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Abstract—Energy efficiency in cellular mobile radio networks
has recently gained great interest in the research community.
The development of more energy efficient hardware and software
components aside, effect of different deployment strategies on
energy efficiency are also studied in the literature. The latter
mainly consist of optimizing the number and the location of
different types of base stations in order to minimize the total
power consumption. Usually, in the literature, the total network
power consumption is restricted to the sum of the power
consumption of all base stations. However, the choice of a specific
deployment also affects the exact implementation of the backhaul
network, and consequently its power consumption, which should
therefore be taken into account when devising energy efficient
deployment. In this paper, we propose a new power consumption
model for a mobile radio network considering backhaul. We
then handle a case study and perform a comparison of the
power consumption of three different heterogeneous network
deployments, and show how backhaul has a non-negligible
impact on total power consumption, which differs for different
deployments. An energy efficiency analysis is also carried out for
different area throughput targets.

Index Terms— Power Consumption Model, Heterogeneous
Networks, Energy Efficiency, Backhaul, Network Deployment.

I. INTRODUCTION

Over the last decade global warming has become an impor-
tant issue on the political agenda and efforts for reducing the
power consumption and, consequently, the carbon emissions
is currently attracting a lot of attention [1]. In this regard the
Information and Communication Technology (ICT) industry is
seen as an increasingly important contributor with an 8% of
the worldwide energy consumption in 2008, which is expected
to double by 2020. Mobile communication networks alone
consume 0.5% of the global energy consumption [2]. With
the increase in the demand for broadband services that we are
experiencing nowadays, there is a need for denser networks
and in this context increased energy prices are expected to
constitute a significant challenge in the near future [3]-[4].

Besides the environmental concerns, there is a strong eco-
nomical motivation for network operators to decrease the
power consumption of the network. The main consumers are
data servers, backhaul routers and base stations (BS) which
constitutes between 60 to 80% of the overall network power
consumption [2]. Energy efficiency can be improved in two

main ways. The first consists of reducing the power consump-
tion of the main consumer, i.e., the BS (either by using more
power-efficient hardware or by using more advanced software
to adapt power consumption to the traffic situation). The sec-
ond is intelligent network deployment strategies where using
high density deployment of low power, small base stations is
believed to decrease the power consumption compared to low
density deployment of high power macro base stations. The
idea being that a BS closer to mobile users lowers the required
transmit power due to advantageous path loss conditions [5].

There are numerous papers related to energy efficiency
of cellular radio networks in the literature. In [6], energy-
awareness of base stations is studied to decrease the power
consumption when the traffic is low. The problem is handled
as a network optimization problem in [3], where under-utilized
part of the network is suggested to shut down based on the
knowledge of the static users locations, and 50% energy sav-
ings is claimed in less busy hours. Relaying is also proposed as
a method to decrease the power consumption in [7], because of
the path loss reduction property. On the other hand, the effects
of different network deployment schemes are studied in [1],
and [8] where the positive effect of using micro base stations
on the energy efficiency is shown by simulations. In all these
papers power consumption is calculated by only considering
base stations while the backhaul part is ignored. However we
believe that, especially for network deployment optimization,
backhaul power consumption should be taken into account.

In this paper, the impact of mobile backhauling on the total
power consumption of a mobile radio network is evaluated.
To this end, a power consumption model for mobile radio net-
works including backhauling is proposed and used to compare
the area power consumption of three different heterogeneous
deployment schemes under the same area throughput and
coverage target. We aim to answer the following questions;

• Is there a tradeoff between the power saved by using low
power base stations and the excess power that has to be
spent to backhaul their traffic?

• Can the effect of backhaul power consumption change
the most energy efficient deployment strategy in cellular
mobile networks?
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Fig. 1. Carrier Ethernet Backhauling Layout.

The paper is organized as follows. In Section II, we in-
troduce the new power consumption model and discuss the
consumers in detail. Section III presents a case study in
which the power consumption of three different heterogenous
networks are calculated with and without backhaul power
consumption. An energy efficiency analysis is also performed.
The last section concludes the paper and identifies open
problems and possible future work.

II. WIRELESS BACKHAUL POWER CONSUMPTION

This section presents a power consumption model for cel-
lular mobile networks including the backhauling part of the
network. Different architectures and technologies are available
to implement backhauling: we have chosen the solution which
seems the most readily available and which presents the lowest
complexity: a fiber optic network based on point-to-point
Ethernet.

A. Backhauling Solution

Figure 1 shows an example of a fiber-optic carrier Ethernet
backhauling solution for a heterogeneous mobile network.
IP/Ethernet interfaces for backhauling has been standardized
in 3GPP beyond mobile data core elements and out towards
the base stations and radio controllers [9]. Ethernet switches
for backhauling can be flexibly located in the distributed cell
sites, or in a centralized aggregation node, or at both locations
to have several levels of aggregation. In this study, for the
sake of simplicity, we assumed a backhaul system with one
level of aggregation only, i.e., the traffic from all wireless
nodes is collected at one or more aggregation switches (if
the number of the traffic streams to be aggregated so requires)
just before the edge service node or the aggregation network.
It is assumed that all backhaul links from all the base stations
(Macro, Pico and WLAN) to the aggregation switch(es) are
optical fibers. Each cell site has an optical small-form factor
pluggable (SFP) interface connected to an Ethernet switch port

at the aggregation site. An alternative solution would be to use
copper cable connections for the downlink. However, even if
this solution would be acceptable for 3G UMTS networks,
copper cables would not provide enough bandwidth to support
Long Term Evaluation (LTE) and LTE Beyond networks which
offer 100 Mbps to each user.

B. Power Consumption Model

Given the backhauling architecture presented in the previous
section, the power consumed to backhaul the traffic from all
the base stations to the aggregation network, can be expressed
as follows. The average power consumption of a base station
Pi is modeled as a linear function of average radiated power,
that is:

Pi = aiPtx + bi + ci, (1)

where Ptx denotes the average radiated power. The coefficient
ai accounts for the power consumption that scales with the
transmit power due to RF amplifier and feeder losses while
bi models the power consumed independently of the transmit
power due to signal processing and site cooling. Additionally
with respect to the power consumption model presented in
[1], on which our model is based, a coefficient ci is included
which represents the power consumption of the SFP used to
transmit over the backhauling fiber.

Equation (1) defines the power consumed by one base
station, but in order to quantify the total power consumption of
a heterogeneous mobile network, the power consumed by the
backhaul (Pbh) needs to be added, as shown in the following
expression:

P =
m∑

i=1

NiPi + Pbh, (2)

where m is the number of base station types used in the
network, Ni is the total number of base stations of a specific
type i-th (e.g., Macro base stations), and Pi is the power
consumption of a base station of type i, which is calculated
using (1).

The backhaul power Pbh includes not only the downlink
and the uplink power consumption (i.e., from a base station
to the aggregation switch(es) and from the switch(es) to
the aggregation network, respectively) but also the power
consumed at the aggregation switch(es), which is proportional
to the total traffic backhauled from the mobile network. A
detailed expression for Pbh is given by

Pbh =
⌈

1
maxdl

( m∑
i=1

Ni

)⌉
Ps+

( m∑
i=1

Ni

)
Pdl+NulPul, (3)

where, Pdl is the power consumed by one downlink interface
in the aggregation switch used to receive the backhauled
traffic. It is assumed that: 1) all switches are identical, 2)
each base station in the network, regardless of its type, uses
a dedicated downlink interface, and 3) all downlink interfaces
are identical and use the same transmission rate. Nul and
Pul are the total number of uplink interfaces, and the power
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consumption of one uplink interface, respectively. It is also
assumed that all uplink interfaces are identical. Nul is a
function of total aggregate traffic collected at the switch(es)
(Agtot) and the maximum transmission rate of an uplink
interface (Umax). More formally Nul can be expressed as

Nul =
⌈

Agtot

Umax

⌉
. (4)

The constant maxdl in (3) represents the maximum number
of downlink interfaces available of the aggregation switch and
it is used to compute the total number of switches that are
needed to collect the backhauled traffic of the mobile network.
Finally, Ps represents the power consumed by a switch. Ps

is assumed to have two main contributors. The first one is
traffic independent and models the power consumption of the
backplane of the switch. The second one depends on the
amount of traffic that is traversing the switch (Agswitch). The
relative influence of these power quantities is assumed to be
regulated by a weighting parameter α ∈ [0, 1] as shown below:

Ps = αPmax + (1 − α)
Agswitch

Agmax
Pmax. (5)

Pmax represents the maximum power consumption of the
switch, i.e., when all the downlink interfaces are in use, while
Agmax is the maximum amount of traffic a switch can handle.

The model presented above is then used to compare the
power consumption of three heterogeneous networks with and
without considering the backhaul power consumption. Details
on this case study are presented next.

III. POWER CONSUMPTION ANALYSIS

To asses the impact that the backhaul segment has on the
network power budget, this section presents a case study
where the power consumption of three, minimum-cost, het-
erogeneous network deployments, each one providing the
same area throughput and coverage, are considered for a non-
uniform traffic scenario. The underlaying system model and
the assumptions used for the network deployment are made in
accordance with the work presented in [10].

First this section briefly describes the network layout under
consideration and the method used to obtain each deployment.
Then, the area power consumption for each heterogeneous net-
work deployment is calculated using the power consumption
model introduced in Sec. II. In the presented case study, the
parameter m introduced in (2) is assumed to be equal to two.
This means that only two types of base stations are considered
for each heterogeneous network deployment, i.e., 1) Macro
base stations in combination with Pico base stations, and 2)
Macro base stations in combination with WLAN access points.

For benchmarking purposes, the power consumption figures
calculated using the model introduced in [1] are also shown.
In this benchmark model, that does not account for the power
consumed by the backhauling segment, the average power
consumption of a base station Pi is modeled as follows:

Pi = aiPtx + bi, (6)

where ai, bi and Ptx are defined as in Sec. II.
Additionally, performances in terms of energy efficiency are

also analyzed. Energy efficiency is defined as the ratio of the
total network throughput over the energy consumption within
a given period, T , where the unit is bits/Joule [4],[11]. For an
heterogeneous network using only two type of base stations,
i.e., N1 macro base station and N2 pico base stations, the
energy efficiency can be written as follows:

EE =
∑N1

i=1 Rma,i +
∑N2

i=1 Rs,i{ ∑N1
i=1 Pma,i +

∑N2
i=1 Ps,i + Pbh

} . (7)

Rma,i and Rs,i represent the average data rate provided of
a macro base station and a small, low power base station,
respectively. On the other hand, Pma,i and Ps,i represent
the power consumed by both types of base stations. These
values are obtained using (1) and Pbh is the backhaul power
consumption of the network, expressed as in (3).

A. Case Study

The doctoral thesis by Klas Johansson [12] presents a
series of cost effective deployment strategies for heterogeneous
wireless networks. We have used this basic method to study the
power consumption of the following heterogeneous wireless
networks;

• 3G UMTS based on Macro base stations,
• 3G UMTS based on Macro and Pico base stations,
• 3G UMTS based on Macro base stations and WLAN

access points.
The method presented in the thesis consists of simulating

spatial traffic densities per area unit with a log-normal distri-
bution. The target QoS level has been set to an average of 1
Mbps downlink per user during busy hour for at least %95 of
the users. It is assumed that each type of base station has a
constant maximum supported throughput smax [Mbps/km2]
and a maximum range δmax [km]. The number of required
base stations for a target set of values of both coverage and
throughput is determined sequentially, taking the values for the
non-uniform traffic as an input. The details of the simulation
can be found in the thesis. It should be noted that, in [12] the
network deployment is optimized by taking cost-effectiveness
as a objective function only, where the energy cost is only
marginally considered.

TABLE I
CHARACTERISTICS OF BASE STATIONS[12]

Parameter Macro BS Pico BS WLAN

Sectors per base station 3 1 1
Max range δmax[m] 2000/

√
3 200/

√
3 100/

√
3

Transmitter power Ptx[dBm] 43 30 23

The characteristics of the base stations considered in the
study are summarized in Table I. Macro base stations are
assumed to have 3-sectors with antennas above roof-top for
longer range. They have a maximum of three carriers per
sector. On the other hand, Pico base stations and WLAN access
points have single carrier and omni-directional antennas.

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE Globecom 2011 proceedings.



30 40 50 60 70 80 90 100
0

500

1000

1500

2000

2500

3000

Area Throughput[Mbps/km2]

A
re

a 
P

ow
er

 C
on

su
m

pt
io

n 
[W

at
t/k

m
2 ]

 

 
With Backhaul 
Without Backhaul 

Dense Macro

Macro+Pico
Macro+WLAN

Fig. 2. Area power consumption as a function of target area throughput.

B. Power consumption comparison

In this section, the total power consumption of the three
heterogeneous deployments scenarios presented previously are
compared. All three deployments have the same characteristics
in terms of coverage and capacity, and they just differ in the
number and in the type of base stations used. In order to
compute the power consumption of the backhauling segment
the values in Table II are used, while the power consumption
parameters of each type of base station are summarized in
Table III. The transmission speed for the transmitters and the
receivers at the downlink interface is assumed to be 1 Gb/s,
while the maximum transmission speed for the uplink interface
(Umax) is 10 Gb/s. The parameter α and maxdl are equal to
0.9 and 24 respectively, while Agmax is equal to 24 Gb/s.

TABLE II
POWER CONSUMPTION PARAMETERS FOR BACKHAUL

Consumers Power Consumption[W]

Pmax 300
Pul 2
Pdl 1
ci 1

TABLE III
POWER CONSUMPTION PARAMETERS FOR BASE STATION[1],[11]

i (Base Station Type) ai bi

Macro 21.45 354.44
Pico 5.5 38

WLAN 3.2 10.2

In Fig.2 the impact of backhaul on the overall power
consumption of the network is shown for three different
network deployment schemes. The power is computed in terms
of area power consumption and is presented as a function of
the area throughput. As it can be seen, the relative effect of
the backhaul power consumption is increasing as the more
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Fig. 3. Sensitivity of area power consumption based on switch power’s traffic
dependency for Macro+WLAN deployment scenario.

small, low power base stations are used. Especially for the
Macro+WLAN deployment scenario, the total network power
consumption is almost doubled and with a rate that increases
with higher area throughput values. However the effect of
backhaul is not as significant when it comes to the case of
Dense Macro deployment where too many additional base
stations are not needed to satisfy the required area throughput,
as it was for the Macro+WLAN case. This result indicates
the trade-off between the power saved using low power base
stations and the excess power that spent for backhaul. On
the other hand, even with the inclusion of the extra power
consumed by the backhaul segment, the use of low power
WLAN access points and pico base station still remains the
best choice to have a network with an overall reduced power
consumption. It should be noted that the presented network
deployment results are not optimized in terms of power
consumption as explained in the previous section. The moment
power consumption (including backhaul) is considered as part
of energy based optimization process, it would be expected
that overall power figure for all three deployments will be
lower as well as the gap between each deployment strategy.

With the development of new power saving techniques in
IP/Ethernet switches the traffic dependent portion of power
consumption would gradually play a more important roles in
the future. In Fig. 3 we assumed five different α values which
reflects the percentage of the switch power that is independent
of network traffic for Macro+WLAN deployment scenario. As
we can see, with an increasing energy efficiency of the switchs
(decreasing of α values), the impact of backhaul on the overall
network power consumption decreases.

Table IV compares the energy efficiency of different net-
work deployments for two different target area throughput
values. As it can be expected, macro base stations combined
with WLAN provide the highest energy efficiency for both
area throughput targets, compared to the Dense Macro and
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the Macro+Pico case. Another important conclusion is the
difference between energy efficiency results for different target
area throughputs, for the same deployment case. As it is
shown in Table IV, energy efficiency is decreasing with an
increased area throughput for the Dense Macro case, while
it increases when Macro+WLAN are used. These results can
be explained as follows; with the Dense Macro case, the
increased capacity can not compensate the additional power
consumption of macro base stations. However, lower power
consumption advantage of WLAN reverse this conclusion for
macro+WLAN deployment scenario.

TABLE IV
ENERGY EFFICIENCY (MBITS/WATT) COMPARISON FOR DIFFERENT

AREA THROUGHPUT

Layout ≈ 40 Mbps/km2 ≈ 80 Mbps/km2

Dense Macro 0.0318 0.0249
Macro+Pico 0.0966 0.0889

Macro+WLAN 0.1280 0.1302

IV. CONCLUSION AND FUTURE WORK

In this paper, we proposed a new power consumption model
for mobile radio network where the backhaul power is taken
into account. The impact of backhaul on the total power
consumption was shown, by means of numerical simulations,
to be significant for three heterogeneous network deployments
(i.e using only Macro base stations, Macro and Pico base
stations, Macro base stations and WLAN access points).

For the cases where small low power base stations are used
to increase the capacity of the network, the relative effect
of backhaul power consumption is getting more influential.
This indicates a tradeoff between the power saved by using
low power base stations and the excess power that has to be
spent to backhaul their traffic. However, it is shown that this
impact is not enough to shift the energy efficient deployment
toward larger cells. We may expect larger backhaul impact on
the energy-optimized networks and cost-optimized networks
which consider significant increase of energy cost. Moreover, a
sensitivity analysis of the proposed power consumption model
is performed based on the switch power’s traffic dependency.
We also investigated different energy efficiency behavior for
heterogeneous networks under different area throughput tar-
gets which is directly related to their required transmitter
power-capacity enhancement relations. The results presented
here are obtained for a specific backhaul solution, and may
differ for alternative solutions, but the underlining message is
that when assessing the benefits of a deployment strategies,
the backhaul power consumption can not be simply ignored.

As future work, we plan to improve the power consumption
model of ethernet switches by considering the scalability (i.e.,
with the possibility to switch off individual ports rather than
whole board which may be expected from future switches) and
use different backhaul network architectures with less general
assumptions (e.g., using nonidentical switches, decentralized
aggregation node).
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