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Abstract: The concept of heterogeneous networks had been proposed as an alternative approach to provide
higher capacity and coverage for cellular networls. Along with that, the aspect of “Energy Efficiency” had
already received much attention lately due to ecological as well as economic reasons particularly for network
operators. This study presented a systematic review on the topic of energy efficiency in heterogeneous cellular
networks. The review was divided into three parts; first the typical metrics parameters used to measure energy
efficiency and tradeoff relationships with respect to network performance were discussed. Next, the existing
1ssues, approaches and challenges to provide energy efficiency m general cellular networks were addressed.
Finally we looked into the current efforts on energy awareness in macro, micro, pico and femtocells. By means
of discussions, we highlighted different heterogeneous network scenarios in which network planning and
optimization techniques were (or not were) advantageous to provide essential understanding for successful

deployment of green heterogeneous cellular networks.
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INTRODUCTION

The rapid and tremendous growth of the worldwide
development of information and communication
technology (ICT) has the potential to be really a major
contributor to global energy consumption which is
responsible for up to 10% of the world energy
consumption already in 2010. Further, about 0.5% of the
world energy consumption 1s consumed by mobile radio
networks alone (Dufkova et al., 2010). With the increased
demand for broadband services, there is a genuine need
for denser networks and in this context increased energy
prices are expected to constitute a significant challenge in
near future (Chen et «al, 2011a). Energy efficiency
considerations recently gained attention due to
environmental aspects; lowering CO, emissions and
reducing energy consumption. Furthermore, it 18 important
to assess network energy efficiency from an operator’s
point of view, since energy costs are increasing and
providing ubiquitous high speed mobile access may scale
up the operators” operational expenditure (Klessig et al.,
2011). There are basically two ways to improve the energy
efficiency in a mobile network.

The first consists of reducing the power consumption
of the mam consumer, 1.e., the Base Station (BS) either by
using more power-efficient hardware, more advanced
software to adapt power consumption to the traffic
situation as well as to balance bhetween energy

consumption and performance. The second 15 mtelligent
network deployment strategies where using high density
deployment of Low Power Nodes (LPN) or base stations
is believed to decrease the power consumption compared
to low density deployment of ligh power macro base
stations. The idea being that a Base Station (BS) closer to
mobile users lowers the required transmit power due to
advantageous path loss conditions (Fehske et al., 2009).
Network deployment based on smaller cells such as micro,
pice or even femtocells is a possible solution to reduce
total power consumption of a cellular network. However,
as indicated by some of recent researches, network
designing needs to be approached with more caution as
spreading a high density of small cells will overburden
and decrease the power efficiency of the central BS. In
addition, the embodied energy consumption may actually
dommate and result n an increase m total energy
consumption (Humar ef al., 2011). As such, this paper
presented an overview of energy efficiency i1ssues 1 a
heterogeneous cellular networl.

FUNDAMENTALS

Here, the basic fundamentals of energy efficiency
metrics and tradeoffs were mtroduced.

Energy efficiency (EE) metrics: According to the purpose
of a system, EE can be defined in different perspectives.
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One way is to define EE as the ratio of efficient output
energy to total input energy. The other way is to define
EE as the performance per unit energy consumption. EE
metrics are classified into two categories: absolute metrics
which indicate the actually energy consumed for
performance and relative metrics which show how EE is
improved. For measuring the efficiency of the
communication link, several metrics were used in the
literatures. The most commonly used metric for the energy
efficiency of a communication link was bit per joule E,
which is defined as the ratio of the total network
throughput over the energy consumption within a given
period, where the unit is bits/Toule (Wang and Shen,
2010):

R
- 1
By ()

where, R denotes the average date rate provided by a
certain base station with consumed power (PC). It can be
also measured 1n bit per second per watt. Although this
metric 1s simple and intuitive, it does not capture network
specific aspects such as coverage and user fairness. Also
higher layer aspects, e.g., quality of service, were also
neglected. Hence, the metric (1) should be complemented
by other metrics (Richter ef al, 2010b). To account for the
data rate as well the communication distance, a modified
metric of bit meter per joule may be used. This metric
described the efficiency of reliably transporting the bits
over a distance towards the destination per unit of energy
consumed. For a cellular area of coverage, this metric was
modified to bits per joule per umt area, so to capture the
extent of the coverage area (Auer ef al, 2010).
Mahadevan ef af. (2009) introduced a concept of Energy
Proportionality Index (EPT) which is very important energy
measure to illustrate dynamic energy consumption of the
equipment. Energy consumption in equipment could be
divided mto two parts: static energy consumption and
dynamic energy consumption. Static energy consumption
15 energy for maintaimng the equipment, mdependent
from processing traffic. Dynamic energy consumption is
required energy for processing traffic (Mahadevan et al.,
2009). However, the standardized energy metrics are
usually  variations of the following two basic
definitions: the energy consumption ratio ECR and the
telecommunications energy efficiency rato TEER
(Badic et al., 2009; Chen et al., 2010a;, He ef al., 2010). The
ECR metric 1s defined as the ratio of the peak power
(in Watts) to the peak data throughput, 1.e.:

Eor=2-1_ 2
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where, E 1s the energy required to deliver M bits over time
T and R = M/T 13 the data rate n bits per seconds.

This energy metric provides energy consumption in
Toules consumed for transportation of one information bit.
The ECR metric was evaluated either for the whole Radio
Access Network (RAN) as well as for one cell or cell
sector of the RAN assuming a given RF average
transmission power and a given average throughput in
each cell (He et al., 2010). The ratio of a system’s energy
consumption to its capacity (joules/bit) 1s an mdicator of
its efficiency and is known as the Energy Consumption
Ratio (ECR). A system with a lower ECR is more efficient
n its energy use than a system with a higher ECR, as each
bit requires less power for transmission (Humar et af.,
2011). The TEER metric is more general than the ECR
metric and it can be written as TEER = useful work/power.
The umts of the TEER metric depends on the specific
quantity considered to be the useful work. It 15 also
possible to express the powers in dB or dBm units and
modify the ECR and the TEER metrics accordingly
although this possibility 1s not currently considered in the
standards. Also, the standards usually did not exphcitly
specify the definitions of the power used in the ECR and
TEER metrics, e.g., whether or not the power considered
accounts for the RF power only (He ef al, 2010).
Parker and Walker (2011) recently proposed an absolute
energy efficiency metric (measured in dB) which is given

by:

P(wver]?,_t "
dBz =10 log, — sonrae (3)
KTeln 2

where, K 1s the Boltzmann constant and Te 1s the absolute
temperature of medium. Since, classical thermodynamics
bases its analysis of systems on their absolute
temperature, the authors contended that it 15 a suitable
and necessary measure that can be applied across the
board as a metric for various types of ICT components
(Parker and Walker, 2011). Furthermore, the Energy
Consumption Gain (ECG) metric has been defined in the
Green Radio (GR) project as a ratio of the ECR metrics o f
the two systems under consideration, for example, a
baseline reference system and a system with a more
energy efficient Radio Access Network (RAN)
architecture. Consequently, the ECG metric quantifies the
energy consumption mmprovement relative to the common
reference system. In some scenarios, the Energy
Reduction Gain (ERG) (expressed in percent) is
preferable. The ERG metric was derived from the ECG
metric as (He et al., 2010):

ERG(%):[lf L jxlOO 4
ECG
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The classical optimization criterion for wireless
network is the areal spectral efficiency, measured in
[bit/sec/Hz/m"] (Alouini and Goldsmith, 1999). Referring to
the area spectral efficiency, Richter ef af. (2009) proposed
the concept of the area power consumption for cellular
networks. The metric for the area power consumption p
was defined as (Richter et ai., 2009):

I (5)

where, A is the coverage area. The area power
consumption figure cannot be the exclusive metric
describing energy efficiency since it does not take into
account the provided additional network capacity and
higher system spectral efficiency. Nevertheless, this
metric makes it possible to evaluate different networlk
topologies with similar performance figures with regard to
energy efficiency (Amold ef af., 2010). In order to assess
the energy efficiency of the network relative to its size,
Wang and Shen (2010) introduced the notion of Area
Energy Efficiency (AEE) which is defined as the
bit/Toule/unit area supported by a cell. The AEE for a
certain station could be expressed as:

Ag = te ()
A

where, Ee and A denote the energy efficiency m bit/Joule
and the area covered by a certam station with the unit of
km?, respectively (Wang and Shen, 2010).

Table 1 summarized the typical metrics used to
measure energy efficiency but, so far, conventional
energy efficiency metrics capture only a small fraction of
the overall power budget of the network and may
therefore lead to incomplete and potentially misleading
conclusions. An up-to-date overview of the energy
metrics which were proposed by various standards bodies
and then adopted worldwide by the equipment
manufacturers and the network operators could be found
m (Hamdoun et al., 2012).

Energy efficiency tradeoffs: Spectral efficiency SE 1s a
widely used performance indicator for the design of

Table 1: Typical energy efficiency metrics and abbreviations

Metric Abbreviation Unit

Energy efficiency E. bits I or b sec™! W!
Energy proportionality index EPI %%

Energy consumption ratio ECR Wb sec! or Jbit™!
Absolute energy efficiency dBe dB

Energy consumption gain ECG %%

Energy reduction gain ERG %

Area power consumption APC Wkm™

Area energy efficiency AEE bJ ' km—?

wireless communication systems. For instance, the target
downlink SE of the 3rd Generation Partnershup Project
{3GPP) increased from 0.05-5 b sec™ Hz™' the system
evolves from GSM to Long Term Evolution (LTE). SE
oriented systems were designed to maximize SE under
peak or average power constraints which may lead to
transmitting with the maximum allowed power for a long
period and thus they deviated from energy efficient
design (Chen et al., 2011b). EE in a communication system
1s not a simple problem. Information theory reveals some
insights on the complexity. According to the Shannon
formula, the SE and EE of a communication system based
on the Additive White Gaussian Noise (AWGN) channel
can be written as (Chen et al., 201 1a, b):

R P
Tse :E:k’gz (Hﬁj %
R B P
=== log, [ 14— (8)
e =5 =% ng[ +BNoj

As aresult, the SE-EE can be expressed as:

- Tse 8]
e = SE- DN, ©

where, R 1s the bit rate of information, P 1s the received
power, B is the bandwidth and N, is the noise power
spectral density.

The unit of the EE metric is then bits per joule which
indicates the mformation units transmitted per one energy
unit. Equation 8 shows that if N, is fixed, EE is the
function of power demsity P/B, but the 1y does not
monotonically increase with B or P. In a practical system
where the bandwidth is a less flexible parameter, the
maximum EE of a system is hard to achieve. For a given
rate R, using more bandwidth requires less power. If
the bandwidth is infinite, the required power is fixed to
P = N;R In2. This gives a hint to trade bandwidth with
energy. Further the objective to optimize throughput
performance 1s normally contlict with that to maximize EE.
Balancing these two objectives complicates the system
design. Note that Eq. 8 gives an EE model for a generic
communication system. For a wireless system, EE also
depends on distance, carrier frequency, efficiency of
antennas and so on. Moreover, interference and fading
make EE of a wireless system vary according to the radio
environment (Chen et al., 2011a,b).

From Eq. 9, 1 converges to a constant, 1/(N; In2)
when T approaches On the contrary, Mg
approaches zero when 1)y tends to mfinity (Chen et af.,
2011b). A trade-off can be found between SE and EE by
exploiting the available time and frequency resources, the

ZEro.
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Fig. 1(a-d): Sketch of the four trade-off relations without and with practical concerns, (a) Deployment efficiency (DE) and
spectrum efficiency (SE) vs. energy efficiency (EE) without practical concerns, (b) Delay (DL) and bandwidth
(BW) vs. power (PW) without practical concerns, (¢) Delay (DL) and spectrum efficiency (SE) vs. energy
efficiency (EE) with practical concerns and (d) Delay (DL) and bandwidth (BW) vs. power (PW) with practical

concerns (Chen et al., 2011b)

operation and transmit modes of the base stations. For
example, when a theoretical power model 1s assumed, 1.e.,
the total consumed power 1s equal to the transmit power,
the EE can be improved mainly through receive diversity
in low-SE regime and the use of Multiple Input-Multiple
Output (MIMO) has a large potential for improving the
EE, especially in the high-SE regime (Bohn e af., 2010).
However, in multicell scenarios the interference powers
generated by the neighboring cells not only reduce the
maximum achievable EE but also degrade SE and EE and
thus degrade the energy efficiency of multi-cell cellular
networks (Ge et al., 2010, Miao et al., 2009). In this case,
the results from the simple point-to-point case are not
applicable and a systematic approach to multi-
user/multicell systems shall be developed to build on the
theoretical fundamentals of energy-efficient wireless
(Chen et al, 201lab). Deployment
efficiency DE 1s another important network performance
indicator for mobile operators. The deployment cost
consists of both Capital Expenditure (CapEx) and
Operational Expenditure {(OpEx). Tt can be defined the
deployment efficiency to describe the effectiveness of BS
deployment and the energy efficiency to evaluate the
effectiveness of energy use.

The relation of DE and EE is not simple and becomes
more complex when considering practical aspects and
there might not always be a trade-off between DE and EE

transmissions

while it depends on a specific deployment scenarios but,
these two aspects are interacting with each other and the
design of energy efficient architecture needs a holistic
consideration of both and the energy efficiency analysis
is need to expand to the whole system, not only to the
base station (Chen et al.,, 2010b). When the energy cost
18 high, the total cost 13 minimized for dense base station
deployments while for high-density deployments, the idle
power of the base stations and backhaul will become a
significant factor. In addition, the energy cost is also
strongly dependent on the amount of available spectrum.
Significant savings in both energy and infrastructure cost
can be made in total cost if more spectrum can be made
available (Tombaz et al., 2011a). Chen ef al. (2011ab)
1dentified four key trade-offs of energy efficiency EE with
network performance; Deployment Efficiency (DE)-Energy
Efficiency (EE) trade-off (balancing the deployment cost,
throughput and energy consumption m the network),
Spectrum Efficiency (SE)-EE trade-off (balancing the
achievable rate and energy consumption), bandwidth
(BW)-power (PW) tradeoff (balancing the bandwidth
utilized and the power needed for transmission) and delay
(DL)-PW trade-off (balancing average end-to-end service
delay and average power consumed in transmission. With
the help of the four fundamental tradeoffs, they
demonstrated that key network performance/cost
indicators are all stringed together. Figure 1 showed the
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four trade-off relations curves without and with practical
concerns (Chen et al., 201 1a,b). To address the challenge
of mcreasing power efficiency in future wireless networks
and thereby to maintamn profitability, it 13 crucial to
consider energy efficient wireless architectures and
protocols, efficient BS redesign, smart grids, cognitive
radio, relaying and heterogeneous network deployment
based on smaller cells.

BASIC CONCEPT OF HETEROGENEOUS
CELLULAR NETWORK

Heterogeneous network concept was proposed in the
framework of LTE-Advanced to increase the spectral
efficiency. Since, radio link performance is approaching
the theoretical limits with 3G, network topology 1s seemed
a way to increase system performance (Khandekar ef al.,
2010). In this strategy, macro base stations are used to
provide blanket coverage, on the other hand small, low
power base stations are introduced to eliminate the
coverage holes and at the same time increase the system
capacity i hotspots. Furthermore, heterogeneous
networks provide an opportunity for network providers to
optimize overall costs, revenues and customer satisfaction
(Johansson, 2007).

Macrocells are mainly used to provide a widespread
coverage area but they can only support low data rate
services. One obvious approach to make the cellular
networks more power efficient and thereby sustaining
high speed data-traffic is by reducing the propagation

Coverage area of macrocell

Coverage area of microcell
Coverage area of picocell

Indoor-femtocell

Fig. 2: Heterogeneous cellular network Hasan et af. (2011)

distance between nodes, hence reducing the transmission
power. Therefore, network deployment solutions based
on smaller cells such as micro, pico and femtocells are
very promising in this context. A typical heterogeneous
network deployment is shown in Fig. 2. Smaller micro,
pico or femtocell structures can be used for providing
high data-rate service to smaller areas with a high density
of traffic. Micro/picocells can cater to many devices
within the range of a few hundred meters while femtocells
are mostly used for indoor or home area.

Due to their short range, femtocells are more power
efficient and are usually used for private indoor
communication, often wired directly to a private owners’
cable broadband connection or a homeowner’s
Digital Subscriber Lime (DSL) (Hasan ef al., 2011).
Performance measurement and analysis of heterogeneous
wireless were investigated by Chieng and Ting (2011) and
Chieng et al (2011). They focused on capacity and
coverage study of heterogeneous wireless networks but
the aspect of energy efficiency was not addressed
(Chieng and Ting, 2011; Chieng et al., 2011). The
importance of the heterogeneous network concept and
the work that’s going on in standards bodies, such as the
Institute of Electrical and Electromes Engineers Inc. (IEEE)
and 3GPP, is that it will define how all those different-sized
cells will worl together, how hand-off among them will be
achieved, how mterference among them will be mimmized
and how spectrum and energy efficiencies will be
optimized. Heterogeneous networks are also proposed to
increase the energy efficiency of the network and hence
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Table 2: Summary of energy efficiency issues, approaches and challenges

Tssues Approaches and trends

Challenges

Network capital expenses
algorithms schermes, scheduling
Network operational expenses

LPN-interference, energy
scaling traffic load

Coverage holes

Backhauling power consurmption

Sleep mode, power control methods

Power control methods
Backhauling strategies

Density, cell size and location optimization, transmission

Sleep mode, self-organizing techniques, cell zooming

Trmprove the network DE-EE trade-off relation

Tracing spatial and temporal traffic load fluctuations,
energy scaling traffic load
Macro-LPN coordination, Interference management

Interference avoidance
Providing sufficient backhauling to offload traffic

2500 O Heterogeneous networks
0O Green communications
w» 2000
g
2
S 1500+
£
« 1000
=}
=}
“ 500
0 T T T 1
2008 2009 2010 2011
Year

Fig. 3: IEEE publications on Green Communication and
heterogeneous networks

considered as a promising trend toward holistic green
communications and networking. For instance, Fig. 3
gives some insights on publications size on green
communication and heterogeneous
TEEEXplore which are in increasing rate. However, from
energy efficiency perspective there are some issues and
challenges in small cells and heterogeneous deployments

networks in

such as:

*  The network capital expenses increase with the
mcreasing number of sites while the latter need more
infrastructure  costs,  backhaul
equipment site mstallation and radio network

equipment. Also for Thigh-density
deployments, the idle power of the base stations and
backhaul will become a significant factor (Chen et al.,
2011a; Jada, 2011; Tombaz et al., 2011b)

¢  The deployment, operation and maintenance of
additional macro/micro/pico/femtocells cause heavy

transmission

controller

operational expenses (OpExs) (Hoydis et al., 2011).
For example, deployment of femtocells may lead to a
situation where numerous small access points are
turned on and spending energy even when traffic 1s
nonexistent (Jada, 2011)

* One of the mam challenges of heterogencous
networks is the severe inter-cell interference or the
inter-tier interference when different tier of

heterogeneous networks are deployed with the same

frequency (Tiang et al., 2011)

»  Small, lower power nodes such as femto may create
coverage holes or use spectrum that would otherwise
be available for the macro layer (Landstrom ef af.,
2011)

¢ Small cells density is limited to backhaul availability

spend part of the
transmission power on backhaul communication

s (Saleh et al, 2009)

and wireless nodes will

Table 2 summarized some of the 1ssues, approaches
and challenges that are related to the energy efficiency in
heterogeneous cellular networl.

ENERGY-AWARENESS IN HETEROGENEOUS
CELLULAR NETWORK

Here, discussed the current efforts on energy-
awareness in different parts of the heterogeneous cellular
networks.
Base station’s energy-awareness: According to
Han et af. (2011), about 57% of power consumption of a
typical cellular network 1s consumed by the BS. The
explosive demand for high data rate of mobile users has
caused BSs to be the dominant total energy consumer
within the mobile cellular networks. Tt has been shown
that the energy consumption for an LTE network has to
increase about 60 times compared to a 2G network to offer
the same level of coverage (Manner et al., 2010). Due to
this, most studies on energy efficiency in mobile cellular
radio networks focused on the BS side. The base stations'
energy efficiency has become a major consideration when
designing cellular network. Most efforts which were made
for reducing power consumption were focused on the
hardware, manufacture, deployment and operation. Next
generation base stations go even as far as using more
efficient power amplifiers and natural resources for
cooling (Oh et al, 2011; Liu et af., 2011). However, it has
been stated (Fettweis and Zimmermann, 2008) that for a
given coverage and/or spectral efficiency, the deployment
of large number of small base stations, each requiring less
power and located close to the users, may reduce the

1423



J. Applied Sci., 12 (14): 1418-1431, 2012

energy consumption as compared to the deployment of
few large base stations (Fettweis and Zimmermann, 2008).
There are many parameters affecting the energy
efficiency, power consumption and the coverage area of
the network such as frequency band, shadowing, path
loss and the receiver sensitivity. An investigation and
analysis on the impact of these factors on energy
efficiency and coverage area of macrocell network has
been done (Abdulkafi et al., 2012). They showed that
optimal cell radius and minimum transmit power that
utilizing mimimum area power consumption can be
obtamed for different percentage requirement of coverage
area (Abdulkafi ef al., 2012; Fehske et al., 2009) presented
the tradeoffs between gains in cell throughput that can be
expected from coordinated multi pomt transmission and
reception technologies and the increased energy
consumption that they induced in cellular base stations.
For the power model used in their research, where base
station transmit powers were adjusted to the network
density, the contributions of processing and backhauling
power dominate power related to transmission for small
site distances. Adigun and Politis (2011) analyzed the
energy efficiency m term of ECR of MIMO schemes
applicable for 3GPP LTE on different antenna
configuration. They showed that Close Loop Spatial
Multiplexing (CLSM) was to be the most energy efficiency
transmission modes except m the case of CLSM
(SU-MIMO) 2x2. The Open Loop Spatial Multiplexing
(OLSM) modes when the number of transmit antenna
equals the number of receive antenna were the next most
energy efficiency modes, followed by the Transmit
Diversity (T=D) modes. The Single Input-Smmgle Output
(SISO) mode was the least energy efficient mode when
compared with MIMO schemes (Adigun and Politis,
2011). Besides, adaptive antenna techniques have a
signmficant impact on the efficient use of the radiated
power and they use lower power as compared to
sectorized antenna by steering and directing the beam
toward the known positions of users. Also they can
effectively reduce the power consumption if an
evolutionary optimization approaches like genetic
algorithms are integrated into adaptive beam forming
techmique (Kiong et al., 2005, 2006, Elgabli ef al., 2007,
Badjian et al., 2010). The adoption of these techniques
in future heterogeneous cellular networks is expected to
have a significant impact on the efficient use of the
energy usage, the minimization of the consumed power
and hence improve the energy efficiency of the whole
network.

A discussion of the key levers for energy efficient
radio components was provided by Ferling et af. (2010).
They elaborated on radio node level issues addressed by

Energy Aware Radio and Network Technologies (EARTH)
project which aims to identify concepts that will further
iumprove the energy efficiency of wireless access
networks. It has been shown that energy-efficiency
optimization on system level can be fundamentally
improved by changes to the base station design together
with the mtroduction of complementary new physical
layer concepts. Aver et al. (2011) proposed an evaluation
framework with some enhancement which applied to
quantify the energy efficiency of the downlink of a 3GPP
LTE radio access network. Their results revealed 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 mmproving the energy efficiency of BSs
at low load (Auer ef al., 2011). The effects of cell size on
energy saving and system capacity based future mobile
communication systems in terms of energy efficiency was
investigated (Leem et al., 2010). It has been shown that it
1s possible to establish more energy efficient, high data
rate services by deploying more numerous but lower
powered cells in a network. Badic et al. (2009) work has
been done in optimizing the network architecture by
balancing the advantages of large and small cells. Further,
additional power saving can be achieved by switching off
cells with inactive users whilst maintaining the total
capacity of the networks. Simulation results of this
proposed scheme were encouraging with a drop in total
ECR due to cell size reduction (Badic et al., 2009).
Gonzalez-Brevis et al. (2011) investigated techniques
to optimize the number of base stations and their
locations, in order to minimize energy consumption take
into account non-uniform user distributions across the
coverage area by using approaches from optimization
theory that deal with the facility location problem
(Gonzalez-Brevis et al., 2011). Humar ef al. (2011), the
inclusion of embodied energy, as suggested by the
authors lead to a new energy efficiency model for cellular
networks. This model allowed for the mvestigation of
optimizing the number of cells and their coverage area.
Analysis using this model indicated that embodied energy
significantly towards the total energy
consumption of the base station. Thus, the model
disagreed with other predictors that indicated a reduction
in base station power and number would lead to
significant energy savings (Humar et al., 2011). Guo et al.
(2011) focused on the optimization of network
architectures, with the aim of significantly reducing
energy consumption, whilst maintaining or improving the
Quality of Service (QoS). They demonstrated that
significant energy reductions and improvements to radio
transmission energy efficiency can be made by optimizing

contributes
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a network's parameters with the QoS as a constraint. The
operational energy reductions (ERG) yielded by varying
the cell radius have shown that, whilst smaller cells were
more transmission energy efficient (ECR), larger cells
consumed up to 80% less operation energy than smaller
cells (Guo et al., 2011). Chong and Jorswieck (2011)
provided some analytical tools for optimizing the EE of a
base station through power control, focusing on elastic
traffic in the downlink. They showed that optimization
problem can be formulated utilizing rate maximization
algonthms (Chong and Jorswieck, 2011). In addition, with
adaptive power control the near-far interference can be
effectively minimized and the link signal quality can be
improved. Energy per bit to noise density can be used to
measure the link signal quality. Interference reduction
will enhance system capacity via lower energy per bit to
noise density requirement and hence achieve better
energy efficiency (Kiong et al., 2003). In order to obtain
energy efficiency limits, an analytical relationship between
the energy efficiency improvements and the traffic
characteristics was established (Lange and Gladisch,
2011). The energy saving potential of adaptive networks
with respect to a reference network with constant power
usage based on network traffic characteristics was
studied. The results showed that adaptive networking can
help to reduce the energy consumption of networls
significantly (Auver ef af, 2010). A fust order
approximation has been determined by Oh ef al. (2011) for
the amount of energy saving achieved by selectively
switching off cells with low traffic while maintaining
comnectivity using traffic tracing and base station
location (Oh ef al., 2011). Son et al. (2011) developed a
framework for BS energy saving that encompasses both
dynamic BS operation and user association by
formulating a total cost minimization problem that allows
for a flexible tradeoff between flow-level performance and
energy consumption. Based on the acquired real BS
topologies under practical configurations, they showed
that the proposed energy-efficient user association and
BS operation algorithms can dramatically reduce the total
energy consumption by up to 70-80%, depending on the
arrival rate of traffic and its spatial distribution as well as
the density of BS deployment (Son et af., 2011).

Macrocell-microcell deployment: For a given average
area spectral efficiency and uniform user distribution, a
heterogeneous deployments using micro and macro base
stations can achieve a moderate power saving in the
network without any optimization on the specific location
of the micro-cells (Richter et al, 2009). Fehske et al.
(2009), a way to optimize the cell structure and breakdown
of the network was given by the authors which took into

account the average micro sites per macro cell and the
macro cell size itself, by altering the number of micro and
macro sites to achieve similar system performance under
full load conditions (Fehske et al., 2009). However, it has
been proved that the homogeneous deployment using
micro base stations only was not beneficial in terms
of energy efficiency (Richter and Fettweis, 2010).
Amold et al. (2010) developed a power moedels for macro
and micro base stations focusing on component level. For
a typical BS, the components including power amplifier
PA, signal processing, Analogue to Digital (A/D)
converter, anterna, feeder, power supply, battery backup
and cooling dominate the total power consumption. It has
been commented that a shift from no load to high load at
a BS contributed only to a mere 2-3% increase in the
total power consumption (Richter and Fettweis, 2010).
The effect of user association and frequency band
allocation schemes on energy consumption and capacity
of downlink LTE networks was mvestigated by
Tesfay er al. (2011). The significant energy saving and
traffic capacity gain could be obtained by deploying low
power micro base stations and by carefully choosing
other network design parameters. Dufkova et al. (2011)
have quantified the energy consumptions of two
alternative strategies to increase capacity in future LTE
network deployments with deployment of redundant
micro base stations by telecom operators at locations
where traffic load 1s lugh and deployment of femto base
stations by home users focusing on downlink traffic.
They illustrated that these two strategies have similar
energy consumption which was different from previous
results where 1t stated that deployment of femto base
stations  was  considerably more energy efficient
(Dutkova et al., 2011). Richter et al. (2010a), the power
consumption model has been adapted to traffic load
variation and 1t has been proved that more micro sites are
required for better energy efficiency in case of higher user
densities. The study investigated the energy efficiency in
heterogeneous networks for umformly distributed traffic
and showed that the reductions in energy consumption
can be achieved by turning transceivers on and off,
matching  the diwnal variations in traffic demand
(Rachter et af., 2010a). Xu and Qiu (2011) proposed energy
saving framework with joint short-term micro-sleep and
long-term sleep. They leveraged on the Area Spectral
Efficiency (ASE), Area Delivered Bits (ADB), Area Power
Consumption (APC), Area Energy Consumption (AEC)
and Area Energy Efficiency (AEE) as the tools to address
the joint optimization problem. Tt was pointed out that
there are two main tradeoffs in the joint design. The first
one was between transmit energy and linear part energy
which was determined by active and micro-sleep length.
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The second one was between energy saved via long-term
sleep and that saved via micro-sleep. The proposed joint
optimization scheme with transmit power reduction could
exploit the two tradeoffs well and improve the energy
efficiency significantly (Xu and Qiu, 2011). A network
condensation using micro base stations only is beneficial
for medium and high load scenarios, at least in the
considered range of network densities. For low traffic
load, a network condensation using a mix of macro and
micro cells is almost as efficient as a pure micro system. In
case of lhmited capacity demand, heterogeneous
deployments with optimal numbers of additional micro
base stations are better suited than homogeneous micro
cell deployments (Richter et al., 2010a). Klessig et al.
(2011) has focused on the effect of randomly utilizing
micro sites within a network with varying density to
consider the efficiency of energy use as well as any co-
channel interference that may arise due to fluctuating
traffic mn the different areas. For high traffic demand
deploying micro sites increase the network energy
efficiency by enhancing the area spectral efficiency,
however, the macro site then only serves as a low data
rate coverage provider in the areas n between micro cells
(Klessig et al., 2011; D1 Piazza et al., 2011) compared
different power allocation schemes for Orthogonal
Frequency-Division Multiple Access (OFDMA) systems
with a reuse factor equal to 1, in a heterogeneous
macro-micro cellular environment. In order to focus on the
power allocation only, they considered a single user
per-cell and neglected the impact of user scheduling on
the network performance. They considered greedy
allocation schemes, 1.e., schemes utilizing all the carriers
available in each cell and non-greedy schemes, ie.,
schemes leaving some resources empty, in order to reduce
interference with other cells. They proved that in most
cases greedy policies performed better than non-greedy
ones (Di Piazza et al., 2011). Tombaz et al. (2011a) have
reviewed various techniques which involve new spectrum
availability, more efficient physical layer implementations
and defined strategies for different cell deployment and
backhauling to reduce overall system cost. In their
network deployment strategies, they emphasized the need
to customize the design of micro cells to suit traffic needs
in order to ensure overall power saving from larger macro
cells that use high powered base stations Tombaz et al.
(2011b).

Macrocell-picocell deployment: Picocells are regular BS
with the only difference of having lower transmitted
power than conventional macro cells. They are typically
equipped with ommni-directional antennas and are
deployed mdoors or outdeors often in a planned (hot-

spot) manner (Damnjanovic et al., 2011). Picocells can be
considered a good network densification option in terms
of achieving a higher throughput at reasonable energy
cost. Claussen et af. (2008) have looked into the power
savings of  pico cells for residential end-user
connectivity to macro cells that were commonly used to
provide coverage to a region (Claussen et al., 2008).
Wang and Shen (2010) demonstrated through system-
level simulation of two-tier networls with macro and pico
cells that both cell energy efficiency and area energy
efficiency can be improved by deploying low power pico
stations combined with reduction of macro transmission
power (Wang and Shen, 2010). The evaluation
performance of two-tier networks in terms of energy
efficiency and faimess of resource allocation was
presented m (Quek et af, 2011) based on analytical
expressions of success probabilities for each tier when a
disjoint set of subchannels. The work confirmed that there
exists an optimal pico-macro density ratio that maximizes
the overall energy efficiency of such a two tier network.
Meanwhile, a new power consumption model for a mobile
radio network considering backhaul for mobile radio
network was proposed in (Tombaz et al, 2011b).
Numerical sunulation analysis showed that backhaul
seems to have a large impact in three different
heterogeneous network  deployments:
stations, macro and pico base stations, macro base
stations and WLAN access pomts (Tombaz ef al., 201 1a).
Liu et al. (2011) proposed an energy saving strategy for
LTE heterogeneous network with overlapping picos
which uses the remaming resources of neighboring
picocells and macrocell to accept the users of picocell to
be switched off. Simulations showed that the proposed
approach has better performance in improving the energy
efficiency of the system Liu ef ol (2011).

macro base

Macrocell-femtocell deployment: Femtocells are generally
consumer deployed (unplanned) network nodes for
indoor application with a network backhaul facilitated by
the consumer’s home Digital Subscriber Line (DSL) or
cable modem. Femtocells are typically ecuipped with
omnidirectional antennas and their transmit power is
100 MW or less (Dammanovic et al., 2011). As stated in
(Zheng et al, 2011) femtocells could mdeed improve
energy efficiency of the network. They corroborated that
femtocell technology is an energy-efficient solution for
indoor coverage 1 LTE-A cellular networks. Femtocell
deployment could have a 7:1 operational energy
advantage ratio over the expansion of the macrocell
network to provide approximately similar indoor
coverage (Forster ef al, 2009). In contrast, the work
in (Cao and Fan, 2010) has observed that the macrocell
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Table 3: Some methods used for energy efficiency improvement: summary of EE improvement methods discussed

Method

Description Hardware design Deplovment Operation

Macro Efficient PA and natural resources No. of BS, cell size, location optirnization Transtnission technologies, power-down strategy,
user association algorithm

Micro No. of micro BS, cell size, location optimization Power-down strategy, energy-efficientuser association
algorithim

Pico - No. of pico BS per macro and cell size optimization Power-down strategy

Femto - Sleep mode, power control methods

Heterogeneous - No. of BS and cell size optimization Power-down strategy, power control methods

throughput degradation will increase with increasing
femtocell deployment density. The femtocell solution
could sigmficantly improve energy efficiency in terms of
some commonly used energy consumption metrics and
there is a tradeoff between energy efficiency and system
throughput in deploying femtocells (Cao and Fan, 2010).
Hou and Laurenson (201 0) showed that combimng cellular
commumnications with femtocells can sigmficantly reduce
overall power consumption, depending on the uptake of
femtocell usage. Also, they suggested that the femtocell
imnplementation rate should be limited under a certain
degree, around 60%, in consideration of power efficiency
(Hou and Laurenson, 2010). Tt has been suggested by
Ashraf et al. (2010) that femtocell networks can be made
more energy efficient by implementing cell sleep and idle
modes controlled by user behavior and activity. Up to
37.5% decrease in energy use can be attained with
some voice traffic models and a five-fold decrease in
mobility events as compared to fixed pilot transmission
(Ashraf et al., 2010). Power control algorithms to reduce
cross-tier interference could be implemented in cases that
the system fails to achieve its SINR target by lowering the
transmission power of the strongest interfering cells. Due
to their distributed nature, such power control methods
provided mimmal overhead in practical implementations.
(Chandrasekhar et al., 2009). Huang et al. (2011) analyzed
the energy efficiency of the fixed power supply FPS and
Mimmum Power Consumption (MPC) method and then
proposed the Maximum Energy Efficiency (MEE) power
control method. The proposed MEE method improved the
energy efficiency of two-tier femtocells networks and
obtained a good tradeoff between the energy efficiency
and spectrum efficiency. The energy efficiency of MPC
method was not high and increased very slowly even
more femtocells was installed. Meanwhile, the energy
efficiency of the FPS method would become worse in
dense deployment scenario, because of severe cross-tier
interference (Huang et «l., 2011). Table 3 summarized
some of the discussed methods that were tried to umprove
efficiency 1n different parts of the

network. Overall, deployment
heterogeneity in cellular network is considered one of the

the energy
heterogeneous

comprehensive solutions to satisfy the demand of the

data traffic growth and improve the energy efficiency of
the cellular networks. Nevertheless, future deployments
of heterogeneous cellular networks which support macro,
micro, picos and femtos coexisting on the same spectrum
in the same geographical area, poses significant and new
challenges at all levels such as interference management.
The ultimate enhancement of energy efficiency in
heterogeneous cellular networks 1s likely to require an
approach for small cells optimization as well as macrocell.
For instance, optimizing the inter site distance that
achieve mimmum area power consumption can further
improve the energy efficiency of the whole networks.
Besides, optimizing the number of small cells per macro BS
as well as their size and location for different areas and
environments may lead to more energy efficient network
design.

CONCLUSION

The energy efficiency is critical ssue from the
viewpoint of cellular network operators in minimizing their
operational costs and reducing their energy footprint for
env irormental reasons. In the context of energy efficiency
of cellular networks, this paper outlined the efforts with
respect to energy efficiency in cellular networks and the
commonly used energy metrics and explored the tradeotfs
inherent between energy use and network performance.
However, there is a need to define appropriate energy
efficiency metrics that capture the overall power budget
of the whole network in order to quantify and qualify
gains achieved by employing energy aware techniques in
network plaming. To move towards green cellular
network, it 1s essential to balance between network
performance improvement and the required energy
consumption m the design of the network. It is anticipated
that the heterogeneous network is a significant technique
that can improve the energy efficiency of a cellular
network. Nevertheless, a careful design for this network
is required to avoid reducing the energy efficiency of the
macro BS but on the other hand increasing in total energy
consumption. Besides, optimization techmques are
demanded to find the optimal energy efficiency of the
whole networks with respect to the number of all types of
base stations, their size and locations.

1427



J. Applied Sci., 12 (14): 1418-1431, 2012

ACKNOWLEDGMENT

This study was partially supported by MIMOS
Berhad.

REFERENCES

Abdulkafi, A.A., SK. Tiong, J. Koh, D. Chieng and
A. Ting, 2012. Energy efficiency and cell coverage
area analysis for macrocell networks. Proceedings of
the TEEE International Conference on Future
Communication Networks, April 2-5, 2012, Baghdad,
Iraq, pp: 1-6.

Adigun, O. and C. Politis, 2011. Energy efficiency analysis
for MIMO transmission schemes in LTE. Proceeding
of the 16th IEEE Intemational Workshop on
Computer-Aided Modeling Analysis and Design of
Commumnication Links and Networks, June 10-11,
2011, Kyoto, Japan, pp: 77-81.

Alouini, M.S. and A.J. Goldsmith, 1999. Area spectral
efficiency of cellular mobile radio systems. TEEE
Trans. Veh. Technol., 48: 1047-1066.

Arnold, O., F. Richter, G. Fettweis and O. Blume, 2010.
Power consumption modeling of different base
station types in heterogeneous cellular networlks.
Proceeding of the Conference on Future Network and
Mobile Summit, June 16-18, 2010, Florence, pp: 1-8.

Ashraf, ., L.T.W. Ho and H. Claussen, 2010. Improving
energy efficiency of femtocell base stations via user
activity detection. Proceedings of the Wireless
Communications and Networking Conference, April
18-21, 2010, Sydney, pp: 1-5.

Auver, G, I. Godor, L. Hevizi, M.A. Imran and
I. Malmodin et al., 2010. Enablers for energy efficient
wireless networks. Proceedings of the TEEE 72nd
Vehicular Technology Conference Fall, September 6-
9, 2010, Ottawa, ON., pp: 1-5.

Auver, G, V. Gianmim, M. Olsson, M.J. Gonzalez and
C. Desset, 2011. Framework for energy efficiency
analysis of wireless networks. Proceedings of the
2nd  Intemnational Conference on  Wireless
Communication, Vehicular Technology, Information
Theory and Aerospace & Electronic Systems
Technology (Wireless VITAE), February 28-March 3,
2011, Chenna, pp: 1-5.

Badic, B., T.O. Farrell, P. Loskot and I. He, 2009. Energy
efficient radio access architectures for green radio:
Large versus small cell size deployment. Proceedings
of the 70th Vehicular Technology Conference Fall,
September 20-23, 2009, Anchorage, AK., TUSA.,

pp: 1-5.

Badjian, M.M., K. Thirappa, T.S. Kiong, 1. K.S. Paw and
P.5. Krishnan, 2010. Coverage performance analysis
of genetic algorithm controlled smart antenna
system. Proceedings of the IEEE Student Conference
on Research and Development, December 13-14,
2010, Putrajaya, Malaysia, pp: 81-85.

Bohn, T., D. Ferling, P. Juschke, A. Ambrosy and
S. Petersson, 2010. INFSO-ICT-247733 EARTH-
Report D4.1: Most promising tracks of green network
technologies. https://bscw .ict-earth eu/pub/bscw.cgi/
d29584/EARTH WP4 D4.1.pdf

Cao, F. and 7. Fan, 2010. The tradeoff between energy
efficiency and system Performance of femtocell
deployment. Proceedings of the 7th International
Symposium on Wireless Commumication Systems,
September 19-22, 2010, York, pp: 315-319.

Chandrasekhar, V., I.G. Andrews, T. Muharemovic,
Z.. Shen and A. Gatherer, 2009. Power control in two-
tier femtocell networks. TEEE Trans. Wireless
Commun., 8: 4316-4328.

Chen, Y., S. Zhang and S. Xu, 2010a. Characterizing
energy efficiency and deployment efficiency
relations for green architecture design. Proceedings
of the International Conference on Communications
Workshops, May 23-27, 2010b, Cape Town, South
Africa, pp: 1-5.

Chen, T., H. Kim and Y. Yang, 2010b. Energy efficiency
metrics for green wireless Communications.
Proceedings of the International Conference on
Wireless Communications and Signal Processing,
October 21-23, 2010, Suzhou, pp: 1-6.

Chen, T., Y. Yang, H. Zhang, H. Kim and K. Horneman,
2011a. Network energy saving Technologies for
green wireless access networks. IEEE Wireless
Commun., 18: 30-38.

Chen, Y., 3. Zhang, 5. Xuand G.Y. L1, 201 1b. Fundamental
trade-offs on green wireless networks. TEEE Commun.
Mag., 49: 30-37.

Chieng, D. and A. Timng, 2011. Design and analysis of
WIMAX-WIiF1 multi-tier network. Proceedings of the
International Conference on Information Networking,
Tanuary 26-28, 2011, Barcelona, Spain, pp: 388-393.

Chieng, D., A. Ting, KH. Kwong, M. Abbas and
L. Andonovic, 2011. Scalability analysis of multi-tier
hybrid ~ WiMAX-WiF1  multi-hop  network.
Proceedings of the Global Telecommunications
Conference, December 5-9, 2011, Houston,
TX., USA., pp: 1-6.

Chong, 7. and E. Jorswieck, 2011. Analytical foundation
for energy efficiency optimisation m cellular
networks with elastic traffic. Proceedings of the 3rd
International ICST  Conference on  Mobile
Lightweight Wireless Systems, May 9-11, 2011,
Bilbao, Spain, pp: 1-12.

1428



J. Applied Sci., 12 (14): 1418-1431, 2012

Claussen, H., ..T.W. Ho and F. Pivit, 2008. Effects of joint
macrocell and residential picocell deployment on the
network energy efficiency. Proceedings of the TEEE
19th Intemational Symposium on Personal, Indoor
and Mobile Radio Communications, September 15-18,
2008, Cannes, France, pp: 1-6.

Damnjanovic, A., I Montojo, Y. Wei, T. Ji and
T. Luo et al., 2011. A survey on 3GPP heterogeneous
networks. IEEE Wireless Commun., 18: 10-21.

D1 Piazza, FI., 5. Mangione and I. Tinmrello, 2011.
Maximizing network capacity in an heterogeneous
macro-micro cellular scenario. Proceedings of the
IEEE Symposium on Computers and
Communications, June 28-Tuly 1, 2011, Kerkyra,
Greece, pp: 365-370.

Dufkova, K., M. Bjelica, B. Moon, L. Kencl and Boudec,
I1Y. Le Boudec, 2010. Energy savings for cellular
network with evaluation of impact on data traffic
performance. Proceedings of the Furopean Wireless
Conference (EW), April 12-15, 2010, Lucca, Italy,
pp: 916-923.

Dufkova, K., M. Popovic, K. Ramm, J.Y. Le Boudec,
M. Bjelica and I.. Kencl, 2011. Energy consumption
comparison between macro-micro and public femto
deployment in a plausible LTE network. Proceedings
of the ACM 2nd International Conference on Energy-
Efficient Computing and Networking, May 31-June 1,
2011, Columbia University, New York, USA. pp: 1-10.

Elgabli, A, M. Tsmail and T.S. Kiong, 2007. Performance of
adaptive antenma with downlink power control for
WCDMA system. I. Applied Sci., 7: 703-709.

Fehske, AT, F. Richter and G.P. Fettweis, 2009. Energy
efficiency improvements through micro sites in
cellular mobile radio networks. Proceedings of TEEE
GLOBECOM W orkshops, November 30-December 4,
2009, Honolulu, Hawaii, USA., pp: 1-5.

Ferling, D., T. Bohn, D. Zeller, P. Frenger, 1. Godor,
Y. Jading and W. Tomaselli, 2010. Energy efficiency
approaches for radio nodes. Proceedings of the
Conference on Future Network and Mobile Summit,
Tune 16-18, 2010, Florence, pp: 1-9.

Fettweis, G. and E. Zimmermann, 2008. ICT energy
consumption: Trends and chal-lenges. Proceedings
of the 11th International Symposium on Wireless
Personal Multimedia Communications, September 8-
11, 2008, Finland, pp: 1-4.

Forster, C., I. Dickie, G. Maile, H. Smith and M. Crisp,
2009. Understanding the environmental impact of
communication systems. Ofcom Final Report.

Ge, X, C. Cao, M. Jo, M. Cheny, . Hu and I. Humar, 2010.
Energy efficiency modelling and analyzing based on
multi-cell and multi-anterma cellular networks. KSII
Trans. Internet Info. Syst., 4: 560-574.

Gonzalez-Brevis, P., I. Gondzio, Y. Fan, H.V. Poor,
I. Thompson, I. Krikidis and P.J. Chung, 2011. Base
station location optimization for minimal energy
consumption in wireless networks. Proceedings of
the 73rd Vehicular Technology Conference, May
15-18, 2011, Spring, pp: 1-5.

Guo, W., C. Turyagyenda, H. Hamdoun, S. Wang,
P. Loskot and T. O'Farrell, 2011. Towards a low
energy LTE cellular network: Architectures.
Proceedings of the 19th European Signal Processing
Conference, August 29-September 2, 2011, Barcelona,
Spain, pp: 879-883.

Hamdoun, H., P. Loskot, T. O'Farrell and J. He, 2012.
Survey and applications of standardized energy
metrics to mobile networks. Ann. Telecommun.,
67:113-123.

Han, C., T. Harrold, 8. Ammour, I Krikidis and
3. Videv et al., 201 1. Green radio: Radio techmiques to
enable energy-efficient wireless networks. IEEE
Commun. Mag., 49: 46-54.

Hasan, Z., H. Boostamimehr and V.K. Bhargava, 2011.
Green cellular networks: A swrvey, some research
1ssues  and challenges. IEEE Commun Surv.
Tutorials, 13: 524-540.

He, I, P. Loskot, T. O’Farrell, V. Friderikos, S. Armour and
I. Thompson, 2010. Energy efficient architectures and
techniques for green radio access networks.
Proceedings of the 5th International ICST Conference
on Communications and Networking in China,
August 25-27, 2010, Beymng, Chma, pp: 1-6.

Hou, Y. and D.I. Laurenson, 2010. Energy efficiency of
high QoS heterogeneocus wireless communication
network. Proceedings of the IEEE 72nd Conference
on Vehicular Technology Fall, September 6-9, 2010,
Ottawa, pp: 1-5.

Hoydis, J., M. Kobayashi and M. Debbah, 2011. A
cost-and  energy-efficient way of meeting the
future traffic demands. IEEE ~ Veh. Technol.
Mag., 6: 37-43.

Huang, 7., 7. Zeng and H. Xia, 2011. Improving energy
efficiency of two-tier OFDMA femtocell networks
with distributed power control. Adv. Inform. Sci.
Serv. Sci., 3: 52-61.

Humar, I., X. Ge, L. Xiang, M. Jo, M. Chen and I. Zhang,
2011. Rethinking energy efficiency models of cellular
networks with embodied energy. IEEE Network,
25: 40-49.

Jada, M.U., 2011. Energy efficiency techniques and
challenges for mobile access net-works. M.Sc.
Thesis, Aalto University, Finland.

1429



J. Applied Sci., 12 (14): 1418-1431, 2012

Tiang, D., X. Wang, Y. Zhang, Y. Zheng, X. Shen and
G. Ly, 2011. Frequency shifted frequency reuse for
LTE heterogeneous networks. Proceedings of the 7th

Conference on Wireless

Networking and  Mobile

International
Communications,

Computing, September 23-25, 2011, Wuhan, pp: 1-5.

Johansson, K., 2007, Cost effective deployment strategies
for heterogeneous wireless net-worls. Ph.D. Thesis,
KTH Information and Communication Technology,
Stockholm, Sweden.

Khandekar, A., N. Bhushan, T. Ji and V. Vanghi, 2010.
LTE-advanced: Heterogeneous networls.
Proceedings of the European Wireless Conference,
Apnl 12-15, 2010, Lucca, Italy, pp: 978-982.

Kiong, T.8., K.S.5. Eng and M. Ismail, 2003. Capacity
improvement through adaptive power control in
CDMA system. Proceeding of the 4th National
Conference on Telecommunication Technology,
Jamary 14-15, 2003, Shah Alam, Malaysia,
pp: 137-140.

Kiong, T.5., M. Tsmail and A. Hassan, 2005. Dynamic
characterized genetic algorithm for adaptive beam
forming in WCDMA system. Proceedings of the 13th
International Conference on Networks and 7th

Malaysia International Conference on
Communications, November 16-18, 2005, Malaysia,
pPp: 219-224.

Kiong, T.5., M. Tsmail and A. Hassan, 2006. Dynamic
characterized genetic algorithm for power usage
reduction in WCDMA adaptive beam forming. ICGST
Int. J. Artif. Intell. Mach. Learn., 6; 23-28.

Klessig, H., A.T. Fehske and G.P. Fettweis, 2011. Energy
efficiency gamns in mterference-limited heterogeneous
cellular mobile radio networks with random micro site

deployment. Proceedings of the 34th IEEE
Symposium on Sarnoff, May 3-4, 2011, Princeton, NT,
pp: 1-6.

Landstrom, S., A. Furuskar, K. Johansson, L. Falconetti
and F. Kronestedt, 2011. Heterogeneous networks-
increasing cellular capacity. Ericsson Rev., 89: 4-9.

Lange, C. and A. Gladisch, 2011. Limits of energy
efficiency  improvements by  load-adaptive
telecommunication network operation. Proceedings
of the 10th Conference on Telecommunication, Media
and Tnternet Techno-Economics, May 16-18, 2011,
Berlin, Germany, pp: 1-7.

Leem, H., 3.Y. Back and D.K. Sung, 2010. The effects of
cell size on energy saving, system capacity and per-
energy capacity. Proceedings of the TEEE Conference
on Wireless Communications and Networking, April
18-21, 2010, Sydney, NSW, pp: 1-6.

Liu, €., Z. Pan, N. Livand X. You, 2011. A novel energy
saving strategy for LTE HetNet. Proceedings of the
International Conference on Wireless
Communications and Signal Processing, November
9-11, 2011, Nanjing, Tiangsu, China, pp: 1-4.

Mahadevan, P., P. Sharma, S. Banerjee and
P. Ranganathan, 2009. A power benchmarking
framework for network devices. Proceedings of the
8th International TFTP-TC 6 Networking Conference,
May 11-15, 2009, Aachen, Germany, pp: 795-808.

Manner, T., M. Luoma, J. Ott and J. Hamalainen, 2010.
Mobile networks unplugged Proceedings of the 1st
International ~Conference on  Energy-Efficient
Computing and Networking, April 13-15, 2010,
Passau, Germany, pp: 1-4.

Miao, G., N. Himayat, G.Y. Li, A.T. Koc and 3. Talwar,
2009. Interference-aware energy-efficient power
optimization. Proceedins of the TEEE International
Conference on Communications, June 14-18, 2009,
Dresden, Germany, pp: 1-5.

Oh, E., B. Krishnamachari, X. Liu and 7. Niu, 2011.
Toward  dynamic energy-efficient operation of
cellular network infrastructure. TEEE Commun.
Magaz., 49: 56-61.

Parker, M.C. and 3.D. Walker, 2011. Roadmapping ICT:
An absolute energy efficiency metric. T. Opt.
Commun. Networking, 3: A49-A58.

Quek, T.Q.S., W.C. Cheung and M. Kountouris, 2011.
Energy efficiency analysis of two-tier heterogeneous
networlks. Proceedings of the 11th European Wireless
Conference 201 1- Sustainable Wireless Technologies
(European Wireless), April 27-29, 2011, Vienna,
Austria, pp: 1-5.

Richter, F. and G. Fettweis, 201 0. Cellular mobile network
densification utilizing micro base stations.
Proceedings of the International Conference on
Communications (TCC), May 23-27, 2010, Cape Town,
pp: 1-6.

Richter, F., A.I. Fehske and G.P. Fettweis, 2009. Energy
efficiency aspects of base station deployment
strategies for cellular networks. Proceeding of the
70th TEEE Vehicular Technology Conference Fall,
September 20-23, 2009, Anchorage, AK, pp: 1-5.

Richter, F., A.J. Fehske, P. Marsch and G.P. Fettweis,
2010a. Traffic demand and energy efficiency in
heterogeneous cellular mobile radio networks.
Proceedings of the 71st TEEE Vehicular Technology
Conference, VTC Spring 2010, May 16-19, 2010,
Taipei, Taiwan, pp: 1-6.

Richter, F., G. Fettweis, M. Gruber and O. Blume, 2010b.
Micro base stations in load constrained cellular
mobile radio networlks. Proceedings of the 21st TEEE
International Symposium on Personal, Tndoor and
Mobile Radio Communications Workshops,
September 26-30, 2010, Tstanbul, pp: 357-362.

1430



J. Applied Sci., 12 (14): 1418-1431, 2012

Saleh, A.B., S. Redana, B. Raaf and J. Hamalainen, 2009.
Comparison of relay and pico eNB deployments in
LTE-advanced. Proceedings of the 70th Vehicular
Technology Conference Fall VTC 2009-Fall,
September 20-23, 2009, Anchorage, AK, pp: 1-5.

Son, K., H. Kim, Y. Y1and B. Krishnamachari, 2011. Base
station operation and user association mechanisms
for energy-delay tradeoffs mn green cellular networks.
I. Sel. Areas Commun., 29: 1525-1536.

Tesfay, T., R. Khalili, I1.. Boudec, F. Richter and
AJ. Fehske, 2011. Energy saving and capacity gain
of micro sites m regular lte networks: Downlink traffic
layer analysis. Proceedings of the 6th ACM
workshop on  Performance monitoring and
measurement of heterogeneous wireless and wired
networks. October 31-4, November 2011, Miami
Beach, FL, UUSA, pp: 83-91.

Tombaz, S., A. Vastberg and J. Zander, 2011a. Energy-
and cost-efficient ultra-high-capacity wireless access.
IEEE Wireless Commun., 18: 18-24.

Tombaz, S., P. Monti, K. Wang, V. Anders, M. Forzati and
I. Zander, 2011b. Tmpact of backhauling power
consumption on the deployment of heterogeneous
mobile networks. Proceedings of the Global
Telecommunications Conference, December 5-9, 2011
Houston, TX, USA., pp: 1-5.

Wang, W. and G. Shen, 2010. Energy efficiency of
heterogeneous cellular network. Proceeding of the
TEEE 72nd Vehicular Technology Conference-Fall
VTC 201 0-Fall, September 6-9, 2010, Ottawa, Canada,
pp: 1-5.

Xu, J. and L. Qiu, 2011. Energy saving optimization in the
cellular networks with joint long-term sleep. IEICE
Trans. Communi.,

Zheng, K., Y. Wang, W. Wang, M. Dohler and J. Wang,
2011. Energy-Efficient wireless in-home: The need for
interference-controlled femtocells. TEEE Wireless
Communi., 18: 36-44.

1431



	JAS.pdf
	Page 1


