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Disclaimer 
The information, documentation and figures available in this deliverable are written 

by the TREND Consortium partners under EC co-financing (project FP7-ICT-257740) and 
do not necessarily reflect the view of the European Commission. 

The information in this document is provided "as is", and no guarantee or warranty is 
given that the information is fit for any particular purpose. The user uses the information at 
its sole risk and liability. 
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1. Executive Summary 
ICT in general, and communication networks in particular, are responsible for a 

considerable and quickly increasing carbon footprint. A thorough and objective investigation 
in 2007 estimated that the complete life cycle of ICT equipment is responsible for about 4% 
of the worldwide primary energy consumption [31]. This percentage was expected to double 
within a decade, if legacy ICT energy trends are not drastically deviated. Due to these 
forecasts, research activities on Green ICT are steeply rising in the scientific community. 

This document presents the results about the assessment of power consumption in 
ICT, obtained by the partners of the FP7-TREND project. 

In a first part, the power consumption of ICT is estimated and related data is collected. 
We start with an update of the ICT footprint study from 2007, estimating the trends in 
worldwide ICT electricity consumption from 2007 to 2012. The current study is based on 
three main ICT categories: communication networks, personal computers, and data centers, 
and our estimates show that the yearly growth of all three individual ICT categories (10%, 
5%, and 4% respectively) is higher than the growth of worldwide electricity consumption in 
the same time frame (3%). The relative share of this subset of ICT products and services in 
the total worldwide electricity consumption has increased from about 3.9% in 2007 to 4.6% in 
2012. We find that the absolute electricity consumption of each of the three categories is still 
roughly equal. Apart from this ICT footprint study, we collected power consumption data of 
various parts of the communication network (fixed access, wireless access and core) which 
serve as input towards the studies in part 2 of WP1 and the different studies in WP2 and WP3. 
In an attempt to consolidate all relevant data, an online database was set up in the course of 
TREND, called Powerlib (http://powerlib.intec.ugent.be). In this document, we also describe 
the future plans for Powerlib and some important lessons learned and policy 
recommendations. 

In a second part, the energy-saving potential of network technologies and protocols is 
studied in the diverse network domains. For the fixed access network, special attention is 
given to energy-efficiency analysis of next-generation passive optical networks, sleep mode 
opportunities at the central office and customer premises side of the network and OTDR 
supervision systems. For the wireless access network, the energy efficiency of two different 
multiplexing techniques is evaluated, i.e. OFDM and CDMA. For the core network, an 
analytical model is built to capture the different power saving approaches, and special 
attention is given towards comparing the packet switching paradigm with the circuit 
switching variant and towards the impact of TCP traffic on the energy efficiency. 

In a last part, guidelines for policies and incentives to stimulate energy efficiency in 
networks are elaborated. The research in this direction has been conducted focusing on fixed 
and wireless access networks separately, as both pose different opportunities as well as 
tradeoffs. For fixed access networks, a use case with home router virtualization is analyzed, 
and for wireless access networks, a use case with network sharing evaluated. 

The studies presented in this document have already resulted in 50 papers and 21 
mobility actions. The third year resulted in 23 papers (including 15 joint papers) and 11 
mobility actions. 
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2. Introduction 
Within the community of green networking, it is generally believed that ICT 

(including diverse telecommunication networks and network terminal devices) is worldwide 
responsible for a considerable and quickly increasing carbon footprint. However, it is 
important to confirm this assumption with real facts and data. Therefore, WP1 assessed the 
power consumption in ICT to have a more profound view on the real power consumption of 
ICT in general and communication networks in particular.  

The work in this WP is divided in three main parts, handled in the following three 
sections. Section 3 presents the estimation of the power consumption in ICT and describes 
how data is collected and consolidated in an online database. Section 4 estimates the energy-
saving potential of network technologies and protocols. Section 5 gives some guidelines for 
policies and incentives to stimulate energy efficiency in networks based on two specific case 
studies. Finally, conclusions are summarized in Section 6. 

The authors that contributed to this document are listed below: 
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ALBLF Alberto Conte, Ivaylo Haratcherev 
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Orange Esther Le Rouzic 
iMinds Bart Lannoo, Ward Van Heddeghem, Sofie 

Lambert, Mathieu Tahon, Koen Casier 
TUB Łukasz Budzisz, Filip Idzikowski 
CNIT Achille Pattavina, Francesco Musumeci, Stefano 

Buzzi, Carla Panarello, Alfio Lombardo 
UTH George Koutitas, George Iosifidis 
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3. Estimation of power consumption in ICT and 
collection of data 

 

3.1 Worldwide electricity consumption of ICT: figures and trends 
As ICT devices and services become widespread, and our world becomes more and 

more connected through digital networked technologies, it is important to assess how the 
electricity use of telecommunication networks relates to the electricity use of the devices it 
interconnects.  

In [1] we look at how ICT electricity consumption in the use phase has evolved from 
2007 to 2012, focusing on three main ICT categories: communication networks, personal 
computers, and data centers. We only consider the use phase electricity consumption as it has 
been shown to make up a large fraction of total carbon emitted during manufacturing, usage 
and end-of-life activities. Therefore it is a relevant indicator for the carbon emissions 
attributed to ICT, or the ICT ‘footprint’ in general. The relevance of estimating the worldwide 
ICT electricity use is twofold. A first purpose is to assess whether ICT is a significant 
contributor to the worldwide electricity consumption, or by extension, to the worldwide 
carbon emissions. A second purpose is to assess where efforts should be concentrated in order 
to reduce the worldwide ICT electricity consumption.  

For this study, we aggregate, reprocess and interpret numerous data from telecom 
operators, equipment data sheets, and earlier (partial) studies.  

In the summary below we provide additional focus on the communication networks 
category, given its relevance to the TREND project. In any case, more details can be found in 
[2]. 

3.1.1 Communication networks 
We consider three components of communication networks: (a) telecom operator 

networks, (b) office networks and (c) customer premises access equipment (CPAE).  
The electricity use of telecom operator networks excludes the electricity consumption 

in their offices and their data centers, as these are dealt with separately; the electricity 
consumption of retail associated with telecom operators is considered out of scope. Electricity 
use in office networks includes routing, switching, WLAN, and network security equipment 
in offices. Finally, customer premises access equipment covers residential access equipment, 
which consists mainly of modems and routing equipment with or without Wi-Fi 
functionalities. 

It is worth mentioning that the methodology to assess the telecom operator networks 
electricity use is different from the approaches used in earlier research. We base our estimate 
on the electricity consumption of a selection of telecom providers, and extrapolate these 
operator-specific values using worldwide numbers of mobile, fixed broadband and fixed 
telephone subscriptions. The key difference with existing works is that we do not derive the 
average electricity consumption per service per subscriber (which is typically done using 
either a top-down or a bottom-up approach). Instead, we use a subscription-based 
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representative sample of operators. In our representative sample, the number of mobile, fixed 
broadband and fixed telephone subscriptions have the same relative ratios as the worldwide 
subscription numbers. The use of a representative sample (as opposed to just taking a random 
combination of telecom operators) is required because we believe that the power consumption 
per user for each of these services can differ significantly, and operators might have an 
unbalanced number of subscriptions for a particular service. One drawback inherent to our 
approach is that we cannot determine the relative contributions of different services (mobile, 
fixed broadband, and fixed telephone) or network sections (such as access, metro and core) to 
the total network electricity consumption, since we aggregate the electricity consumption for 
all services from the sample. 

Figure 1 shows the worldwide electricity consumption of communication networks, 
distributed over the three considered subcategories. It is clear that telecom operator networks 
dominate the result. 
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Figure 1: Worldwide use phase electricity consumption of communication networks from 2007 to 2012. Telecom 
operator networks dominate the result. (CPAE=Customer Premises Access Equipment) 

3.1.2 Personal computers 
The Personal Computers (PCs) category covers the electricity consumption of 

desktops, laptops and (external) monitors connected to computers. We calculate the 
worldwide energy consumption by multiplying average energy consumption values per 
device by numbers of devices. In our study we distinguish between household and office 
desktops and laptops, and Cathode Ray Tube (CRT) and Liquid Crystal Display (LCD) 
monitors. 

3.1.3 Data Centers 
In the data center category we cover the worldwide power consumption associated 

with computer servers, whether located in large data centers or in smaller spaces such as 
office server rooms. We distinguish between the electricity use by the actual servers (split 
over three server classes), storage equipment (tapes and hard disks), communication 
equipment (such as network switches) and infrastructure equipment (such as cooling and 
power provisioning losses). 
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3.1.4 Overall trends and observations 
In Figure 2 we show the evolution of the worldwide electricity use of communication 

networks, PCs and data centers.  
Growth trends — Over the last five years, the yearly growth of all three individual 

ICT categories (10%, 5%, and 4% respectively) is higher than the growth of worldwide 
electricity consumption in the same time frame. The combined electricity consumption of 
communication networks, personal computers and data centers is growing at a rate of nearly 
7% per year (i.e., doubling every 10 years), with the strongest growth observed in 
communication networks. All growth rates have decreased compared to what we predicted in 
a similar study five years ago. This can partly be attributed to a shift to more energy efficient 
technologies (such as from CRT to LCD monitors, and the introduction of server 
virtualization), and potentially to the effects of the global financial crisis in 2008. 

Absolute power consumption — In 2012 each category accounts for roughly 1.5% of 
the worldwide electricity consumption. This highlights the need for energy-efficiency 
research across all three domains, rather than focusing on a single one. Taken together, the 
relative share of this subset of ICT products and services in the total worldwide electricity 
consumption has increased from about 3.9% in 2007 to 4.6% (or 900 TWh) in 2012. 

 

0

5 000

10 000

15 000

20 000

25 000

0

50

100

150

200

250

300

350

400

2007 2008 2009 2010 2011 2012

To
ta
l w

or
ld
w
id
e 
el
ec
tr
ici
ty
 u
se
 (T

W
h/
y)

IC
T c
at
eg
or
y 
el
ec
tr
ici
ty
 u
se
 (T
W
h/
y)

Total worldwide 
electricity  use
CAGR 2.9%

Networks
CAGR 10.4%

PCs
CAGR 5.1%

Data centers
CAGR 4.4%

The CAGR value is the compounded annual 
growth  rate over the 2007 to 2012 time  frame

 

Figure 2: Evolution of worldwide electricity use of networks, PCs and data centers (solid lines, left axis) and 
total worldwide electricity use (dotted line, right axis). 

In the future, frequent estimates of the worldwide electricity use by ICT will be 
essential to provide timely feedback if indeed ICT electricity consumption remains relatively 
small, or instead continues to grow at an unsustainable rate. 

 
Publications: 

[1] W. Van Heddeghem, S. Lambert, B. Lannoo, D. Colle, M. Pickavet, P. Demeester, 
“Trends in worldwide ICT electricity consumption from 2007 to 2012”, submitted to 
Computer Communications. 

[2] S. Lambert, W. Van Heddeghem, W. Vereecken, B. Lannoo, D. Colle, M. Pickavet, 
Worldwide electricity consumption of communication networks, Optics Express 20 
(2012) B513–B524. 
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3.2 Collecting data about energy consumption 

3.2.1 Fixed access networks 

A. Analysis of power consumption of Optical Network Terminals/Units (ONT/U) 
The objective of this study was finding optimal Optical Network Terminal/Unit 

(ONT/U) options for providing optical broadband access (as joint work between TID and 
HWDU). The main outcomes are presented in [3][4]. 

Target power consumptions of the European Code of Conduct of Broadband 
Equipment for some subsystems of residential gateways and Optical Network Terminals 
(ONT), as well as public data sheet specifications, have been used in order to obtain the 
estimations of more energy efficient devices configurations in Passive Optical Networks 
(PONs). 

A reference home network architecture for Fiber to the Premises (FTTP) services 
employing an ONT with N=4 Gigabit Ethernet (GbE) RJ45 interfaces is considered, see 
Figure 3(a). The power consumption target values of the European Code of Conduct on 
Energy Consumption of Broadband Communication Equipment Version 4 have been used as 
references for estimating the power consumption of the different ONT types. 

 

Figure 3: Schematics of home environment with (a) Regular ONT, (b) Single port ONT and (c) ONT embedded 
in a SFP transceiver. 

Three different ONT types are considered. A separated ONT box with four RJ45 GbE 
ports, see Figure 3(a) (N=4), is considered as the regular PON deployment scenario. Two 
alternative ONT designs with a single RJ45 GbE port ONT and a Small Form-factor 
Pluggable (SFP) type ONT attached to the WAN interface of a regular Residential Gateway 
(RG) are considered (see Figure 3(b)-(c)), reducing the number of interfaces and devices 
inside customer premises. Plain Old Telephony Services (POTS) interfaces are considered to 
be included in the RGs, so they are not considered in this section. In the case of the ONT SFP, 
a RG with a SFP socket is used with no increase in power consumption. 

Single-port ONTs are suitable for triple-play services while using a RG which 
performs the L3 functions, thus saving the power consumption corresponding to three unused 



  

 FP7-ICT-257740/ D1.6 

 

 Page 11 of 39  

Ethernet ports. In SFP-type ONTs, power consumption values can be reduced to a typical 
value of 2.5W, due to improved technology chip sets and avoiding unused RJ45 GbE 
interfaces. Both cases consider that the fixed phone service is provided either using Voice 
over Internet Protocol (VoIP) through POTS interfaces at the RGs, or keeping the Public-
Switched Telephone Network (PSTN) copper loop, being the VoIP option the most efficient 
approach for business offices and PSTN the best one for residential customers. 

The energy savings for each ONT type are shown in Table 1. Power consumption 
values in idle state are written between brackets. 

Table 1: Comparison of power consumption on different ONT types 

Component Regular ONT 
Active (Idle) 

1xRJ45 ONT 
Active (Idle) 

ONT SFP [4] 
Active (Idle) 

ONT WAN+1GbE 4 (2.5) W 4 (2.5) W N/A 
3xGbE LAN 1.8 (0.6) W N/A N/A 
Total (W) 5.8 (3.1) W 4 (2.5) W 2.5 W 
Saved Energy (%) 0% 31% (20%) 57% 

 
From the values shown in Table 1, it can be seen that, using a single-port ONT, it is 

possible to save 31% of power consumption in active state, and 20% in idle state with regards 
to a regular ONT with four RJ45 ports. These values can be even lower in case of using SFP-
type ONTs, obtaining up to 57% power savings. 

 
Publications: 

[3] J. Montalvo, J. Torrijos, J. Xia, Y. Ye, “Energy efficiency in PON home network 
scenarios with network enhanced residential gateways”, in Proc. of IEEE Int. Conf. on 
Networking, Sensing and Control (ICNSC), pp. 141-145, April 2013. 

[4] E. Le Rouzic et al., “TREND towards more energy-efficient optical networks”, in 
Proc. of Optical Networks Design and Modelling (ONDM), pp. 210-215, April 2013. 
 

B. Next Generation PON Energy Consumption 
The goal of this study was to identify the electro-optical subsystems and their power 

consumption for the most relevant NGPON2 technologies. This serves as the basis for 
assessing the power consumption of each NGPON2 candidate per user and performing a 
comparative study between Total Network Power Consumption in NGPON2 massive 
deployment scenarios (urban, suburban, rural), see Section 4.1.1. 

The selected NGPON2 contenders were:  
• XLG-PON. 40Gb/s and 10Gb/s TDM Approach, downstream and upstream 

respectively. 
• 40G/10G OFDM-PON. 40Gb/s and 10Gb/s OFDM Approach, downstream and 

upstream respectively. 
• Time-Shared WDM-PON (TWDM). 4 Wavelength stacked 10G/2.5G XGPON1 

Approach. 
• Direct Detection Tunable WDM-PON (Tu/WDM). 1 Gb/s tunable transceiver system 

with AWGs in the outside fibre plant. 
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• Externally Seeded WDM-PON (Eseed/WDM). Reflective Semiconductor Optical 
Amplifier (RSOA) based 1Gb/s tunable transceiver with AWGs in the outside fibre 
plant. 

• Self-seeded WDM-PON (Sseed/WDM).  RSOA based 1 Gb/s with self-seeded ONUs 
and AWG with reflector. 

• Coherent Ultra Dense WDM-PON (UDWDM). Tunable WDM based on coherent 
detection as described in [31]. 
 

3.2.2 Wireless access networks 
Base Stations are the most energy-hungry elements in a cellular network. For this 

reason it is of the utmost importance to understand how they consume energy, at circuit level 
and as function of their load.  

The objective of this work (performed by ALBLF) was to identify the major 
functional components of a standard base station (e.g. base band unit, radio head, power 
amplifier…) and to analyze their power consumption share, based on data sheet values. 

A. Base Station functions and model 
The identification of the functions implemented by the Base Station is important in 

order to understand its hardware and software architecture, introduced in the next sections.  
The role of the Base Station is primarily to take in charge the connection with the user 

equipment through the last wireless hop, providing all the necessary functions which include 
the data delivery, the mobility management, the overall radio resource management, and the 
assistance to the UEs for a wide range of operations like e.g. network discovery, attachment, 
and paging.  

In the user plane, the role of the BS is to forward to the right destination (UE) the data 
received from the core network in the downlink direction (DL: BS to UE), and to perform the 
reverse operation on the uplink (UL: UE to BS). More specifically, the Base Station user 
plane comprises of:  

• L1 or PHY (physical) layer, including both digital and analog signal processing, like 
e.g. symbol and carrier modulation and demodulation, signal amplification, and 
transmission and reception through the antenna system – In 3GPP LTE this 
corresponds to implementing the OFDMA (downlink) and SC-FDMA (uplink) PHY 
layers, while in 3G/UMTS this corresponds to implementing the WCDMA PHY layer;  

• the MAC (Medium Access Control) layer, in charge of regulating (scheduling) the 
access to the radio resources (time and frequency spectrum) among the multiple users, 
QoS levels and flows, also including signalling and control messages – In 3GPP LTE 
this layer also includes the Hybrid-ARQ (HARQ) functionality; 

• the (radio) Link Control, including segmentation and reassembly, to adapt the upper-
layer packet size to the PHY layer, and retransmissions for error-free transmissions  – 
In 3GPP LTE this is called the Radio Link Control (RLC); 

• additional PHY agnostic functions, like security (integrity and ciphering) and header 
compression – In 3GPP LTE this is performed by the Packet Data Convergence 
Protocol (PDCP); 
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• in single-element RANs there is the need for packet buffering, forwarding, and 
reordering between peer BSs during mobility – In 3GPP LTE this is also performed by 
the Packet Data Convergence Protocol (PDCP); 

• on the network side, the backhaul interface (e.g. Ethernet or microwave, depending on 
the deployment scenario) and the IP (tunnelling) stack (GTP in 3GPP LTE) 
 
In the control plane, the Base Station relies on the user plane stack (L1, MAC, RLC, 

PDCP in 3GPP LTE) for the transport of signalling and control messages over the air 
interface. The BS control plane is in charge of a wide range of tasks, among which: broadcast 
of system information, assistance to network detection and selection (e.g. synchronization), 
connection control (including security key generation), channel quality measurements 
configuration and reporting (of serving and neighbour cells), radio admission control, 
mobility control (of both idle and active UEs), paging, radio link failure detection and 
recovery, etc. In addition, the Base Station is also in charge of transparently transporting the 
control plane exchanges that take place between the UEs and the core network, like for 
example the UE authentication and authorization, or the IP address assignment. 

The decomposition of a base station into its major functional components is presented 
in Figure 4. 

 

Figure 4: Base Station functional components 

B. Power consumption of Base Stations 
The power consumption as function of the traffic load has also been studied, and a 

simple power model derived. We discovered and reported that the power consumption is quite 
linear, but with a big offset at zero load, as depicted in Figure 5. This is due to what we called 
coverage tax: base stations permanently advertise their presence and availability by 
broadcasting pilots and signaling, even when no user needs connectivity. 
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Figure 5: BS power consumption as function of traffic load 

We also classified the different base station types based on the component packaging 
(e.g. Remote Radio Head [RRH], femtocell, macro cell, Active Antenna Array [AAA]…). In 
addition, we performed extensive real-time measurements of power consumption at 
component level on our experimental platform composed of a 3G femtocell enhanced with 
stand-by mode and wake-up procedures. 

C. Power Consumption Measurement of a 3G Femtocell with power-saving modes 
We implemented a standby mode on a commercial 3G Femto, and performed 

measurements. A Wi-Fi access point has been used to detect mobile terminal proximity and 
wake-up the Femto when in stand-by mode [5]. 

We report in the table below the measured power consumption for the entire system, 
as well for the Wi-Fi AP and the femtocell alone - in its different states (active and standby). 
Power consumed in standby mode (4.5 W) is reduced of about 55% compared to active state 
(10 W). 

At system level, we report the overall power consumption in three different working 
conditions: femto standby, femto active, and capacity boost (Femto + Wi-Fi). We compare 
them to the consumption of a regular 3G femto (last row). 

Despite the fact that the implemented solution is not energy optimal, savings are still 
achievable in Femto standby state (around 30%). This is due to the fact that today’s Wi-Fi AP 
consumes only a fraction of power consumed by a 3G Femto. 

 
Module power-save mode, 

and consumption in W Working 
conditions Femto Wi-Fi AP 

Total Power 
consumption, W 

Femto 
standby 

Standby,  
4.5 

On,  
2.5 7 

Femto 
active 

On, 
10 

Standby/Off, 
0.5 10.5 

Capacity 
boost 

On,  
10 

On,  
2.5 12.5 

Regular 
femto 

On,  
10 / 10 
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Publications: 
[5] I. Haratcherev (A-LBLF), A. Conte (A-LBLF), Practical energy-saving in 3G 

femtocells, IEEE ICC'13 - Workshop on Green Broadband access, pp. 602 -606, 2013 
IEEE International Conference on Communications Workshops (ICC), June 2013 

[6] A. Conte, “Power consumption of base stations”, presented at the TREND Open 
workshop in Ghent, February 2012. 

3.2.3 Core networks 

A. Modelling power consumption of core devices 
For the core devices, realistic and tractable power consumption values for IP, Ethernet 

and WDM backbone equipment are provided (as joint work between Orange, iMinds and 
TUB). These values have been fine-tuned and updated with respect to the earlier deliverables 
and publications. The main improvements include (a) a better break-down of overhead and 
functional power consumption, (b) inclusion of higher-rate and/or coherent equipment and (c) 
IP router power measurements according to the standardized energy consumption rating 
(ECR) metric. In addition, as a result, a database with power consumption values is made 
available at http://powerlib.intec.ugent.be (as described in Section 3.3).  

 
Publications: 

[7] W. Van Heddeghem (iMinds), F. Idzikowski (TUB), W. Vereecken (iMinds), D. Colle 
(iMinds), M. Pickavet (iMinds), P. Demeester (iMinds), Power consumption modeling 
in optical multilayer networks, Photonic Network Communications, Vol. 24, No. 2, 
pp. 86-102, October 2012. 

[8] W. Van Heddeghem (iMinds), F. Idzikowski (TUB), E. Le Rouzic (Orange), J. Y. 
Mazeas (Orange), H. Poignant (Orange), S. Salaun (Orange), B. Lannoo (iMinds), D. 
Colle (iMinds), Evaluation of Power Rating of Core Network Equipment in Practical 
Deployments, IEEE online Greencom, online conference, September 2012. 

[9] W. Van Heddeghem (iMinds), F. Idzikowski (TUB), Equipment power consumption 
in optical multilayer networks - source data, Technical Report IBCN-12-001-01, 
January 2012. 
 

B. Measuring power consumption of core routers 
For core routers, a set of measures of power consumptions was gathered by testing 

different routers in the FastWeb Test Plant (as joint work between CNIT-PoliMI and FW). 
Five routers have been tested in this activity: Juniper T1600, Juniper MX960, Cisco 
ASR9010, Cisco 6509 and Cisco 12410. It was concluded that, although limited to the 
amount of traffic that could be generated in the Test Plant, the measures have confirmed the 
well-known concept that traffic loading on a router has a very small impact on its power 
consumption.  

For this reason, the implementation of rate adaptation facilities in the routers 
constitutes a challenging problem to make the network energy efficient. Rate adaptation in the 
green routers is usually achieved by scaling the processing power according to the data rate 
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the router has to manage; for this purpose, the clock frequency driving the router processes 
can be modified according to the input data rate. In this context CNIT-Catania, has conducted 
a measurement study of the Reference Router implemented on the NetFPGA platform and has 
defined a model of the consumed power as a function of both the managed input traffic and 
the available clock frequencies. The results demonstrated that the model can be applied by 
router designers to choose the main router platform parameters, i.e. the number of clock 
frequencies and the clock frequency switching time, while respecting a given tradeoff 
between the percentage of energy saved and the maximum tolerated loss probability due to 
frequency switch. Additionally, a Router Governor has been designed to decide when to 
switch the frequency up or down. An analytical discrete-time Markov model has been 
proposed to help designers to set critical parameters related to the QoS (in terms of loss 
probability during the frequency switch), the power saving gain and the working temperature. 
The model has been applied to the NetFPGA Reference Router, reducing its power 
consumption and the loss probability during the switch. Moreover the probability of 
maintaining its mean temperature under a given threshold has been calculated 

 
Publications: 

[10] A. Lombardo, D. Reforgiato, V. Riccobene, G. Schembra, “A Markov Model 
to Control Heat Dissipation in Open Multi-Frequency Green Routers”, Second IFIP 
Conference on Sustainable Internet and ICT for Sustainability 2012, October 2012. 

[11] A. Lombardo, C. Panarello, D. Reforgiato, G. Schembra, “Measuring and 
modeling Energy Consumption to design a Green NetFPGA Giga-Router”, IEEE 
Globecom 2012, December 2012. 
 

C. Analysis of power consumption of optical interconnection based on Micro Ring 
Resonators 
A final study for core network technologies is dealing with the evaluation of the 

power consumption of a hybrid architecture, consisting of both fixed and tunable Micro Ring 
Resonators (MRRs), used for the all-optical interconnection of line cards within optical 
switches/routers (as joint work between CNIT-PoliMI, HWDU). For such architecture, it has 
been shown that, in general, crosstalk-free architectures require higher consumption with 
respect to the non-crosstalk-free ones. Moreover, it is found that architectures with higher bit-
rate transmitters (i.e., 40 Gbit/s) are preferable in terms of power consumption as they can be 
implemented by a lower number of transmitter/receiver couples. 

 
Publications: 

[12] D. Siracusa, V. Linzalata, G. Maier, A. Pattavina, Y. Ye, M. Chen, “Hybrid 
architecture for optical interconnection based on micro ring resonators”, Proc. of 
GLOBECOM 2011, Houston, TX, Dec. 2011. 
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3.3 Consolidating power consumption values: Powerlib 

3.3.1 Three important power consumption issues … 

When starting the energy efficiency studies within the TREND project, it was soon realized 
that proper and reliable power consumption reference values for network equipment were 
needed. While at the start of the TREND project there were already many publications on the 
subject of energy efficient networks, we identified three major issues with respect to the 
power values used so far.  
First, across publications different values were used which potentially vary significantly. For 
example, in a publication from 2009 an optical amplifier is assumed to consume 8 W, 
whereas in another publication from the same year a value of 1000 W is assumed.  
Second, and related to the first issue, is the fact that the scope of the power values is often 
unclear. The power value might be representative for the core functionality only (e.g. 
amplification of an optical signal), or on the other hand could include also any required 
control or shelve overhead (such as control cards, chassis fans). Or, the power values might 
be based on either equipment rating, maximum power consumption (i.e. under maximum 
load), or power consumption under typical load; with each of these differing considerably.  
Third, the references in the papers were sometimes vague (e.g. referring to the home page of 
the vendor), not traceable, or had become obsolete. This hindered validation of the values for 
further reuse in new studies. 

3.3.2 … lead to the birth of Powerlib 

To address these issues, several partners joined their effort to a consolidated power 
consumption model and reference values [7][8][9] for usage within TREND. This work gave 
birth in 2012 to a more general library on telecommunication equipment power consumption 
called Powerlib. 
At http://powerlib.intec.ugent.be/ we host an online database of ICT network equipment 
power consumption data (see Figure 6). Its main and initial purpose is to collect and provide 
this data for use in research towards more power-efficient ICT networks. Data on this topic is 
not readily available, but instead distributed across different data sheets and (academic) 
publications. By providing a single source, we hope to facilitate power consumption data 
collection and referencing. The scope of the power consumption is identified clearly for each 
entry, and the original source (e.g. a vendor PDF file) is stored in the database for permanent 
retrieval. Users can contribute to this database with their own data, preferably by including 
(links to) sources of the reported values. To do so, users have to register at the website, after 
which they can request contributing privileges. Search and export functionality is available as 
well. 
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3.3.3 Future plans for Powerlib 

While the initial content was limited to backbone network equipment, in 2013 we started 
adding access equipment (such as OLTs) and customer premises equipment (such as 
PowerLine Communication devices).  
Furthermore, we plan a (roughly) yearly update of the database with new equipment. If we 
can sustain this effort for a couple of years, this will provide a unique and quantifiable insight 
in the evolution of power efficiency of network equipment. 

 

Figure 6: Powerlib website – start page 

3.3.4 Lessons learned and policy recommendations 
During the construction of this library, we learned that collection of such power 

consumption data is far from easy, and this mainly because of the following reasons.  
First, many vendors are not keen on publicly sharing power consumption data, and 

often keep it completely confidential, sometimes even for people internal to the vendor 
company. This information is deemed by some vendors as business critical.  

On the other hand, other vendors (such as Juniper) do make their values available to 
the public, and even use it as a competitive market advantage. This introduces the issue that it 
is not unlikely that these power consumption values might be better (i.e. lower) than values 
for equipment where no values are disclosed. This might bias the sample of our (and future) 
database(s) to be more optimistic than it really is. 

Third, we also noticed that many data sheets are either unclear or incomplete. The 
values given might not indicate the scope or applicability (i.e., is it a rated, maximum or 
typical value), or even provide almost unusable information. For example, for customer 
premises equipment it is not uncommon that the data sheet mentions only the power adapter 
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output voltage and current rating, which is often not representative for the actual power 
consumption of the device. 

Therefore, we can make the following recommendations for policy makers: 
• It should be mandatory for vendors to disclose the power consumption of network 

devices, both for small end-user devices targeted at residential customers as well as 
telecom operators.  

• There is a need to establish a basic set of required power consumption data.  While 
this data set might differ depending on the equipment category (from residential up to 
telecom operator) it could include parameters such as the power at standby, under 
typical load and under full load.  
This is not unlike the approach currently adopted for domestic appliances sold in the 
European Union; they require an energy label which also details the average energy 
consumption. 

• It would be beneficial if there was a single, worldwide repository for capturing this 
data. This is similar to the effort we have done with powerlib, as well as e.g. the 
Energy Star initiative which published power consumption values of consumer 
products.  
Such a public repository would be beneficial for a number of users. It would allow 
both researchers and policy makers to easily track actual power efficiency trends, and 
consequently allow for appropriate legislative actions or a justified research focus for 
power consumption reduction. It would also allow (residential or corporate) customers 
to easily consider energy consumption in prospective activities. 
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4. Energy-saving potential of network technologies and 
protocols 

 

4.1 Fixed access networks  

4.1.1 Energy efficiency analysis of the time division multiplexing statistical gain in next-
generation passive optical networks 

The objective of this work (joint work between TID and iMinds) was to analyze the 
energy savings of TDM in PONs, taking advantage of the statistics of user traffic in access 
networks. 

The energy consumption of different PON technologies (G/E PON, 10G PON, XLG-
PON, TWDM-PON, OFDM-PON and Coherent UDWDM-PON) in a massive deployment 
scenario has been estimated, using real population and geographical distribution data for a 
major city in Spain. We consider a best-effort internet access service dominating the traffic in 
the PONs, where a maximum bandwidth, namely Btarget, is offered to each customer with a 
minimum percentage of time of availability, namely pavail,min, and offering the same priority to 
each customer. 

For the Time Division Multiple Access (TDMA) technologies, we assume perfect 
dynamic bandwidth allocation (i.e. without packet loss in the optical distribution network 
[ODN]) in both the upstream and downstream directions. When k active users from N total 
independent users are demanding or delivering traffic from/to an OLT interface, the 
maximum bandwidth that can be offered to each user is 

Nk
k

Bmax ≤≤= 1,
bandwidthPON

 
Most of the time, this value will be much higher than the fixed bandwidth that could 

be guaranteed 100% of the time (PON bandwidth/N), because the probability that N users are 
active at the same time is very low. We can take advantage of this effect to connect more 
users to a single OLT interface for a given PON bandwidth, thus reducing the energy 
consumption per user. In order to obtain a fair energy efficiency comparison between the 
different PON solutions, we fix the user demand parameters (pact and Btarget) and the QoS 
requirements before dimensioning the network. 

Considering a fixed split ratio (number of homes passed by the fiber coming from a 
single OLT interface) of 1:64, which allows operators to re-use the legacy ODN of (X)G-
PON solutions without modifications, Figure 7 and Figure 8 show the availability and power 
consumption in the Central Offices (CO) of the various PON technologies for a low and high 
user activity (pact = 0.1, 0.5).  

In case of a low user activity (Figure 7), increasing the target bandwidth from 100 
Mb/s to 1Gb/s results in a lower availability for G/E PON technologies, but it remains above 
a threshold of 20%, which could be set by an operator or a regulator when defining a service 
level agreement for internet access. Thus, the statistical gain of TDM allows connecting more 
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users per OLT interface, provided that the availability of the maximum offered speed for an 
internet access service is lower than 100%. 
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Figure 7: Availability (left) and power consumption (right) of the PON solutions for varying target bandwidths 
in case of low user activity (pact = 0.1), using an existing ODN with split ratio 1:64. 
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Figure 8: Availability (left) and power consumption (right) of the PON solutions for varying target bandwidths 
in case of high user activity (pact = 0.5) using an existing ODN with split ratio 1:64. 

Legacy PON technologies such as G/E PON are suitable for providing up to 1 Gb/s 
internet access in case of low user activity, with lower power consumption than higher 
bandwidth PON technologies, provided that a 20% availability of the maximum speed is 
accepted. For higher user activity (Figure 8), 10G PON is the most energy efficient option up 
to 600 Mb/s internet access speed. For a higher target bandwidth of 1 Gb/s, statistical gain is 
not enough to provide the 20% availability of the service level agreement, thus NG-PON2 
technologies are required to provide 1 Gb/s, at the expense of a higher power consumption. 

The fact that the NG-PON2 technologies offer 100% availability in all of the 
aforementioned scenarios with fixed split ratio indicates that their bandwidth is not being 
used fully. The available bandwidth could be used more effectively by increasing equipment 
sharing, i.e. by connecting more users to each OLT interface. Therefore we also consider 
future scenarios where the split ratio can be chosen freely, for example when operators wish 
to upgrade their network from copper technologies like DSL and Coaxial cable to a future-
proof fiber solution. We can allow higher split ratios up to 1:256, depending on the reach and 
capacity of the technology and on user demands. A detailed study of these options was made 
and is reported in D2.6 of WP2. The reported findings are currently under review for 
publication in a journal. 
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[13] S. Lambert et al., “Energy Efficiency Analysis of Next-Generation Passive 
Optical Network (NG-PON) Technologies in a Major City Network”, in Proc. of 15th 
International Conference on Transparent Optical Networks (ICTON), June 23-27, 
2013, Cartagena (Spain). 

[14] S. Lambert et al., “Energy Demand of High-Speed Connectivity Services in 
NG-PON Massive Deployments”, 39th European Conference and Exhibition on 
Optical Communication (ECOC), 22-26 September 2013, London (United Kingdom). 

[15] S. Lambert et al., “Power Consumption Evaluation for Next-Generation 
Passive Optical Networks”, 24th Tyrrhenian International Workshop on Digital 
Communications (TIWDC), 23-25 September 2013, Genoa (Italy). 

[16] S. Lambert et al., “Energy Efficient High Speed Triple-Play Services in a 
Major City PON Deployment”, submitted to IEEE Journal of Selected Areas in 
Communications (JSAC), 2013. 

 

4.1.2 Sleep mode at the edge 
We analyzed the traffic behaviors of FastWeb users and we evaluated the energy 

benefits that can be achieved by using energy efficient strategies in access networks (joint 
work between PoliTo and FastWeb). After having examined the traffic measurements, two 
different energy-efficient policies were introduced. These policies rely on the implementation 
of sleep mode functionalities in the modems at the user and/or at the DSLAM side. The figure 
shows the average energy consumption per user and per 1 million of users considering the 
two sleep mode policies and different values of power consumption for the modem in the 
sleep mode state. 

 

Figure 9: Average energy consumption per users applying sleep mode policies in a conservative scenario 

We quantified the energy savings that can be achieved using the proposed energy-
efficient policies. We evaluated a conservative scenario, in which we considered a population 
of 1 million of users for 1 year and the energy consumption of the modem in the sleep equal 



  

 FP7-ICT-257740/ D1.6 

 

 Page 23 of 39  

to the values reported in the “Code of Conduct (CoC) on Energy Consumption of Broadband 
Equipment”. The results show that it is possible to save around 16.5 GWh (which in 
percentage is about 32%) with respect to the case that no energy policy is used (i.e., modems 
are always in the ON state). This result shows the effectiveness of sleep mode policies to save 
energy. A more detailed description of this work is reported in TREND deliverable D1.5. 

 
Publications: 

[17] E. Bonetto, A. Finamore, M. M. Munafò, R. Fiandra, “Sleep mode at the edge: 
how much room is there?”, Networks 2012, Roma, Italy, October 2012. 
 

4.1.3 Energy Efficiency and Cost Optimization of OTDR Supervision Systems for 
Monitoring Optical Fiber Infrastructures 

We proposed a new approach for optical fiber infrastructure supervision from Central 
Offices, using Tunable/Multiple-Wavelength optical time-domain reflectometer (OTDR) and 
Wavelength Division Multiplexing (WDM) techniques, with high potential for cost and 
energy savings in fiber access PON physical layer supervision systems (performed by TID). 

The proposed solution relies on two key factors: 
• OTDR wavelength tunability. The OTDR pulses can be launched at different 

wavelengths, all of them within the legacy waveband already established for fiber 
monitoring. In the case of in-line monitoring, this can be the U-band (1625-1675nm) 
for access systems, as standardized by ITU-T L.66. 

• Wavelength multiplexer-demultiplexer filters at some stage/s of the Fiber Optic Cross-
Connect System) FOCS. The OTDR pulses are delivered to a selected fiber in a 
passive and inherent way depending on the wavelength of the OTDR. At certain parts 
of the optical fiber switching system, passive wavelength demultiplexing of OTDR 
signals is used as a fiber selection mechanism, instead of mechanically moving input 
fiber to a desired fiber output or using micro-electro-mechanical (MEM) switches 
(which requires electrical power supply and thus has a related power consumption). 
 
A conventional 1x256 FOCS implementation using a single wavelength OTDR and 

active switches is compared with the proposed alternative approach using a 4 wavelength 
OTDR (N=4) and 1x4 ports multiplexers/demultiplexers (Nijk=4) design example, see Figure 
10. 
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Figure 10: Centralized OTDR supervision system (a) with active FOCS and (b) proposed system with hybrid 
FOCS (4 wavelengths) for 256 supervision fibers. 

As shown in Figure 11 (dashed line), the proposed 4 wavelengths system can save up 
to 50% of power consumption of a conventional FOCS with a single-wavelength OTDR.  

 

Figure 11: Savings (%) of proposed system versus number of test fibers with regards to a single wavelength 
supervision system 

In the TREND deliverable D2.6, the details of the hybrid FOCS implementation as 
well as the experimental validation of the proposed technique are reported. 

 
Publications: 

[18] J. Montalvo, J. Torrijos, R. Canto, I. Berberana, “Energy Efficiency and Cost 
Optimization of OTDR Supervision Systems for Monitoring Optical Fiber 
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Infrastructures”, International Conference on Networks (ICN 2013), pp. 75-80, 
January 2013. 
 

4.2 Wireless access networks 

4.2.1 Energy efficient OFDM using Base-Field Hartley pre-equalization 
OFDM is widely deployed in today’s wireless communication systems including 

IEEE 802.11, WiMAX and 3GPP Long Term Evolution (LTE) and will be used by emerging 
LTE-Advanced (LTE-A). However, a major drawback of OFDM transmission is that its 
signal waveform usually has a high peak-to-average power ratio (PAPR) and hence it 
generally yields heavy power penalty and reduces the energy utilization efficiency at 
transmitters. Although there are techniques to tackle this problem and alleviate the inherent 
difficulties, existing works and results mainly focus on patching the conventional OFDM 
schemes.  

Recently a pre-equalized OFDM based on the base-field Hartley transform (BHT-
OFDM) has been proposed. Unlike the conventional pre-equalized technique for OFDM 
which only shifts the equalization from the receiver to the transmitter and suffers even worse 
PAPR, the pre-equalized BHT-OFDM operates over a finite field. Therefore the dynamic 
range of the output from BHT-OFDM is naturally confined to a finite alphabet, which would 
significantly narrow the range of the signal energy. 

Within TREND, we developed a tractable analytical closed-form expression of the 
PAPR of BHT-OFDM based on correlated multivariate distributions. The exact analysis is 
also suitable for other communication systems with correlated signals. We also investigated 
the energy efficiency of BHT-OFDM by the analytical expression and justify its validation by 
simulation over several 4G channel models. Results show that BHT-OFDM is energy-
efficient and is a highly considerable candidate beyond OFDM for next generation 
communication systems. 

 
Publications: 

[19] L. Luo, C. S. Chen, and S.-W. Ho, "On the peak-to-average power ratio of pre-
equalized OFDM based on Base-Field Hartley transform," in Proc. IEEE Global 
Communications Conference, workshop on Emerging Technologies for LTE-
Advanced and Beyond-4G (LTE-B4G), California, Dec. 2012. 
 

4.2.2 Energy-efficient resource allocation in multipoint-to-multipoint CDMA wireless 
data networks 

We examined the problem of energy-efficient non-cooperative resource allocation in a 
multipoint-to-multipoint multiuser wireless data network (joint work between CNIT and 
TUD). Leveraging on recent studies, wherein it has been revealed that the theory of potential 
games can be used to obtain convergent non-cooperative resource allocation games in multi-
cell networks, within TREND we have proposed resource allocation procedures that have 
been shown to outperform competing alternatives. Although a code division multiple access 
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(CDMA) access technique has been considered, the same concepts and the potential games 
framework may be applied, with ordinary efforts, to different multiple access strategies, such 
as orthogonal frequency division multiple access (OFDMA) strategy. One of the features of 
our study here is that the considered model (multipoint-to-multipoint communication scheme) 
is general enough to include several instances of relevant systems such as: (a) a multi-cell 
wireless system; (b) an interference (peer-to-peer) channel; and (c) a cellular system equipped 
with femtocells, and indeed the obtained numerical results have considered all of these 
systems. Results have shown that, as a general trend, joint optimization procedures are better 
than single optimization procedures; in particular, joint optimization of the transmit power, 
spreading code and linear receiver provides up to hundreds-fold improvements in the energy 
efficiency of the users’ terminals (see Figure 12). Another trend that has emerged is that in 
general the users’ energy efficiency increases as the distance between the mobile device and 
its own receiver gets decreased: as a consequence, a dense deployment of femtocells may 
bring dramatic performance improvements to a cellular system. This improvement may be 
seen either as a data-rate improvement (for fixed transmit power), or as an energy saving (if 
data rates are assumed constant). On the other hand, it should be also noted that a dense 
deployment of femtocells may increase the energy consumption of the whole wireless 
network, thus implying that the number of deployed femtocells should be carefully designed, 
along with the implementation of energy-saving procedures (i.e., sleep modes) when they 
have no users to serve. 

 

Figure 12: Average link utility (expressed in bit/J) at the Nash Equilibrium versus the number of active links in 
an interference network. The proposed joint allocation strategy is compared with other approaches. 
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Publications: 
[20] S. Buzzi, A. Zappone, “Potential games for energy-efficient resource 

allocation in multipoint-to-multipoint CDMA wireless data networks”, Physical 
Communication, Vol. 7, pp. 1 - 13, June 2013. 
 

4.3 Core networks 

4.3.1 Using an Analytical Power Model to Survey Power Saving Approaches in Backbone 
Networks 

We surveyed current power saving techniques in backbone telecommunication 
networks, based on an analytical power model. This categorization allows for a more intuitive 
understanding of the power saving potential of different approaches, and shows that in order 
to achieve large savings (i.e. more than 10 times reduction of the current power consumption), 
effort will need to be concentrated on those techniques that reduce either the traffic volume or 
the equipment power rating. The survey in this paper also provides the basis for a more 
quantitative evaluation of future power saving techniques. 

 

 

Figure 13: Overview of power reduction approaches mapped to the general form of our analytical model 

Publications: 
[21] W. Van Heddeghem, M. C. Parker, S. Lambert, W. Vereecken, B. Lannoo, D. 

Colle, M. Pickavet and P. Demeester, Using an Analytical Power Model to Survey 
Power Saving Approaches in Backbone Networks, NOC 2012, Vilanova, Spain, June 
2012. 
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4.3.2 Packet switching versus circuit switching 
The two basic switching techniques of circuit switching and packet switching have 

been evaluated in terms of energy efficiency in core networks. By referring to real network 
topologies, two different network design approaches have been compared, in a joint work 
between CNIT-PoliMi and PoliTo, aiming at minimizing either CapEx expenditures (i.e. 
equipment cost) or OpEx expenditures (i.e. energy usage). It has been found that the factor 
that most influences the performance of the network architectures is the traffic load. For low 
traffic loads, the most convenient architecture is the packet switching solution, whereas as the 
traffic load of the network increases, the circuit switching architecture should be preferred. 

A deeper analysis of the two switching techniques has also been performed that took 
into account the impact of the channel line rate, the network size (both number of nodes and 
physical link length) and the network mesh degree (a joint work among CNIT-PoliMi, iMinds 
and TUB). Again it has been found that packet switching is in general preferable for all cases 
over circuit switching with low offered loads, when in particular the requested bit rate on a 
channel is lower than at least half the channel line rate.  

The paradigm packet versus circuit switching for the transport of information in core 
networks has been faced also by comparing the classical IP-over-WDM packet switching 
technique to a novel circuit-switching technique for transport networks called time-driven-
switching (TDS), in a joint work between CNIT-PoliMi and FW. With TDS, time-
coordination of network elements is exploited to achieve ‘sub-lambda’ granularity in optical 
signal switching directly in the optical domain, thus avoiding most of the power-intensive 
packet processing in IP routers.  Power consumption over realistic case study networks for the 
TDS case compared to the classical IP-over-WDM architecture show that in some cases the 
circuit-switching based TDS is demonstrated to save more than 55% of power consumption 
with respect to competing packet switching solutions. 
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[23] F. Musumeci, L. Hernandez, L. Zapata, M. Tornatore, M. Riunno, A. 
Pattavina, “Dynamic routing and resource allocation in time-driven-switched optical 
networks”, Proceedings of HPSR 2012, Belgrade, June 2012. 

[24] F. Musumeci, M. Tornatore, G. Fontana, M. Riunno, S. Bregni, A. Pattavina, 
“Energy-efficiency of all-optical transport through time driven switching”, IET 
Optoelectronics, Vol. 6, No. 4, pp. 173-182, August 2012. 

[25] A. Bianco, E. Bonetto, F. Musumeci, A. Pattavina, M. Tornatore, 
“CapEx/OpEx Evaluation of Circuit vs Packet Switched Optical Networks”, Optical 
Network Design and Modelling 2013, April 2013. 
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Packet-Switched Optical Backbone Networks”, OnlineGreenComm, online, October 
2013. 
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4.3.3 Energy efficient TCP 
We investigated the impact of TCP traffic on the performance of capacity scaling 

mechanisms and vice versa (joint work between CNIT-Catania and PoliTo). Recent works 
advocate the possibility of improving energy efficiency of network devices by modulating 
switching and transmission capacity according to traffic load. However, addressing the trade-
off between energy saving and Quality of Service (QoS) under these approaches is not a 
trivial task, especially because most of the traffic in the Internet of today is carried by TCP, 
and is hence adaptive to the available resources. An extensive simulative study has been 
conducted demonstrating that intertwining between capacity scaling approaches and TCP 
congestion control exists. Moreover, we have investigated the reasons of such intertwining 
and we have evaluated how and how much the dynamics of the two algorithms affect each 
other’s performance, in terms of both energy saving and QoS. More specifically, we showed 
that such an interaction is essentially due to the overlap of the two closed-loop controls, with 
different time constants.  

The same phenomena have been studied also through a fluid model. In this case, the 
description of the TCP source, as well as the overall scenario, is simplified but fundamental 
behaviors (such as possible instabilities or oscillations of the control loops) can be 
investigated. 

 
Publications: 

[27] C. Panarello, M. Ajmone Marsan, A. Lombardo, M. Mellia, M. Meo, G. 
Schembra, “On the Intertwining Between Capacity Scaling and TCP Congestion 
Control”, in Proc. of e-Energy 2012, Madrid, Spain, 9-11 May 2012. 

[28] C. Panarello, A. Lombardo, G. Schembra, M. Meo, M. Mellia, M. Ajmone 
Marsan, “Power Management and TCP Congestion Control: Friends or Foes?”, 
SSEEGN 2013, November 2013. 

[29] F. Khuhawar (PoliTO), M. Mellia (PoliTO), M. Meo (PoliTO), Modeling the 
interaction between TCP and Rate Adaptation, ITC 2013, September 2013. 
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5. Guidelines for policies and incentives to stimulate 
energy efficiency in networks 

Stimulating energy efficiency in networks, as well as at the customer premises, is a difficult 
task, especially as energy consumption generates problems and costs which are not directly 
transferred to the operator, but often occur down the line (pollution) and are charged to 
someone else (to the customer) or are actually enforced upon the customer (CPE 
consumption). As such, policy shifts should focus on persuading the operators to invest more 
in energy efficiency of the full network. Incentives and/or penalties, when used correctly, can 
fix the incorrect cost-allocation of energy consumption, in which pushing to the customers 
(CPE) and/or to the community (pollution) is re-translated into direct consequences for the 
operator. The complexity and aim for further research in this direction consists in mapping the 
incentives and/or penalties as a tradeoff to any side effects they might have, such as increased 
costs for operators and customers, reduced profitability of the market, etc.  
The research in this topic has been conducted focusing on fixed and wireless networks 
separately, as they pose different opportunities as well as tradeoffs. In the following two 
sections, these two cases are tackled in more detail.  
 

5.1 Use case 1: Fiber to the Home with home router virtualization as 
EE solution 

In this use case (joint work between iMinds and TID), we start with a total cost of 
ownership (TCO) analysis for several FTTH strategies, differentiated on the CPE. The goal is 
to illustrate a case in which TCO reduction and energy efficiency are in-line. Two different 
CPEs are considered for this study: 

• Regular CPE (rCPE): TCO for a FTTH deployment using a regular CPE (routed 
residential gateway) as a Business as Usual operator strategy. The power consumption 
and the OPEX (device cost, installation cost, maintenance) values of a rCPE are 
estimated (by TID), and integrated in a TCO model for FTTH networks (developed by 
iMinds). 

• Energy efficient CPE + network solution (EE CPE): TCO for a FTTH deployment 
using a bridged CPE (bridged residential gateway) as an innovative operator strategy. 
The new OLT cards are included in the TCO model, as well as the power consumption 
and the OPEX (device cost, installation cost, maintenance) of the new OLT cards, 
together with the new CPE (bridged residential gateway). 
 
Figure 14 shows the first results for a GPON deployment in a city environment with 

22 thousand users connected after 10 years. The results predict a 20% reduction in the energy 
costs after 10 years, together with an important reduction in the considered operator costs (i.e. 
CPE device cost, installation cost and maintenance). Using an EE CPE is a typical use case in 
which standardization on network solutions and research/innovation is more important than 
regulation to lower the energy consumption in FTTH networks. 



  

 FP7-ICT-257740/ D1.6 

 

 Page 31 of 39  

 

0

100

200

300

400

0 2 4 6 8 10

kW

Year

Energy

Routed CPE Bridged CPE Virtual Router  

0

0.5

1

1.5

2

0 2 4 6 8 10

M
€

Year

Operator cost

Routed CPE Bridged CPE  

Figure 14: Energy consumption and operator costs for routed and bridged CPE in a GPON deployment in a 
city environment with 22k users connected after 10 years. 

Based on this work, we conduct a study into setting the right regulator policies to 
influence the energy consumption of telecom networks and operator decisions. The regulator 
has the ability to reward incentives and/or charge penalties on the operator in regards to its 
energy efficiency. The research combines in this the energy and TCO model presented before 
with the impact of incentives and penalties, and quantifies the most likely reaction of both 
operator and regulator by means of a game theoretic evaluation. This approach, as well as the 
outcomes of this study will be presented in an invited talk at ONDM2014.  

We model the effect a new incentive might have on the uptake and proactive 
introduction of new and more energy efficient equipment (CPE) in the network.  
The strategies an operator can take in this are: 

1. Use rCPE or EE CPE as discussed in the aforementioned study 
2. Select the type of equipment to be used at the customer premises at installation 

time, in which the types are distinguished by their energy efficiency (and 
consequently typically also cost) 

The strategies the regulator can take in this respect are: 
1. Define the expected energy efficiency and boundaries for low and high energy 

efficiency 
2. Set a penalty scheme for bad energy efficiency 
3. Set an incentive scheme for good energy efficiency 

For a given set of strategies, the calculation engine will use the TCO model as mentioned 
above together with the choice of equipment to calculate all costs for the operator before 
incentives and penalties. As an extra output, the energy consumption (per user) of this 
solution is calculated as well. Based on this, the calculation engine can compute the total 
incentives or penalties to add to the TCO of the operator. This TCO + incentives – penalties is 
the outcome in the game matrix for the operator. Additionally, the calculation engine can 
make a weighted index out of the (inverse) energy consumption per customer and the 
(inverse) total TCO of the operator. Both have a lower value better outcome, as lower energy 
consumption is clearly beneficial and as there is a correlation between TCO and customer 
subscription prices and as such an inverse correlation between TCO and customer surplus.  
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Figure 15 gives an overview of the expected evaluation space of the game, where the 

strategies of the regulator have been split between rewarding, in terms of incentives when 
doing better than good energy efficiency, and penalizing, in terms of penalties when doing 
worse than bad energy efficiency. It should be noted that additional approaches could be 
integrated as well. All game theory evaluations will be based on a matrix which is able to 
work with any discrete calculation steps as is the case with both the TCO as the incentive 
calculation. In Figure 15 there are also two example Nash Equilibria (NE) indicated by means 
of a circle (A and B). In case the NE of the game would be point A, this would mean that a 
high rewarding regulator combined with a not as much penalizing regulator strategy would 
have a high positive impact on the energy efficiency of the operator. In case the NE of the 
game would be point B, this would mean that the impact of the regulator on the operator is 
small, and rather gained by penalizing and only lightly rewarding strategies.  
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Figure 15: game theory visualization with two examplary Nash equilibria 

Based on the outcomes of the evaluation, the selection of the dominant strategies and 
the relation these strategies have to the actual interaction between the operator and the 
regulator, we should be able to answer following questions: 

• What is the best strategy (or direction) for the operator? 
• What is the NPV reduction and business uncertainty suffered by the operator due to 

the regulator policy? Does it guarantee the investment and competitiveness of the 
FTTH network? 
 

Finally, we may formulate some guidelines to the regulator, identifying which policies are 
better. 

 
Publications: 
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TID / iMinds, accepted for invited talk at ONDM2014, Stockholm, Sweden, July 2014 
(to be submitted in February 2014). 

 

5.2 Use case 2: Wireless access with network sharing as EE solution 
In this use case (joint work between UTH, iMinds, PoliTO, TUB), we conducted a 

game theoretical study to evaluate network sharing and the cooperation opportunities of two 
and three mobile network operators (MNOs) that provide coverage and QoS in the same 
geographical area. The scope is to keep QoS at the same level, while reducing the number of 
MNOs that have their BSs in active (on) mode. The BSs of one MNO can be set in sleep 
mode if the mobile cooperation scheme under the infrastructure sharing strategy is 
implemented. In general, two types of sharing schemes are possible: network sharing and base 
station sharing. Network Sharing refers to the case where there is a binary transition state of 
the network infrastructure of one MNO, by migrating all its traffic to other MNOs. In that 
case, all the BSs of that specific MNO are set in sleep mode. In this case, roaming has 
temporal characteristics making the sharing scheme more practical. On the other hand, Base 
Station Sharing refers to the case where the BSs of the MNOs are shared to provide energy 
savings. The transition state of the network infrastructure of one MNO is smooth, meaning 
that gradually its BSs are set in sleep mode by migrating traffic to another MNO. In this case, 
roaming has both temporal and spatial characteristics, a situation that makes this scheme more 
difficult for real applications. For the purpose of our investigation, we focus on the network 
sharing strategy only. The proposed schemes are assumed to be dynamic in nature, meaning 
that an online management algorithm is implemented, and sharing is a function of real time 
traffic conditions. 

With the above approach of network sharing, great energy savings, and thus 
operational cost reductions, are observed for the network as a whole. Two different game 
theoretical approaches were applied to evaluate this kind of MNO cooperation, a cooperative 
approach and a non-cooperative approach. In the first case, MNOs are assumed to cooperate 
anyway, and game theory is used to define the optimal cooperation strategy. The Shapley 
value, which is an axiomatic fairness criterion, is used to provide a fair distribution of the 
profits among the players. In the second case, MNOs are assumed to compete, and 
cooperation is one of the possible strategies. Solving the game means that all payoffs (e.g. 
total costs) are calculated, and that an equilibrium in the game is found, which corresponds to 
a set of strategies (one for each player) at which players are not inclined to change their 
strategy. The most commonly known equilibrium is the Nash equilibrium (NE), which is 
defined as a situation in which no player can gain (i.e. improve its payoffs) by unilaterally 
changing its strategy. Based on the right choice of the roaming costs, the NE can correspond 
to a cooperation strategy, and it was found that in this case similar results are found as for the 
cooperative approach. 

The overall savings and the roaming costs for the MNO cooperation are computed as a 
function of the technology of the BSs that can be described by two parameters, denoted as a 
and b. Parameter a presents the proportionality factor of the BS power consumption according 
to the traffic, whereas parameter b models the no load losses of the BS due to the operation of 
cooling and in general the network critical physical infrastructure. The linear relationship 
between the BS power consumption (P) and the traffic (L) is given by P=a*L+b (cf. Figure 
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5). It is shown that the cooperation strategy and the overall gains do not depend on the 
parameter a but they are very sensitive to b. 

In the cooperative approach, each MNO is a strategic player that determines whether it 
will cooperate and with which other operators. Clearly, in order to agree to cooperate, each 
MNO should (i) reduce its cost by cooperating, and (ii) receive a fair portion/benefit of the 
total cost reduction jointly achieved by the operators. When the operators cooperate, they 
jointly achieve a reduction in the total energy cost which can be shared in an arbitrary fashion 
among the different operators, since money transfer is possible (through roaming fees). 
Technically, this makes the coalitional game one of transferrable utilities (TU game). The 
critical question in TU coalitional games is how the value of each coalition will be 
allocated/shared among its members. In turn, this determines the coalitions that will be 
formed, i.e., which operators will cooperate with each other. A particularly important question 
is whether the grand coalition will be formed and if it will be stable. Technically, this means 
that no operator will have an incentive to deviate and either act independently or cooperate 
with a subset of other operators. In our study, we use the concept of Shapley value to find 
each operator’s share of the cost reduction. Once we found the Shapley values, i.e., the cost 
shares for each operator, we can derive the optimal roaming prices that achieve this fair cost 
sharing. 

In the non-cooperative approach, there is one MNO that accepts roaming customers 
from the other MNOs, and its different strategies are defined by a varying roaming price. The 
strategies of the other MNOs correspond to the choice between either roaming their traffic (in 
case of low traffic) or not roaming their traffic to another MNO. If too high roaming prices 
are considered, then the MNO that is setting the roaming prices is always as good, or better 
off, by charging the highest roaming price. Following this decision, under the given available 
strategies, the other MNOs find this price too high and decide not to take advantage of the 
roaming offer. As a consequence, the NE will correspond to a strategy of high roaming prices 
and no roaming. However, knowing this outcome, an intelligent MNO would not put its 
roaming price too high. It would be in its advantage to put the roaming price at a level at 
which the other MNOs would roam, thereby increasing its own payoff. If this MNO can 
solely decide on the roaming price, it would be placed at a level at which the other MNOs are 
slightly better off by roaming. It is clear that the roaming price must meet two conditions. 
First, it should be high enough to compensate the first MNO for its extra costs, like an 
increased energy consumption. Secondly, when it is too high, the other MNOs might be better 
off not cooperating. 

Note that a regulator should be responsible for controlling, and even fixing, the 
roaming prices, so that cooperation is attractive for all MNOs. This regulator should decide to 
equally split the advantages of roaming between both operators. 

 
Publications: 

[30] G. Koutitas (UTH), G. Iossifidis (UTH), B. Lannoo (iMinds), M. Tahon 
(iMinds), S. Verbrugge (iMinds), P. Ziridis (IHU), L. Budzisz (TUB), M. Meo 
(PoliTO), M. Marsan (PoliTO), L. Tassiulas (UTH), A Game Theoretic Approach for 
Mobile Network Operators Cooperation, to be submitted Journal, 2014. 
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6. Conclusions 
This TREND deliverable D1.6 gave an overview of the key studies within WP1 of 

TREND. To wrap-up this document, we want to stress some key findings and important 
lessons learned.  

First of all, based on an estimation of the trends in the worldwide ICT electricity 
consumption from 2007 to 2012, we concluded that the relative share of the considered subset 
of ICT products and services in the total consumption has increased from about 3.9% in 2007 
to 4.6% (or 900 TWh) in 2012. For this study, three individual ICT categories were 
considered, telecommunication networks, personal computers and data centers. In 2012 each 
category accounted for roughly 1.5% of the worldwide electricity consumption. This 
highlights the need for energy-efficiency research across all three domains, rather than 
focusing on a single one. Over the last five years, the yearly growth of these three individual 
ICT categories (10%, 5%, and 4% respectively) is higher than the growth of worldwide 
electricity consumption in the same time frame. The combined electricity consumption of 
communication networks, personal computers and data centers is growing at a rate of nearly 
7% per year (i.e., doubling every 10 years), with the strongest growth observed in 
communication networks, stressing the importance of a Network of Excellence like TREND. 
In the future, frequent estimates of the worldwide electricity use by ICT will be essential to 
provide timely feedback if indeed ICT electricity consumption remains relatively small, or 
instead continues to grow at an unsustainable rate. 

Secondly, a lot of diverse power consumption data was gathered by joining efforts 
between TREND partners and collaborating institutions. Within the three considered network 
domains (wireless access networks, fixed access networks and core networks), a lot of 
interesting data was collected and processed. This data was useful for the specific studies 
within WP2 and WP3, but it is also important to consolidate this data for future work. In this 
way, an important initiative was taken within TREND to setup an online database, Powerlib, 
collecting all relevant power consumption data. However, during the construction of this 
library, we learned that a comprehensive collection of such power consumption data is far 
from easy, and this mainly because of the following reasons: many vendors are not keen on 
publicly sharing power consumption data, other vendors do make their values available to use 
it as a competitive market advantage which might bias the sample of our database to be more 
optimistic than it really is, and finally many data sheets are either unclear or incomplete. 
Therefore, we can make the following recommendations for policy makers: it should be 
mandatory for vendors to disclose the power consumption of network devices, there is need to 
establish a basic set of required power consumption data, and it would be beneficial if there 
was a single, worldwide repository for capturing this data. 

Thirdly, the general energy saving potential of different network technologies and 
protocols was evaluated. In many cases, this was the result of an intensive collaboration 
between different partners, and this resulted in several joint papers in conference and journals. 
In the domain of fixed access networks, different next-generation optical access technologies 
were compared to each other from a power consumption perspective. Special attention was 
given on the chosen split ratio in passive optical networks, as it turned out that this ratio 
impacts which technology is the most energy efficient option for future deployments. Further, 
the opportunities offered by using sleep modes were quantified, and the energy perspectives 
of OTDR supervision systems were evaluated. In the domain of wireless access networks, the 
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energy-efficiency of two different multiplexing techniques is evaluated, i.e. OFDM and 
CDMA. For OFDM, a pre-equalized OFDM based on the base-field Hartley transform (BHT-
OFDM) was analyzed, and results show that BHT-OFDM is energy-efficient and is a highly 
considerable candidate beyond OFDM for next generation communication systems. For 
CDMA, the problem of energy-efficient non-cooperative resource allocation in a wireless 
data network is examined. Results have shown that joint optimization procedures (of e.g. 
transmit power, spreading code and linear receiver) are better than single optimization 
procedures. Further, the users’ energy efficiency increases, as the distance between the 
mobile device and its own receiver gets decreased: as a consequence, a dense deployment of 
femtocells may bring dramatic performance improvements to a cellular system. In the domain 
of core networks, an analytical model was built to capture the different power saving 
approaches, showing that in order to achieve large savings (i.e. more than 10 times reduction 
of the current power consumption), effort will need to be concentrated on those techniques 
that reduce either the traffic volume or the equipment power rating. In addition, special 
attention is given towards the impact of TCP traffic on the energy efficiency and towards 
comparing the packet switching paradigm with the circuit switching variant. It has been found 
that for low traffic loads, the most convenient architecture is the packet switching solution, 
whereas as the traffic load of the network increases, the circuit switching architecture should 
be preferred. 

Finally, guidelines for policies and incentives to stimulate energy efficiency in 
networks are elaborated. The research in this direction has been conducted focusing on fixed 
and wireless access networks separately, as both pose different opportunities as well as 
tradeoffs. For fixed access networks, a use case with home router virtualization is analyzed, 
and for wireless access networks, a use case with network sharing is evaluated. In both cases, 
we conduct a study into setting the right regulator policies (e.g. defining incentives / penalties 
for installing energy efficient equipment at the customers in fixed access networks, and 
controlling/fixing the roaming prices in wireless networks) to influence the energy 
consumption of telecom networks and operator decisions. 
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8. List of Acronyms 
AAA Active Antenna Array 
BHT Base-field Hartley Transform 
BS Base Station 
CapEx Capital Expenditures 
CDMA Code Division Multiple Access 
CO Central Office 
CoC Code of Conduct 
CPAE Customer Premises Access Equipment 
CPE Customer Premises Equipment 
CRT Cathode Ray Tube 
DSL Digital Subscriber Line 
DSLAM Digital Subscriber Line Access Multiplexer 
DWDM Dense WDM 
ECR Energy Consumption Rating 
FOCS Fiber Optic Cross-Connect System 
FTTH Fiber To The Home 
FTTP Fiber To The Premises 
GbE Gigabit Ethernet 
ICT Information and communication technologies 
IP Internet Protocol 
IT Information Technology 
LCD Liquid Crystal Display 
LTE Long Term Evolution 
MEM Micro-Electro-Mechanical 
MNO Mobile Network Operator 
MRR Micro Ring Resonator 
NE Nash Equilibrium 
NPV Net Present Value 
ODN Optical Distribution Network 
OFDM Orthogonal Frequency Division Multiplexing 
OLT Optical Line Terminal 
ONT Optical Network Terminal 
ONU Optical Network Unit 
OpEx Operational Expenditures 
OTDR Optical Time-Domain Reflectometer 
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PAPR Peak-to-Average Power Ratio 
PC Personal Computer 
PON Passive Optical Network 
POTS Plain Old Telephony Services 
PSTN Public-Switched Telephone Network 
QoS Quality of Service 
RG Residential Gateway 
RRH Remote Radio Head 
RSOA Reflective Semiconductor Optical Amplifier 
SFP Small Form-factor Pluggable 
TCO Total Cost of Ownership 
TCP Transmission Control Protocol 
TDS Time Driven Switching 
TWDM Time-shared WDM 
UDWDM Ultra Dense WDM 
VoIP Voice over Internet Protocol 
WAN Wide Area Network 
WDM Wavelength Division Multiplexing 
WP Work Package 

 


