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1. Introduction

The proliferation of new services, such as social net-
works, cloud computing, and especially video streaming,
which already accounts for more than 50% of the traffic, is
pushing operators to upgrade their networks to meet the
new capacity requirements. This exponential Internet
traffic increase has resulted in an average annual growth
rate of 45% in previous years, with Cisco forecasting a
similar trend for the near future [1]: “Globally, Internet
pez Vizcaíno).
traffic will grow 3.8-fold from 2011 to 2016, a compound
annual growth rate of 31%”.

The traffic growth will require capacity upgrades in
telecommunications networks, especially in the core or
backbone domain. Current optical transport networks are
based on Dense Wavelength Division Multiplexing
(DWDM), in which the total optical spectrum of the
C-band is partitioned into a set of slots or wavelength
channels with a fixed spacing defined by the International
Telecommunications Union-Telecommunication Standar-
dization Sector (ITU-T): the fixed ITU-T grid. The near
future will bring new challenges and needs related to
optical transport networks that carriers and the research
community will need to address: (1) flexible resource
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allocation, (2) heterogeneous traffic demands, (3) cost- and
energy-efficient solutions and (4) reliable service provisioning.
�
 Need for a flexible resource allocation: The fixed ITU-T
grid in current WDM networks leads to an inefficient
use of the spectral resources (i.e., if the actual traffic
demand is lower than the fixed transmission rate of the
transponder). Besides, the next generations of “beyond
100 Gbps” transmission technologies cannot be effi-
ciently transmitted with the fixed 50 GHz grid. An
alternative to fixed-grid networks that has recently been
receiving a lot of attention is Elastic Optical Networks
(EON), which operate with a flexible grid (Flexigrid) and
thus provide the necessary dynamicity to circumvent the
aforementioned efficiency problem. Indeed, in an EON,
12.5-GHz frequency “chunks” are adopted, with a vari-
able number of these chunks being assigned to a channel
as a function of the bandwidth requirements.
�
 Need to cope with heterogeneous traffic demands: Ser-
vices for clients with different traffic requirements have
to coexist in the network. In current WDM networks,
mixed line rate (MLR) can be a short-term solution to
better suit the heterogeneous traffic demand require-
ments. However, for higher traffic heterogeneity levels,
MLR is not efficient due to the limited number of
available line rates. EONs enable efficient network
resource utilization through a finer adjustment of the
channel capacity to the actual service demand.
�
 Need for cost- and energy-efficient solutions: A network
capacity upgrade implies an increase in Capital Expen-
diture (CapEx) and Operational Expenditure (OpEx)
resulting from, for instance, the deployment of new
telecommunication infrastructure and the related
higher power consumption. In 2012, telecommunica-
tion networks accounted for 2% of worldwide electri-
city consumption, showing an average annual growth
rate of 10% since 2007 [2].
�
 Need for a reliable and highly available service: An
increasing number of indispensable services rely on
the telecommunication infrastructure. Providing high
service availability by guaranteeing high resilience
against common failures is a must for operators. There-
fore, it is also essential to consider network protection
both for the evaluation of new technologies and for
planning new capacity upgrades.
As EONs are a promising solution for network operators
[3], this contribution studies how the EON paradigm can
help to cope with the above mentioned challenges, extend-
ing our previous works on these topics [4–6]. This article
includes a thorough description of the proposed heuristic
algorithms and parameters considered in the investigation,
providing a broad vision of the situations where a particular
protection scheme or transmission technology is more
beneficial in terms of energy and cost-efficiency. In sum-
mary, the main results of this paper are:
(i)
 A detailed explanation of the power consumption and
cost model for both fixed- and flexible-grid optical
transport networks.
(ii)
 Energy-aware heuristic algorithms have been pro-
posed and implemented to solve the network plan-
ning problem (offline problem) in both fixed- and
flexible-grid networks with different protection
schemes: Dedicated protection 1þ1 (DP 1þ1), dedi-
cated protection 1:1 (DP 1:1), and shared protection
(SP), as well as a novel multi-hour protection scheme,
called dedicated protection traffic-aware power-
aware (DP TAPA), that exploits the daily traffic varia-
tions to save energy.
(iii)
 Comprehensive energy- and cost-efficiency analyses
of the benefits of each particular protection scheme
and transmission technology in two realistic long-
haul network topologies, which gives an insight into
the impact of the network topology and the geogra-
phical distribution of the traffic on the results.
The rest of the paper is organized as follows. Section 2
presents the main network considerations as well as the
network model, and also explains the protection schemes
that are evaluated in this study. Section 3 summarizes the
related work and recent achievements on related topics.
Section 4 presents the cost and power consumption
models adopted for this work. Section 5 explains the basic
methodology for the analyses. Section 6 describes the two
network topologies considered in this study. Section 7
presents the simulation results, and Section 8 concludes
the paper.
2. Networking considerations and terminology

2.1. Fixed ITU-T grid wavelength-switched optical networks
and elastic optical networks

Fixed grids for WDM networks are specified in ITU-T
recommendation G.694.1 [8]. The frequency grid is
anchored to 193.1 THz (or 1552.52 nm) and roughly covers
4 THz. Different channel-spacing values, ranging from
12.5 GHz to 100 GHz, have been defined, but we have
adopted a channel spacing of 50 GHz in our WDM model,
resulting in a total of 80 wavelengths in the 4 THz band
(Fig. 1). Furthermore, two different WDM-network config-
urations are proposed:
�
 Single line rate (SLR): All the signals on the network are
transmitted with the same line rate (e.g. 10, 40 or
100 Gb/s).
�
 Mixed line rate (MLR): Transmission of 10-, 40- and 100-
Gb/s channels concurs on the optical network. Adjacent
channels with different transmission technologies may
suffer from cross-talk, affecting the signal quality. In
order to minimize this effect, the C-band has been
divided into two different bands: (1) band with only
10-Gb/s channels (On–Off keying (OOK)), and
(2) band with 40- and 100-Gb/s channels, given that
both use the same modulation format (Quadrature
Phase Shift-Keying (QPSK)) and consequently do not
significantly affect the signal quality of each other. These
two bands are separated by a guard band of 200 GHz (4



Fig. 2. Network model: transponders, amplifiers, and OXCs.

Fig. 3. Example of operation of the DP 1þ1 scheme.

Fig. 4. Example of operation of the DP 1:1 scheme.

Fig. 5. Example of operation of the DP TAPA scheme: Two wavelengths
are used for working path, but just one wavelength is used for backup
during night.

Fig. 1. Spectral allocation in: (upper part) fixed ITU-T grid WDM net-
works with 10, 40 and 100 Gb/s channels, and (lower part) EON networks
which utilize four channels with different bandwidth and modulation
formats (8 quadrature amplitude modulation (QAM), quadrature phase
shift keying (QPSK), 16QAM, binary phase shift keying (BPSK)).
wavelength channels), and the size of each band is
determined according to the traffic conditions.

As a third scenario, we consider that The ITU-T grid is
replaced with the concept of frequency slot, which is the
spectral width of a given channel. In our model, the slot-
width granularity is 12.5 GHz, i.e. the spectrum is partitioned
into frequency chunks of 12.5 GHz, resulting in a total of 320
chunks across the 4 THz C-band, a variable number of
contiguous chunks being assigned to each frequency slot
according to the bandwidth requirements. As transmission
technique, we consider Coherent OFDM (CO-OFDM), with
the capability of selecting modulation formats allowing
different spectral efficiency values (bit/s/Hz), as depicted in
Fig. 1. Furthermore, the insertion of a guard band between
adjacent channels composed of two subcarriers has to be
taken into account in the spectral allocation.

2.2. Network model

The analyses carried out in this study focus on the
optical layer, composed of three main building blocks:
transponders, optical amplifiers and optical cross connects
(OXCs), as depicted in Fig. 2.

In EON deployments, transponders are replaced with
bit-rate variable transponders (BVT), and fixed-grid OXCs
with flexible grid OXCs (Flexigrid OXCs). A BVT is a
transponder capable of providing different transmission
rates by modifying the channel bandwidth (using a vari-
able number of subcarriers) and/or the modulation format
of the subcarriers. Likewise, a Flexigrid OXC is an OXC that
can add or drop any channel regardless of its bandwidth.
2.3. Survivability

Common survivability mechanisms can be divided into
two broad groups: restoration and protection. Restoration
is a dynamic recovery performed after a failure has
occurred, whereas protection is a pre-planned failure
recovery. Since restoration is less reliable and takes longer
to recover, protection is more commonly used by opera-
tors. Therefore, only protection is considered in our stu-
dies. The following schemes are analyzed in our work:
�
 Dedicated protection (DP): Spectral resources are
reserved along the working and protection or backup
(link–disjoint) paths. DP schemes can be classified
according to the strategy adopted for the transmission
on the backup path. In our study, three DP schemes



Fig. 6. Example of operation of a SP scheme: (A) before failure, (B) after failure.
have been assumed: (1) 1þ1, (2) 1:1, and (3) TAPA. DP
1þ1 (Fig. 3) transmits on both working and backup
paths, thus requiring the deployment of duplicated
transponders. Transmission based on DP 1:1 (Fig. 4) is
carried out either on the working or on the backup path
at a given time. This scheme can use transponders only
for the working paths (no transponder protection), or
can duplicate the transponders for the working and
backup paths (i.e., as in DP 1þ1, but keeping the
transmission active only on one path at a time). This
is the approach adopted in our analysis. Finally, DP
TAPA (Fig. 5) is a protection scheme proposed in [5]
aiming at reducing the energy consumption of the DP
1þ1 scheme while maintaining its high availability
level. It exploits the hourly traffic fluctuations to adapt
the rate of the backup transponders to the current
traffic requirements. The transmission on the working
paths remains fully active (operating for the peak traffic
demand value), whereas the transmission on the
backup transponders is adjusted to the real traffic, thus
permitting to partially deactivate some transponders
when the traffic volume is low, e.g., at night.
�
 Shared protection (SP) (Fig. 6): The spectral resources
not being reserved for the working traffic can be used
for backup transmission in the case of failure. It is
important to point out the difference between SP and
restoration. In SP, the backup paths are pre-computed
(thus ensuring a possible recovery), whereas in net-
work restoration the backup paths are computed “on-
the-fly” after a failure event, thereby entailing a longer
recovery time. Also note that with restoration, the
recovery might be unsuccessful if sufficient spectral
resources are not available for the establishing of a new
backup path. Since SP is a failure-dependent scheme (i.
e., the backup path is selected depending on the link
which has failed), failure localization is required which
will increase the recovery time with respect to DP
schemes. SP can be provided on the basis of different
node configurations: (1) duplicated transponders are
deployed for the working and the backup transmission;
(2) transponders are deployed that can be indistinc-
tively used for working or backup transmission
just by applying the appropriate OXC reconfiguration
(no transponder protection); and (3) transponders are
deployed for the working transmission, and so are
spare transponders, which can be used by any backup
path if required (some transponder protection is pro-
vided). The second approach is assumed for the present
study.

It is worth mentioning that the above protection
schemes can be applied at different levels: path, link or
segment. In the present study, we only consider path
protection.

3. Related work

The EON paradigm has been a topic under extensive
research over the last years, as it will bring operational
changes to different fields of telecommunications net-
works. Lately, some surveys have been published summar-
izing the most recent work, as well as the main enablers
and potential advantages that can be achieved with
an EON [9]. This concept has been experimentally
demonstrated in several publications such as [10], where
the authors showed the first demonstration of elastic
transmission of channels with bit rates from 40 Gb/s to
400 Gb/s. Besides, commercial enabler devices such as BVT
and FlexiGrid OXC are becoming a reality.

One of the research topics that has received more
attention is the routing and resource allocation in EON.
Most of these publications focus on the spectral savings of
EON conducted by means of simulations and/or static
optimization. For instance, integer linear programming
(ILP) is proposed to solve this problem for small networks
in [11], whereas for large networks, high efficient heur-
istics are proposed such as the ones in [12] and [13].
A promising functionality of EON is the distance-adaptive
modulation (i.e., using a robust modulation format for long
distances and a high spectral efficient one for short path
lengths), which can improve further the spectral efficiency
benefits as shown in [14] and [15]. Furthermore, significant
research effort is being spent on developing network
planning algorithms considering dynamic provisioning
(i.e., online provisioning with time-varying traffic demands)
to reduce the blocking probability. For instance, references
[16] and [17] propose an ILP formulation and a multipath
routing as a strategy to reduce the blocking probability,
respectively.

The adoption of EON can also introduce some novelties
in the survivability mechanisms in optical transport net-
works. In particular, bandwidth elasticity can be exploited



Table 1
to reach a better utilization of the spectral resources in
EON by the application of, for instance, bandwidth
squeezed restoration [18] and intelligent backup path
sharing [19].

Regarding energy efficiency in optical networks, many
publications targeted this topic in the previous years
(references [20] and [21] present a complete survey). As
far as EON is concerned, its potential energy efficiency
benefits with respect to WDM networks were shown in
static and dynamic network scenarios [22]. EON showed
improved energy efficiency thanks to the elastic band-
width and the selection of modulation format.

Despite the numerous publications on energy efficiency
in telecommunications networks, only a limited number
focus on energy efficient survivability. Most of them focus
on the savings achieved by concentrating backup paths
into a set of links or fibers. Power savings of up to 25% and
40% were achieved with dedicated [23] and shared backup
protection [24], respectively. In [25], authors evaluated
power-aware design of a protected network with dedi-
cated link protection and dedicated path protection. Power
savings up to 20% can be achieved by introducing sleep-
mode on the equipment used for protection purposes. In
our previous work, we compared for the first time the
energy efficiency per GHz of three path protection
schemes (DP 1þ1, DP 1:1 and SP) for EON and WDM
networks [4], showing better results for EON with respect
to WDM. In [5], we proposed a traffic and power-aware
protection strategy to reduce the power consumption of
DP 1þ1 by exploiting the traffic variations on the backup
transmission. In [6], we extended our work by comparing
the energy efficiency of an unprotected and protected
network for EON and WDM networks.

As mentioned above, the cost will be one of the main
drivers for the adoption of EON. There are several publica-
tions on this topic, like [26] and [27], in which the spectral
efficiency of EON was shown as the main cost advantage.
Authors in [28] evaluate a range of values to determine the
cost at which OFDM networks (without protection) result
in lower CapEx than conventional WDM networks. In our
work presented in [6], we extended our work in [4] to
evaluate the cost efficiency (taking into account both the
equipment and the energy cost) of EON with respect to
WDM networks with different protection schemes and
cost models.

The aim of this paper is to present a global picture of
both the energy and cost efficiency of optical transport
networks with Flexigrid (EON) and fixed ITU-T grid (cur-
rent WDM networks) with different protection schemes in
two nationwide realistic scenarios, accompanied by a
detailed methodology and a deep analysis of the results.
Power consumption of a BVT for the transmission and reception of a
single subcarrier with different modulation formats.

Mod. Format Subc. Cap.(Gb/s) P. Cons. (W)

BPSK 12.5 112.374
QPSK 25 133.416
8 QAM 37.5 154.457
16 QAM 50 175.498
32 QAM 62.5 196.539
64 QAM 75 217.581
4. Network elements: power consumption and cost
values

This section analyzes the power consumption and cost
models used in the present analysis. The power consump-
tion values have been taken from [5], whereas the relative
cost values for current WDM equipment are based on a
model used by Telefónica IþD for internal studies.
4.1. Transponders

4.1.1. WDM transponders
Electrical power consumption values of 34, 98 and

351 W [29], and normalized cost values of 1, 3 and 7.5
have been considered for transponders with bit rates of
10 Gb/s (OOK), 40 Gb/s (Differential QPSK (DQPSK)), and
100 Gb/s (Polarization Division Multiplexing-QPSK (PDM-
QPSK)), respectively. It is worth mentioning that the
transponders of 10 Gb/s and 40 Gb/s employ direct detec-
tion, whereas the one of 100 Gb/s is based on coherent
technologies, and so its power consumption is higher due to
the digital signal processing (DSP). Power figures require an
additional 20% overhead for each transponder due to the
contribution of other node elements to power consumption.
Transmission reaches of 3200, 2200, and 1880 km [30] are
assumed for 10, 40 and 100 Gb/s, respectively.
4.1.2. BVT for the EON
A BVT (CO-OFDM transponder) enabling the modifica-

tion of the signal properties (i.e. number of subcarriers and
modulation format) by means of software configuration is
considered for our studies. Due to the commercial unavail-
ability of such a device, some assumptions (detailed in
[22]) have been made to estimate reasonable power
consumption values. The power consumption of a BVT
depends not only on the number of subcarriers, but also on
the modulation format used. Table 1 presents the power
consumption for the transmission and reception of a single
subcarrier (with bandwidth 12.5 GHz) for several modula-
tion formats. Transmission reaches of 4000, 2000, 1000,
500, 250, and 125 km [22] have been assumed for Binary
Phase Shift Keying (BPSK), QPSK, and Quadrature Ampli-
tude Modulations (QAM) of order 8, 16, 32 and 64 (8QAM,
16QAM, 32QAM, and 64QAM), respectively

The abovementioned commercial unavailability as well
as the uncertainty about the final architecture of a BVT
makes the cost estimation difficult. Our cost model is then
based on two main assumptions:
1.
 The maximum achievable transmission rate is likely to
determine the cost.
2.
 The cost per bit may be initially higher than that of
usual 40- and 100-Gb/s coherent WDM transponders.
This is explained by the presence of additional ele-
ments, such as DSP modules and digital to analog
converters (DACs) at the transmitter part used to



Fig
generate signals with high order modulations. There-
fore, the cost per bit is assumed to be 20% higher for a
BVT than that of current coherent WDM transponders
with the same overall capacity.
According to the previous assumptions, a BVT with a
maximum transmission rate of 400 Gb/s would cost 36
units, i.e. 20% higher than four times the cost of a 100-Gb/s
WDM transponder (1.2�4�7.5).

Furthermore, we assume that a BVT can be “sliced” into a
set of virtual lower-capacity transponders. The idea of a
sliceable transponder was introduced in [9], and, if not
considered in our analysis, it would be difficult to economic-
ally justify the investment in such a high-speed transponder
(400 Gb/s) for serving an aggregated demand of, for
instance, 170 Gb/s. Consequently, three possible cost models
can be taken into account for a BVT, according to the
manner in which the capacity of the transponder is used:
�
 Transponder non sliceable (TNS): The full capacity of the
BVT, 400 Gb/s, is dedicated to a single aggregated
demand regardless of its actual value.
�
 Transponder sliceable in capacity (TSC): The traffic
demands are mapped to a set of subcarriers with a
common modulation format. A maximum transmission
rate of 400 Gb/s is assured by each transponder, which
can be achieved by a different number of subcarriers
depending on the modulation format (e.g. 32 subcar-
riers with BPSK, 4 subcarriers with 16QAM, etc).
A transponder can then be “shared” by the transmis-
sion of several low-rate demands provided that the
aggregated demand does not exceed the maximum
transmission rate of a transponder, 400 Gb/s,
�
 Transponder sliceable in subcarriers (TSS): In contrast to
TSC, there is a limit on the number of subcarriers that a
transponder is able to transmit, i.e. six in our study.
Therefore, the transmission rate of a transponder can
range from a minimum value of 75 Gb/s with BPSK, to a
maximum of 450 Gb/s, when 64 QAM is used. Then, a
transponder can be used for the transmission of several
traffic demands with different modulation formats,
provided that the number of subcarriers does not
exceed the maximum number of subcarriers
Fig. 8. OXC node architecture.
Fig. 7 presents an example of the allocation of two
traffic demands of 100 Gb/s and 200 Gb/s with the three
approaches described above.
. 7. Representation of the allocation of transponders for two traffic demands
4.2. Optical cross connect (OXC)

We consider two types of OXC: a conventional fixed-
grid OXC (ITU-T grid compliant) and a Flexigrid OXC,
capable of switching channels of any bandwidth (multiple
of 12.5 GHz). Similar power consumption figures, depen-
dent on the node degree N and the add/drop degree α,
have been assumed for both variants, as can be seen in the
equation

PCOXC½W� ¼N85þα100þ150 ð1Þ

where an overhead of 150 W per node has been intro-
duced to account for additional contributions to power
consumption, such as fans, power supply, and control
cards [29].

On the other hand, the cost of an OXC strongly depends
on its internal architecture. In this study, we assume an
OXC composed of several wavelength selective switches
(WSSs), as shown in Fig. 8. The WSS units are assumed to
be the main cost contributor in an OXC, so that the cost of
the node can be calculated as a function of the number of
these elements at each node. This number depends again
on the node degree N and the add/drop degree α, and it
can be demonstrated that, assuming 1�9 WSSs, the cost
of an OXC would be given by

CostOXC½c:u:� ¼ Nþ2þ2
x�9
8

� �� �� �
CostWSS

� x¼ 9 0oao ¼ 9
x¼ a a49

�
ð2Þ

where the costs of a WSS unit (CostWSS)with fixed grid and
Flexigrid are 4 and 5 cost units (c.u.), respectively. Note
that twoWSS units are necessary per node degree and that
the add/drop stage initially requires two WSS units for the
first group of 9 channels, with two extra WSSs required for
of 100 Gb/s and 200 Gb/s with the BVT cost models for TNS, TSC, and TSS.



each subsequent group of 9 channels that needs to be
added to the add/drop stage.

4.3. Optical Amplifier (OA)

An erbium-doped fiber amplifier (EDFA) card is assumed
to consume 30W per direction [29], with an overhead
contribution of 140W per amplifier located at the end of a
span (to account for controller cards and fans at the in-line
amplifiers). The cost of each EDFA unit is 1 c.u. per direction.

4.4. Energy contribution to final cost

Energy costs of 2.05�10�5 and 2.086�10�5 c.u. per
kilowatt-hour (kWh) have been assumed for Germany and
Spain, respectively (based on the values for industrial
customers in 2012 [31]).

5. Resource allocation algorithms

This section introduces the basic methodology used for
energy and cost evaluation with different network tech-
nologies and protection schemes. Even though the algo-
rithms presented in this section just take into account
static traffic conditions, they could be extended to consider
dynamic provisioning by including the appropriate mod-
ifications required to operate with time-varying demands
(e.g., flow creation, grooming, flow termination, etc) as in
the methodology described in [22].

5.1. Introduction to the heuristic algorithms and I/O
parameters

An offline algorithm is considered for the assignment of
the spectral resources to the lightpaths according to the
forecast peak traffic demand between node pairs. Given a
network topology with a set of links with limited
resources (wavelengths or subcarriers), the objective is to
find the appropriate routes and the most convenient
spectral allocation from source to destination nodes, so
that the maximum amount of traffic can be served. Due to
the NP-complete nature of the routing and resource
allocation problems, we propose a set of heuristic algo-
rithms targeted to serve the maximum traffic, while
optimizing the overall energy efficiency. Survivability has
also been taken into account, so lightpaths have to be
protected against, at least, any single link failure in the
network (this being the dominating form of failure in
optical networks). If the demand cannot be reliably served
(protected against any single link failure), it is considered
to be blocked. The following input and output parameters
are employed in the algorithms:
�
 Input (I) parameters: Information about physical net-
work topology, the traffic demand matrix, a scaling
factor (used to uniformly scale the traffic matrix for
higher traffic loads), the transmission reach of each
modulation format/line rate, the power consumption
of the network elements, the cost values of the net-
work elements, and the energy cost.
�
 Output(O) parameters:
i) Energy efficiency per GHz (EnergyEffPerGHz): Ratio

between the energy efficiency (EnergyEfficiency)
and the average spectral occupancy of the links
in the network (3), with BandwidthCBand being
the available ITU-T C-band spectrum, i.e. around 4
THz. EnergyEfficiency (4) is obtained by dividing
the overall traffic demand successfully allocated
in the network (TotalTrafficNetwork) by the total
power consumption (TotalPowerConsumption),
which is the summation of the power consump-
tion of all the deployed network elements (trans-
ponders, amplifiers, and OXCs).

EnergyEf f PerGHz½bits=Joule=GHz� ¼
EnergyEf f iciency½bits=Joule�

AvgSpectrumOccupancy BandwidthCBand½GHz�
ð3Þ

EnergyEf f iciency½bits=Joule� ¼
TotalTraf f icNetwork½bits=s�
TotalPowerConsumption½W� ð4Þ

ii) Cost efficiency per GHz (CostEffPerGHz): This mea-
sure accounts for the number of bits that are
transmitted with a single cost unit per GHz (bit/
c.u./GHz) as in (5). The term TransmittedData refers
to the total data transmitted in a given time frame,
whereas TotalCost accounts for both the equip-
ment and the energy cost during this time frame.

CostEf f PerGHz½bits=c:u:=GHz� ¼
TransmittedData½bits�=TotalCost½c:u:�

AvgSpectrumOccupancy� BandwidthCBand ½GHz�
ð5Þ

iii) The service blocking ratio: This measure gives an
estimation of the amount of resources that are
required to operate with a given traffic load, which
will have an impact on the energy and cost
efficiency. It is given by the ratio of the transmis-
sion rate of the demands that were blocked
(TRBlockedDemands) and the total traffic demand
(TRTotalDemands) as in (6). A demand is blocked
when the network resources are not sufficient to
provide a reliable service (i.e. provide the required
protection).

ServiceBlockingRatio¼ ΣTRBlockedDemands
ΣTRTotalDemands

ð6Þ
5.2. Constraints of and differences between the routing and
resource allocation in WDM SLR, WDM MLR and EON.

The basic methodology for the routing and resource
allocation in [22] has been taken as a reference. More
specifically, we have taken into account the heuristic
algorithms used to solve the Routing and Wavelength
Assignment (RWA) for SLR and MLR WDM networks, and
the Routing, Modulation Level, and Spectrum Assignment



(RMLSA) for EON. These algorithms are energy-aware, as
the power consumption of the network elements is used
as a metric to decide the route, the spectral resources to be
reserved, and the modulation format or line rate combina-
tion to be used with EON andWDMMLR, respectively. This
metric is based on the contribution to power consumption
of transponders and OAs and OXCs that would be traversed
by a candidate lightpath along that route. Simulations
were also carried out using a cost efficiency per GHz metric,
offering similar results in terms of cost, but smaller energy
efficiency in some particular cases (specially in the MLR,
where the selection of the most cost-efficient line rate
combination may result in higher power consumption).In
fact, from the simulation results we concluded that an
optimization in terms of power consumption commonly
results in lower cost as well.

The main difference between RMLSA and WDM RWA
lies in the use of a variable-width spectrum slot, in which
all individual carriers of a multicarrier structure must be
allocated in a contiguous manner. A higher number of
carriers (320 in our analysis vs. 80 in the RWA case) are
supported over a fiber link, and each of them can be
modulated according to different formats (having diverse
transparent reaches). A First-Fit allocation strategy is
followed by RWA SLR and RMLSA (i.e. lowest subcarriers
or wavelengths in the spectrum are assigned first), whereas
RWAMLR follows two different allocation strategies: First-fit
Fig. 9. Heuristic algorithm for the routing
in the first waveband (i.e. that used for 10 Gb/s channels)
and Last-fit in the second waveband (i.e. that used for 40 and
100 Gb/s). These two different allocation strategies allow for
a movement of the guard bands if required by the traffic
conditions (i.e., if more wavelengths of a specific line rate are
needed). Further details about these heuristic algorithms can
be found in [7].

5.3. Algorithms for dedicated path protection (DP)

A basic description of the heuristics employed for the
routing and resource allocationwith DP is presented in Fig. 9.
The routing and resource allocation procedures are per-
formed in a similar manner for the three DP variants (i.e.
DP 1þ1, DP 1:1, and DP TAPA), but the computation of the
power consumption differs depending on the DP scheme.

The allocation is jointly evaluated for the possible
combinations of candidate working paths (k-shortest
paths), and their corresponding candidate backup paths
(k-link-disjoint paths) according to the corresponding net-
work approach (i.e. RWA for SLR, RWA for MLR, and RMLSA
for EON), which are further detailed in [22]. Then, for the
possible combinations of working and backup paths (i.e.,
those providing sufficient and common resources along
the links of the path), a joint power consumption metric
is calculated with the contribution from both paths.
This allows for the selection of the most energy-efficient
and resource allocation with DP.



Fig. 11. Example of working and protection paths with different modula-
tion format in EON for a demand of 40 Gb/s: (1) Working path with 1�16
QAM subcarrier over 450 km. (2) Backup path with two 2�QPSK
subcarrier over 1100km).
working-backup path combination and transmissions (e.g.
line rate combination in MLR or modulation format for
EON) among the feasible ones. Once a solution has been
reached; the spectral resources are reserved for the work-
ing and backup paths with the appropriate logical cross-
connections at the OXCs for all the DP schemes. If a
working and a backup path cannot be provided for a
particular traffic demand, then it is blocked.

The computation of the total power consumption is
different for the three DP schemes, as described in Fig. 10.
For DP 1þ1, the transmissions are simultaneous on both
working and protection paths, which implies higher
energy consumption. For DP 1:1, the transmission occurs
only in one of the paths (backup transmission does not
normally consume power). Finally, in DP TAPA the power
consumption of the backup transponders varies according
to hourly traffic fluctuations throughout the day (and
therefore some transponders could be switched off for
the backup path when traffic is lower than the peak value).
For DP TAPA, we calculate the average power consumption
during a week (considering 5 working and 2 weekend-
days), and that value is used to compare the power
consumption of this scheme with the other schemes.

Regarding the different network approaches, note that
for SLR, DP implies the reservation of twice the spectral
resources used for working paths, as well as the duplica-
tion of the number of transponders. However, in EON and
MLR, the backup transmission may require a different
modulation format to achieve transparent reach (i.e. in
case it is not possible to apply the same modulation format
used for the working transmission to the backup one due
to the longer length of the latter). Hence, there might be
cases where the required spectral resources for the backup
path will be more than twice the number used for the
working transmission (and therefore the number of trans-
ponders would also increase for the transmission of the
same capacity), as depicted in the example of Fig. 11.

5.4. Algorithms for shared path protection (SP)

In SP, the backup resources are pre-computed and
selected but not cross-connected, as explained in Section
Fig. 10. Computation of power co
2.3. In contrast to DP schemes, SP is a failure-dependent
protection scheme as multiple backup paths are associated
to each primary path. Thus, pre-computed backup routes
are provided for each lightpath and, in the case of failure,
the selection of one backup path or another depends on
the particular link that has failed. As described in the
heuristics for SP in Fig. 12, spectral resources are first
assigned to the demands on their working paths according
to the network approach (i.e., WDM SLR, WDM MLR, or
EON). Then, the remaining resources that were not used
for the working traffic can be shared and used by any
backup path. In order to check whether there would be
enough resources available for the recovery of each light-
path, the failure of each link in the network is emulated
consecutively. For each link failure, the Shared Risk Link
Group (SRLG) -the lightpaths traversing the failed link- are
listed, and the routing and resource allocation procedures
are performed again for the SRLG in a modified network
graph (i.e., a network in which the failed link has been
pruned). If a new route can be provided for the affected
lightpath, it is stored on the list of backup routes, other-
wise it is considered as blocked because it cannot be
protected against failure of this link.
nsumption in DP schemes.



Fig. 12. Heuristic algorithm for routing and resource allocation with SP.

Fig. 13. (a) Telefónica IþD's Spanish core network model. (b) DT German core network [32].
6. Network topologies

Two different long-haul network topologies have been
considered to evaluate the energy and cost efficiency in
different scenarios. The first one is the Spanish core net-
work model depicted in Fig. 13(a) (used by Telefónica IþD
for its traffic studies), and the second one is the German
core network model from Deutsche Telekom (DT) in Fig. 13
(b). Both network topologies present significant differ-
ences which are summarized in Table 2. In our model, a
single fiber pair has been considered per link, and no
electrical regeneration is provisioned at any of the nodes,
as transparent reach is feasible for all the possible source-
destination connections being analyzed.



Table 3
Spanish network-Maximum traffic supported by the different network
technologies without blocking with DP and SP schemes.

Network Type Max. Traffic
with DP (Tbps)

Max. Traffic
with SP (Tbps)

EON 54.808 61.256
SLR 40 G 12.896 16.12
SLR 100 G 32.24 41.912
7. Simulation results

7.1. Energy evaluation

The results on EnergyEffPerGHz for the different protec-
tion schemes (DP 1þ1, DP 1:1, DP TAPA and SP) and
network technologies (SLR 40G, SLR 100G, MLR and EON)
are shown in Fig. 14a and Fig. 14b for the Spanish and
German networks, respectively. Note that only the results
under non-blocking conditions are shown in the figures (i.
e. for those traffic values at which it is possible to fulfill all
the traffic demands with the protection requirements).

The results obtained for both network topologies show
that SP is more energy efficient per GHz than any of the DP
schemes. This is explained by the fact that the backup
transmissions only consume energy in case of failure. As
mentioned before, the network blocking gives an indication
about the total traffic that can be carried by a single-fiber
network. Thus, the lower blocking ratio of SP may also have
an impact on energy efficiency, as the deployment of
additional fibers and energy-consuming devices will result
in higher power consumption. The differences on the
Table 2
Description of network topologies

Network parameter DT German
network model

Telefonica's
IþD Spanish
network model

Diameter (km) 800 1000
Number of nodes 14 30
Number of bi-directional

links
23 48

Number of bi-directional
traffic demands

91 48

Overall traffic (Tb/s) 2.8 3.22

Fig. 14. Energy Efficiency per GHz for the different network technologies a
maximum traffic that can be carried with SP compared to
DP schemes in the different network approaches are pre-
sented in Table 3 and Table 4 for the Spanish and German
networks, respectively.

Regarding the DP schemes, the three possibilities
obviously present the same spectrum occupancy as the
same amount of spectral resources is reserved (network is
dimensioned according to the peak traffic value). However,
they differ in EnergyEffPerGHz, due to the different power
consumption of the backup transmission. Among the DP
schemes, DP 1:1 is clearly the most energy efficient
because no additional power will be consumed for the
backup transmission, but it is less reliable than the other
nd protection schemes:(a) Spanish network and (b) German Network.

MLR 32.24 45.136

Table 4
German network-Maximum traffic supported by the different network
technologies without blocking with DP and SP schemes.

Network Type Max. Traffic
with DP (Tbps)

Max. Traffic
with SP (Tbps)

EON 39.10 78.19
SLR 40G 8.38 19.54
SLR 100G 25.13 50.27
MLR 22.34 25.13



DP schemes. On the other hand, DP 1þ1 scheme is the
least energy-efficient as it requires duplicated transmis-
sion on working and backup paths with the consequent
higher power consumption.

DP TAPA was proposed as a variation of DP 1þ1 to
maintain similar reliability level with reduced power con-
sumption. The daily traffic variations and the energy savings
that can be achieved by DP TAPA with respect to DP 1þ1 are
presented in Fig. 15 and Fig. 16 for the Spanish and German
core network, respectively. As shown, EON is the technology
that can benefit the most from this innovative scheme thanks
to the enhanced flexibility given by the elastic bandwidth
transmission and the possible modification of modulation
format in the backup path when traffic is low (i.e. up to
20.29% and 22.76% of energy can be saved at low-traffic
hours of the weekend for the Spanish and German network,
respectively). As indicated in Fig. 14, DP TAPA improves the
energy efficiency per GHz of DP 1þ1 and can be adopted in
those cases where the high availability of DP 1þ1 is required.

EON shows superior performance in EnergyEffPerGHz
than any other network approach for all the evaluated
protection schemes. As shown, EON improves its perfor-
mance when traffic increases thanks to its better spectral
efficiency (i.e. high traffic demands occupy considerably
Fig. 15. Spanish network- (a) Traffic variation in the Telefónica's network model
weekend day with respect to DP 1þ1 for the different network technologies an

Fig. 16. German network (a) Traffic variation in the DT network model on the w
weekday and weekend day with respect to the conventional DP 1þ1 for the di
higher spectrum in fixed grid SLR/MLR WDM networks).
Furthermore, the lower blocking provided by EON would
enable to transmit more traffic in a single-fiber network
(see Table 3 and Table 4), which, as mentioned before, also
affects the energy efficiency of the network.

Similar patterns can be observed in the two network
topologies. However, there are some differences due to the
different dimensions of the networks, and, especially, to
the different number of links and nodes. Therefore, the
values of EnergyEffPerGHz are considerably higher for the
Spanish network than for the German one, which is
explained by the lower average spectrum usage of the
former (i.e. similar amount of traffic is then scattered
across a bigger number of links, which results in a lower
average spectral occupancy).

The network topology and the geographical distribu-
tion of the traffic also have an impact on the network
blocking. As shown in Tables 3 and 4, the SP scheme
generally presents higher blocking in the Spanish network
due to the high concentration of traffic in the central
region, which results in highly loaded links avoiding
reallocation of all the lightpaths when one of those links
fails. However, the DP schemes offer lower blocking in the
Spanish network, due to the larger dimensions and bigger
on working and weekend-days. (b) Average energy savings on a weekday/
d traffic load conditions.

orking and weekend-days, based on [33]. (b) Average energy savings on a
fferent network technologies and traffic load conditions.



number of links, which increases the chances of finding a
feasible link–disjoint backup path (i.e. possible to evaluate
more k shortest link–disjoint paths).

7.2. Cost evaluation

7.2.1. Energy cost
The energy costs over a 10-year time frame are pre-

sented in Fig. 17(a) and (b) for the Spanish and German
core networks, respectively. Similar conclusions can be
drawn from the results obtained for both networks. The
curves in the upper part of the figures present the energy
cost for DP 1þ1, which obviously consumes more energy
than any other scheme due to the simultaneous transmis-
sion in the working and protection paths. Then, DP TAPA
shows lower energy cost than DP 1þ1 thanks to the
reduction in power consumption of the backup resources.
The curves in the lower part identify the energy costs of SP
and DP 1:1 for the different technologies. Both schemes
provide similar energy cost (i.e. only working transmission
consumes energy), but SP shows significantly lower block-
ing than DP 1:1.

Among the different network approaches, EON consumes
less energy than any other WDM approaches. This difference
becomes more noticeable as the total traffic increases thanks
to the great adaptability of the transmission to the service
demand, and the lower energy per bit of the high order
modulation formats with respect to the WDM approaches (i.
e., 3.14 J/Gb/s and 2.90 J/Gb, for 32QAM and 64QAM mod-
ulation formats in EON, respectively, compared to the 3.51 J/
Gb provided by a 100 Gb/s WDM transponder). Comparing
the results on the two network topologies, the energy costs
of the Spanish core network are generally higher than those
of the German one for all the network approaches and
protection schemes, which is explained by the bigger num-
ber of energy consuming devices that have to be deployed
due to its larger dimensions.
Fig. 17. Total energy cost [c.u.] over a 10-year term for two different network te
network.
7.2.2. Overall cost
This section considers the total cost of the network

including CapEx (equipment expenses), as well as OpEx
(energy cost) in the different scenarios. For the overall cost
study, a TSC BVT has been considered. The results in
CostEffPerGHz over a 10-year term are presented in
Fig. 18(a) and (b) for the Spanish and German network
models, respectively. As previously, only the values for
which all the demands can be satisfied with the required
protection level are presented (zero blocking).

Analogous conclusions can be drawn from the results
obtained for both network topologies. EON provides the
best performance and clearly outperforms WDM networks
at any traffic load condition and for all the protection
schemes. The difference in CostEffPerGHz between EON
and the other network approaches becomes more signifi-
cant as traffic increases, due to its improved spectral
efficiency. Besides, the low blocking ratio of this technol-
ogy also implies an advantage in terms of cost, as more
traffic can be carried by a single fiber-network, thus
reducing the number of devices.

Among the protection schemes, SP is the most bene-
ficial in CostEffPerGHz due to its lower cost (i.e. requires the
deployment of fewer transponders than DP and low
energy cost) and the lower spectrum occupancy (i.e.
backup spectral resources are shared). Note that, for the
sake of simplicity, the results on CostEffPerGHz of DP TAPA
are not shown in the figures, but they would lie in
between the curves for DP 1:1 and DP 1þ1 (i.e. DP TAPA
offers intermediate energy costs between DP 1þ1 and DP
1:1, but CapEx, the main cost contributor, is the same).

The CostEffPerGHz results for the Spanish network are
slightly higher than those for the German one, which is
explained by the lower average spectral occupancy of the
former (i.e. traffic is spread over a bigger number of links)
and also to its higher cost (i.e. bigger number of network
elements).
chnologies and protection schemes. (a) Spanish network and (b) German



Fig. 18. Cost efficiency per GHz [TB/c.u./GHz] over a 10-year term for the different network technologies and protection schemes with a TSC BVT for the
EON approach. (a) Spanish network and (b) German network.

Fig. 19. Spanish network- Maximum acceptable cost (c.u.) for a BVT to turn EON into the most cost-efficient solution, for three cost models and protection
schemes.

Fig. 20. German network- Maximum acceptable cost (c.u.) for a BVT to turn EON into the most cost-efficient solution, for three cost models and protection
schemes.



7.2.3. Maximum acceptable cost for BVT in EON
BVTs are the main cost contributors of EON, and there-

fore their cost will be key to determining whether the
migration to this novel network approach makes economic
sense for operators. This section aims at giving an insight
into the maximum acceptable cost of a BVT to make EON
the most economic approach under different traffic con-
ditions and protection schemes.

Fig. 19 and Fig. 20 present the maximum acceptable
cost of a BVT in the Spanish and German networks,
respectively. Any potential cost lower than the values
presented in those figures would make EON more cost-
efficient than any other WDM approach. From the three
cost models, the TNS is considerably penalized by the need
to dedicate a 400 Gb/s transponder to a single demand,
especially when traffic is low. As traffic increases, the
average demand gets closer to 400 Gb/s and its cost
efficiency is notably improved. The TSC can be identified
as being the most beneficial from an economic point of
view, and the TSS provides intermediate results.

A higher cost for a BVT can be tolerated with the SP
scheme, as nodes are only equipped with transponders for
the working transmission, whereas the DP schemes require
to purchase transponders for both working and backup
paths. The results of DP TAPA (not shown in the figures for
simplicity) would lie in between the ones for DP 1þ1 and DP
1:1 (similar element cost as DP1þ1 but lower energy cost).

The maximum acceptable cost of a BVT strongly depends
on the traffic conditions (i.e. number of traffic demands and
overall traffic load) and also on some aspects of the network
topology such as the number of nodes. Therefore, the results
in both networks present some significant differences. In the
Spanish network (Fig. 19), at low traffic load conditions, a big
number of BVT transponders are necessary, but their capacity
is not efficiently used. Thus, even a sliceable BVT should
approximately cost the same as a 100-Gb/sWDM transponder
(7.5 c.u.) to obtain economic advantages with respect to
current WDM networks. As traffic increases, the capacity
usage improves, so a higher cost can be tolerated for a BVT.
Still, for the majority of the traffic values in Fig. 19, the cost per
bit of the BVT has to be lower than those of conventional
coherent WDM transponders to make EON the most cost-
efficient approach.

On the other hand, in the German network, the results are
significantly different due to the smaller number of nodes. TSC
shows very promising results since, at low traffic load, EON
would be beneficial even with a cost per bit higher than that
of a current WDM coherent transponder. This is explained by
the possibility of serving all the traffic by deploying a single
TSC BVT per node (i.e. if the overall traffic generated in a
particular node is lower than 400 G, the full capacity of the
transponder can be shared by all the traffic demands). Using a
single transponder per node can bring significant cost benefits
as, otherwise, dedicating a transponder to every traffic
demand would result in higher capital and energy expenses.
As an example, for the German network with SP and an
overall traffic of 2.79 Tb/s, the MLR approach needs
24 G�10 G and 68 G�40 G transponders, whereas EONwith
a BVT TSC would only require 14 transponders, one per node.
This behavior is in clear contrast with the results achieved in
the Spanish network topology, where it would be necessary to
purchase more BVT transponders due to the higher number of
nodes. The lower energy cost presented by EON, and the
smaller number of WSS ports at the OXCs, also help to
increase the cost efficiency. As shown in Fig. 20, at low traffic
load, cost benefits could be obtained even with a BVT of
higher cost per bit than a 100-Gb/s coherent WDM transpon-
der. However, as traffic increases, a single transponder per
node is not enough, making it necessary to add new BVT
transponders, whose capacity may not be efficiently filled (i.e.
curves tend to decrease in maximum acceptable cost when
traffic increases).

It is worth mentioning that the results are only shown
for those traffic values for which blocking does not occur
for the MLR network, but EON allows accommodating
more traffic in a single fiber network (see Table 3 and
Table 4). Therefore, as traffic increases further than the
values presented in the figures, it might be possible to
accept an even higher cost for a BVT since, as mentioned
above, deploying additional fibers and/or network ele-
ments, would certainly entail a higher cost.
7.2.4. Additional cost implications of EON
After evaluating the cost efficiency of EON, it is worth

mentioning that there are some other cost factors that may
also speak in favor of EON:
�
 Single type of transponder in the network: Benefits may
come from the economies of scale, reduced inventory of
different spare parts, and decrease in installation cost.
�
 Simpler capacity upgrade: Adaptive transmission rate may
simplify the capacity upgrade tasks as, in many cases, the
operators will not need frequent deployments, but the
modification of the BVT behavior by software configuration
(e.g. expanding bandwidth or changing modulation order).
�
 Adaptive dynamic transmission: The modification of the
signal properties by software allows for the adaptation
of the transmission rate to dynamic variations of the
traffic, which may result in a better utilization of
spectral resources and reduced energy consumption.
�
 Reduced overall cost of OXCs: A super-channel can be
treated as a single entity in the network, which may
help to reduce the number of ports in the OXC, and so
its total cost.
�
 Reduced floor space: A lower number of transponders
may reduce the floor space in the operator's premises.
Cost advantages are expected from these lower space
requirements.
�
 Possible leasing of extra capacity to other operators:
Additional revenues can be obtained by leasing the
remaining spectral resources to other operators, so that
it is possible to monetize the improved spectral effi-
ciency and lower blocking of EON.

8. Conclusions

Increasing the energy and spectral efficiency of optical
transport networks has emerged as one of the most challen-
ging tasks for telecom operators and industry. Optical trans-
port networks are required to provide high resilience levels to
guarantee an appropriate quality of service. Recently, EON has



been presented as a promising solution to enable flexible and
high-capacity transmission by means of its elastic bandwidth
usage. Simulation results showed EON as an energy and
spectral efficient solution, which allows for the transmission
of more bits per GHz per Joule (energy efficiency per GHz) than
any other WDM approach for all the protection schemes
(dedicated and shared path ones).

Despite the potential advantages of energy and spectral
efficiency showed by EON, cost is one of the main drivers to
determine whether EON will be finally adopted by the
operators. In this regard, the traffic conditions and the net-
work topology will be decisive for the cost efficiency of EON,
which is strongly dependent on its main cost contributor, the
BVT. As shown in the presented results, the manner in which
the bandwidth of this transponder is utilized has a significant
impact on the final cost. Thus, even if the cost per bit of a BVT
could be initially higher than that of a current WDM trans-
ponder, EON can be a cost-efficient solution if the transponder
capacity is shared between multiple demands. Accordingly, in
many circumstances, the data that can be transmitted per GHz
with a single cost unit (cost efficiency per GHz) is higher in
EON than in any other WDM network approach.

The higher spectral efficiency of EON results in lower
blocking, which permits to accommodate more traffic in a
single fiber. This fact has a relevant impact on both cost
and energy efficiency, as the number of additional fibers
and energy-consuming devices can be reduced for a given
traffic load. Furthermore, there are some other potential
factors that can turn this technology into a more cost-
efficient solution, such as the possibility of deploying a
single transponder model in the network.

Among the protection schemes, SP was shown as the
most energy and cost-efficient, thanks to its lower power
consumption and spectrum usage, and DP 1þ1 as the least
energy- and cost-efficient due to its duplicated transmission,
despite offering the highest availability and fastest recovery.
In general, migrating from dedicated to shared protection
schemes may significantly improve the cost and energy
efficiency of the network. In that sense, it would be inter-
esting to investigate the cost benefits that can be obtained by
applying a differentiated quality of protection (Diff QoP)
strategy. By doing so, the usage of protection resources could
be adjusted to the service/client requirements to improve the
energy and cost efficiency of the networks.
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