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Energy Management in Mobile Networks
Towards 5G
Dario Sabella, Damiano Rapone, Maurizio Fodrini, Cicek Cavdar,
Magnus Olsson, Pal Frenger and Sibel Tombaz

Abstract The evolution of mobile networks from the introduction of the first generation systems until today, and the forecasts for the next decade [1], clearly indicate a
growth of both the network itself in terms of installed equipment and carried traffic in
terms of transmitted bits. The deployment of new generation systems upon existing
ones unavoidably increases the energy consumption, even if new systems are more
efficient than the older ones. More consumption means more costs, i.e., less margins
for the operators, and greater carbon footprint from the entire Planet. On the other
hand, for operators, it would not be possible to dismiss old generation systems in lieu
of the new ones, due to the presence of legacy terminals in the network. For these
reasons operators need to perform accurate assessment of the energy performance of
2G, 3G and 4G networks by looking in perspective at the evolution of the network in
terms of traffic growth, change of paradigms/business models, introduction of next
generation networks (i.e. 5G) and so on. This book chapter focuses on the energy
efficiency aspects relevant for a sustainable evolution of mobile networks towards
5G from an operator perspective. The conducted analysis will cover both network
deployment aspects, equipment evolution, introduction of energy efficiency features,
cost analysis, network-level energy efficiency assessment and related standardization
initiatives.
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1 Acronyms
3GPP
BCH
BS
BW
CAGR
CD
CSRS
DMRS
DTX
EE
eNB
GSM
HSPA
LTE
M2M
MBSFN
MIMO
OFDM
OPA
PDCCH
PSS
QoS
RAN
RAT
SSS
UMTS

3rd Generation Partnership Project
Broadcast Channel
Base Station
Bandwidth
Compound Annual Growth Rate
Component De-activation
Cell-Specific Reference Signals
DeModulation Reference Signal
Discontinuous Transmission
Energy Efficiency
Evolved NodeB
Global System for Mobile Communications
High Speed Packet Access
Long Term Evolution
Machine-to-Machine
Multicast-Broadcast Single-Frequency Network
Multiple Input Multiple Output
Orthogonal Frequency-Division Multiplexing
Operating-Point Adjustment
Physical Downlink Control Channel
Primary Synchronization CHannel
Quality of Service
Radio Access Network
Radio Access Technology
Secondary Synchronization CHannel
Universal Mobile Telecommunications System

2 Introduction and Motivation
This chapter contains a summary of some possible actions that could be considered
by the operator for the evolution of mobile networks from an Energy Efficiency
and sustainability perspective.1 To this end, mobile network’s evolution towards 5G
is analysed by taking into account the energy consumption of the Radio Access
Network (RAN) when considering different load conditions (based on actual daily
traffic profiles extracted from live network) and different years (according to current
traffic forecasts). Thus, the study here reported provides an overview of different

1 The

present description is also extracted from the work performed in 2014 in the framework of
Task A1406 “Energy Efficient experimental analysis for network operation” of the 5GrEEn project
(EU project funded by EIT ICT Labs)”.
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“what-if” scenarios towards 2020 and beyond, as useful insights for operators aiming
at analysing evolutionary steps of their mobile networks.
For the sake of clarity, in this chapter neither details regarding specifications of
future 5G system, nor how new radio interfaces should perform are presented and
discussed. On the contrary, the impact of network-wide actions on the overall energy
consumption is analysed, regardless of the particular air interface to be defined for
5G systems. In this sense, in order to elaborate these “what-if” scenarios, it is not
necessary to wait for the standardization of 5G new air interface. Instead, networklevel energy efficiency assessments are essential to establish evolutionary trends
and operators needs in terms of energy efficiency, that may lead to future design
requirements for the upcoming 5G platforms.
In order to estimate the energy consumption of a future network, a model of the
power consumption related to future Base Stations (BSs) is needed. To this end,
following the methodology used in [3], results from the EARTH project [4] have
been used, considering different power models for different types of BSs. Evolutionary power models have also been derived for each Radio Access Technology (RAT)
through the years, providing an essential framework for network-level EE assessments. Moreover, as many different features which may be implemented within the
mobile network might have different time scales), the evaluations have been decoupled as follows:
• at shorter time scale (i.e., milliseconds) micro sleep has been considered and
assessed with a MATLAB-based system-level simulator;
• at higher time scale (i.e., from minutes to years), progressive network renewal
with traffic steering features and phase-off policies has been evaluated by using
a specific evaluation tool fed by actual traffic coming from the live network.
To be specific, for the latter set of features the aim was to assess energy efficiency
performance at network level, also by taking into account the work performed by
the Environmental Engineering Technical Committee of the European Telecommunications Standards Institute (ETSI TC EE) that has recently introduced a set of
specifications on energy efficiency. These important standards are based on homogeneous clusters’ evaluations, that may be easily extrapolated at country-level [5] to
provide useful information to the operator on the possible evolutions of the mobile
networks in the view of future 5G systems.
In next sections the main characteristics of the reference system considered for
network-level energy efficiency assessment are described, in accordance with typical
mobile operator network assumptions. Then a brief overview of the energy efficiency
metrics considered for the evaluations is reported, together with elaborated BSs’
power models, as essential analytical tools for the evolutionary energy efficiency
assessments. Finally, some energy efficiency features selected as effective for the
network-level energy efficiency improvement are described and the related clusterlevel energy efficiency performance are showed and discussed.
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3 Reference Scenario, Metrics and Power Models
In this section the main characteristics of the reference system considered for
network-level energy efficiency assessment are described, in accordance with typical
mobile operator network assumptions. Then a brief overview of the energy efficiency
metrics considered for the evaluations is reported, together with elaborated BSs’
power models, as essential analytical tools for the evolutionary energy efficiency
assessments.

3.1 Description of Baseline Reference System
Energy consumption for the mobile operator is a practical problem involving not
only new technologies and RATs but also legacy networks, hence an evaluation of
5G systems from a green perspective should necessarily go with a comprehensive
assessment through the years (from today to 2020 and beyond) of the energy efficiency performance of the overall network. In addition to that, the operator will have
to carefully evaluate the opportunity and convenience of new RATs’ introduction in
future systems to satisfy the increasing traffic demand.
Since multi-RAT environments should always be evaluated with realistic traffic
assumptions and in accordance with methodologies currently considered as references for operators, the assumed baseline system is characterized by the following
aspects:
• presence of 2G, 3G and 4G (in which potentially higher order MIMO systems and
Carrier Aggregation are taken into account) and introduction of 5G (modeled in
terms of capacity and energy performance);
• alignment with methodology currently under discussion (and finalization) in the
framework of ETSI TC EE (EEPS subgroup) for the definition of the ES 203 228
specification,2 in which clustered assessments based on measurements from the
live network are considered;
• homogeneous layout within assessed clusters of network sites, as an easy way
to model the network in contrast with exhaustive assessment methods (often too
costly);
• performance evaluated by considering commonly accepted energy efficiency metrics, by exploiting the outcomes of EARTH project [4] and current standardization
work in ETSI TC EE.

2 The specification also defines metrics for RAN energy efficiency and methods for assessing (mea-

suring) energy efficiency in live networks. The covered technologies are GSM, UMTS, LTE, but
the methodology can be easily applied to new radio interfaces also.
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3.2 Energy Efficiency Performance Metrics
Energy efficiency and power consumption are the most widely used power consumption metrics in the literature. Among the available, two main energy efficiency
metrics can be considered:
bit/Joule: this is the most commonly used efficiency metric,3 in particular for
the evaluation of a single wireless link. Its use has naturally been extended for
performance assessment of the whole wireless access network [6, 7]. Let  denote
the bit/Joule efficiency of the network, then it can be written as below:
=

Cnet
Pnet

where, Cnet is defined as the aggregate network capacity in [bit/s] and Pnet is the
total power consumption of the network in [W].
W/ km2 : another widely accepted energy efficiency metric is the area power
consumption denoted by  [6, 7]. It relates the total power consumption of the
network Pnet to the size of the covered area A and is given by
=

Pnet
A

Note that the optimal energy efficiency is achieved when the bit/Joule metric is
maximized or the power per unit area W/km2 is minimized.
Figure 1 demonstrates the variation of both the bit/Joule and W/km2 metrics with
respect to the number of BSs when the capacity requirement is not considered. It can
be observed that bit/Joule is monotonically increasing with network densification,
while, on the contrary, the W/km2 metric indicates that reduced transmit power cannot
compensate the additional power consumption for idle state. Therefore, the W/km2
metric increases with the number of BSs after reaching the optimum point. This
suggests that maximizing the energy efficiency is not always equivalent to minimizing
the energy consumption. That is the reason why the capacity requirement must be
considered in order to prevent contradictory conclusions with different performance
metrics. Otherwise the usage of bit/joule might be misleading, since adding more
capacity into the network will always reflect an increase in energy efficiency.
Within this chapter both the described metrics (bit/Joule and W/km2 ) can be
applied to all simulations described in Sect. 5. In particular, performances evaluations
reported in Sect. 5.2 (intra-sector traffic steering) are devoted to the minimization of
area power consumption: in fact, while results provided by the tool are expressed
in terms of bit/Joule, “what-if” scenarios analyzed in this section are compared in
terms of power consumption of a single cluster of network sites, which is the same
for every simulation
3 Even

if the [bit/J] is a well-known efficiency metric, common practice in network performance
evaluations is to use in alternative a consumption metric expressed in [J/bit], as suggested by EARTH
project in [6].
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Fig. 1 Bit/Joule (blue
curve), area power
consumption (red curve)
versus number of BSs [7]

3.3 Power Models
In order to estimate the energy consumption of a future network, a model of the power
consumption related to future BSs is needed. To this end, following the methodology
used in [3], results from the EARTH project [4] have been used. One of the major
contributions of the EARTH project was the work performed to derive different power
models for different types of BSs. Since the EARTH project derived BSs’ power
models for 4G (LTE) only, similar models for 2G (GSM) and 3G (UMTS Rel. 99
and HSPA) BSs have been derived by selecting the closest equivalent EARTH model
in terms of system bandwidth (BW), output power and so on. This assumption seems
to be reasonable due to the fact that BSs’ hardware is becoming more and more
multi-standard. Nowadays multi-RAT capable hardware is already available on the
market and, when they will be deployed in large scale, it is expected that they will
be able to provide additional and significant energy saving. However, in this study,
these gains are not taken into account thus all BSs are assumed to be single-RAT.

3.3.1

EARTH Power Models

The EARTH project derived classes of power models corresponding to state-ofthe art BSs manufactured in the years 2010 and 2012. These models are denoted
as “EARTH class 1” and “EARTH class 2”, respectively. In addition, the EARTH
project derived a class of power models representing BSs’ hardware manufactured
during 2012 including hardware improvements that have been proposed by the project
and these models are denoted as “EARTH class 3”. The “EARTH improvements”
introduced in the “EARTH Class 3” models are Operating-Point Adjustments (OPA)
and Component De-activation (CD) (refer to [4, 8] for further details). Different
power models for 1.4, 5, 10 and 20 MHz BWs and for Class 1, 2 and 3 are depicted
in Fig. 2.
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1600
BS Power Consumption [W]

Fig. 2 Example of EARTH
power models for different
BWs (1.4, 5, 12 and 20 MHz)
and classes (1, 2 and 3)
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A follow-up of EARTH work on power models has been performed also by GreenTouch consortium, that developed an evolutionary power model for future BSs (for
further details please see [9, 10]). Nevertheless, while this power model is more
focused on detailed technological aspects of the radio components (especially in the
view of assessing future LTE and 5G BSs), our goal is to consider different RATs
(including legacy equipment) in accordance with the operator needs to evaluate the
overall power consumption. For that reason the EARTH work has been considered
as a starting point to derive also 2G and 3G power models toward 2020.
Here the power consumed by a typical BS installed during 2012 is assumed to be
in line to the EARTH Class 1 of power models. Remember that the EARTH Class 1
represents a state-of-the art BS of 2010, which is assumed to represent a typical BS
deployed two years later, i.e., in 2012. Since there is always a distribution of BSs
installed in every year, how good the typical BS is represents the only interesting
aspect, rather than how good the best one is. With a similar reasoning, the EARTH
class 2 models are assumed to be used to represent a typical BS installed during 2014,
even though it corresponds to a state-of-the art BS of 2012. The EARTH improvements that are included in the EARTH Class 3 models are assumed to be available
from the year 2016. For the intermediate years we assume an 8 % improvement per
year, which is in accordance with historical improvements also used in [11].
Combining this, power model parameters for a typical future 3G site are derived,
as shown in Fig. 3. As a reference, in the leftmost bar, the consumption of one of the
most common 3G BS in today’s deployed networks is shown. It is an Ericsson RBS
3202 with 3 sectors and one 5 MHz carrier per sector (denoted as (1/1/1) in Fig. 3)
which was a state-of-the-art BS approximately 10 years ago. Future 3G BS’s power
consumption is derived by considering the EARTH power model of a macro BS,
5 MHz BW, 1 transmit antenna, 20 W RF power per sector, 3 sectors per site and an
average RF load of 20 %.
For 4G (LTE), a power model according to a macro BS, 10 MHz BW, 2 transmit
antennas, 40 W RF power per sector, 3 sector/site and an average RF load of 20 % has
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Fig. 3 Assumed evolution of power consumption for a typical future 3G (HSPA) site
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Fig. 4 Assumed evolution of power consumption for a typical future 4G (LTE) site

been assumed. The corresponding power consumed by a future LTE BS is depicted
in Fig. 4. Note that for LTE power consumption in Fig. 4 higher RF output power
and 2 transmitters per cell have been considered, which explains why the LTE power
consumption is larger than the corresponding 3G one in Fig. 3.
3.3.3

BS Power Models for Different RATs and Different Years

The power models presented above are useful in order to estimate the average energy
consumption in a typical radio BS that carries an average traffic volume. In order to
derive models that can be used in load adaptive studies, slightly more detailed power
models are needed. Using the same methodology as described above, BSs’ power
models as a linear function defined by a numerical triplet A, B and C can be derived
and described, where A is the sleep power, B is the idle power and C is the maximum
power of the BS.
For the considered RATs the following assumptions have been taken into account:
• LTE: 10 MHz BW, 2 TX, 40 W/sector, 3 sectors/site
• HSPA: 5 MHz BW, 1 TX, 40 W/sector, 3 sectors/site
• GSM: 1.4 MHz BW, 1 TX, 40 W/sector, 3 sectors/site
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Furthermore, the “EARTH improvements” are assumed to be available from 2016,
just as done above. From 2016 on, per-year 8 % improvement for the parameters
A and B only is considered, as assumed in EARTH deliverable D2.1 [11]. For the
maximum power of the BS (parameter C of the power model) any improvement is
assumed to be made. This average annual improvement (taken as baseline continuous
improvement) can be attributed to the technology scaling of semiconductors, as well
as to improved RATs. With these assumptions, load dependent power models for
LTE (Fig. 5), HSPA (Fig. 6) and GSM (Fig. 7) for the years 2012, 2016 and 2020 are
derived.
The power consumption of a BS is determined by using the previously reported
RAT-based power models; in principle, as can be seen in [3], the power model of a
BS is a set of parameters describing the BS’s power consumption Pin as a function

Fig. 5 LTE BS’s power models for 2012, 2016 and 2020

Fig. 6 HSPA BS’s power models for 2012, 2016 and 2020
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Fig. 7 GSM BS’s power models for 2012, 2016 and 2020
Fig. 8 Power model:
parameters as explained
in [3]

of the RF output power Pout (refer to Fig. 8). The mathematical expression which
relates the power consumption Pin to the output power Pout is:

Pin =

N T R X · P0 + N T R X · P · Pout
N T R X · Psleep

0 < Pout ≤ PM AX
Pout = 0

where PM AX denotes the maximum RF output power at maximum load, N T R X is the
number of transceiver chains, P0 is the linear model parameter representing the power
consumption at the zero RF output power, P is the slope of the load-dependent
power consumption and Psleep is the sleep mode power consumption (i.e., the BS’s
power consumption achieved when there is nothing to transmit, so fast deactivation
of the BS’s components is selected).
By assuming that Pout varies linearly with the throughput and by denoting with
x the normalized throughput with respect to the capacity (i.e. peak throughput) of
each considered RAT, the original EARTH formula is modified as follows:

Energy Management in Mobile Networks Towards 5G


Pin =

N T R X · P0 + N T R X · P · PM AX · x
N T R X · Psleep
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0<x ≤1
x =0

The above expression has been obtained by exploiting these equalities:
⎧
A = N T R X · Psleep
⎪
⎪
⎨
B = N T R X · P0
C = N T R X (P0 + P · PM AX ) = N T R X · P0 + N T R X · P · PM AX
⎪
⎪
⎩
= B + N T R X · P · PM AX
Hence, the formula to be used in order to compute the BS’s power consumption
(according to the selected power model) as a function of the normalized traffic information is:

B + (C − B) · x 0 < x ≤ 1
Pin =
A
x =0
The latter formula has been used in all performed simulations, whose results will be
shown later in Sect. 5.2.
A power model for future 5G BSs has also been derived for performance evaluation
when considering 2G/3G phase-off and contextual 5G progressive introduction: to
this end, the power model of a 2010 pico BS has been considered as a starting point for
5G RAT power models: in fact, the assumption is that 5G will be initially introduced
as a small cell capacity layer. Then, it can be assumed an yearly improvement of
8 % for A and B power model’s parameters only (as previously stated), the power
model’s parameters of a theoretical 5G BS (A, B and C values) are determined and
reported in the following Table 1.

Table 1 Future (2020) theoretical 5G BS’s power model
5G BS’s power model
Year
2010a
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
a A,

A [W]
8.60
7.91
7.28
6.70
6.16
5.67
5.21
4.80
4.41
4.06
3.74

B [W]
13.60
12.51
11.51
10.59
9.74
8.96
8.25
7.59
6.98
6.42
5.91

C [W]
14.64
14.64
14.64
14.64
14.64
14.64
14.64
14.64
14.64
14.64
14.64

B and C obtained considering NTRX = 2, PMAX = 0.13 W, P0 = 6.8 W,  P = 4, Psleep = 4.3 W
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4 Energy Efficiency Features
Today’s mobile networks are designed and deployed based on the peak traffic demand
and kept active regardless of the low utilization during different times of the day.
Even at the peak hours there are few cells that experience high load [8]. In order
to scale the power consumption to the traffic dynamicity, adaptive network operation features can be considered, which are practical to apply and demonstrate even
in today’s mobile network operator sites. In this section, first of all different kind
of Discontinuous Transmission (DTX) techniques are described and categorized in
order to give an overview of the different possible features applicable to the mobile
networks, then showing in more detail one of these techniques, namely micro DTX.
Finally traffic steering techniques are described as energy efficiency enablers for
operators, especially in multi-RAT environments and in the view of the future introduction of 5G systems.
DTX has been used for a long time in mobile terminals to achieve long battery
life. The idea is to only transmit when there is a need and, otherwise, putting the
transmitter in a low power state. At network side this technique is referred to as
cell DTX and it is based on the hardware component de-activation feature which
facilitates low power states. Two cell DTX versions can be distinguished: fast cell
DTX and long cell DTX.
Fast cell DTX acts on slot/subframe level and exists in some different versions as
well. Cell micro DTX (described in Sect. 4.1) is already possible in LTE Rel-8 and it
means that when there is not any user data to transmit the radio is put into DTX (micro
sleep) among transmissions of Cell-Specific Reference Symbols (CSRS). This technique is illustrated in Fig. 9 below, which reports the structure of an LTE downlink
radio frame with 10 subframes showing CSRS for one antenna port, Physical Downlink Control CHannel (PDCCH) region with a size of one OFDM symbol, Primary
and Secondary Synchronization Signals (PSS and SSS, respectively) and Broadcast
CHannel (BCH).
In the other version, which is also referred to as MBSFN-based DTX, MulticastBroadcast Single-Frequency Network (MBSFN) subframes are used to make room
for longer sleep periods, since CSRS are not transmitted in these subframes, as
depicted in Fig. 10, where a LTE downlink radio frame with 6 MBSFN subframes is
shown. This is also possible in LTE Rel-8.
Finally, a cell short DTX is possible, in which the CSRS are assumed to be
removed and replaced by DeModulation Reference Signal (DMRS), hence leaving
room for even longer sleep periods, as shown in Fig. 11. This is not possible in the
today’s LTE standard, but may be in the future, see e.g. [12]. All these fast cell DTX
versions are most effective in low load scenarios, but there is not any drawback at
high load either.
On the other hand, long cell DTX acts on a slower time scale and in principle
it refers to the cell being put into a low-activity mode [13]. As such it can be seen
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Fig. 9 LTE downlink radio frame. Only micro DTX is possible

Fig. 10 LTE downlink radio frame configured with 6 MBSFN sub-frames

Fig. 11 Proposed LTE downlink radio frame without CSRS. Short DTX can be applied

as a cell sleep (on/off functionality) and it could be based on a deeper sleep state
(lower power consumption) than the low power state considered above for the fast
cell DTX versions. One use case or strategy for long cell DTX is in relatively densely
deployed networks, where there is good coverage (dense urban, urban, suburban).
Then capacity nodes can be put in long cell DTX during low-traffic periods. Hence,
long cell DTX can be seen as an enabler/tool for many network management actions,
such as small cell and multi-RAT management, but also macro cell management, as
discussed in [13]. In principle, long cell DTX can be activated when there is not
traffic demand or, alternatively, when, in periods of low traffic, cells are at low load
and then traffic steering techniques are easily applicable without many “ping-pong”
effects during the day. These techniques are considered in Sect. 4.2 as an enabler
of great energy efficiency potential for operators, especially in multi-RAT network
environments.
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4.1 Micro DTX
In this section, short term sleep solutions (called micro DTX, or sometime referred
as micro sleep4 ) are described; they have been proposed in [14] and they allow for
dynamic sleep mode operations at the BS on a short time resolution, e.g., millisecond level.
In order to evaluate the power consumption of a BS under micro sleep, a cell is
assumed to be either in active state, i.e., there is at least a user requesting a service,
or in idle state, i.e., there is not any active user. Based on the linear model presented
in the previous sections, a cell consumes considerable amount of power even when
there is not any user in the cell, i.e., B = P0 . However, by means of BS’s hardware
improvements, a cell can be put into DTX mode during idle state, aiming at decreasing
the baseline power consumption to A = Psleep = δ · P0 , where 0 ≤ δ < 1. Based on
these assumptions, the average power consumption of the kth cell Pk with load ηk ∈ η
can be written as [15]:
Pk = ζ · Pk · ηk + (1 − δ) · P0 · ηk + δ · P0
where Pk denotes the power spectral density per minimum scheduling resource unit
in the kth cell and ζ represents the portion of the transmit power dependent power
consumption due to feeder losses and power amplifier. Note that δ = 1 represents
the case where the BS does not have the DTX capability and therefore consumes
Pk = ζ · Pk · ηk + P0 . In this case cell load only impacts the transmission-related
power consumption, i.e., ζ · Pk · ηk .
Micro DTX enables node-level power consumption adaptation in accordance with
traffic variation in a very short time scale (millisecond level) avoiding any networklevel cooperation scheme. The energy saving potential of this feature has been discussed in the scientific literature [14, 16]. However, a quantitative analysis to evaluate
the achievable savings has not been performed extensively. As an example, valid for
all cell sleep modes, the interaction between network planning, cell load levels and
actual deactivation time of the cells is an important aspect to be considered. In fact,
energy saving obtained by means of sleep modes, in particular micro sleep, is closely
related to the initial network deployment, essentially because network density determines the cell load levels in the network itself which, in turn, impact the deactivation
time of each cell with micro sleep capability. Therefore, micro sleep should be taken
into account at the planning stage, in order to maximize the achievable energy saving.
These evaluation results will be showed in Sect. 5.1.

4 In

principle, the two terms could be distinguished (being the “micro sleep” the underlying HW
functionality, and “micro DTX” the SW feature utilizing that HW functionality for energy saving).
Anyway since they are used jointly and then relative to the same Energy Efficiency feature, for
simplicity, both terms are used indifferently in the following.
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4.2 Intra-sector Traffic Steering
Another energy efficiency feature is intra-sector traffic steering; basically the traffic
carried by either 2G, 3G or both RATs’ frequency layers within a sector is steered
towards the 4G frequency layers of the same sector and, as a consequence, the emptied
2G and/or 3G layers can be deactivated. This is done in order to exploit the higher
capacity of the 4G RAT and its more energy-efficient equipment compared to the
2G/3G one, in the view of achieving as much energy saving as possible.
Here below are described two possible design conditions (and related traffic
thresholds) to be satisfied at the same time for the implementation of the intra-sector
traffic steering:
Condition C1 :
• candidate 2G/3G layers for traffic steering are identified according to sector load:
their traffic (normalized with respect to the peak throughput of each considered
RAT) must be less than or equal to a predefined threshold th 1 (e.g., 50 %).
• If steering is performed the empty layers are switched-off (i.e. the value of power
consumption of those layers is the one that can be achieved when a sleep mode is
activated).
Condition C2 :
• the candidate 4G layers able to handle the original 2G/3G traffic, are chosen in such
a way that they will not saturate their capacity after traffic steering. This means that
the 4G normalized traffic must remain less than or equal to a predefined threshold
th 2 (e.g., 90 %).
where it must be highlighted that both the thresholds th 1 and th 2 can be set according
to the operator preference and the values here considered are just exemplary ones.
In the following, a detailed explanation of the intra-sector traffic steering working
principle is reported.
Let’s consider all traffic data information of all RATs’ frequency layers within
a single sector (e.g., s1 ) of a tri-sectorial site, indicated as t0,s1 (1) vector. This is a
6 elements row-vector in which the first two elements are the traffic information
in charge of the 2G frequency layers, the third and fourth elements are the traffic
information of the 3G frequency layers and the last two elements are related to the
traffic on the 4G frequency layers. It must be specified that the above vector contains
non-normalized traffic information whilst the superscript (1) refers to the considered
time sample (i.e., 1st time sample).


t0,s1 (1) = t0,(1)f 2G_1 t0,(1)f 2G_2 t0,(1)f 3G_1 t0,(1)f 3G_2 t0,(1)f 4G_1 t0,(1)f 4G_2
The vector indicating how the traffic of the considered sector is distributed after
(1)
traffic steering is indicated as t(1)
1,s1 : this vector can be obtained by relating t 0,s1 to
(1)
a 6-by-6 permutation matrix Ms1 which represents the mathematical form of the
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energy efficiency feature for the considered sector (s1 ) at the specified time sample
(1st one). In formula:


(1)
(1)
(1)
(1)
(1)
(1)
t1,s1 (1) = t0,s1 (1) · M(1)
=
t
t
t
t
t
t
1, f 2G_1
1, f 2G_2
1, f 3G_1
1, f 3G_2
1, f 4G_1
1, f 4G_2
s1
The permutation matrix M(1)
and, consequently, the post-steering traffic vector
s1
(1)
t1,s1 , is computed iteratively, by checking that the two conditions C1 and C2 are
satisfied when steering the traffic from the 2G/3G (or both RATs) frequency layers
towards the 4G ones.
At the beginning of the algorithm (i.e., 1st step of the iterative process) the peris equal to the 6-by-6 identity matrix, i.e.:
mutation matrix M(1)
s1
⎡

M(1)
= M(1)
s1
1

1
⎢0
⎢
⎢0
= I6 = ⎢
⎢0
⎢
⎣0
0

0
1
0
0
0
0

0
0
1
0
0
0

0
0
0
1
0
0

0
0
0
0
1
0

⎤
0
0⎥
⎥
0⎥
⎥
0⎥
⎥
0⎦
1

where the subscript “1” refers to the 1st step of the iterative algorithm.
(1)
Let us indicate with x0,
f X G_i the normalized pre-steering traffic data on the ith
frequency layer of the X G RAT (X = 2, 3, 4) at the 1st time sample. Similarly,
(1)
x1,
f X G_i indicates the normalized post-steering traffic data on the ith frequency layer
of the X G RAT (X = 2, 3, 4) at the 1st time sample.
Let us now suppose that the traffic data originally handled by the 2G frequency
layers can only be hypothetically steered and managed by the 4G ones, provided that
conditions C1 and C2 are satisfied.
This means that, at the 2nd step of the algorithm, the normalized traffic data of
(1)
the first 2G frequency layer (i.e., x0,
f 2G_1 ) must be less than or equal to th 1 and, at
the same time, the normalized post-steering traffic data in charge of one between the
(1)
(1)
two 4G frequency layers (i.e., x1,
f 4G_1 or x 1, f 4G_2 , chosen according to post-steering
saturation level) must be less than or equal to th 2 . In formula:



(1)
(1)
(1)
(1)
(1)
(1)
if x0, f 2G_1 ≤ th 1 AND x1, f 4G_1 ≤ th 2 OR x1, f 4G_2 ≤ th 2 → t1, f 4G_i = t0, f 4G_i + t0, f 2G_1

If the above statement is fulfilled the traffic data of the first 2G frequency layer
is steered towards one (and only one) of the two available 4G frequency layers.
Assuming that the first 4G frequency layer can accept the traffic originating from the
) is
first 2G layer, the permutation matrix at the 2nd step of the algorithm (i.e., M(1)
2
expressed as:
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and, consequently, the post-steering non-normalized traffic data vector of the considered sector at the 2nd step of the iterative process is:


(1)
(1)
(1)
(1)
(1)
(1)
t1,s1_step2 (1) = t0,s1 (1) · M(1)
= 0 t1,
f 2G_2 t1, f 3G_1 t1, f 3G_2 t1, f 4G_1 + t0, f 2G_1 t1, f 4G_2
2

The possibility to steer the traffic data of the second 2G frequency layer towards one
(and only one) of the available 4G frequency layers must now be analyzed. Again,



(1)
(1)
(1)
(1)
(1)
(1)
if x0, f 2G_2 ≤ th 1 AND x1, f 4G_1 ≤ th 2 OR x1, f 4G_2 ≤ th 2 → t1, f 4G_i = t0, f 4G_i + t0, f 2G_2

Assuming that the first 4G frequency layer does not accept the traffic originating
from the first 2G layer, but the second 4G layer does, the permutation matrix M(1)
3
at the 3rd step of the algorithm (which is the final step, since traffic steering for the
2G frequency layers only is performed) is expressed as:

and, consequently, the post-steering non-normalized traffic data vector of the considered sector at 1st time sample is:
t1,s1_step3 (1) = t1,s1 (1) =



(1)
(1)
(1)
(1)
(1)
(1)
= t0,s1 (1) · M3(1) = 0 0 t1, f 3G_1 t1, f 3G_2 t1, f 4G_1 + t0, f 2G_1 t1, f 4G_2 + t1, f 2G_2

Finally, the above expression shows that both the 2G frequency layers of the considered sector, for the 1st time sample, can be switched-off since their traffic is now
jointly managed by the 4G layers.
The overall algorithm must be performed for the remaining sectors, leading to
(with s_i = 1, . . . , N , where N represents the
a set of permutation matrices M(1)
s_i
number of sectors within the cluster of network sites) for the 1st time sample only;
the same approach must be followed for the remaining R − 1 time samples, with R
indicating the total number of time samples within the observation period.
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5 Energy Efficiency Assessment
In the following subsections performance evaluations are presented, respectively, for
micro sleep and intra-sector traffic steering.

5.1 Micro Sleep
In Sect. 4.1 it has been stated that micro sleep (here below also referred to as cell
DTX) should be taken into account at the planning stage, in order to maximize the
achievable energy saving. Here numerically demonstration of how the incorporation
of this feature at the planning phase increases the achievable energy saving is reported;
this has been accomplished by comparing the deployment for the lowest daily energy
consumption R ∗ for:
i. Case 1: δ ∈ [0, 1) → cell DTX is incorporated with clean-slate network
deployment;
ii. Case 2: δ = 1 → cells do not have DTX capability.
Figure 12 depicts the daily average area power consumption as a function of cell
range for both cases (assuming δ = 0.1 for Case 1). In this simulation, a mobile
network with regular hexagonal layout, consisting of 19 sites equipped with a single
omni-directional antenna with 15 dBi antenna gain and cell range varying between
100 and 800 m, has been considered. The simulated system operates at 2 GHz with
10 MHz BW. The Okumura-Hata pathloss model for an urban area based on 3GPP
specifications [17] with 8 dB user noise figure has been utilized. Users are randomly
distributed over the area with a density of ρ = 1000 users/km2 . To account for the
traffic fluctuations α (t) during a day, an approximated daily pattern based on the
downlink traffic measurements presented in [17] has been considered, by also assum-

Fig. 12 Daily average area
power consumption as a
function of cell range for δ =
0.1, δ = 1 and
rmin = 8 Mbps [15]
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ing that user behaviour is unchanged. Here each user demanding  = 18 MB within
a duration of one hour is considered, which corresponds to a peak area traffic demand
of 40 Mbps/km2 , a reasonable estimate for 2015 [14]. For the proposed algorithm
ζ = 4.7, P0 = 130 W based on [17] and νmax = 6 bps/Hz (νmax being the system’s
spectral efficiency) have been set. Moreover, Quality-of-Service (QoS) constraints
are defined as Pmin = −70 dBm, rmin = 8 Mbps (rmin being the minimum data rate
demand) [17].
From Fig. 12 it can be observed that when cell DTX is incorporated at the planning
stage, higher densification tends to be preferred, which also brings significant energy
savings. This is mainly due to the fact that lower cell load levels taken into account
in Case 1, which create long deactivation periods originating from densification, can
be efficiently exploited by cell DTX.
Normally, operators would design their networks for minimum network deployment cost, i.e., with as few BSs as possible. Assuming, however, that the main interest
here is to obtain the most energy-efficient network deployment regardless of costs,
the BSs’ density that provides the lowest daily energy consumption in the considered
cases has been found.
Finally, Fig. 13 displays how the new energy-efficient network incorporating cell
DTX performs with respect to the daily area power consumption. To this end, three
distinct cases have been considered:
(1) network deployment without cell DTX (blue bar, Case 2);
(2) no cell DTX considered in the network planning phase, but it is in operation
(green bar, Case 2);
(3) network deployment with cell DTX (red bar, Case 1).
From Fig. 13 it can be noted that cell DTX brings striking energy savings (from blue
to green bar) even when the network was not planned considering cell DTX. However, designing the network under the assumption that cells can be put into DTX
mode during idle state results in additional 42 % saving, at the cost of deploying

Fig. 13 Daily area power
consumption variation for
δ = 0.1. [15]
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Fig. 14 Example of daily traffic profiles extracted from the live network (Downlink BW, 3 HSDPA
sectors)

around 110 % more BSs. Furthermore, the resulting network deployment significantly improves the user QoS, due to the reduction of the overall network load. It can
be concluded that, if the objective is to obtain the maximum energy savings, networks
have to be designed taking into account that network deployment and operation are
closely related. In other words, it can be stated that when modernizing and rolling
out new technology, e.g. 5G, DTX capability should be taken into account in the
network planning in order to maximize the energy savings.

5.2 Intra-sector Traffic Steering
In this section, simulation results related to the intra-sector traffic steering technique
are shown and analyzed.5 Energy efficiency performance have been assessed by
considering a homogeneous cluster of mobile network sites and by using actual
traffic profiles extracted from the live network, thus an energy consumption analysis
has been done in realistic conditions. The set of data traffic profiles related to a BS
currently running in the operator’s mobile network was extracted by means of a
network monitoring system with fixed time resolution. In particular, for each sector,
a single data sample automatically provided by the monitoring system represents
the average value of a specific Key Performance Indicator (KPI) over a 15 min time
interval (e.g., for traffic profile in Fig. 14, a single sample represents the amount of
data transferred in 15 min), hence a daily profile is represented by 96 consecutive
values. Each sample is also averaged over the 5 working days of the week, in order to
filter effects due to spurious data peaks and to increase the reliability of the provided
profile.
An example of the data profiles used in the energy efficiency performance evaluations is reported in Fig. 14: in the plot, HSDPA downlink BW for the 3 sectors is
5 These

results have also been initially reported in [18], even if with less details on the considered
methodology (which is described in this chapter with a more rigorous approach).
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Fig. 15 System layout
considered for network-level
energy efficiency assessment

showed only, even if other traces can be extracted from the live network in order to
analyze other KPIs.
The trend of extracted data profiles in Fig. 14 shows a typical daily oscillation
of the traffic, consistent with average profiles available in literature [17, 18], but
with the important difference that while literature curves are averaged over an entire
network, data profiles used for the reported performance assessment are related to a
single site, in order to better highlight particular burst effects of the traffic variation.
The resulting curves are then suitable for a specific evaluation of the site’s energy
consumption, based on actual traffic load. Moreover, these profiles are also suitable
for the evaluation of other energy efficiency features (e.g. like those proposed in [19]
and ON-OFF schemes tested in [20] with commercial BSs).
Network-level energy efficiency assessment has been performed by evaluating the
energy consumption of a homogeneous cluster of 19 tri-sectorial macro sites located
in an urban environment, all equipped with two GSM frequency layers (900 and 1800
MHz), UMTS, HSDPA and two LTE frequency layers. This system layout is depicted
in Fig. 15, where the traffic of the whole cluster has been generated by replicating the
traffic information extracted from the site located in the actual operator’s network
through a set of perturbation factors. These factors are chosen in such a way that the
resulting traffic distribution among all 19 sites in the cluster is, on average, as much
homogeneous as possible. Traffic profiles of voice connections have been converted
into “Equivalent Data Traffic” (i.e., from Erl to kbps), in order to jointly manage
voice information with data traffic within the BS’s power model formula.
In addition, aiming at assessing the yearly energy efficiency performance evaluations for traffic data evolution from 2014 to 2024, the November 2014s Ericsson
Mobility Report [21] has been considered, by applying a Compound Annual Growth
Rate (CAGR) of 40 % for mobile traffic growth.
Finally, to better exploit 4G capacity and its possible improvements (e.g., introduction of Carrier Aggregation, higher order MIMO), the amount of the total annual
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Table 2 Year-by-year evolution of the non-normalized traffic data information on all RATs frequency layers related to a single sector of a site
Year
2G@ f 2G_1 2G@ f 2G_2 3G@ f 3G_1 3G@ f 3G_2 4G@ f 4G_1 4G@ f 4G_2
2014
2015
2016
2017
2018
2019
2020
2021
2022
2025
2024

A
A
A
A
A
A
A
A
A
A
A

B
B
B
B
B
B
B
B
B
B
B

C
C
C
C
C
C
C
C
C
C
C

D
D
D
D
D
D
D
D
D
D
D

E
E(1)
E(2)
E(3)
E(4)
E(5)
E(6)
E(7)
E(8)
E(9)
E(10)

F
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
F(7)
F(8)
F(9)
F(10)

Table 3 Peak throughput values for all considered RATs
RAT
Peak throughput (maximum capacity’/for
traffic data normalization [Mbps]
1.2a
0.384
21.100
150 (years: 2014 → 2018)
300 (years: 2019 → 2020)
600 (years: 2021 → 2022)
1200 (years: 2023 → 2024)

2G
3G Rel.’99
3G HSDPA
4G

a Estimated in order to globally take into account Equivalent Voice Traffic, GPRS and EDGE traffic

traffic increase has been equally split between the two 4G frequency layers. Therefore, if the 2014 non-normalized traffic data information on all RATs frequency layers
related to a single sector is represented by letters from A to F as reported in the first
row in Table 2, the yearly evolution of the traffic information will be computed as:
X (n) = X (n−1) + (n)
0,4·( A+B+C+D+E (n−1) +F (n−1) )
(n) =
X = E, F

2

As the power model formula requires the traffic information to be normalized with
respect to the peak throughput value (i.e., maximum capacity) of each considered
RAT, the 4G capacity must reflect the annual increase of the traffic demand within the
network, thus simulations have been run by considering RATs’ maximum capacity
values as in Table 3.

Energy Management in Mobile Networks Towards 5G

419

Table 4 BSs’ power models weighted combinations when evaluating the cluster’s daily average
energy consumption in the considered baseline scenarios
Year
BLS#1
BLS#2
BLS#3
Business as usual
Network renewal in
Continuous network
2017
renewal
2014
2015
2016
2017

100 % PM2012
100 % PM2012
100 % PM2012
100 % PM2012

2018

100 % PM2012

2019

100 % PM2012

2020
2021

100 % PM2012
100 % PM2012

100 % PM2012
100 % PM2012
100 % PM2012
75 % PM2012 & 25 %
PM2016
50 % PM2012 & 50 %
PM2016
25 % PM2012 & 75 %
PM2016
100 % PM2016
100 % PM2016

2022

100 % PM2012

100 % PM2016

2023

100 % PM2012

100 % PM2016

2024

100 % PM2012

100 % PM2016

100 % PM2012
100 % PM2012
100 % PM2012
75 % PM2012 & 25 %
PM201S
50 % PM2012 & 50 %
PM201S
25 % PM2012 & 75 %
PM2015
100 % PM2016
75 % PM2016 & 25 %
PM2020
50 % PM2016 & 50 %
PM2020
25 % PM2016 & 75 %
PM2020
100 % PM2020

4G capacity improvement and subsequent increase of the power model’s parameters
values (i.e., A, B and C) can be modelled as:
Capacit y4G = 150 · N2 [Mbps]
X 4G ∗ = X 4G · N2 [W]
X = A, B, C
N = 2, 4, 8, 16
where N is a parameter associated to the network feature allowing for the 4G capacity
improvement and related power model’s parameters increase (e.g. MIMO order or
number of basebands to put together in Carrier Aggregation).
Performance of three baseline systems over the years from 2014 to 2024 have been
assessed, in which different BSs replacement plans are considered and any kind of
traffic steering option is taken into account (see Table 4):
1. Business as Usual: annual traffic increase from 2014 to 2024 and BSs’ power
models of the year 2012 (baseline power model).
2. Network renewal in 2017: annual traffic increase from 2014 to 2024 with network
equipment replacement starting from 2017, by considering BSs’ power models
of the year 2016 and whose completion is due by 2020. The cluster’s daily average energy consumption for traffic volumes from 2017 to 2019 is computed as
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Fig. 16 Daily average energy consumption and data traffic within the considered cluster of mobile
network sites

a weighted sum of energy consumptions obtained separately with both power
models of 2012 and 2016, as a consequence of the stepwise BSs’ replacement.
3. Continuous network renewal: annual traffic increase from 2014 to 2024 and continuous network equipment replacement to be carried out in two distinct phases:
a. from 2017 to 2020, by considering progressive introduction of new BSs whose
power consumption is computed as in baseline system labelled as “Network
renewal in 2017”. From 2021 to 2024, instead, the BSs’ power model of the
year 2016 is only considered;
b. from 2021 to 2024, by considering progressive introduction of new BSs whose
power consumption is computed by also considering the power model of the
year 2020. In this case, the cluster’s daily average energy consumption is
computed as a weighted sum of energy consumptions obtained separately
with both power models of 2016 and 2020, as a consequence of the stepwise
BSs’ replacement.
Figure 16 reports the daily average energy consumption (in kWh) related to the
considered cluster of mobile network sites for the three baseline systems under evaluation. Daily data traffic (in Pb) is also shown.
As can be observed, main improvements in terms of energy savings, with respect
to the “Business as Usual”, can be achieved when considering network equipment
replacement as supposed in “Network renewal in 2017” (i.e. by progressively replacing older BSs with new ones whose power consumption is modelled by means of
the power model of the year 2016). In other words, a complete network equipment
replacement in 2017 with BSs performing better in terms of power consumption will
result in high savings also in subsequent years. Furthermore, a possible decision on
a second round of network equipment replacement from 2020 can be postponed at a
time when sufficiently high energy saving can be reached, thus motivating a second
round of network investment. Besides, in 2020 or later on, the introduction of a new
5G RAT would represent another investment concurrent to the renewal of legacy
equipment: that is the reason why it is not likely to foresee at this time baseline
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Fig. 17 Performance comparison of energy consumptions obtained by means of different traffic
steering options with respect to the baseline system #1 (“Business as Usual”)

Fig. 18 Performance comparison of energy consumptions obtained by means of different traffic
steering options with respect to the baseline system #2 (“Network renewal in 2017”)

#3 as the most probable scenario, due to the possible presence of two concurrent
investments, which are not necessarily affordable for the operator.
As a consequence, the “Network renewal in 2017” can be considered as the best
solution, since it provides short term benefits with less costs when compared to the
“Continuous network renewal” one; furthermore a 40 % energy saving with respect
to the “Business as Usual” can be achieved in 2020, even if energy consumption of
these baselines in 2020 is still higher than one in 2014.
Regarding frontline systems’ evaluation, in the following Figs. 17, 18 and 19
evolutionary comparisons of different steering solutions with respect to the evaluated
baseline systems (“Business as Usual”, “Network renewal in 2017” and “Continuous
network renewal”) are reported, respectively.
As it can be observed, all the three pictures above show comparable trends and,
in particular, the benefits of applying traffic steering from a single legacy RAT (2G
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Fig. 19 Performance comparison of energy consumptions obtained by means of different traffic
steering options with respect to the baseline system #3 (“Continuous network renewal”)

Fig. 20 Cluster’s energy consumption performance obtained by jointly considering network
renewal in 2017 and traffic steering options with respect to the baseline system #1 (“Business
as Usual”)

or 3G) to 4G are similar, due to similar performance of the legacy RAT (according
to the considered power models). Furthermore, by jointly steering the traffic of both
2G and 3G RATs towards 4G, additional energy savings can be reached, with similar
trends in terms of energy consumption decrease.
It is noteworthy to state that these traffic steering solutions do not require any
investment for the network operator and they may be implemented since 2014, allowing for short term benefits’ achievement.
In Fig. 20 cluster’s energy consumption obtained by jointly considering network
renewal in 2017 (as indicated in Table 4) and traffic steering options implemented
since 2014, with respect to “Business as Usual” baseline system, is presented.
As expected, the combination of both traffic steering and stepwise network renewal
permits to achieve short term benefits in terms of energy consumption by minimizing,
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Fig. 21 Cluster’s energy consumption performance obtained by jointly considering network
renewal in 2017 and 5G introduction with contemporary phase-off of legacy RATs in 2021, with
respect to both baseline systems #1 (“Business as Usual”) and #2 (“Network renewal in 2017”)

at the same time, the investment for the network operator. The holistic solution, of
course, is still able to satisfy all the traffic demand in the network, allowing for huge
energy savings with respect to the “Business as Usual” baseline system (38 % for
2G/3G traffic steering and 40 % for 2G&3G traffic steering, respectively, in 2024),
even if power consumption in 2024 is still higher, in absolute terms, than the one in
2014. This can represent a motivation for 5G introduction, in order to further save
energy by considering 4G offloading towards the new RAT, satisfying the additional
traffic.
The last analyzed frontline scenario is the one in which the introduction in 2021
of the new 5G RAT with contextual phase-off of a legacy one, i.e. 2G or 3G, is jointly
considered together with a BSs replacement plan as thought in “Network renewal
in 2017” baseline system. Evolutionary performance of this scenario from 2014 to
2024 are shown in Fig. 21 and are compared with the ones related to both “Business
as Usual” and “Network renewal in 2017” baseline systems.
Cluster’s non-normalized traffic data evolution from 2014 to 2024 has been modeled as reported in Table 5, where the 2G phase-off is considered (the 3G phase-off
case is similar); to this end, the availability of two 5G frequency layers is assumed.
Basically, a CAGR of 40 % for mobile traffic growth is still considered and the
amount of the total annual traffic increase is now equally split between the two new
5G frequency layers, that is:
for 2021
G = A+
H = B+


0, 4 · A + B + C + D + E (6) + F (6)
=
2
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Table 5 Year-by-year evolution of the non-normalized traffic data information on all RATs frequency layers in a single sector of a site when introducing 5G and phasing-off 2G in 2021
Year

2G@f2G_1 2G@f2G_2 3G@f3G_1 3G@f3G_2 4G@f4G_1 4G@f4G_2 5G@f5G_1 5G@f5G_2

2014

A

B

C

D

E

F

–

–

2015

A

B

C

D

E(1)

F(1)

–

–

2016

A

B

C

D

E(2)

F(2)

–

–

2017

A

B

C

D

E(3)

F(3)

–

–

2018

A

B

C

D

E(4)

F(4)

–

–

2019

A

B

C

D

E(5)

F(5)

–

–

F(6)

–

–

B

C

D

E(6)

2G phase-off

C

D

E(7)

F(7)

G

H

2022

C

D

E(8)

F(8)

G(1)

H(1)

2023

C

D

E(9)

F(9)

G(2)

H(2)

D

E(10)

F(10)

G(3)

H(3)

2020
2021

A

2024

C

Table 6 Maximum throughput values for all considered RATs in phase-off scenarios
RAT
Peak throughput (maximum capacity) for
traffic data normalization [Mbps]
1.2a
0.384
21.100
300 (from 2021 on)
1000 (from 2021 on)

2G
3G Rel.’99
3G HSDPA
4G
5G

a Estimated in order to gtobally take into account Equivalent Voice Traffic, GPRS and EDGE traffic

while, from 2022 to 2024
X (n) = X (n−1) + (n)


0, 4 · C + D + E (6) + F (6) + G (n−1) + H (n−1)
(n)
 =
2
X = G, H

Regarding traffic data normalization, the considered peak throughput values (i.e.,
maximum capacity) for all considered RATs are reported in Table 6.
When 5G is deployed, the power consumption of remaining RATs (2G/3G and
4G) is still computed by considering BSs’ power models of the year 2016 (according
to the BSs replacement plan as in “Network renewal in 2017”).
The introduction of the 5G RAT in substitution of a legacy one, i.e. 2G or 3G,
allows for energy saving thanks to the elimination of a technologically obsolete
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RAT. Furthermore, the partial 4G traffic offloading towards the 5G RAT provides
additional energy savings since 2021, following the network renewal of the legacy
network started in 2017. With 5G fully on-field in 2024 and 2G/3G RAT phased-off,
a reduction of nearly 50 % of the cluster’s energy consumption can be achieved with
respect to the 2014 energy consumption.

6 Summary and Conclusions
In this chapter few selected techniques and actions that the network operator should
consider for the mobile network’s evolution towards 5G from a sustainability point
of view have been presented and assessed. To this end, the energy consumption of
the RAN when considering different load conditions (obtained by means of actual
daily traffic profiles extracted from the live network) and different years (according to
current traffic forecasts) has been taken into account. This study has been conducted
in order to provide an overview of different “what-if” scenarios towards 2020 and
beyond, as useful insights for operators aiming at analysing evolutionary steps of
their mobile networks in the view of the introduction of future 5G systems.
In particular, in order to estimate the energy consumption of a future network, a
model of the power consumption related to future BSs needed. Thus, following the
methodology used in [3], results from the EARTH project [4] have been adopted, by
considering different power models for different types of BSs. Evolutionary power
models have also been derived for each RAT through the years, providing an essential framework for network-level energy efficiency assessments. Moreover, many
different energy efficiency features to be possibly implemented within the mobile
network have been analysed and, due to the different time scales of these features,
their evaluation has been decoupled as follows:
• at shorter time scale (i.e., milliseconds) micro sleep has been considered and
assessed by means of system-level simulations;
• at higher time scale (i.e., from minutes to years), progressive network renewal with
traffic steering options and legacy RATs’ phase-off policies has been evaluated by
using a specific evaluation tool fed by actual traffic coming from the live network.
Regarding the first set of features, the maximum achievable energy saving when
enabling cell micro sleep in mobile networks has been assessed, also considering
the fact that the achievable energy saving is closely related to the initial network
deployment. To this end, cell DTX has been incorporated within the planning stage
of the network and the BSs’ density that provides the lowest daily energy consumption
satisfying certain coverage and QoS requirements has been determined. It has been
shown that, if the DTX feature is taken into account in the planning stage of the
network, the energy consumption can be reduced by means of denser deployment of
lightly loaded cells. The drawback of such a solution is the additional deployment
cost. In future works, the investigation regarding the optimum network deployment
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that minimizes the total network cost, also considering its energy consumption and
incorporating cell DTX with sector sleep feature, are planned to be evaluated.
Finally, for the second set of energy efficiency features, different traffic steering
strategies applied to different legacy RATs and RAT-based power models’ evolution
through the years have been considered. Therefore some “what-if” scenarios related
to the introduction of a new 5G RAT have been evaluated, always by considering
cluster-level energy efficiency performance (i.e., by taking into account the recent
introduction of ETSI EE specifications, based on homogeneous clusters’ evaluations
that may be easily extrapolated at country level). An evolution of this study may
include the full implementation of the methodology introduced in ETSI ES 203228
specification [5], allowing for a complete assessment of different clusters of sites, thus
providing country-wide energy efficiency evaluations. In addition, a possible future
step could take into account the introduction of the resource pooling in Cloud-RAN
systems (and a complete power model including all elements in C-RAN architecture)
as well as the Machine-to-Machine (M2M) infrastructure effects on the evolutionary
energy consumption of the overall mobile network.
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