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Abstract 
 
Recent analysis by manufacturers and network operators has shown that current 
wireless networks are not very energy efficient, particularly the base stations by 
which terminals access services from the network. In response to this observation the 
Mobile Virtual Centre of Excellence (VCE) Green Radio project was established in 
2009 to establish how significant energy savings may be obtained in future wireless 
systems. This paper discusses the technical background to the project and discusses 
models of current energy consumption in base station devices. It also describes some 
of the most promising research directions in reducing the energy consumption of 
future base stations.  
 
1. Introduction 
 
Given the worldwide growth in the number of mobile subscribers, the move to higher 
data rate mobile broadband and the increasing contribution of information technology 
to the overall energy consumption of the world, there is a need on environmental 
grounds to reduce the energy requirements of radio access networks. A typical mobile 
phone network in the United Kingdom may consume approximately 40-50 megawatts 
(MW), even excluding the power consumed by the users’ handsets. In developing 
countries direct electricity connections are not readily available, so Vodafone, for 
example, use in excess of 1 million gallons of diesel per day to power their network.  
Mobile communications thus contributes a significant proportion of the total energy 
consumed by the information technology industry. 
 
From an operator’s perspective, reducing energy consumption will also translate to 
lower operating expenditure (OPEX) costs. Reducing carbon emissions and OPEX for 
wireless cellular networks are two key reasons behind the development of the Mobile 
VCE Green Radio programme.  For example, the UK operators Orange and Vodafone 
both aim to achieve significant reductions in CO2 emissions in the next ten years. The 
Green Radio programme sets the aspiration of achieving a 100-fold reduction in 
power consumption over current designs for wireless communication networks. This 
challenge is rendered non-trivial by the requirement to achieve this reduction without 
significantly compromising the Quality of Service (QoS) experienced by the 
network’s users. In order to meaningfully measure success, appropriate measures of 
energy consumption must be applied. For example, a reduction in radiated power is 
not of benefit if it is achieved at the expense of a greater increase in power consumed 
in signal processing or vice versa.  
 



 

The green radio project is pursuing energy reduction from two different perspectives. 
The first is to examine alternatives to the existing cellular network structures to 
reduce energy consumption. The second approach, which is discussed in detail in the 
present paper, is to study novel techniques that can be used in base stations or 
handsets to reduce energy consumption in the network. Section 2 presents the 
background to the project. Section 3 moves on to discuss base station modelling, 
which is a critical issue for the project. Section 4 then presents three case studies that 
describe the energy savings that can be obtained from different techniques that can be 
employed on wireless links. Finally, Section 5 presents conclusions to the paper. 
 
2. Reducing Energy Consumption in Wireless Networks 
 
The specific objective of the Green Radio programme is to investigate and create 
innovative methods for the reduction of the total energy needed to operate a radio   
access network and to identify appropriate radio architectures which enable such a 
power reduction. The typical power consumption of different elements of a current 
wireless network is shown in Figure 1(a). These results clearly show that reducing the 
power consumption of the base station or access point has to be an important element 
of this research programme.  
 
Studies have indicated that the mobile handset power drain per subscriber is much 
lower than the base station component, Figure 1(b) [1], hence the green radio project 
will mainly focus on base station design issues. Figure 1(b) also shows that the 
manufacturing or embodied energy is a much larger component in the mobile handset 
than in the base station. This is because the lifetime of a base station is typically 10-15 
years, compared to a typical handset being used for 2 years. In addition, the energy 
costs of a base station are shared between many mobile subscribers, leading to a large 
imbalance in the contribution of embodied energy. From the point of view of 
handsets, significant efforts need to be put into reducing manufacturing energy costs 
and increasing handset lifetime, though recycling programmes for example. The 
baseline technology for the research programme has been selected to be the 3GPP 
Long Term Evolution (LTE) system, whose specifications have recently been 
completed with a view to rolling out networks in the next 2-3 years [2]. 
 
The next section of this paper will discuss the architecture of existing base stations 
and identify key parts of the system hardware where significant energy savings can be 
obtained.  
 
3. Base Station Power Efficiency Studies 
 
The overall efficiency of the base station, in terms of the power drawn from its supply 
in relation to its radio frequency (RF) power output is governed by the power 
consumption of its various constituent parts, including the core radio devices: 
Radio Transceivers: The equipment for generating transmit signals to and decoding 
signals from mobile terminals. 
Power Amplifiers: These devices amplify the transmit signals from the transceiver to 
a high enough power level for transmission, typically around 5-10W.  
Transmit Antennas: The antennas are responsible for physically radiating the signals 
and are typically highly directional to deliver the signal to users, without radiating the 
signal into the ground or the sky.  



 

 Base stations also contain other ancillary equipment, providing facilities such as 
connection to the service provider’s network and climate control.  A major 
opportunity to achieve the power reduction targets of the programme lies in 
developing techniques to improve the efficiency of base station hardware. 
 
Analysis within the programme has developed models for various base station 
configurations (macrocell, microcell, picocell and femtocell) in order to establish how 
improvements in the hardware components will impact the overall base station 
efficiency.  The starting point for this analysis has been the transmit chain. Near-
market power consumption figures have been used in order to establish a benchmark 
efficiency against which improvements made as part of the project can be assessed.  
Target power consumption figures allow future overall base station efficiencies to be 
predicted. 
 
3.1. Reference Base station Architecture 
 
The target system for the base station efficiency analysis is the LTE system with 
support for 4 transmit antennas. This system can exploit the space domain to achieve 
high data throughputs through multiple input multiple output (MIMO) techniques [2]. 
The reference architecture under investigation is shown in Figure 2, this represents a 
macrocellular base station with 3 sectors, with an Effective Isotropic Radiated Power 
(EIRP) of 27dBW per sector. The 4 transmit chains needed for the 4 antennas 
therefore require12 Power Amplifiers (PA) and antennas per base station.  For clarity, 
only one of the 12 transmit chains is shown in Figure 2. 
 
Estimated base station power consumption figures for the target system, reflecting the 
state of the art for the years 2010-2011, are given in Table 1. These estimates have 
been produced for reference purposes using efficiency figures from [3]; however to 
reflect recent innovations [4], a power amplifier efficiency of 40% has been used. 
Two efficiency figures are calculated in Table 1; the TOC (Top of Cabinet) efficiency 
gives the ratio of the combined power output of the PAs to the power supply unit 
(PSU) power (which is used in studies such as [3]), and the radiated efficiency, which 
references the efficiency to the total power radiated by the antenna.  This second 
figure therefore includes the antenna efficiency and the feeder losses.  
 
3.2. Target Consumption 
 
The vision for the project is to specify an LTE compliant base station that is able to 
operate at a much lower overall consumption, possibly sufficiently low to enable 
operation from renewable sources locally generated (e.g. solar or wind).  Challenging 
power consumption targets have been set by the Green Radio Programme in order to 
achieve this aim, these target figures are given in the right hand column of Table 1. 
 
The project target figures show an improvement in the efficiency by reducing the 
power required to operate the base station by at least 50%.  One solution reduces 
inefficiencies by locating the PA next to the antennas (typically both at the top of the 
mast) in order to minimise the power lost in feeders cables.  This architecture also 
further reduces the need for cooling, which could arise were the PAs to be installed in 
cabinets in an equipment room. Additional efficiency gains are expected to come 
about by deactivating portions of hardware when unused. 



 

 
Analysis shows that the greatest potential for increasing the overall base station 
efficiency comes from improving the efficiency of the PA and antenna, as well as 
optimising the power transfer between them. Work underway in the programme is 
seeking to achieve efficiency figures of 85% and 90% for these components 
respectively.  In the case of the PA, one possible approach uses the Class J amplifier 
[5], which relies on fundamental and second harmonic tuning to achieve high 
efficiencies, whilst maintaining the linearity required for LTE operation.  In the case 
of the antenna, the 90% efficiency target is to be achieved by exploiting highly 
efficient dual-polarised patch antenna elements. 
 
4. Case Studies for Improving Energy Efficiency in Wireless Base 
Stations 
 
In Section 3, the power consumption of base stations was discussed and strategies to 
minimise power use in future base stations was described. In this section, we will 
move on to consider approaches which are designed around the signals that are 
transmitted by the base stations. In this case, the time dimension of these waveforms 
becomes important. In such a case, measures of energy (power × time) rather than just 
power become important metrics to measure system performance effectively. This 
section will therefore begin by discussing suitable energy metrics and then move on to 
discuss three case studies, based around resource allocation, interference cancellation 
and the use of multihop relaying strategies. 
 
4.1. Overview of Energy Metrics 
 
The results in Figure 1(a) of this paper show the fact that base stations account for a 
significant proportion of the total power consumption of a wireless network. If new 
techniques are proposed to reduce the energy required in the network, then it is 
important to provide meaningful metrics that identify what gains are achieved. The 
metrics to be used in the Green Radio project have been discussed extensively and 
there are two particularly important metrics that are intended to be used during the 
project.  
 
The first is an absolute measure of energy and is closely related to the industry 
concept of the energy consumption rating (ECR). This is typically defined as a ratio 
of peak power divided by the maximum data throughput for a base station transmitter. 
However, to be of practical use, the ECR should measure the consumed energy per 
information bit that is successfully transported over the network and is measured in 
units of joules per bit. This metric allows the absolute performance of different 
wireless networks to be calibrated. As a simple example, a typical LTE base station 
sector might operate over a bandwidth of 10 MHz with an average spectral efficiency 
of 1.5 bits/s/Hz, thus achieving an average data rate of 15 Mbits/sec. If a base station 
antenna transmits 8W of RF power (c.f. Table 1), then the RF ECR value for this 
system would be 0.53 microJoules per bit. However, if the total power budget of the 
base station, e.g. 450W, is shared among 3 sectors (i.e. 150W/sector) the ECR value 
for one sector would increase to 10 microJoules per bit.  
 
The second metric is a relative measure rather than an absolute one and is more useful 
for comparing two different systems. Frequently, one may wish to compare the energy 



 

performance of a base station using a newly proposed technique (system under test) 
and compare to a baseline system where the approach is not deployed. The energy 
consumption gain (ECG) is simply the ratio ( )tb EE / , where bE  is the energy 

consumed by the baseline system and tE  is the energy for the system under test. The 

larger the value of the ECG, then the more efficient the system under test becomes. 
However, as with the ECR metric, care needs to be taken to ensure that the energy 
calculations are performed in a fair manner. For example, if two base station designs 
are being compared, then it should be ensured that both are serving the same number 
of users under the same traffic load conditions, in order to provide a fair comparison.   
 
4.2. Case Study 1: Resource Allocation Strategies                                                         
  
In Section 2, RF amplifiers were identified as a key contributor to the overall energy 
consumption of a typical base station. In this paper we use the term resource 
allocation to describe how the base station transmitter make the decision of how and 
when to transmit data to different users on the downlink (base-mobile link) within the 
cell it is serving. Resource allocation techniques that make the most efficient use of 
the RF amplifier have the potential to improve energy efficiency significantly. Such 
energy reductions could lead to further energy savings through switching off 
transceiver equipment and base station cooling. In addition, analysis of data traffic in 
wireless networks show that the traffic load is typically very uneven across the cells. 
In the analysis of 200 cells in Chapter 9 of [2], it is shown that even in peak hours, 
90% of the data traffic is carried by only 40% of the cells in the network. Therefore, 
techniques that minimise energy consumption across varying  traffic load conditions 
are an important research direction and here we will describe two complementary 
techniques aimed towards low and high traffic load conditions respectively. 
 
Under low traffic load conditions, the base station is likely to have more bandwidth 
available to transmit data to users than is actually required at that time. One frequency 
domain approach that is being studied in the project exploits spare bandwidth 
resources to reduce energy consumption. Due to the fact that channel capacity scales 
linearly with the available bandwidth but logarithmically with the radio transmission 
power, it is possible to trade spectral for energy efficiency, and achieve energy 
savings while retaining quality of service [6]. Rather than use a complex but 
spectrally efficient  modulation scheme, e.g. 16-QAM with a narrow bandwidth, it is 
possible to use a simpler modulation scheme e.g. QPSK with a wider bandwidth.   
 
Figure 3(a) shows predicted ECG gain results for this approach, as a function for the 
signal-to-interference and noise ratio (SINR) required at the mobile receiver for a 
given data rate. Generally speaking, as the spectral efficiency of the data rate 
increases, so does the required SINR. The value of α specifies the permitted 
bandwidth expansion factor and curves are shown for values of α  in the range 2-6. 
For example, a bandwidth expansion of α=2 would permit 16-QAM modulation (4 
bits/sec/Hz maximum data rate) to be replaced by QPSK (2 bits/sec/Hz maximum 
data rate),  which would require a lower SINR. The results show that as the SINR 
increases, so does the potential improvement in ECG from using the bandwidth 
expansion technique. Increasing the value of α beyond four is shown to provide 
diminishing returns in terms of ECG, except at very high values of SINR where very 
spectrally efficient modulation schemes would be used. 



 

When the traffic load is high, the base station may be transmitting data to many users 
simultaneously, possibly using MIMO techniques. In this case, it is usually possible to 
exploit multiuser diversity to  increase the overall multi-user capacity achieved via an 
opportunistic resource scheduling and allocation strategy. This is where the scheduler 
assigns resources according to the users’ instantaneous channel conditions in the time, 
frequency or/and space domains. The performance gains can be translated to further 
energy reduction at the transmitter. A link adaptaion approach is also taken into 
consideration to ensure the most energy saving transmission mode is employed within 
the allocated resource for a required QoS level. As an example from [7], Figure 3(b) 
shows the ECG performance of different MIMO precoding schemes compared to 
using the single-user MIMO diversity scheme space frequency block coding (SFBC) 
as the baseline case. The multi-user MIMO schemes exploiting a higher degree of 
diversity achieve a lower cost in terms of required transmitter energy for each 
information bit. When number of mobile users is large enough, performance 
evaluation results show that a five-fold energy gain can be achieved by multi-user 
MIMO through employing appropriate link adaptation and resource scheduling 
approaches compared to a SFBC system. 

Future work in this area will study the best combination of scheduling techniques 
from an energy efficiency perspective across the range of traffic loads that will be 
experienced in future LTE networks. 

4.3. Case Study 2: Interference Management and Mitigation  
 
Interference cancellation schemes are indispensable to combat interference in any 
practical communication systems where multiple base stations share the same 
spectrum. The impact of interference is more severe as the users move closer to the 
boundary region between two cells, leading to significant SINR and hence data rate 
reduction. Most existing interference cancellation schemes have been designed to 
increase the spectral efficiency and data rate, while overlooking the energy efficiency. 
However, research efforts in the Green Radio programme are focused on developing 
energy efficient interference cancellation schemes. If the level of interference can be 
reduced at mobile terminals, this will permit base stations to reduce the wireless 
transmission energy without compromising the SINR of the wireless link. There are 
two complementary strategies being considered as shown in Figure 4(a), namely 
distributed antenna systems and receiver interference cancellation. 
 
One way to reduce interference in cellular systems is to coordinate the multiple 
antennas of the adjacent base stations to form a Distributed Antenna System (DAS) 
[8]. For the resulting coordinating DAS, each and every cell edge user is 
collaboratively served by all of its surrounding base stations rather than only by the 
single best base station. This permits the interference to users on the cell edge to be 
effectively controlled and mitigated by coordinated transmit beamforming at all of the 
participating base stations. The following three schemes can be used by coordinating 
downlink beamforming: (1) The user is served by the base station providing highest 
SINR while other base stations avoid transmitting signal energy towards that user; (2) 
All users are served by multiple base stations using multiple antenna beam-forming 
and coherent user-end combining, i.e., full exploitation of the interference suppression 
capability offered by the DAS; (3) Users are allocated to one or more base stations 
based on their position.  



 

 

These three schemes are compared in terms of ECG vs SINR against the conventional 
non-cooperative case, in Figure 4(b) for a cluster of 3 cells with one user per cell. The 
results show that all three schemes significantly outperform the conventional system 
at high SINRs, with schemes 2 and 3 outperforming scheme 1. However, scheme 1 
may be preferable over schemes 2/3 in practical implementation, since it requires 
much less channel data about the users to be exchanged between the base stations and 
hence less energy consumption. 
 
An alternative scheme to DAS is to apply interference cancellation techniques at a 
multiple antenna receiver. The performance of different algorithms have been 
compared in [9] for different numbers of transmitting antennas. Linear zero forcing 
(ZF) and minimum mean squared error (MMSE) techniques have been compared, 
along with non-linear successive interference cancellation (SIC) variants of these 
methods. Generally, it is observed that more transmission energy is required as the 
number of transmit antennas increases. This is expected as intra-cell interference 
increases with the number of transmit antennas, resulting in higher transmission 
energy to maintain the same SINR.  
 
In the absence of co-channel interference from neighbouring base stations, it is 
observed that the minimum mean square error (MMSE) weight optimization approach 
provides better transmission energy savings than the ZF approach at the desired BS; 
with the successive interference cancellation (SIC) structure performing better than 
the linear receiver structure. This is because while the ZF criterion nulls out intra-cell 
interference but greatly amplifies adjacent-cell interference plus noise, the MMSE 
criterion jointly minimizes both intra-cell interference and noise, thus causing less 
severe amplification to the adjacent-cell interference and noise components. We also 
observe the same energy consumption trend when three adjacent base stations are 
present. The ECR values are around 3.4 times poorer than in the absence of co-
channel interference for all receivers. This is because traditional interference 
cancellation (IC) techniques are often implemented at the link level, i.e., the point-to-
point link between the desired BS and the receiver in this case. These link level IC 
techniques are able to mitigate intra-cell interference but treat adjacent-cell 
interference simply as noise. More intelligent methods to cancel adjacent cell 
interference will be studied in future work, along with consideration of the most 
energy efficient combination of interference cancellation techniques at both base 
stations and mobile terminals. 
  
4.4. Case Study 3: Energy Efficient Routing and Multihop                                        
 
In a similar manner to the interference suppression techniques described above, the 
use of relays to exchange information between a base station and mobile terminal may 
be an efficient way to improve base station energy efficiency. This is because the 
transmission distance can be reduced, increasing data rates or permitting reductions in 
transmission energy. Relays can enable important reductions of the network energy 
consumption without complicated infrastructure modifications. These may be 
deployed in streets or in buildings to provide improved signal quality to locations 
which might otherwise experience poor QoS.  
 



 

In [10], the energy efficiency of several transmission schemes shown in Figures 5 (a)-
(d) are directly compared. Parts (a) and (b) show a conventional base station-mobile 
station link with average and instantaneous channel state feedback respectively. Parts 
(c) and (d) show the case where a relay is present, again with average/instantaneous 
channel state feedback. It is shown the use of instantaneous channel feedback, which 
is the state of the art for resource allocation schemes, significantly reduces the energy 
consumption compared to the case where only average channel state information is 
available. On the other hand, the impact of using a relay for communication is shown 
to have a particularly strong impact for high signal-to-noise ratio (SNR) and low 
packet error rate conditions.  This observation is in line with the basic conclusion 
from the literature that for fixed data rates relaying is a particularly useful technique 
for high SNRs (or low packet error rates) because of the presence of the base station-
relay-terminal path [11]; in this work, this conclusion is validated from an energy 
consumption perspective.  
 
In [12], the energy efficiency of opportunistic cooperative relaying designed for the 
multi-user single-carrier frequency-division multiple-access (SC-FDMA) uplink 
(mobile-to-base link) is investigated with the aid of a single-relay amplify-and-
forward (AF) scheme. The AF relay estimates the received power of each subband 
and equalises the power-differences of the subbands, which corresponds to subband-
based equalisation. A joint frequency-domain equalisation and combining (JFDEC) 
aided receiver is employed at the base station. In this scenario, there are 4 transmitting 
terminals and 16 available relays. The energy reduction of the proposed design is a 
direct benefit of the spatial-, frequency- and selection-diversity. In contrast to [11] 
where no terrain effects, termed shadowing, were considered, they are included in 
these results. In this case, the shadowing variance becomes an important parameter 
and expresses the variability in the environment due to buildings and other large 
obstacles. It may be observed in Figure 5(e) that if the SNR is relatively low, the 
proposed multi-user relay selection (MU-RS) aided cooperative system provides an 
ECG of up to 8 relative to the no relay ‘Direct’ case, when experiencing a shadowing 
variance of 0-8dB. However, as the operating SNR increases to a relatively high value 
and the target data rate increases correspondingly, the benefits of invoking a MU-RS 
cooperative system erode. This is not unexpected, because sharing the total transmit 
power between the source and relay as well as the provision of two time-slots results 
in a throughput loss, which is not fully compensated by the relaying-gain attained. It 
is anticipated that similar performance results will be observed for the downlink case 
as well. 
 
One important future target for the work in this area is to be able to compare the 
energy efficiency of relay techniques with the use of femtocells. Relays provide a 
connection to the internet through the nearest wireless base station. Conversely, 
femtocells are small, low power base stations installed in the home or office which 
use a wired internet connection to provide service. Understanding the full impact of 
the energy consumption of these differing forms of network connection is an 
important but challenging task for the Green Radio project. 
 
5. Conclusions 
 
This paper has described the approach being taken in the Mobile VCE project to study 
novel approaches to reducing the energy consumption of wireless links, particularly in 



 

improving the design and operation of wireless base stations. Analysis has shown that 
when accounting for manufacturing or embodied energy costs, base stations have a 
much higher operational energy budget than mobile terminals. Proper modelling of 
the energy consumption of base stations has been shown to be an important issue 
when trying to obtain a clear view of how different radio technologies can reduce 
energy consumption. Three case studies of current research in resource allocation, 
interference suppression and multihop routing have also been discussed. The means 
by which these methods can lead to energy savings have been described and initial 
results that estimate the performance benefits of these techniques have been 
presented. The Green Radio project is a three year programme, which started in 
January 2009 and is starting to deliver initial results, some of which are described and 
discussed here. The project is being led by industry with the expectation that the most 
promising research outcomes can feed into future energy efficient wireless standards 
and products.  
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Figures and Tables 
 
(a)  

 
 
b) 

 
Figure 1: (a) Power consumption of a typical wireless cellular network (Source: 
Vodafone) (b) CO2 emissions per subscriber per year as derived for the base-station 
and the mobile handset, after [1].  Embodied emissions arise from the manufacturing 
process rather than operation. 
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Figure 2 – Reference Base station Architecture for a system with three sectors and 4 
transmit antennas per sector for MIMO capability. For clarity only one transmit 
chain is shown. 
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Description Power 
In (W) 

Power 
Out (W) 

Efficiency Target Value 

Radiated power 
(per sector) 

8 501 
(27dBW) 

18dBi 
antenna gain 

 18dBi       
antenna gain      

Antenna and Switch 12 8 65% efficient 85% efficient 
Feeder 24 12 50% efficient 80% efficient 
PA (total per sector) 60 24 40% efficient 85% efficient 
PA (all sectors) 180 72   
Transceiver(all sectors) 180   70% reduction 
Free Air Cooling 40    
Subtotal 400    
PSU Input 450 400 88% efficient 88% efficient 
TOC Efficiency   16% > 25% 
Radiated Efficiency   5.3% > 20% 

 

 Table 1 – Estimated power consumption for base stations in 2010-2011 and target 
future power consumption values for base stations. 
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Figure 3: (a) Simulated ECG of the frequency domain bandwidth expansion as a 
function of the required SNR at the receiver (after [5]) and (b) Simulated ECG of 
various MIMO schemes, relative to SFBC all at 3bits/s/Hz spectral efficiency (after 
[6]) 
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(b) 

 

 
 
Figure 4 (a) Example scenario for transmitter and/or receiver interference 
cancellation showing multiple base stations transmitting to a multiple antenna 
receiver (b) Performance comparison of three DAS schemes, plotting ECG (relative 
to no DAS case) vs SNR.  
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Figure 5 – (a) Direct wireless link with average channel knowledge, (b) Direct 
wireless link with instantaneous feedback of channel conditions, (c) Relay link with 
average channel knowledge, (d) Relay link with instantaneous feedback of channel 
conditions, (e) Performance gains of relay links after [11]. 


