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Abstract— EARTH is a major new European research project
starting in 2010 with 15 partners from 10 countries. Its main
technical objective is to achieve a reduction of the overall energy
consumption of mobile broadband networks by 50%. In contrast
to previous efforts, EARTH regards both network aspects and
individual radio components from a holistic point of view.
Considering that the signal strength strongly decreases with the
distance to the base station, small cells are more energy efficient
than large cells. EARTH will develop corresponding deployment
strategies as well as management algorithms and protocols on the
network level. On the component level, the project focuses on base
station optimizations as power amplifiers consume the most
energy in the system. A power efficient transceiver will be
developed that adapts to changing traffic load for an energy
efficient operation in mobile radio systems. With these results
EARTH will reduce energy costs and carbon dioxide emissions
and will thus enable a sustainable increase of mobile data rates.
Index Terms — energy efficiency, mobile communication
networks, radio access, small cells, energy aware management,
load adaptivity, EARTH

I. INTRODUCTION
Today it is undisputed that the increasing human emission
of greenhouse gases is causing global warming and a reduction
is required to limit the temperature rise. The European
Commission (EC) has reached in December 2008 an
agreement to cut greenhouse gas emissions by 20% by 2020
and to improve energy efficiency by 20% [1]. According to the
SMART 2020 study [2] the global information and
communications technology (ICT) industry accounted for 530
Megatons of CO2 in 2002 and 830 Megatons in 2007. This is
approximately 2% of the global carbon dioxide (CO2)
emissions and about equivalent to those of global aviation [3].
The contribution of mobile communication networks was
64Mtons of CO2 in 2002. This may seem a rather small
fraction (12% of ICT emissions) but it is one of the fast
growing sectors, expected to grow by nearly a factor of three
to 178 Megatons in 2020 (Fig. 1).
The largest fraction of energy consumption occurs in the
radio access network, i.e. in the base stations. Compared to
this, the energy consumption (and the according CO2
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emissions) of the mobile devices and of the servers in the core
network infrastructure each are a factor of 4 or 5 smaller [4].
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Fig. 1. Contribution of mobile communications (networks and mobile
phones) to the CO2 footprint of telecommunication industry in 2002 and
estimated for 2020. Source: [2].

With the increasing wireless data rates and the rollout of
additional base stations for next generation mobile networks
the energy consumption of the network infrastructure is
expected to rise even stronger and, at growing energy prices,
makes up for a significant fraction of the operational costs of
operators. Therefore, energy consumption and CO2 emissions
of the mobile network infrastructure have received more and
more attention in the telecommunications sector lately.
Equipment manufacturers have achieved big progress (fig 2),
mainly by increasing the power efficiency of the transceivers
in the base stations and by replacing their air conditioning by
fresh air cooling [5].
Further improvements of energy efficiency in mobile
telecommunications now require more involved research and a
holistic approach regarding the entire system as an ensemble.
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Fig. 2. Continuous improvements of power efficiency in GSM base station
transceivers has achieved an 80% reduction in energy consumption. [5].
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The European Union has called on the industry to tackle
energy efficiency of communication networks and of ICT in
general [6] and is funding related research within the
framework program FP7. A consortium consisting of 15
partners from industry, academia and SMEs will start the
project “Energy Aware Radio and Network Technologies”
(EARTH) in January 2010 to find appropriate solutions to this
challenge. In this paper, we present the targets of the project
and the primary fields of research that appear most promising
for potential energy savings.

reduce the overall energy consumption of mobile broadband
networks by a factor of 50% and to significantly reduce carbon
dioxide emission and operating cost. A major part of the
reduction will be reached during low load situations, by
ensuring that the energy consumption of access networks is
proportional to the traffic load. Eventually, these novelties will
be evaluated by simulations and in a mobile network test plant
of a major European operator. In the following we will discuss
the approaches of EARTH in more detail.
III. METRICS AND SCENARIOS

II. EARTH AND RELATED WORK
There has been a significant interest in energy efficiency in
ad hoc networks and multihop mesh network architectures due
to the limited battery life of the communicating nodes [7,8,9].
In conventional cellular communication systems work on the
energy efficiency has rather been limited to the mobile
terminal with their limited battery power [10], and the energy
efficiency of the infrastructure end has been largely ignored. A
literature survey for the energy efficiency strategy
corresponding to various protocol layers of both infrastructure
and ad hoc wireless networks, is available in [11].
There are several recent research projects that consider the
issue of energy efficiency of communication systems and their
components. OPERA-Net [12] investigates the opportunities
to improve the energy efficiency of broadband cellular
networks by considering the optimised cooling and energy
recovery from the base stations and the optimisation of the
components used in communication systems. PANAMA [13],
ELBA [14] and Class-S [15] projects focus on techniques of
saving energy by more efficient design of the power amplifiers
in the communication systems as the major source of energy
consumption and typically run at still quite low efficiency.
Cool Silicon [16] aims at making recommendations for high
performance communication systems with low energy
consumption by focusing in three main areas: micro/nano
technology, broadband wireless access and wireless sensor
networks. Cool Silicon project focuses on the optimisation of
individual aspects of the communication systems like the
architecture of the system, communication algorithms and
protocols and physical components. Mobile VCE Green Radio
[17] aims at extending the efficiency studies to the energy
metric for cellular and end to end communication.
However, a unified approach to target the whole system from
energy efficiency perspective is still missing. Also little effort
is devoted to the efficency of next generation wireless acces
systems (4G systems).
The new EU FP7 project EARTH is focussing on mobile
broadband networks with the future key technologies LTE
(3GPP Long Term Evolution) and LTE-Advanced. Its
objective is to provide tangible results such as new network
architectures and deployment strategies, e.g. with small indoor
and outdoor cells, energy aware management mechanisms, and
innovative component designs, all with respect to optimised
energy efficiency. On top of the already achieved efficiency
increase, EARTH has set itself the ambitious goal to further

The metrics for comparing different radio access
technologies and equipment of different suppliers currently
focus on data throughput, spectrum efficiency and consumed
power per bases station or component. This neglects different
coverage areas, data rates and service level. Finding metrics
that are suitable for fairly comparing different solutions is not
straightforward, because many different aspects need to be
considered (Fig. 3). For instance, a deployment of cells with
smaller cell diameters reduces the average path loss of the
transmission and thus allows to reduce the transmission power.
On the other hand, this requires an increased number of sites
with more standby power consumption, more equipment and
higher construction effort. As another example, the global
energy balance of a mobile phone is not only limited to the
energy consumed by the phone when employed by the end
user. In a broader sense, it also includes the energy that was
spent for production and distribution and is thus implicitly
affected by the lifetime of the mobile phone. The lifetime
energy balance of end user and of infrastructure equipment
substantially differ.
The selection of an appropriate metric becomes even more
challenging since it needs to capture the holistic view of
energy consumption in the communication system. The
techniques adopted to improve the energy efficiency of one
end of the communication system (transmitter nodes or
receiver nodes) may adversely affect the energy efficiency of
the other end. As an example, increasing the frequency reuse
in a multiuser system and adopting efficient multiuser
sheduling techniques, may reduce the transmit energy
requirement for the same spectral efficiency but on the other
hand the receiver needs more computation energy for
performing multiuser detection. For a fair comparison of any
two communication strategies the energy efficiency metric
shall encompass not only the transmit energy but also the
receiver processing energy and the network operation energy
(during service and stand-by states) for the communication
strategies under comparison.
Besides analyzing energy balances for different stakeholders
individually, EARTH will also elaborate on the global energy
balance in order to find environment-friendly solutions that are
able to accommodate continuously increasing data rates and is
thus committed to have a socio-economic impact and influence
on future trends. At the same time it has to be kept in mind that
carbon dioxide emissions are not necessarily proportional to
the energy consumption of a given system since non-fossil and
renewable energy sources are used as well. To achieve the
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more general goal of low energy consumption, however, it is
key to know the main consumers of energy in mobile
communication systems, which are the base stations and herein
the power amplifiers.
The holistic approach EARTH adopts for the definition of
metrics is shown in Fig. 4. The analysis covers (from top-tobottom) the very abstract system level down to the more
concrete component level. The scope of the very simple and
straightforward notion of energy consumption is extended
towards competing aspects such as spectral efficiency and
quality of service. On the lower layers, physical parameters
such as the broadcast of pilot signals and transceiver
architectures have to be considered, whereas on higher layers
typical scheduling and load balancing behaviours have to be
captured.
There are already some efforts going on in standardization
bodies on metrics (e.g. [18,19]), but it is the target of EARTH
to bring all these different metrics together and to reach a
reference that is well-accepted in the community. Just like
there is a well-accepted driving cycle to measure the fuel
consumption of cars in different areas, it is the goal of EARTH
to come up with a weighted set of reference scenarios that will
be used to assess the efficiency of new solutions in the wireless
communications world.
The identified metrics will be used to compare competitive
solutions for energy efficiency with each other. Reference
scenarios based on typical traffic situations and user
distributions in the mobile network will be defined that can
later be used to validate the progress made by the project, e.g
by deployment strategies with a mix of large and small cells,
cooperation schemes such as cooperative multipoint
techniques and coordination schemes between different radio
access technologies.
Reference scenarios
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Fig. 3. EARTH‟s approach on energy efficiency analysis, metrics, reference
scenarios and reduction targets.

IV. NETWORK LEVEL
Energy efficiency optimisation at the network level has been
touched in some studies [20,21]. However a context in which
these studies fit in the overall picture is still missing. Fig. 4
shows the four network level oriented system aspect which the
EARTH project focuses on. EARTH targets significant energy

savings by using new deployment strategies of radio access
networks. Because of the strong decrease in signal strength
with respect to the distance of the base station the energy
efficiency generally increases with decreasing cell size. This is
limited by the fact that each base station must support some
basic functionality and that the effort to deploy very large
numbers of small base stations may be uneconomical. A
crucial task of EARTH will be to determine the ideal cell size
that is expected to be significantly smaller than in conventional
macro cell deployments. Depending on the reference scenarios
discussed before there may even be different ideal cell sizes
for different constraints.
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Fig. 4. Green network management tasks in EARTH

Further, the role of repeaters and relays will be analyzed in
detail, because these techniques have the inherent advantage
that they virtually bring the transmitters closer to the receivers
and therefore benefit from the small cell effect discussed
above.
An unavoidable consequence of reducing the cell-size or of
using repeaters is the stronger inter-cell interference, when the
spectrum re-use ratio is kept fixed. Reducing the re-use ratio to
control the interference will result in lower spectral efficiency.
Alternatives are either to coordinate the interference or to
manage it at the receiver end by deploying multiuser detection
strategies. These cell cooperation strategies are well studied
for their spectral efficiency ([22] and references therein) and
can provide starting points to evaluate the energy efficiency of
these deployments. As already mentioned, this comes with an
associated cost of higher computation energy at the receiver
end and in terms of increased energy for control message
signalling. A delicate balance should be hold to ensure that the
adopted strategy is energy efficient on the overall scale.
Small cell deployments and hierarchical deployments with
overlay marco cells may lead to a situation where many cells
are scarcely loaded. This particularly applies to situations
where the load varies over different times of the day. In high
load situations the best solution may be to provide coverage
using many small cells, whereas in low load situations cells
with only few users can be turned off by network management.
Self-organising mechanisms and signalling protocols are
required to detect such situations, to redirect the users and to
adjust the network coverage, e.g. by change of antenna tilt
angles.
EARTH will also analyze and exploit the potential arising
from certain radio access technologies being more energy
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efficient for certain types of services than others. From a more
algorithmic point of view, radio resource management
involves cooperative scheduling and interference coordination
algorithms. Also means have to be provided for jointly
providing power and radio resources.. Some initial studies on
cooperative scheduling [23], power and radio resource
management [20,24,25] are available for specific systems and
simplified scenarios. It remains to be seen whether absolute
limits for quality of service measures are at all appropriate
here or what relative decrease in quality of service can be
traded off against a decrease in energy consumption without
jeopardizing the user experience.
These considerations are not at all limited to conventional
deployment options. The project is also committed to identify
new architectures with more disruptive approaches such as
networks with the possibility of multi-hop transmission or adhoc mesh networks. These approaches benefit from typically
small distances from transmitter to receiver and corresponding
small transmission powers, but quality of service parameters
such as delays cannot be neglected here. Terminal-to-terminal
transmissions refer to a scenario where terminals at the cell
edge may provide coverage extension to other terminals that
fall slightly short of lying within the coverage area of the base
station to avoid unreasonably increase of the transmission
power at the base station. Finally, other approaches include
cooperative multipoint architectures currently being discussed
in standardization bodies and adaptive provisioning of
backhaul capacities depending on the current needs.
V. COMPONENT LEVEL
EARTH will analyze energy saving potentials also on the
component level, with respect to the system level aspects of
interfaces and network management. As shown in Fig. 5 this
follows two main tracks: One is to optimize the components
themselves, such as for example the power efficiency of
tanscievers, and the other one is to enable power saving
measures defined on network level such as a change of the
radio frequency band as well as the mobile radio standard by
supporting cognitive radio approaches. Specifically, adaptation
efforts include power, transmission mode, and load. In any
case the major focus of EARTH is to follow an integrated
optimization from a holistic point of view and to enable rapid
dynamic changes, for instance by providing suitable protocols
and signaling means to send components to a standby state.
A huge potential for energy saving is related to the power
amplifiers, which consume the largest part of power in the base
station (Fig. 6). The undistorted transmission of signals with
significant peak-to-average power ratios (PAPR) requires to
operate the power amplifiers on average levels way below
their maximum signal amplitude. This reducecs the power
efficiency, since a simple power amplifier is optimized for
maximum output power. The recent evolution of mobile
communication systems from GSM to the Long Term
Evolution of 3GPP leads to a continuous rise of the PAPR,
which will be further increased by using multicarrier and
multi-standard solutions.
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Fig. 5. Green radio

To be up to the requirements of an energy efficient system,
future power efficient transceivers need new power amplifier
architectures with improved energy efficiency for a certain
PAPR combined with measures to reduce this signal
parameter. The capability of the transceiver to detect the
incoming signal load will allow it to follow energy saving
measures taken on system level with a minimum of signaling
between different layers. By implementing new interfaces and
a certain intelligence, the transceiver can analyze the incoming
base band signals and take appropriate actions. For example,
the average signal power can be estimated in advance and an
adjustment of supply voltages can be perfomed. Also it is
possible to switch off some of the several baseband boards or
other components.

Fig. 6. Breakdown of power consumption in radio base stations [26].

Another source of energy waste are reflections at the
antenna back to the transceiver. These reflection depend on the
impedance matching of the amplifier, which in turn depends
on the power level and the antenna environment. Active tuning
of the matching network can cancel these reflections.
Finaly, the interface to the user terminal deserves special
attention in the project as there are a number of new
transmission techniques that can be exploited for energy
efficiency, such as MIMO (multiple input multiple output),
adaptive antennas, coordinated multipoint transmission
mechanisms, and advanced retransmission techniques.
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VI. CONCLUSION
Future mobile telecommunication systems have to
contribute to reductions in energy consumption and
greenhouse gas emissions of ICT. Quite some progress has
already been achieved on the the energy efficiency of mobile
communication networks, but there is a need for a holistic
approach and research on system level innovations. EARTH is
a European research project that has set itself the target to
provide a holistic analysis of state-of-the-art systems and to
develop improvements in order to come up with integrated
deployment
recommendations
for
future
mobile
communication networks. A two-fold approach is pursued in
the project: On the network level, architectures, protocols, and
algorithms are considered, whereas on the component level
strategies to optimize individual elements and their dynamic
adaptation to the actual needs are regarded. The ambitious
goal of EARTH is to cut the energy consumption of mobile
broadband networks by 50%. The findings will be evaluated
using in simulations and in a large testbed operated by a major
telecommunication operator.
The innovations worked out in EARTH will be combined
into an integrated solution. Tangible results will be introduced
to standardization bodies and industry exploitation in order to
ensure impact of the project to the technical community. This
will enable a sustainable deployment of future broadband
mobile communication sytems, with respect to carbon dioxide
emissions as well as to operational costs. Leveraging these
networks, further reductions of the global CO2 footprint are
expected by intensive use of ICT services, e.g. for
teleconferencing, telecommuting and dematerilisation.
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