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Abstract—In order to quantify the energy savings in wireless
networks, the power consumption of the entire system needs
to be captured and an appropriate energy efficiency evaluation
framework must be defined. In this paper, the necessary en-
hancements over existing performance evaluation frameworks are
discussed, such that the energy efficiency of the entire network
comprising component, node and network level contributions
can be quantified. This includes a sophisticated power model
for various base station (BS) types, which maps the RF output
power radiated at the antenna elements to the total supply power
of a BS site. The proposed evaluation framework is applied to
quantify the energy efficiency of the downlink of a 3GPP LTE
radio access network.

Index Terms—Energy efficiency, green radio, power model,
system level energy efficiency evaluations, energy aware radio
and network technologies (EARTH)

I. INTRODUCTION

The global mobile communication industry is growing

rapidly. Today there are already more than 4 billion mobile

phone subscribers worldwide [1], more than half the entire

population of the planet. Obviously, this growth is accompa-

nied by an increased energy consumption of mobile networks.

Global warming and heightened concerns for the environment

of the planet require a special focus on the energy efficiency of

these systems [2–4]. The EARTH1 project [3, 5] is a concerted

effort to achieve this goal and as part of its objectives, a holistic

framework is developed to evaluate and compare the energy

efficiency of several design approaches of wireless cellular

communication networks.

The widely accepted state of the art to evaluate the per-

formance of a wireless network is to simulate the relevant

aspects of the radio access network (RAN) at system level.

The computed results are, e.g. the system throughput measured

in bit/s, quality of service (QoS) metrics, and fairness in

terms of cell-edge user throughput. In order to ensure that the

results generated by different RAN system simulation tools

are comparable, well defined reference systems and scenarios

are specified. This is an outcome of extensive consensus

work from standardization bodies, such as 3GPP [6, 7], and

international research projects, such as the EU project Wireless

1EU funded research project EARTH (Energy Aware Radio and neTwork
tecHnologies), FP7-ICT-2009-4-247733-EARTH, Jan. 2010 to June 2012.
https://www.ict-earth.eu

World Initiative New Radio (WINNER) [8], with partners from

academia as well as from industry. The most recent example

is the global effort in ITU to evaluate system proposals

for compliance with IMT-Advanced requirements [9]. In that

direction, the EARTH E3F builds on the 3GPP evaluation

framework for LTE [6].

The EARTH E3F presented in Section 2 facilitates the

assessment of the overall energy efficiency of cellular networks

by incorporating a sophisticated power model, introduced in

Sections 3, into existing system level simulation tools. Then,

using the metrics defined in Section 4, in Section 5 the E3F

is applied in order to provide an exemplary assessment of the

base station (BS) energy efficiency of 3GPP LTE.

II. ENERGY EFFICIENCY EVALUATION FRAMEWORK (E3F)

The EARTH E3F illustrated in Fig. 1, identifies the essential

building blocks, such that the energy efficiency of the entire

network, comprising component, node and network level can

be quantified. An accurate holistic assessment of integrated

solutions does essentially require a dynamic system level
simulator, where time variations of the served traffic, the radio

resource management (RRM) and the PHY are modeled on

an OFDM symbol basis. Although the specific realization of

a system level simulation tool largely depends on the specific

problem at hand, as well as the chosen software implementa-

tion, it is envisaged that for the assessment of combinations

of energy efficiency enhancements integrated into one holistic
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Fig. 1. EARTH Energy efficiency evaluation framework (E3F).
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unified system concept, the E3F should capture the following

aspects:

• Unlike conventional frameworks that are optimized for

capacity and evaluated at full load, for energy efficiency

evaluations the system performance is to be assessed at

low load scenarios [5].

• A sophisticated power model (specified in Section 3),

that maps the RF output power radiated at the antenna

elements to the total supply power of a BS site. The

power model maps the gains on the component level (e.g.

an improvement of the energy efficiency of the power

amplifiers) to energy savings on the entire network.

• Appropriate energy efficiency metrics as discussed in

Section 4.

An E3F compliant system level simulation tool must be able

to capture approaches where the resource utilization and/or the

radio transmission part (block PHY in Fig. 1) are operated in

an energy aware way, i.e. resource allocation and modulation

scheme are adapted with respect to the required BS input

power, Pin, as opposed to the transmitted RF output power Pout

at the antenna elements (marked by dashed lines in Fig. 1).
The basic building blocks of a dynamic system level simu-

lator, as shown in Fig. 1, are briefly described in the following.
Deployment: specifies the deployment scenario (dense ur-

ban, urban, suburban and rural), the BS specification (antenna

configuration, maximum transmission power, etc.) and the BS

site locations, e.g. hexagonal macro-cellular layout consisting

of 19 sites, with 3 sectors per site. Mobile users are randomly

dropped, following a uniform distribution, or clustered non-

uniform distribution to resemble hot spots [6]. This block

includes the association of mobile users to their serving BS,

typically the BS with the highest average channel gain.
Traffic model: instantaneous traffic variations per mobile

user, described by statistical traffic models, e.g. FTP file

download or VoIP calls [6].
Resource allocation: the assignment of physical resource

blocks (PRBs) to mobile users in time, frequency and space,

to be generated for all BS sites in the network.
PHY: includes the framing/deframing operation at the trans-

mitter/receiver, inserting control information and reference

signals (pilots) to facilitate channel estimation. Furthermore,

MIMO processing and modulation are performed. For system

level evaluation purposes, the PHY is typically subject to ab-

stractions, so as to avoid the complexity of detailed baseband

processing (e.g. channel coding, channel estimation, etc.).
Power model: defines the interface between component and

system level. The power model maps the consumed input

power, Pin, to achieve a certain RF output power, Pout, at the

antenna, as is elaborated in detail in Section 3.
Channel: comprises all transmitter-to-receiver links (for

the downlink all BSs to all mobile links) in the network.

This includes the intended links, as well as the interference

between adjacent cells. The channel of one link is composed of

distance dependent path-loss, log-normal shadowing and time-

variant frequency-selective fading. For signals that penetrate

into buildings, wall penetration losses are to be added [6]. In

case of MIMO transmission, one channel realization is to be

generated between each transmit and receive antenna element.

Detection: the signal to interference plus noise ratio (SINR)

for each transmitted symbol is determined.

Link to system (L2S) interface: given the SINR per symbol

per user, the desired figures of merit are determined, e.g. user

throughput, block error rates (BLER), delay, etc. Different

mappings between the input (SINR) and the output, and their

respective accuracy, are discussed in [10].

III. POWER MODEL

The power model constitutes the interface between compo-

nent and system level, which allows quantifying how energy

savings on specific components enhance the energy efficiency

at system level.

A. Base Station Power Consumption Breakdown

This section provides a power model for various types of

LTE Base Stations. Fig. 2 shows a simplified block diagram

of a complete BS that can be generalized to all BS types,

including macro, micro, pico and femto BSs. In general, it

is composed of multiple transceivers (TRXs) for each trans-

mit/receive antenna element. Each of these TRXs comprises

a lossy Antenna Interface (AI), a Power Amplifier (PA), a

Radio Frequency (RF) small-signal transceiver section and a

baseband (BB) interface, both including a receiver (uplink)

and transmitter (downlink), a DC-DC power supply, an active

cooling system and an AC-DC unit for connection to the

electrical power grid. Note that active cooling is only relevant

for macro BS, while it is omitted in smaller BS.

Fig. 2. Block diagram of a base station transceiver.

In the following subsections, the various TRX parts are

analyzed.

Antenna Interface (AI): The influence of the antenna type

on power efficiency is modeled by a certain amount of

losses, including the feeder (where relevant), antenna band-

pass filters, duplexers, and matching components.

Power Amplifier (PA): Typically, the most efficient operating

point of a power amplifier is close to the maximum output

power (near saturation). Unfortunately, non-linear effects and

OFDM modulation with non-constant envelope signals force

the power amplifier to operate in a more linear region, i.e., 6 to

12 dB below saturation [11]. This prevents Adjacent Channel

Interference (ACI) due to non-linear distortions, and therefore

avoids performance degradation at the receiver. However, this
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high operating back-off gives rise to poor power efficiency.

Digital techniques such as clipping and digital-pre-distortion in

combination with Doherty PAs improve the power efficiency,

while keeping ACI under control, but require an extra feedback

for pre-distortion and significant additional signal processing.

While these techniques are necessary in macro and micro BSs,

they are not used in smaller BSs, as the PA power consumption

accounts for a smaller percentage of the power breakdown,

allowing for a higher operating back-off.

The Small-Signal RF Transceiver (RF TRX) comprises a

receiver and a transmitter for uplink (UL) and downlink (DL)

communication. The linearity and blocking requirements of

the RF TRX may differ significantly depending on the BS

type, and so its architecture. Typically, low-IF (Intermediate-

Frequency) or super-heterodyne architectures are the pre-

ferred choice for macro/micro BSs, whereas a simpler zero-

IF architecture are sufficient for pico/femto BSs. Parameters

with highest impact on the RF TRX energy consumption are

the required bandwidth, the allowable Signal-to-Noise And

Distortion ratio (SiNAD), the resolution of the analogue-to-

digital conversion, and the number of antenna elements for

transmission and/or reception.

Baseband (BB) Interface: The baseband engine (perform-

ing digital signal processing) carries out digital up/down-

conversion, including filtering, FFT/IFFT for OFDM, mod-

ulation/demodulation, digital-pre-distortion (only in DL and

for large BSs), signal detection (synchronization, channel

estimation, equalization, compensation of RF non-idealities),

and channel coding/decoding. For large BSs the digital base-

band also includes the power consumed by the serial link

to the backbone network. Finally, platform control and MAC

operation also add a power consumer (control processor) on

the platform.

The silicon technology significantly affects the power con-

sumption of the BB interface. This technology scaling is

incorporated into the power model by extrapolating on the In-

ternational Technology Roadmap for Semiconductors (ITRS).

The ITRS anticipates that silicon technology is replaced by

a new generation every 2 years, each time doubling the

active power efficiency but multiplying by 3 the leakage [12].

The increasing leakage puts a limit on the power reduction

that can be achieved through technology scaling. Moreover,

unlike active power, leakage does not scale with system

load. Apart from the technology, the main parameters that

affect the BB power consumption are related to the signal

bandwidth, number of antennas, and modulation and coding

schemes. The consumed power may scale linearly with most

of these parameters, provided an optimized design ensures

that the power is reduced at lower rates. The MIMO signal

detection, however, scales more than linearly with the number

of antennas.

Cooling and Power Supply may be approximated as losses

that scale linearly with the power consumption of the other

components.

Table I summarizes the breakdown of the state of the art BS

power consumption as of 2010 at maximum load Pout=Pmax.

TABLE I
LTE BS POWER CONSUMPTION OF 2010 FOR DIFFERENT BS TYPES.

Macro Micro Pico Femto
PA Pmax [dBm] 46.0 38.0 21.0 17.0

[W] 39.8 6.3 0.13 0.1
PAPR [dB] 8.0 8.0 12.0 12.0
PA Efficiency [%] 31.1 22.8 6.7 4.4
PPA [W] 128.2 27.7 1.9 1.1

TRX PTX [W] 6.8 3.4 0.4 0.2
PRX [W] 6.1 3.1 0.4 0.3

BB Radio [W] 10.8 9.1 1.2 1.0
(inner Rx/Tx)
Turbo code [W] 8.8 8.1 1.4 1.2
(outer Rx/Tx)
Processors [W] 10.0 10.0 0.4 0.3

DC-DC, loss [%] 8.0 8.0 10.0 10.0
Cooling, loss [%] 12.0 0.0 0.0 0.0
Main Supply, loss [%] 9.0 9.0 12.0 12.0
Total per PA [W] 225.0 72.3 7.3 5.2
# Sectors # 3 1 1 1
# Antennas # 2 2 2 2
# Carriers # 1 1 1 1
Total N Radios [W] 1350.0 144.6 14.7 10.4

B. BS Power Consumption at Variable Load

In a conventional BS, the power consumption depends on

the traffic load; it is mainly the PA power consumption that

scales down due to reduced traffic load. This mainly happens

when, e.g., the number of occupied subcarriers is reduced in

idle mode operation, and/or there are subframes not carrying

data. Naturally this scaling over signal load largely depends

on the BS type; for macro BSs the PA accounts for 55–60%

of the overall power consumption at full load, whereas for low

power nodes the PA power consumption amounts to less than

30% of the total.

Fig. 3 shows BS power consumption curves for a LTE sys-

tem with 10 MHz bandwidth and 2×2 MIMO configuration.

Three sectors are considered for macro BSs, whereas omni-

directional antennas are used for the smaller BS types. While

the power consumption Pin is load dependent for macro BSs,

and to a lesser extent for micro BSs, there is a negligible load

dependency for pico and femto BSs. The reason is that for

low power BSs, the impact of the PA is diminishing. Other

components hardly scale with the load in a state of the art

implementation; although some more innovative designs could

lead to an improved power scaling at low loads. As can be seen

in Fig. 3, the relations between relative RF output power Pout

and BS power consumption Pin are nearly linear. Hence, a

linear approximation of the power model is justified:

Pin = P0 +Δp Pout , 0<Pout≤Pmax (1)

where Pmax denotes the maximum RF output power at max-

imum load, P0 is the power consumption calculated at the

minimum possible output power, assumed to be 1% of Pmax,

and Δp is the linear factor related to load. The parameters for

the different BS types are summarized in Table II.

IV. ENERGY CONSUMPTION METRICS

To capture the energy consumption perspective in the anal-

ysis, we employ the two energy consumption indices:
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Fig. 3. Power consumption dependency on relative linear output power for various BS types for 10 MHz system bandwidth and 2×2 MIMO configuration.
Macro BSs employ 3 sectors per site. Legend: PA: Power Amplifier, RF: small signal RF transceiver, BB: Baseband processor, DC: DC-DC converters, CO:
Cooling, PS: AC/DC Power Supply.

TABLE II
POWER MODEL PARAMETERS FOR DIFFERENT BS TYPES

BS type Pmax [W] P0 [W] Δp

Macro 40.0 712.0 14.5
Micro 6.3 106.0 6.35
Pico 0.25 14.9 8.4
Femto 0.1 10.1 15.0

• Power per area unit, measured in [W/m2];

• Energy per bit, measured in [J/bit].

The power per area unit metric is defined as the network

average power usage divided by the coverage area of the

network, P/A and is measured by the unit [W/m2]. The

metric is a measure for the total energy consumption and is

closely related to the CO2 emissions and the associated carbon

footprint. Power per area unit is particularly relevant at low

traffic loads, as in this case the network is coverage limited

rather than capacity limited. This metric is also proposed

in [13]; however, in ETSI this quantity is expressed as an

efficiency metric, A/P , instead of the consumption metric

adopted here.

The energy per bit metric measured in [J/bit] is defined

as the network energy consumption E during the observation

period T , divided by the total number of bits RT that

were correctly delivered in the network. Since the number of

successfully transmitted bits is the average rate R multiplied

by the observation period T , this metric could equivalently be

described as the average network power P=E/T in relation

to the average data rate R, expressed in [W/bps].

The [J/bit] metric is commonly used in the literature,

especially for theoretical studies and single link evaluations.

However, in these scenarios it is used as an efficiency metric

as [bit/J].

V. CASE STUDY: ENERGY EFFICIENCY OF LTE

For short-term, small-scale evaluations a macro-cellular

network with regular hexagonal cell layout is implemented.

19 sites, each with 3 sectors, 10 MHz bandwidth operating at

2.1 GHz carrier frequency is assumed. Moreover, 2×2 MIMO

transmission with adaptive rank adaption is assumed. The

inter-site distance (ISD) for the dense urban and urban environ-

ments is set to 500 m, whereas the ISD for suburban and rural

areas is set to 1732 m. Users are uniformly distributed. The

simulation parameters are taken from 3GPP specifications [6].

The power per area unit P/A, expressed in [kW/km2], is

depicted in Fig. 4 (top). The power consumption increases with

the served traffic in the network. In an urban scenario, with an

ISD of 500 m corresponding to a coverage area of 0.2165 km2

per site, the power per area unit is around 4.15 kW/km2 at low

loads, whereas it approaches 5.1 kW/km2 at high loads. For

comparison, an empty network when only control channels

are transmitted, but no user data, the energy consumption

equals 885 W, which corresponds to a power per area unit of

4.1 kW/km2. In the (hypothetical) extreme case, when nothing

at all is transmitted (i.e., no data and no control channels) so
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that the RF output power is 0 W, we obtain P/A=3.3 kW/km2.

The power consumption per area unit for suburban and rural

areas, shown in Fig. 4 (bottom), is substantially lower, which

is due to the increased ISD of 1732 m, which corresponds to

a coverage area of 2.6 km2. However, the system throughput

per area unit decreases accordingly, due to the increased site

coverage area.

Fig. 5 contains the energy consumption per delivered bit,

E/(RT ) in [kJ/Mbit], over the served data rate R in [Mbps].

Even though the total energy consumption increases with the

traffic load, the energy consumption per bit decreases with

traffic. That is, the number of delivered bits increases faster

than the network energy consumption. The dominating reason

for this is the fact that the power model (1) is associated with

a fixed cost at Pout=0W RF output power and when the traffic

increases, this fixed cost is shared over a larger number of bits,

which results into the energy per bit decrease. Interestingly,

the slope of the curves are similar for all considered scenarios,

although the served data rates for given energy per bit value

are significantly different.

VI. CONCLUSIONS

In order to identify the key levers for energy savings the

power consumption of mobile communication systems needs

to be quantified. The most important extension to existing
evaluation frameworks is a sophisticated power models that

maps the radiated RF power to the supply power of a BS site.

Numerical results reveal that in the current network design and

operation, the power consumption is mostly independent of the

traffic load. This clearly indicates that there is a vast potential

for energy savings by improving the energy efficiency of BSs

at low load. Among the most promising approaches are:

• Improving the power scaling of BS components, so to

enhance their power efficiency at low loads.

• Reduce the amount of control signals, such as the

broadcast channel and reference symbols (pilots) that

facilitate channel estimation. At low loads control signals

constitutes the majority of the emitted RF power.

• Energy aware transmission techniques that are optimized

for low loads and that take into account the characteristics

of the power amplifier and other components.
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