotes that there is no 
limitation.   

2.5.3. RWA Problem 
The RWA problem is usually considered under two alternative traffic models. Offline (or 

static) lightpath establishment addresses the case where the set of connections is known in 
advance, usually given in the form of a traffic matrix that describes the number of lightpaths 
that have to be established between each pair of nodes. Dynamic (or online) lightpath 
establishment considers the case where connection requests arrive at random time instants, 
over a prolonged period of time, and are served upon their 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 have full flexibility 

(colorless/directionless nodes) is similar to the one proposed in [12], but without the physical 
impairment considerations present in that algorithm. Considering physical impairments would 
only complicate our study, without adding any insight on it. This RWA algorithm consists of 
two phases: in the first phase, the algorithm computes a set of paths from a given source to the 
destination as a generalization of Dijkstra’s algorithm. This set of paths is passed to the next 
phase. Each path is associated with a wavelength availability vector. The wavelength 
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availability vector W of a path is computed by applying the logical AND operator in the 

wavelength availability vectors (component-wise) of its constituent links lW . In the second 
phase, the algorithm from the set of candidate paths selects the one with the most used 
wavelength. In the end, the algorithm establishes the decided lightpath if there are available 
TSPs in the source/destination nodes of the connection, assuming 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 the flexibility of the RWA algorithm, 
mainly regarding which channels/wavelengths it can use for serving a connection request. 
This is because the node ports are permanently assigned to specific wavelengths. In this case, 
the links’ wavelength availability vectors lW , used by the RWA algorithm, are updated 
according to these wavelengths. If the algorithm cannot find a lightpath for serving a 
connection request, then manual intervention can be performed. In particular, manual 
intervention corresponds to the assignment of an available TSP to a different port than the one 
already provisioned. If no TSPs are available, then the demand is finally blocked. 
 

Figure 2-14a) shows how the definition of the wavelength availability vector lW  of 
link l has to be modified to account for the color related constraints. If node d is the 
destination of a connection request, then the availability vectors of the node’s incoming links 
are modified according to its available receivers - drop ports (that are tuned to specific 
wavelengths). For example in Figure 2-14a), the original vector of link l is [ ]0 1 1 1 1lW = , 

implying that the available wavelengths of link l are the 2 3 4 5, , ,w w w w  (the example assumes 
five wavelengths per fiber). In case the RWA algorithm attempts to find a lightpath that 
terminates at node d, then all the availability vectors of the links incoming to d are modified 
based on the way node’s d drop ports are colored. In our example, node d can only receive on 
wavelengths 1 3,w w  because only receivers / drop ports R1 and R3 are available and therefore, 

the original availability vector is updated to [ ],
0 0 1 0 0

l
W

T
= . This means that only wavelength 

3w of link l is actually available for use by the RWA algorithm in order to end the lightpath in 
node d. 
 

If the RWA algorithm cannot find a lightpath, either due to the unavailability of a path 
and/or wavelength from source to destination or due to the color constraint, manual 
intervention is necessary. In this case the RWA algorithm is re-executed for deciding the 
lightpath that will serve the request, assuming that there are not color constraints. Next, based 
on the RWA algorithm’s decisions manual intervention is performed so as to plug a TSP at 
the decided (input or output) port. As mentioned, the RWA algorithm (that does not consider 
color constraints) is executed only if there are free TSPs at the source and destination nodes of 
the connection request; otherwise the connection is blocked. 
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pW 0 1 1 1 1lW � �� �=

pW

lW

, 0 0 1 0 0lW T � �� �=

,lW T

1 1 1 0 1lW � �� �=

, 1 0 0 0 0lW T � �� �=

 
Figure 2-14: a) Availability vectors of the RWA algorithm when considering colored ports. Receivers / 
drop ports R1, R3 can only receive wavelengths w1, w3, respectively. b)  Availability vectors of the RWA 
algorithm when considering directed ports, where transmitter / input port T1 can only send traffic to link 
l1 and transmitter / input port T2 can only send traffic to link 12. 

 
Directionless vs. Non-Directionless architecture 

Non-Directionless ports limit the routing choices available to the RWA algorithm, 
mainly regarding the first and the last link of the path to be used for serving a connection. For 
example, assume there is only one free input port (with a plugged TSP) connected to a 
specific fiber in a node s. This free input port can only be used by a connection request, which 
originates from s and uses this fiber as its first hop. This constraint must be accounted for by 
the corresponding RWA algorithm. If a lightpath cannot be found, the connection is either 
blocked, or manual intervention is performed to connect an available TSP to another fiber. In 
this case, an RWA algorithm that does not consider direction-related constraints will point out 
which fiber-link is most efficient to use. In the case where there are no available TSPs then 
the connection will be blocked.  
 

In Figure 2-14b), if node s is the source of a connection request, then we can only set 
up a connection from transmitter / input port T1 to link l1 and from T2 to l2. Also, the 
wavelength availability vectors of the links are again modified, in a way similar to that used 
for colored ports. In case we also have color constraints (that is, the ports are not colorless), 
the RWA algorithm will have to find a solution under both constraints. 

 

TSP Assignment Policy 
An important factor affecting network efficiency in case colored node architectures are 

used, is the way the transponders of a link are provisioned to specific wavelengths. Next, we 
present a number of such TSP assignment policies. 

 
Colored Architectures - Policy 1: Lowest wavelength count first  
The provision of wavelengths in the TSPs of a link can be performed according to the “lowest 
available wavelength count first” rule. That is, assuming there are T available TSPs per link 
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and no connections are already established, the TSPs can be provisioned to the first T 
wavelengths of the link (Figure 2-13a and Figure 2-13c). 

 
Colored/non-directionless Architecture - Policy 2: Cyclic wavelength rotation  

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

 
Colored/directionless Architecture - Policy 2:  Full wavelength cover  

Under this policy (Figure 2-15b), all the available TSPs of a node are provisioned to 
wavelengths 1 to 

n n
T D T= × , assuming 

n
T W£ . In case 

n
T W> , then /

n
T W� �� �  TSPs are 

provisioned to all the wavelengths and the remaining  mod
n

T W  TSPs are provisioned to 

wavelengths 1 to mod
n

T W . 

 
Figure 2-15: TSP assignment policy 2 for: (a) the colored/non-directionless architecture, (b) the 
colored/directionless architecture (as opposed to policy 1 in Figure 2-13a and Figure 2-13c). 
 

2.5.4. Simulation Results 
The network topology used in our simulations was the generic Deutsche Telekom network 
(DTnet, Figure 2-7) that has 14 nodes and 23 links. The capacity of a wavelength was 
assumed equal to 10Gbps. Connection requests (each requiring bandwidth equal to 10Gbps) 
are generated according to a Poisson process with rate �  (requests/time unit). The source and 
destination of a connection are uniformly chosen among the nodes of the network. The 
duration of a connection is given by an exponential random variable with average 1/�  (time 
units). Thus, � /�  gives the total network load in Erlangs. The total network load in Erlangs 
gives the total number of lightpaths that are present in the network. In our simulations we 
assume that widely tunable TSPs are plugged into specific ports. In addition, we assume that 
the number of TSPs is constant during the network operation. That is, we cannot add extra 
TSPs and if a connection cannot be served due to limited resources then it is blocked. Also, in 
the cases where we do not have fully flexible architecture and an available TSP has to be 
assigned to a different port than the one originally assigned, so as to serve a new connection, 
then a manual intervention (MI) is performed, unless otherwise mentioned.   
 
In Figure 2-16 we graph the blocking probability for the four examined node architectures as 
a function of the network load, assuming there are 16 available wavelengths and 12 TSPs per 
fiber link. We observe that all node architectures perform similarly in terms of blocking 
probability. This is explained by the fact that we allow manual interventions (MIs) for 
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changing the direction and the color of a port, and also each fiber has the same number of 
wavelengths and TSPs. Small variations in blocking probability are because in different 
architectures the differences in ports flexibilities lead to different wavelength assignment by 
the RWA algorithm, which assigns the wavelengths based on the already provisioned TSPs. 
However, as Figure 2-17 indicates, different node architectures result in differences in the 
number of MIs. The most flexible architecture with colorless/directionless ports has zero MI 
because every port can add/drop any wavelength in any direction. The second and the third 
more flexible architectures are colorless/non-directionless and colored/directionless, 
respectively.  Colorless/non-directionless architecture exhibits very small number of MIs and 
this can be explained by the characteristics of the DT network. In particular, the average node 
degree of DT network is small and as result the direction related constraint is not so restrictive 
as the color related one. As expected the colored/non-directionless architecture needs the 
largest number of MIs. Also, when the load is large the number of connections blocked due to 
limited resources (despite the MIs) increases, leading to a small decrease in the number of 
MIs. 
 

 
Figure 2-16: Blocking probability 

 

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

Figure 2-18 illustrates the blocking probability versus the number of TSPs per link for 
different number of available wavelengths. In general, the performance of the RWA algorithm 
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is constrained by the number of transponders; however, as this number increases, then the 
number of wavelengths becomes the performance bottleneck. In particular, we note that in 
order to achieve zero blocking probability 8 TSPs and 14 wavelengths per link/fiber are 
required. When having only 10 available wavelengths per fiber, we cannot achieve zero 
blocking for load equal to 100 Erlangs, irrespectively of the number of TSPs. These results 
and observations hold for all the node architectures under consideration. 
 

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

Figure 2-19 presents the number of manual interventions (MIs) required per 
connection versus the number of available TSPs per link assuming 10 wavelengths per link 
and load equal to 100 Erlangs. The performance results are similar to those described in 
Figure 2-18. As the number of transponders per link increases, the number of MIs per 
connection decreases.  
 

 
Figure 2-19: Manual interventions vs. number of transponders, assuming 10 available wavelengths per 

link and network load equal to 100, for various node architectures. 
 

In Figure 2-20 we examine the performance of the various TSP assignment policies 
proposed in conjunction with the node’s architectures considered, assuming network load 
equal to 100 Erlangs and 14 available wavelengths. In this set of simulations, we assumed that 
no MIs are allowed and as a result if the wavelength of the transmitter (source) does not fit 
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with the wavelength at the receiver (destination), then the connection is blocked. We observe 
that the colored/non-directionless and colored/directionless architectures exhibit the same, bad 
performance when the TSP assignment policy 1 is used. This is due to the fact that under this 
policy not all the available wavelengths are actually utilized. On the other hand the 
performance of these architectures, and especially that of the colored/directionless 
architecture, is improved when TSP assignment policy 2 is used. 

 

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

2.5.5. Conclusion 
We evaluated and compared the performance of several node architectures with color 

and direction related constraints used in a WDM network. In comparing the node 
architectures, we also proposed an adaptation of an RWA algorithm that accounts for the lack 
of node flexibility, and aims at achieving performance similar to that obtained with fully 
flexible node architectures. Our results demonstrated that in topologies where the node degree 
is small, the colored constraint is a more dominant performance limiting factor than the 
direction related one. In addition, we observed that even if a sufficient number of 
transponders exist in each node, a small number of wavelengths can also be a bottleneck of 
the network’s performance. Finally, we illustrated that the way transponders are assigned to 
wavelengths is important and policies utilizing all the available wavelengths should be used. 
 

3. Cost Modelling 
3.1. NETWORK CAPITAL EXPENSES 
In this section we present a detailed description of the costs. The cost model is based on the 
NOBEL phase II cost model, updated through a survey of the most recent list prices published 
by leading component manufacturers and system vendors [4]. After the calculation of the 
relative costs, with a long reach transponder as base, all values were checked by different 
system vendors and network operators, see Table 3-1. 
Costs are modeled with different levels of detail; using driver based and dedicated cost 
modeling. More information on the different methods can be found in [17]. 
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A summary of all the used costs in the model is shown in Table 3-1. The costs of the different 
node architectures are based on their physical implementations (section 2.2). An important 
subpart is the network interface (NI); its cost (CNI)   is based on the cost of the WSS (CWSS), 
the number of necessary splitter ports (Csplitter)   and a fixed cost for the casing (Ccase_NI)  
(Equation 1). 
 

NIcasesplitterWSSNI CCCC _++=  (1) 

 
R-OXC6 
Equation 2 shows the total cost of R-OXC 6 (CR-OXC6), see paragraph 2.2. The degree N of a 
node is the most determining parameter of the total node cost. In a colored add/drop terminal 
there is also a fixed cost included. In addition, per node there is a fixed cost to represent the 
rack and other fixed equipment (Ccase_node). 
 
 

( ) nodecaseEDFAAWGNIOXCR CCCCNC _26 2 +×++×=-  (2) 

 
CAWG = cost AWG and casing AWG 
CEDFA2 = cost of a double stage EDFA 
 
R-OXC5 
The cost model of R-OXC5 is strongly related to R-OXC6, but instead of N network 
interfaces we need N+1 network interfaces. Each wavelength can only be dropped once and 
this is not really realistic with current routing and wavelength assignment algorithms. For this 
reason there is no comparison with this architecture in the CapEx study. The cost equation is 
shown in equation 3. 
 

( ) nodecaseEDFAAWGEDFANIOXCR CCCCCNC _125 22)1( +×++×+×+=-  (3) 

 
R-OXC4 
The cost of the network interface component is the same as in previous case and shown in 
equation 1. The cost of an add/drop terminal is also composed in the same way as the network 
interface component, but instead of using a splitter, a combiner will be used. The degree of 
the add/drop terminal depends on the amount of drops or adds of that fiber. Ca/d is the cost of 
the colorless add/drop terminal. The cost equation is built in the same way as the cost of a 
network interface but instead of a splitter a combiner is used, see equation 4. The cost of one 
add/drop terminal will depend on the number of adds or drops per fiber.  
 

 

( ) �++×+×=-

N

danodecaseEDFANIOXCR CCCCNC
1

/_24 2  (4) 

 
R-OXC2 and R-OXC3 

Equation 5 shows the total cost for R-OXC 3 and R-OXC 2 (CR-OXC_2|3), see paragraph 2.2. 
We include an extra parameter, the number of add/drop terminals (R). An add/drop terminal 
contains one subpart like a network interface and one with a combiner instead of a splitter. 
This last part will vary in relation to the number of added channels.  To compensate the extra 
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signal degradations, a single stage EDFA is included in both directions. In case of R-OXC3 
we consider R equal to 1. To calculate the cost of R-OXC2 the number of add/drop terminals 
will be equal to the degree of the node. 

 
( ) ( ) nodecaseEDFAdadaEDFANIOXCR CCCCRCCNC _12_/1_/23|2_ 22 +×++×+×+×=-  (5) 

 
          
Ca/d_1 = cost of stage 1 of add/drop terminal similar to CNI 

Ca/d_2 = cost of stage 2 of add/drop terminal similar to CNI but with a combiner instead of a 
splitter. 
 
 
 
Table 3-1: CapEx cost model components 

Equipment Relative cost Power consumption 
[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) 
1x8 WSS 
1x20 WSS 
1x40 WSS 
 
Splitter1 

Combiner1 

 
AWG 

2.35 
4.7 
7.05 
10.58 
 
0.05 
0.13 
 
0.7  

30 
40 
50 
60 
 
- 
- 
 
- 

300,000 
300,000 
300,000 
150,0002 

 
- 
- 
 
- 

 
Regenerator 
 
Casing  node  
Casing  network interface  

 
1 
 
2.5 
1-4 

 
30 
 
- 
2-8 

 
250,000 
 
- 
- 

Casing AWG  0.5 - - 

Transponder (TSP) is bidirectional considered, all other components are unidirectional. 
MTBF (Mean time between failures) 
EDFA (Erbium Doped Fiber Amplifier) 
1Cost per port 
2considered here 2 devices for the MTBF 
 
 
The required output of the routing and wavelength assignment is shown in Table 3-2. These 
inputs are used to calculate the cost of all the nodes in the network. The number of ports of 
the network interface depends in general on the node degree and the type of node architecture. 
For example in case of R-OXC2 this number of ports can increase caused the extra  add/drop 
terminals at that node. For every node (n1, n2, n3, …) we define the physical node degree, the 
number of fiber pairs, the number of add/drop terminals (only used for R-OXC 2), the number 
of drops per fiber (drops and adds are the same in case of bidirectional traffic). Number of 
drops per fiber is used to calculate the number of ports of the colorless add/drop terminals for 
R-OXC 4. For the directionless architectures the total amount of add/drops is used. 
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Table 3-2: Output of RWA 

Node 

Physical 
node 
degree  

fiber node 
degree 

# 
add/drop 
terminals 

drops 
Fibre 1 

drops 
Fibre 2 

drops 
Fibre 3 

drops 
Fibre 4 

drops 
Fibre 5 

drops 
Fibre 6 

n1 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       
n10 4 4 4 17 21 22 23     
n11 2 2 2 41 6         
n12 4 4 4 18 12 5 7     
n13 3 3 3 22 37 11       
n14 2 2 2 26 11         

 

3.2. NETWORK RELATED OPERATIONAL EXPENSES 
Network related OpEx are yearly recurring costs closely related to the total infrastructure 

cost.  In the same way we dimension the nodes, it is also possible to calculate the total power 
consumption of all the nodes. All used input values are shown in Table 3-3. 
 
Power consumption 

The inputs are the power of a WSS, the fixed power per network interface and the fixed 
power per add/drop terminal. In the total power consumption, we will also include the power 
of the transponders and the EDFAs. We assume a reference price of 0.1€ for 1KW [18]. 
  
Floor space 

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

In the rent cost of the floor space we also include the general maintenance of the 
racks. This results in a higher cost per square meter than 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 equation 6) and the number of active components are 
known, then we can calculate the number of failures in the whole network. In the cost per 
failure we include the mean repair cost (see Table 3-3) and the cost of the equipment. 
 

R
T

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 the total repair cost the necessary equipment 
will be included. 
 
 

4. The role of RWA in the Network Design 
The efficient allocation of the available network resources has been examined thoroughly in 
the relevant work packages of DICONET. The main goal in this process was to optimise the 
performance of the network. The minimisation of the blocking rate was achieved by utilising 
the physical layer knowledge in conjunction with the disposable resources (i.e. optical 
channels). However, in what follows the role of RWA is discussed under the perspective of 
network design. The solutions of different RWA methods may result into different needs in 
network equipment (e.g. transponders or regenerators), and eventually different operational 
costs. Of particular interest is the cost-effectiveness of the IA-RWA algorithms as these make 
more efficient use of the network resources as opposed to simple RWA that ignore the Quality 
of Transmission (QoT). The RWA approaches discussed hereafter are meant to assist the 
reader to comprehend how the solution of an RWA is mapped to the capital and operational 
expenses.  

4.1. IMPAIRMENTS  
 

Typically IA-RWA algorithms consider the dominant physical layer effects in their 
computations. Physical layer impairments (PLIs) are usually categorized as linear and non-
linear, according to their dependence on the power. However, when we consider IA-RWA 
algorithms it is useful to categorize the PLIs to those that affect the same lightpath, to be 
referred to as Class 1 impairments [Amplified Spontaneous Emission noise (ASE), 
Polarization Mode Dispersion (PMD), Chromatic Dispersion (CD), Filter concatenation (FC), 
Self-Phase Modulation (SPM)] and to those that are generated by the interference among 
lightpaths, to be referred to as Class 2 impairments [Crosstalk (XT) (intra-channel and inter-
channel crosstalk), Cross-Phase Modulation (XPM), Four Wave Mixing (FWM)]. 
 

4.2. IA-RWA  VERSUS IUA-RWA  VERSUS WORST CASE ANALYSIS IN 

OPTICAL NETWORKS 
 

The typical objectives of the RWA problem are to reduce both the blocking ratio over an 
infinite time horizon but more importantly here also the network cost in terms of CapEx and 
OpEx. In transparent or translucent optical networks a connection blocking may occur (i) due 
to the unavailability of free wavelengths or links (network-layer blocking) and (ii) due to the 
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physical layer impairments, introduced by the non-ideal physical layer, which may degrade 
the signal quality to the extend that the lightpath is infeasible (physical-layer blocking).  
 

The consideration of the PLIs in the RWA process reduces the number of candidate 
lightpaths that can be used for routing. Moreover, due to certain physical layer effects, routing 
choices made for one lightpath affect and are affected by the routing choices made for the 
other lightpaths. There are three approaches to address the IA-RWA problem while 
accounting for the interference among lightpaths. In the first approach, the QoT of a new 
candidate lightpath is calculated under the assumption that all wavelengths on all links are 
fully utilized. This will be referred to as the worst case interference assumption. A lightpath 
chosen in this way is bound to have acceptable transmission quality during its entire duration, 
even if future interfering connections are established. However, this approach reduces the 
candidate path space available for routing, resulting in larger blocking probability and 
wasteful use of network resources. The second approach is to select the lightpaths without 
considering the physical layer impairments and at the end of the algorithm to allocate 
regenerators where needed in order to ensure that the QoT of the lightpath is above a 
predefined threshold. In what follows we name the RWA algorithms, which are based on this 
approach as impairment unaware RWA (IUA-RWA) algorithms. The third approach is to 
apply cross-layer optimization algorithms that use the current network utilization to estimate 
the actual interference among lightpaths. We name the corresponding RWA algorithms as IA-
RWA algorithms. These algorithms are able to explore a larger path space in comparison to 
the algorithms, which are based on the worst case interference assumption approach. The 
drawback of this approach is that the IA-RWA algorithms’ operation becomes more 
complicated, since in this case the actual inter-lightpath interference has to be modeled, and, 
additionally, the algorithm has to evaluate if the establishment of a new lightpath will turn 
infeasible some of the already established connections.  

 
In what follows we present in more detail typical algorithms that follow these three 

approaches. Our aim is to investigate the performance and other tradeoffs involved when 
using worst case impairment estimates or impairment unaware 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 signal remains in the optical domain along the 
entire lightpath from the transmitting node to the receiving node. However, in such networks 
the signal degrades due to physical layer impairments. For this reason, the design of 
transparent optical network requires the development of RWA algorithms that take into 
account the physical layer impairments. We consider two kinds of RWA algorithms, the 
impairment unaware RWA (IUA-RWA) and the impairment aware RWA (IA-RWA) 
algorithms. These algorithms are provided with a traffic matrix and return a set of lightpaths, 
with valid QoT, which can serve the demands. 
 

4.2.1.1. IUA-RWA  ALGORITHM  
 

The impairment unaware RWA (IUA-RWA) algorithm, which we consider in the 
techno-economic analyses that follows, has been presented in Deliverable 4.1 [20]. This IUA-
RWA algorithm initially selects, for the given traffic matrix, lightpaths using impairment 
unaware criteria. Then it checks the QoT of these lightpaths using impairment aware criteria 
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and places regenerators, when needed, ensuring the lightpaths’ quality of transmission QoT. 
In this way all the lightpaths become valid, in terms of their QoT, without changing the 
impairment unaware decisions (path and wavelength) taken initially. We follow this process, 
though designing transparent networks, because in the techno-economic evaluation that 
follows we are interested in the scenario where all the connection 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 phase, k candidate paths are identified for serving each requested connection. 
These are selected by employing a variation of the k-shortest path algorithm. Given a 
requested connection between source-node s and destination-node d, the k-paths selection 
process is as follows: Initially, all network links are assigned unit cost values. Then the 
minimum-cost path (and obviously the shortest one) is identified using Dijkstra’s algorithm. 
Once this path is identified, the cost of the links that comprise it are increased in some 
particular way (in the algorithms used to obtain our performance results, they are doubled). 
This process iterates, until k different paths are identified. Each iteration selects the shortest 
possible path, by preferring links not often previously used. The paths obtained in this way 
tend to use different edges so that they are more representative of the path solution space. This 
process can easily be generalized to include weighted link costs (for example the cost of a link 
can be its length). After a set Psd of candidate paths has been computed for each source-
destination pair (s,d), the total set of computed paths, P = ,s d� Psd, is inserted to the next phase. 
 
Phase 2: Taking into account the network topology, the number of available wavelengths, the 
traffic matrix, and the set of paths identified in Phase 1, Phase 2 formulates the given RWA 
instance as an LP problem, by relaxing the integrality constraints (that is, the constraints 
stating that flow variables have to be integer). The corresponding LP’s are solved using the 
Simplex algorithm, which is generally considered to be efficient for the great majority of 
possible inputs and has a number of other advantages that will be discussed. If the instance is 
feasible and the solutions are integer, the algorithm terminates by returning the optimal 
solution in the form of routed lightpaths and assigned wavelengths, and blocking equal to 
zero. If the instance is feasible but the solutions are non-integer we proceed to Phase 3. 
 
Phase 3: In case of a fractional (non-integer) solution, the third phase involves iterative fixing 
and rounding methods and re-execution of Simplex algorithm, in order to obtain more integer 
solution variables. The maximum number of iterations is the number of connection requests, 
which is polynomial on the size of the input. If we find a feasible solution the algorithm 
terminates and outputs the routed lightpaths and assigned wavelengths. The third phase of the 
algorithm terminates and outputs the routed lightpaths and assigned wavelengths. The 
objective of the algorithm is to minimize the maximum number of wavelengths of all links 
required to serve all the connections, and thus in this way to minimize the total number of 
wavelengths required in the network. 
 
Phase 4: At the end of the algorithm we allocate to the decided lightpaths regenerators where 
needed, in order to ensure that the quality of all the lightpaths is above a predefined threshold. 
In particular, for each lightpath that does not meet the predefined threshold, one regenerator is 
added in the middle of the lightpath. We then check again the QoT of the lightpaths. In case 
the QoT of some lightpaths is below the predefined threshold we add extra wavelengths and 
route these lightpaths using the new wavelengths. 



�

����������� ! �"�#�"$����$%��� �����$%����$ &�"'�#����!���$��� �
�������(����()
�(�#*�$�*��+����,�,(���(-�.,�

�

��� ��� ��� ��� ��� ��� ��� ���
	
���������
�������� �


����� /� ���� �� �

�

4.2.1.2. IA-RWA  ALGORITHM  
For the IA-RWA algorithm we use the Sigma-Bound IA-RWA algorithm presented in 

Deliverable 4.1 [20]. Both linear and non-linear impairments are accounted for. The 
formulation combines the physical impairments by using noise variance related parameters, 
and bounds the total interference caused on a lightpath so that the solutions obtained have 
acceptable QoT performance. This approach, models the intensity of the impairments directly 
as constraints in its formulation. The objective of the proposed IA-RWA algorithm is not only 
to serve the connection requests with the available wavelengths, as pure RWA algorithm do, 
but also to minimize the total signal degradation accumulated on the lightpaths established. In 
this way all the decided lightpaths have valid QoT, alleviating the need of placing 
regenerators along the paths. 

4.2.2. Design of Translucent Networks 
In this section we focus on translucent networks and on algorithms that try to serve a 

given traffic matrix optimizing the use of the resources (wavelengths and regenerators). In 
translucent optical networks, regenerators are employed at some but not all the network 
nodes. Some of the connections established are routed transparently, while others, typically 
those served by lengthy paths, may need to utilize several of the available regenerators to 
restore the transmitted signal’s quality. The offline RWA algorithms for these networks 
decide the lightpaths but may also select the regeneration sites and the number of regenerators 
that need to be deployed on these sites, so as to serve the given traffic matrix. 
 

4.2.2.1. IUA-RWA  ALGORITHM  
For all the connection requests in the traffic matrix, we apply a shortest path and Most 

Used Wavelength (MUW) based RWA algorithm. In this way, we select the lightpaths 
without considering the physical layer impairments. At the end of the algorithm we allocate to 
the found lightpaths regenerators where needed in order to ensure that the quality of all the 
lightpaths is above a predefined threshold. In particular, for each lightpath we first use one 
regenerator in the middle of the path and check the QoT of the two created sub-paths. In case 
this is still below the predefined threshold we add more 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 two different approaches that are based on 

the same IA-RWA algorithm presented in [21]. In particular, we compare a worst case 
interference IA-RWA algorithm, where the physical layer constraints are confronted by over-
provisioning the network in terms of regenerators required, with an IA-RWA algorithm that 
calculates the actual interference among lightpaths, relaxing in this way the regenerator over-
provisioning at the cost of an increased algorithmic complexity. In both approaches a traffic 
matrix is given as the input to the algorithm and the number of regenerators required to serve 
this traffic is recorded as the output of the algorithm. 
 

The IA-RWA algorithm we use under both the worst-case and the actual-case 
interference approaches, consists of three phases. Figure 4-1 demonstrates the flow chart of 
the algorithms that follow the actual and the worst case interference approaches. In the first 
phase, the connection demands are distinguished into those that can be served transparently 
and those that are served using regenerators. In the actual interference approach, in order to 
find the pairs of transparently connected regeneration sites it is assumed that the network is 
empty and thus only Class 1 impairments affect the QoT of the paths. Class 1 and Class 2 
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impairments are considered in the next phases of the algorithm. In contrast, in the worst case 
interference approach, it is assumed that the network is fully loaded and as a consequence 
both Class 1 and Class 2 impairments are considered in the first phase. In both approaches the 
quality of transmission evaluation estimator module (Q-Tool) is used for assessing the QoT of 
lightpaths. Next, the non-transparent connections are transformed into a sequence of 
transparent connections by routing them through a series of regenerators. To do so, the 
algorithm formulates a virtual topology problem. The virtual topology consists of the original 
network’s regeneration sites, with (virtual) links between any pair of transparently connected 
regeneration sites. Each virtual link of the paths chosen in the virtual topology to serve a 
connection, corresponds to a transparent sub-path (lightpath) in the physical topology. The 
algorithms used for routing the non-transparent traffic demands in the virtual topology, are 
based on a k-shortest path algorithm. In this algorithm all the links of the virtual graph have 
cost equal to 1, and the cost of a virtual path is equal to the number of regenerators it crosses. 
The optimal virtual path is the one consisting of the fewest regenerators (virtual hops). Then 
the algorithm selects the routes to be followed by non-transparent connections by minimizing 
on the total number of regenerators used in the network. To perform this optimization, the 
virtual topology problem is formulated as an integer linear program (ILP). By the end of the 
first phase the initial traffic matrix is transformed into a new traffic matrix whose source-
destination pairs can, in principle, be transparently connected.  
 

In the second phase, when the actual interference approach is followed, an IA-RWA 
algorithm for transparent networks is applied, with input the transformed transparent traffic 
matrix, in order to select the routes and wavelengths to be used. On the other hand, in the 
worst interference approach, an impairment unaware RWA algorithm is applied. This is 
because the fully loaded network assumption applied in the first phase of the algorithm, 
results in all lightpaths having acceptable QoT. Finally, in the third phase of the algorithm, 
which is necessary only for the actual interference approach, the connections that were 
rejected in the second phase due to physical-layer blocking 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 approaches. 
 

In general, the CapEx and OpEx of a translucent network depend not only on the 
number of wavelengths but also on the number of regenerator sites and regenerators used. The 
use of the worst and the actual interference assumptions introduces a trade-off between the 
fast execution time and the over-provisioning of the resources on one hand and the larger 
execution time and efficient use of the available resources on the other. This trade-off is 
examined in the simulation results presented in Section 5.2.1.2. 
 

5. Techno-Economic Analysis 
5.1. METHODOLOGY  

In the techno-economic analysis we dimension the network with a given traffic matrix as 
input. In this study we compare different planning strategies, namely the IA versus the IUA 
strategies. The output of a RWA algorithm is abstractly a list of routes and their assigned 
wavelengths corresponding to each of the demands. This output will be processed to the 
number of drops per link in every node. The highest wavelength number is also necessary to 
know which type of WDM system is needed. The solutions provided by the RWA modules 
take also into account the impact of the various node architectures as these may possibly 
constrain the process given the available add/drop terminals. The OpEx assumptions and the 
details about the calculation method of the cost metrics are given in section 3. Figure 5-1 
illustrates the various blocks and the flow of the entire analysis considered in this study.  
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Figure 5-1: The flow of the techno-economic analysis process 

 
In the effort to assess the impairment-aware network planning, T7.3 utilises the IA-RWA 

algorithms developed in the relevant workpackages. Nonetheless these algorithms were 
developed assuming unidirectional traffic. The term unidirectional traffic signifies that each 
traffic demand from node “s” to node “d” is served independently of the traffic demand from 
node “d” to node “s”, rendering the traffic non-symmetrical. However in commercial 
networks, operators always assume that the traffic is symmetrical or otherwise noted as 
bidirectional and do the planning accordingly. In this case every demand in the traffic matrix 
has its “mirror” and both of them are assigned the same optical channel and the same route 
but in opposite directions. The DICONET consortium identified the need to capture the real-
life implications and dedicated a part of the effort to consider planning for bidirectional 
traffic. In order to account for this type of traffic one of the offline IA-RWA was properly 
adjusted to support it (see section 5.2.2).  Indeed the techno-economic models were designed 
for bidirectional traffic.  

 
To consider unidirectional traffic1 we had to make some assumptions in the cost 

calculation of the different node architectures. For every node architecture we had to split a 
transponder in a transmitter and a receiver and took into account a cost increase of 20%. With 
R-OXC4 we need to know the number of drops per fiber. If you consider unidirectional 
routing the number of drops and additions can be different. For this node architecture we took 
the maximum to dimension the add/drop side. For R-OXC3 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 planning for the traffic matrix of 2009, 2010 

and 2011 (Figure 5-2). The assumed traffic matrix of 2009 was reported in Deliverable 2.1 
and the assumed annual evolution of the demands is shown in Figure 5-2. The reference 
topology considered in this scenario is the 14-node DT backbone network ([7], Figure 2-7). 
We assumed 10Gbps transmission rates and channel spacing of 50 GHz. The span length in 
each link was set to 100 km. Each link consisted exclusively of SSMF fibers with dispersion 
parameter D=17 ps/nm/km and attenuation parameter a=0.25 db/km. For the DCF we 

�
1 This means that a path from A to B can be different than the path from B to A, the assigned wavelength can 
also be different. 



�

����������� ! �"�#�"$����$%��� �����$%����$ &�"'�#����!���$��� �
�������(����()
�(�#*�$�*��+����,�,(���(-�.,�

�

��� ��� ��� ��� ��� ��� ��� ���
	
���������
�������� �


����� /0 ���� �� �

�

assumed parameters a=0.5 dB/km and D=-80 ps/nm/km. The launch power was set to 3 
dBm/ch for every SMF span and -4 dBm/ch for the DCF modules. The EDFAs’ noise figure 
was set to approximately 6 dB with small variations ( ± 0.5 dB) and each EDFA exactly 
compensates for the losses of the preceding fiber span. We assumed two different scenarios 
for switch-crosstalk ratio with values Xsw=32 dBs (high-crosstalk) and Xsw=29 dBs (low-
crosstalk) with small variations per node (± 2 dB). The acceptable Q-factor limit was taken 
equal to Qmin=15.5 dB. 

 
The used RWA algorithms are impairment-aware (IA) (sigma bound implementation) 

and impairment-unaware. More information about the considered RWA-strategies can be 
found in section 4. We used heuristic RWA approaches that rely on a pre-processing step 
where demands are ordered before a route and wavelength are found to meet the QoT. 

 

 
Figure 5-2 Traffic evolution in number of 10G demands – 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 
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Performance of the different RWA 
The performance of the different cases differs in terms of number of required wavelengths in 
the line system and in terms of number of regenerators. Based on Figure 5-3, we can conclude 
that in this scenario the IA-RWA needs always more wavelengths than the IUA-RWA. This 
number of wavelengths is the highest wavelength number in use. The IUA-RWA is totally 
unaware of the quality of the found lightpath. If the quality of transmission is insufficient, the 
signal will be regenerated at a certain node to improve the optical signal. The needed numbers 
of regenerators are shown in Figure 5-4. The tags “high” and “low” next to the IA and IUA 
algorithms declare high and low values of intra-channel crosstalk respectively. 
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Figure 5-3: Number of wavelengths required in the system for IA and IUA scenarios 
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Figure 5-4: Number of regenerated lightpaths for the different scenarios 

5.2.1.1.1. CAPEX   
Figure 5-5 shows the total CapEx for a greenfield situation of an IA and an IUA scenario and 
that for 2009, 2010 and 2011, with the described traffic evolution (Figure 5-2).  The increase 
in cost in the IUA case is related to the augmented number of regenerations. IUA planning 
results in a 7% cost increase. The cost differences between the different years in the IA case 
are related to the increased number of demands. More demands require additional 
transponders to set-up the paths. 
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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 proposed node architectures of section 2.2. The 
results of the planning of year 2009 are shown in Figure 5-6. Here we can see a clear 
difference between the various node architectures. There is a cost increase of 40% between R-
OXC 4 and R-OXC 6. This increase is mainly related to the extra WSS components in the 
add/drop terminal. R-OXC 3 is not totally realistic due to the constraint of only dropping each 
wavelength number once. It gives only indications about the possible savings if we decrease 
the number of add/drop terminals. The cost increase with R-OXC-6 is now 30%.  If we 
consider N (N is equal to the node degree) add/drop terminals we come to R-OXC 2. Here the 
increase is 88% more than R-OXC 6. To add all the directionless terminals, the degree of the 
network interface components augments with a factor 2.  
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Figure 5-6: Cost difference between the different node architectures in year 2009 

 
In Figure 5-7, the impact of a price reduction of the WSS components is shown. The case that 
considers R-OXC 6 appears to have limited impact because of the low amount of WSS 
components in the system. There is a reduction of 8% on the total CapEx. If we consider the 
more flexible node architecture R-OXC 2, the range of the price reduction becomes about 
20% on the total CapEx. We can conclude here that R-OXC 2 is more sensitive to price 
changes of WSS components.  
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Figure 5-7: Influence of a price reduction of the WSS component 

5.2.1.1.3. NETWORK RELATED OPEX 
In Figure 5-8, the network related OpEx of IA versus IUA in case of R-OXC 6 is illustrated. 
The trend of this graph is closely related to the CapEx of the system. The power consumption 
of the optical cross connect is much lower than the power consumption of all the 
transponders. With current input parameters the floor space cost stayed almost the same in all 
cases. With augmented demands the power cost and repair cost of the transponders increases 
in the same trend as the number of demands. In Figure 5-9, the network related OpEx for the 
different node architectures are shown. Here we see the same trend as in Figure 5-6. In case of 
higher flexible nodes the repair costs of the WSSs in the optical cross connects increase a lot. 
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Figure 5-8: Network related OpEx of IA vs. IUA with R-OXC6 
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Figure 5-9: Network related OpEx of IA vs. IUA for the different node architectures in year 2009 

 

5.2.1.2. Translucent Networks 
In this section we evaluate the translucent case. Here the GÉANT2 pan-EU reference 

network is considered, (Figure 5-10). More information of the used topology and the traffic 
matrix (Table 5-2) can be found in Deliverable 2.1 [7]. To evaluate the feasibility of the 
lightpaths we used the Q-factor estimator that relies on analytical models to account for the 
most important impairments. We assumed 10Gbps transmission rates and 50 GHz channel 
spacing. The span length in each link was set to 70 km. Each link was assumed to consist 
exclusively of SSMF fibers with dispersion parameter D=17 ps/nm/km and attenuation 
parameter a=0.25 db/km. For the DCF we assumed parameters a=0.5 dB/km and D=-80 
ps/nm/km. The launch power was 3 dBm/ch for every SMF span and -4 dBm/ch for the DCF 
modules. The EDFAs’ noise figure was 6 dB with small variations (± 0.5 dB) and each EDFA 
exactly compensates for the losses of the preceding fiber span. We assumed a switch-crosstalk 
ratio Xsw=30 dBs with small variations per node (± 2 dB). The acceptable Q-factor limit was 
taken equal to Qmin=15.5 dB. 

 
Regarding the RWA methodology described in section 4, we performed a network 

planning with the traffic matrix of 2009. The Gbps demands are translated to a number of 10G 
demands. All strategies know the constraint of an 80 wavelength line-system. In this way we 
have a fair comparison of the different strategies. The routing is also performed in a 
unidirectional way. This means that a path from A to B can be different than the path from B 
to A, the assigned wavelength can also be different. 
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Figure 5-10: DICONET GÉANT2 pan-EU reference network 

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 for the demands in year 2009 for the 

different cases, as described in section 4.2.2. The cost difference between the cases is caused 
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by the number of regenerators. The total CapEx is 12% more expensive in the worst case. If 
we consider an IUA strategy the cost difference with the IA case is 9%. The planning phase 
considered a line system with 80 wavelengths and this limitation is taken into account in the 
algorithms. Otherwise the number of necessary wavelengths would exceed the 80 
wavelengths. 
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Figure 5-11: CapEx of the planning for 2009 

 

5.2.1.4. IMPACT OF NODE ARCHITECTURE  
In this section we will consider node architectures among the ones proposed in section 

2.2, namely R-OXC 2, R-OXC 3, R-OXC 4 and R-OXC 6. The results of the planning of year 
2009 for the IA-design are shown in Figure 5-6. The figure illustrates a clear cost difference 
among the 4 nodes with R-OXC 2 being the most costly. There is a steep cost increase of 43% 
moving from R-OXC 6 to R-OXC 4. This increase is mainly related to the extra WSS 
components in the add/drop terminal. R-OXC 3 is not totally realistic due to the constraint of 
only dropping each wavelength number once. It gives only indications about the possible 
savings if we decrease the number of add/drop terminals. The cost increase with R-OXC-6 is 
now 31%.  If we consider N (N is equal to the node degree) add/drop terminals we come to R-
OXC 2. Here the increase is 74% more than R-OXC 6. To add all the directionless terminals, 
the degree of the network interface components augments with a factor 2. These results are of 
course closely related to the results of the transparent case. 
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Figure 5-12 CapEx of IA case for the different node architecture 

 

5.2.1.5. NETWORK RELATED OPEX 
In Figure 5-13, we can see that the network related OpEx has the same trend as the 

CapEx. Here we considered R-OXC6 and the number of demands of 2009. The network 
OpEx of the worst case and the IUA case are relatively higher than in the IA actual approach. 
This is caused by the higher amount of transponders, and results in a higher power 
consumption and repair cost. The repair cost of the active node equipment is the same in all 
cases, because of the same optical line system. In general 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 of smaller scale were considered 

(transparent). The IA-RWA algorithm that was utilized in this case is an efficient heuristic 
with dedicated path protection reported in [22] and also in the DICONET Deliverable D4.1. 
This algorithm was also selected to be the offline IA-RWA algorithm of the planning mode of 
the DICONET NPOT [23],  one of the main outcomes of the project. For the purposes of this 
study we do not make use of the protection functionality of the algorithm.  
 

In the utilized IA-RWA algorithm we establish lightpaths in a pre-defined sequence. 
The order in which the demands are considered plays an important role in the performance of 
the proposed algorithm. Hence, the main building block in our algorithm is a demand pre-
processing ordering module. A-priori, we compute the distance L(s, d) between source nodes 
s and destination node d of all the demands in terms of length using shortest path algorithm. 
Then, we order the demands according to this shortest distance in decreasing order (demands 
with longest shortest path first). Ties are broken randomly in this pre-processing step. The 
rationale behind this is that it is generally more difficult to accommodate demands with large 
resource requirements; hence we seek to accommodate resource-consuming requests first, 
which could easily be blocked by further, less resource-consuming requests. Longer hop paths 
may in general cross more imperfect components accumulating physical layer impairments 
and may interfere with more active lightpaths that produce excessive cross talk (multi-channel 
effects), which will increase the chances of blocking if 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 Figure 5-14 . For each demand, in turn, 

we construct a layered network graph (LNG) as follows. The network topology for a given 
WDM optical network is defined by G(V,E,W) where V is the set of nodes in the network, E is 
the set of bidirectional links, and W is the set of wavelengths. A layered network graph 
LNG(V;E) is a directed graph constructed from G. Each node i Î  N in G is replicated |W| 
times in the LNG. These nodes are denoted by vi(1),…, vi(|W|). If Li,j Î  L connects node i to 
node j, then vertices vi(w) and vj(w) are connected by two edges ei,j(w) and ej,i(w) for all w Î  
W. The representation of an LNG is shown in Figure 5-15. A diverse routing engine then 
constructs a set of diverse routes in each wavelength layer of the LNG graph. After 
constructing the pool of candidate paths, we exploit the physical layer performance evaluator 
Q-tool to compute the margin of each candidate route (with respect to the minimum allowed 
Q factor Qthreshold) on the currently established lightpaths. The margin is computed by 
subtracting Qthreshold from the Q factors of all active lightpaths (including the candidate path) 
and finding the minimum value, as expressed in (1), where Q is a vector that includes the Q 
factors of all lightpaths established in the network so far, without differentiating between 
primary and backup lightpaths: 

 
)min(arg ThresholdinM QQQ -=  (1) 
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Figure 5-15: Layered Network Graph (LNG) 

 
The next step is to select a lightpath from the candidate lightpath list. We consider a 

heuristic, by which the candidate lightpath with highest non-negative QMargin is selected. If 
this lightpath is found then the lightpath will be established and the network topology graph 
will be updated to reflect the wavelength and route allocation. Since we have decomposed the 
network graph into different wavelength layers and for each layer we are finding a diverse set 
of candidate paths, we actually find a lightpath that affects least the already active lightpaths 
as far as the Q factor metric is concerned. . If a proper lightpath is not found, then the demand 
is blocked. The algorithm was properly adjusted to account both for bidirectional and 
unidirectional traffic. In the bidirectional case discussed here the algorithm processes a 
demand and assigns the same channel and route (in opposite direction) to its “mirror” one.  

 
The IUA-RWA algorithm that is employed stems from the IA-RWA algorithm 

described above yet without the physical layer consideration and the pre-processing phase. 
The IUA method similarly to the IA one decomposes the network to the LNG(V;E) but only 
one shortest path is considered, yielding a smaller pool of candidate paths. The routes and 
wavelengths are then assigned, but only constrained by the available channels and the 
wavelength continuity constraint. The routes assigned correspond to the shortest path and 
wavelength selected is the first available (index wise). In case there are no channels available 
along the shortest path then the second shortest path is assigned. After the end of the RWA 
process, the output of the algorithm is fed to the same QoT estimator (Q-tool) to check which 
of the lightpaths are feasible and which would be blocked because of unacceptable QoT.  

 
The input traffic that was used in this case corresponds to traffic loads of [0.8-1.1] 

with a step of 0.1. The traffic matrix corresponding to load 1, assumes one bidirectional 
demand between its pair of nodes. In order to generate the matrices with lower load, demands 
from the load-1 matrix were removed randomly until reaching the 10% decrease in number of 
10G demands. In the same way the matrix of load 1.1 was generated from the load-1 one and 
randomly adding connection demands until reaching load 1.1. The evolution of the assumed 
input traffic is depicted in Figure 5-16. The reference topology considered here is the 14-node 
DT backbone network ([7], Figure 2-7). To quantify the planning solutions of the two RWA 
approaches it was assumed that the network is equipped with 80-channel line systems. As 
soon as the 80-channel system is exhausted in terms of resources or blocking occurs due to 
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QOT not allowing the entire input traffic matrix to be served, an extra line has to be installed 
to support the blocked traffic. In other words the RWA algorithms are run assuming 80 
wavelengths available. If for any reason a set of the demands does not get served, then we 
assume a second parallel line system and re-compute the routes and channels of the blocked 
demands. 
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Figure 5-16: Traffic evolution in number of 10G demands – bidirectional case 

5.2.2.1. CAPEX 
Following the techno-economic evaluation of the two planning approaches, the results 

collected in terms of CapEx with respect to the traffic load for R-OXC6 are depicted in Figure 
5-17. Focusing at first on load 0.8 of the scenarios studied, the two methods yield the same 
capital cost as both can serve the traffic with the 80 channels available. As the load is 
increasing towards load 1.1 the IA respective cost does not increase dramatically as it can still 
serve all of the demands with no blocking. Indeed the IA relative cost rises slightly due to the 
number of transponders, related to the increased number of demands. Nonetheless, the IUA 
algorithm for loads higher than 0.8, experiences physical blocking that leads to a significant 
increase in capital. To resolve this, the analysis assumes an extra line system that results in a 
cost increase of around 60% at all cases (except 0.8) compared to the IA counterpart. 
Evidently, the excessive computed cost stems from the need of the IUA of two times more 
EDFAs and network interfaces in the node because of the extra line system. The two planning 
methods were also assessed assuming another type of node, namely R-OXC-4. The results 
with respect to load are illustrated in Figure 5-18, where the same trend can be identified. The 
overall higher computed cost when compared to R-OXC-6 is 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 CapEx of IA vs. IUA with R-OXC4 

 

5.2.2.2. Impact of Node Architecture 
As performed for the unidirectional traffic, the cost implications of four different node 
architectures were also studied when provisioning a network with bidirectional traffic. Figure 
5-19 illustrates the computed relative costs for the four nodes for load 0.8. As load 0.8 is 
small enough for the IUA to serve the traffic without the need of extra equipment, there is no 
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cost difference with the IA solution. On the contrary there is a significant difference between 
the two schemes (IA vs IUA) for load 1.1 (see Figure 5-20) due to the respective difference in 
CapEx requirements. Nevertheless, for both traffic matrices the cost corresponding to a 
specific node architecture, is driven primarily by the number of the add/drop terminals and 
secondly by the network interfaces. As a consequence, regardless 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 different node architectures with load 0.8 

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

 

5.2.2.3. Network related OPEX  
In Figure 5-21, the network related OpEx of IA versus IUA in case of R-OXC 6 is illustrated. 
The OpEx in the IA case increases a little with the increased number of demands from load 
0.8 to load 1.1. The operational expenses related to the transponders, such as the necessary 
repair costs and the power they need to run, are responsible for a slight OpEx raise with 
respect to the traffic. Similar to the CapEx calculated in section 5.2.2.1 the sharp increase in 
the IUA case for loads higher than 0.8 depends on the extra equipment assumed which in turn 
leads to higher OpEx. In particular the housing cost doubles as there is a need for two times 
more floor space. In the same way all operational activities related to the node and line 
equipment require twice the same cost. On the contrary the power needs and maintenance of 
the transponders is effectively the same when compared between IA and IUA for a given 
load, as the number of transponders remains the same for the two cases.  
 
Figure 5-22 then depicts the computed OpEx for the four different node architectures 
considered in section 5.2.2.2. Overall the cost to repair the active node equipments accounts 
for the major part of the OpEx. Nonetheless, the OpEx follows the same trend as the 
corresponding CapEx when considering the impact of the architecture and R-OXC6 incurs the 
lowest OpEx requirement. 
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Figure 5-21: Network related OpEx of IA vs. IUA with R-OXC6 
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Figure 5-22: Network related OpEx of IA 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 costs 
In this study we evaluate a realistic operational scenario of the DT core network. The 

methodology used in this section is based on the description in section 2.5. All the optical 
cross connects are dimensioned with the traffic of 2011. In year 2008 the network is 
provisioned with 460 transponders. New demands will arrive during the next years. In this 
study we evaluate different node architectures (in terms of flexibility in the add/drop 
terminal). Different pre-provisioning strategies are also included in this study.  
 
Traffic evolution 
The traffic evolution assumed here follows the same pattern as in Figure 5-2 
 
Pre-provisioning strategies 
In this study we consider different pre-provisioning strategies. All strategies start with 10 
TSPs per link, this result in 460 TSPs in total. The first strategy is when there are no more 
TSPs available at that particular node, the needed TSP will be installed. We call this approach 
(one TSP). The other approaches will install a certain amount of TSPs per link. For example 
in case of one TSP per link, you will install 3 extra transponders if the node degree is 3. We 
have also similar approaches with 3, 5, 7 and 9 TSPs per link. 
 
Labor 

The costs of a certain operational activity can be calculated by its duration (from the 
tables above) multiplied by the hourly cost of the employee performing this activity. We 
distinguish several staff categories: sales, technical field staff, technical staff in the network 
operations center (NOC), administrative and helpdesk staff, researchers and engineers. Labor 
cost information is given in Table 5-3. The overhead indicates a factor with which the salary 
needs to be multiplied in order to find the fully accounted cost of this person for the company. 
Apart for the wages and the taxes, this also includes additional costs such as tools and 
transport, see also [24]. Exactly calculating the amount of training and the tools needed for 
each of the considered actions is probably impossible. But the overhead factor allows us to 
indicate the general trends. There will be more training needed for staff performing difficult 
technical tasks than for people answering help desk calls. Technicians also need more tools 
than administrative staff. To calculate an hourly cost from a yearly cost, we assume 38 
working hours in a week and 46 weeks a year, taking into account holidays [25]. 
 
Table 5-3: Staff wage assumptions 

Department Salary, incl. taxes 
(euro/year) 

Overhead factor Fully accounted cost 
(euro/hour) 

Technical 78600 2 90 
 
Operational activities 

The description of the operational processes involves several actions/activities that 
need to be performed by the operator’s staff. The duration of the activity determines, to an 
important extent, the cost of the action. Table 5-4 shows the actions that will be considered in 
this case study. We will take into account 2 different type of manual interventions. The first 
type of intervention is the switching from a transponder to another port. Manual intervention 
type 2 will install extra transponders. The costs for transport (going to the location of the 
failure or node where an intervention is needed) are calculated from the topology 
characteristics. We assume that technical teams are present on average 2 links away from one 
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another, this is every 340 km. The average distance to the failure location is therefore 85 km. 
One way and return adds to 170 km, with an average speed 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 interventions to install new transponders (type 2) 
is shown. Because we have pre-installed transponder the total amount of interventions is not 
the same as the number of demands. In case we provision more than one transponder at once, 
the total number of interventions will decrease. In 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 2 for the different scenarios 

 
In Figure 5-24, Figure 5-25  and Figure 5-26, the cumulative sum of the number of 

manual interventions type 1 and type 2 are shown and that for the provisioning strategies one 
TSP, one TSP per link and three TSP per link. In case of one TSP at once, the manual 
interventions of type 1 (to switch from port) are not increasing that much in the next year 
because you will only install a new transponder when it is required. In the strategy of 
provisioning one TSP per link the MIs1 increase more for the less flexible architectures. The 
number of MIs2 decreases a lot because of the installation of more TSPs at once. With the 
colorless directionless architecture you never need a switching from a transponder to another 
port. The colorless directed architecture can have almost the same flexibility as the 
directionless, if you install enough TSPs at every fiber. 
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Figure 5-24: Cumulative sum chart of number of manual interventions for one TSP at once 

 

�

��

���

���

���

���

���

���

���	 ���� ����

��)
��*

���
��


���
��


���
�

(������
����(#��
��

(������
����(#��
��

(������
����(#�������
��

(������
����(#�������
��

(��������
����(#��

(��������
����(#�������

!��3��
��#��7��#����

#;��
�

 
Figure 5-25: Cumulative sum chart of number of manual interventions for one TSP per link 
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Figure 5-26: Cumulative sum chart of number of manual interventions for three TSPs per link 

 
In Figure 5-27, we show the sum of the manual interventions of type 1 and those of type 2 and 
cumulated them over the several years. The results for different node flexibilities are shown to 
see the differences between them. In Figure 5-27 A we can conclude that provisioning of 
more transponders has only a little impact on the amount of manual interventions. In Figure 
5-27 B, we add the directionless feature and a more intellectual provisioning. This results in a 
lower number of manual interventions. In Figure 5-27 C, it is clear that provisioning of more 
transponders has huge result on the manual interventions. The difference between three and 
nine transponders per link is really small. So it will only cost you more if you increase this 
number more. In Figure 5-27 D, we consider the colorless and directionless architecture. The 
performance is better than in the colorless directed case, because all transponders provisioned 
in the node can be used for every new demand. There are no constraints in terms of color or 
fiber anymore. If you provision every time one TSP per link, this can already result in more 
than 200 interventions less. For the concrete traffic evolution is provisioning more 
transponders less interesting. 
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Figure 5-27: Cumulative sum chart of all manual interventions for colored directed p1 (A), Colored 
directionless p2 (B), colorless directed (C) and colorless directionless (D) 
 
Techno-economic results  

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

In Figure 5-28 we can see that the two colored directed nodes and the colored 
directionless policy 1 node have no improvements in intervention times. With a more 
intelligent assignment policy you can save some man power. We have already benefits with 
provisioning one TSP if needed, but this is because there are initial 460 TSPs installed and the 
270 demands are already established. The case starts with the new demands during the years 
2009, 2010 and 2011. 
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Figure 5-28: Working hours of manual interventions in case of one TSP 

 
In Figure 5-29, we can see that the more fixed architectures consume even more 

working hours. This is because you install more TSPs at once and a switching of a TSP can 
occur more often. The working hours in case of colorless directed and colorless directionless 
are less than in previous case because you provision more TSPs at once and save transport 
time. 
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Figure 5-29: Working hours of manual interventions in case of one TSP per link 

 
In Figure 5-30, we can see the same trend as in previous case. The savings of the two 

colorless architectures are even higher. A remark here is that the colorless directionless 
architecture has almost the same performance of the colorless directionless. So with the 
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provisioning of more TSPs per fiber the benefits of the directionless architecture are 
negligible.  
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Figure 5-30: Working hours of manual interventions in case of three TSPs per link 
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6. Conclusions  
The future core network is the result of a technological and socioeconomic evolution 

that transformed optical networks from opaque to translucent or transparent in an effort to 
satisfy the ever-growing demand for bandwidth, yet with improved economics. The dynamic 
traffic patterns that came along with the rapid traffic increase though, led to the need for and 
the fast adoption of reconfigurable networking equipment that allow the operators to adapt 
dynamically their network to the new conditions. These concepts along with the impairment-
aware network planning and operation reside in the core of the DICONET solution that takes 
advantage of the QoT to allocate efficiently and therefore cost-effectively the available 
resources. 

 
Indeed this was proved with the techno-economic analysis that was conducted. In the 

case of the transparent networks IA-RWA and IUA-RWA algorithms were used to compare 
their planning solutions for a nation-wide backbone network in terms of CapEx and OpEx. A 
given traffic matrix with a specific annual increasing evolution was fed to the algorithms. 
Evidently the solutions of the IA-RWA algorithm illustrated that it may serve the input 
demand without any requirement for regeneration or alternatively a second parallel line 
system, as opposed to the IUA-RWA method. The latter does not consider the QoT in the 
lightpath computation and therefore the routing and channel allocation is not optimised 
leading to physical-layer blocking. The IA solution outweighs the IUA one in CapEx and 
OpEx and the respective difference is directly proportional to the regeneration sites or the 
extra line system that would be required to serve without any blocking the given traffic. For 
both bidirectional and unidirectional traffic, the study demonstrated that the IUA solution 
calls for a capital investment sooner than the IA one as the traffic increases. For the same 
scenario four different reconfigurable nodes were considered in order to quantify the relative 
CapEx required. A colourless, directionless but partly contentionless architecture (R-OXC3) 
appears to be a good choice for the specific scenario, as it is a node with a relatively high 
degree of flexibility and a moderate cost. Although R-OXC 3 is more inexpensive, it is 
anticipated that in the presence of an increased traffic volume the more flexible nodes (R-
OXC2) would perform better in terms of blocking, possibly compensating for the higher 
CapEx.  

 
In the same way a scenario for a pan-European topology was assumed in an effort to 

investigate the business potential of the impairment awareness in a translucent network. The 
IUA planning method led to a greater overall CapEx compared to the actual IA method, as the 
number of regenerators that is required dominated the cost estimations. On the other hand the 
worst-case interference method resulted in the higher CapEx requirement due to the over-
provisioning of regenerators. The OpEx estimation for the three methods followed the same 
trend as the various operational costs are driven by the needs of the regenerators for power 
consumption, maintenance and housing. In the effort to explore the impact of various 
reconfigurable OXCs in a large-scale topology, the same four architectures as in the 
transparent scenario were chosen. The cost estimations here followed the same pattern as with 
the transparent case and were dominated by the number of add/drop terminals causing the 
most flexible one (R-OXC 2) to be also the most costly. The performance of the different 
node architectures were also studied during the operation phase. The metric used for this 
study accounted for the manual interventions and the associated operational costs of these 
actions. The results illustrated the benefit of the more flexible nodes as opposed to the fixed 
ones that by nature require these actions frequently. 
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