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Abstract —Energy efficiency in wireless networks has become
the most compelling challenge for researchers, equipment
vendors, and mobile operators not only to reduce operational
costs but also to reduce the environmental effects and to make
cellular networks more environmentally friendly. There have
been many attempts to achieve appropriate solutions to this
issue. In this paper, we provide an extensive overview of the
intelligent cooperation management techniques (switching cell,
cell zooming, heterogeneous networks, and mobile operator
cooperation) that have been considered to save energy and we
highlight the principles of the operation, energy savings,
advantages, and shortcomings of each technique. We conclude
this review with several open issues and potential research
topics in this field.

Index Terms—Energy efficiency, green networks, cellular base
station cooperation, mobile operators cooperative, switch-off
cells.

I. INTRODUCTION

The unexpected increase in subscribers and demand for
high-speed data has led to tremendous growth in cellular
networks. In 2013, the number of global mobile
subscribers reached 6.8 billion. The International
Telecommunication Union (ITU) expects that number to
grow to 7.5 billion by the end of 2014 and to 8.5 billion
by the end of 2016 [1]. In Malaysia, the number of
mobile subscribers reached 41.9 million people in 2013
[2]. As a result, there will be a significant increase in
mobile data traffic; this will prompt cellular operators to
increase the number of base stations (BSs) to support this
traffic load increment and fulfil the needs of mobile
subscribers. According to [3], BSs are considered the
primary source of energy consumption in cellular
networks, accounting for 57% of the total energy used.
Energy efficiency in cellular networks is a growing
concern for cellular operators - not only to maintain
profitability but also to reduce the overall environment
effects. According to [4], the amount of CO2 emitted due
to Information and Communications Technology (ICT)
was 151 MtCO, during 2002, with 43% due to the mobile
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sector; this is forecast to rise to 349 MtCO, by 2020, with

51% originating from the mobile sector. This puts mobile

operators under immense pressure to meet the demands

of both environmental conservation and cost reduction.

There have been many attempts to solve this issue by
creating ‘greener’ cellular networks that are less
expensive to operate. Overall, these improvements can be
achieved through two approaches. The first approach is to
reduce the power consumption of BSs using power-
efficient hardware. The second approach is to adopt
intelligent management of network elements based on
traffic load variations, which is the focus of our work.

In this paper, we provide an extensive overview of the
intelligent cooperation management techniques, such as
cell switching, cell zooming, heterogeneous networks,
and the cooperation of mobile operators, with highlights
on the principles of operation, energy savings, advantages,
and shortcomings of each technique. The motivations
behind this work can be summarized in the following
points:

e Energy efficiency improvement is a key issue in the
next generation of networks (5G networks).

o Cooperative management technique is regarded as one
of the most promising solutions to reduce the energy
consumption of a wireless cellular network.

e For researchers, this survey provides a number of new
references relevant to the intelligent BS management
techniques in the area of green communication
networks.

The rest of this paper is organised as follows. In
Section 11, the BS power consumption model is described.
Section |1l presents BS cooperative techniques for
energy-efficient cellular wireless communication. Section
IV includes the techniques of cooperation management
among BSs in the network. The mobile operators
cooperative is presented in Section V, and Section VI
discusses open issues and concludes the paper.

Il. BASE STATION POWER CONSUMPTION MODEL

A BS is a centrally located set of equipment used to
communicate with mobile units and the backhaul network.
It consists of multiple transceivers (TRXs), which in
turn consist of a power amplifier (PA) that amplifies the
input power, a radio-frequency (RF) small-signal
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transceiver section, a baseband (BB) for system
processing and coding, a DC-DC power supply, a cooling
system, and an AC-DC unit for connection to the
electrical power grid. More details on the BS internal
components are available in [5]. Table | displays a

summary of the energy consumption of the internal BS
components at their maximum load, based on an LTE
system with a 2>2 multiple-input and multiple-output
(MIMO) configuration.

TABLE |: A COMPARISON OF THE POWER CONSUMPTION OF THE HARDWARE ELEMENTS IN LTE BSS FOR DIFFERENT BS TYPES [5].

Item  Notation Unit Macro Micro Pico Femto
Max transmit (rms) power w 39.8 6.3 0.13 0.05
Max transmit (rms) power dBm 46.0 38.0 21.0 17.0
PAPR dB 8.0 8.0 12.0 12.0
PA Peak Output Power dBm 54.0 46.0 33.0 29.0
PA efficiency, p % 38.8 285 8.0 5.2
Feeder loss, o dB 3.0 0 0 0
Total PA (Pea)= By, /[ 4(1-0)] w 1026 221 1.6 1.0
Prx W 5.7 29 0.4 0.2
TRX  Prx W 5.2 2.6 0.4 0.3
Total RF (Pre) w 10.9 5.5 0.8 0.4
Radio(inner Rx/Tx) w 5.4 4.6 0.6 0.5
BB Turbo code (outer Rx/Tx) w 44 4.1 0.7 0.6
Processor w 5.0 5.0 0.2 0.1
Total BB (Pss) W 14.8 13.6 15 1.2
DC-DC loss, opc % 6.0 6.4 8.0 8.0
Cooling loss, Gl % 9.0 0.0 0.0 0.0
AC-DC (main supply) loss, oms % 7.0 7.2 10 10
Total per TRX = Pou + Poe + P w 1608 470 45 31
(1-00c ) (1= a0 ) (- Ows )
Number of sectors # 3.0 1.0 1.0 1.0
Number of antennas # 2.0 2.0 2.0 2.0
Number of carriers # 1.0 1.0 1.0 1.0
Total transceivers (Ntrx) # 6.0 2.0 2.0 2.0
Total Ntrx chains, Pin- Ntrx < Total per TRX w 964.9 94.0 9.0 6.2

From Table I, two conclusions can be drawn based on
the following points:

First, the PA consumes the most energy. Consequently,
highly efficient power amplifiers are essential for
operating expense (OPEX) cost reduction for the mobile
network operators. However, the efficiency can be
improved in a PA by using a specially designed power
amplifier (such as Doherty) or special materials for power
amplifier transistors (like high-frequency materials such
as Si, GaAs or GaN). Table Il summarizes methods that

have been used to improve the power amplifier efficiency.

Interested readers can find more details on the
classifications and descriptions of high efficiency power
amplifier techniques in [6].

TABLE |I: TECHNIQUES TO IMPROVE THE EFFICIENCY OF POWER
AMPLIFIERS [6].

Techniques Enhancements
([;:a?\lltal pre-distorted Doherty-architectures and Up to 50%
Class-AB with digital pre-distortion 50%
Class J amplifier 70% to 90%
Inverse Class F 74%
Envelope tracking designs Up to 60%
Switched mode power amplifier (SMPA) 80-90%

Second, a high-order MIMO in BSs leads to less
energy efficiency in cellular networks because it requires
more RF transceivers and baseband processing units. For
instance, if the branches of the antennas are reduced from
2 to 1, the energy consumption of the transceivers is
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reduced by 50%, as the PAs associated with those
branches can be switched off [3].

However, a new generation of BSs has been designed
by Alcatel-Lucent in 2012, called “Light Radio Cubes”’,
which can reduce the mobile networks’ energy
consumption by up to 50% over the current radio access
network equipment [7].

I1l. BASE STATIONS COOPERATIVE TECHNIQUES FOR
ENERGY-EFFICIENT CELLULAR COMMUNICATION

The graph shown in Fig. 1 classifies the different
cooperative techniques that will be discussed in the
following sections.

Cooperative Management Approaches

A
I I
. Cooperation among
Cooperation among BSs cellular operators
v v v v
Cell Cell Network
switching zooming HetNet switching

Fig. 1. Classifications of different cooperative techniques.

A. Switching on/off Cells

Switching off unused wireless resources and devices
has become the most popular approach to reduce power
consumption in cellular networks because it can save
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large amounts of energy. The power consumption grows
proportionally with the number of cells, N, hence, the
total power consumption (in Watt), is calculated as [5],

NN TTpa (l_ O feed )
cell TITRX (1-opc )(1-0ys )(1=0coy )

+Pee + P

(1)

tot —

Where o (., 0pc1Ons, aNd  O¢y,  denote  losses

incurred by the feeder, DC-DC power supply, main
supply, and cooling, respectively. P,,P,, and P,

the output power per transmit antenna, radio frequency,
and baseband power, respectively. ., denotes the PA

power efficiency, and Nyry is the number of transceivers.
Cell switching is based on the traffic load condition: if
the traffic is low in a given area, some cells will be
switched off, and the radio coverage and service will be
provided by the remaining active cells. Therefore, the
active cells will increase their transmission power to
cover the area of the inactive cells. This may lead to a
lack of coverage because the BS maximum power is
limited and also falls rapidly with the increased radius of
the cell. It can be written in a closed form for a cell

coverage area (in %) as [8],
]5)

co Q( P - P'X(r)}rexp(z_zab
o
10 Ioglo(exp )j

2—-ab
b

O]

bZ
where,
(o2

a=(Pmin _Prx(r)j :(
O- il

According to Eqg. (2), the coverage area of a cell is a
function of the minimum received power at the cell
boundary, Pui,; the received power, P, the path loss
exponent, ¢ ; and the shadowing standard deviation, o .
Pmin (in dBm) can be expressed as [9],

P. =N_Bw+N, +SINR+IM -G, 3)

where NoB.w represents the thermal noise level in a
specified noise bandwidth, Ns is the noise figure for the
receiver, SINR is the minimum signal to interference
noise value required for the communication link to be
maintained the, IM is the implementation margin, and Ggq

60.0%

represents the diversity gain. Then, P, (in dBm) can be
expressed as [9],

P (1)=P, -10 log, K - 10alogm( ] 10 log,, X, (4)

0

where Py, and r denote the transmit power, and
propagation distance, respectively. The value of K is free-
space path loss up to a distance r,. The term r, is a
reference distance. X _ is a slow fading effect.

Several studies have investigated the switch-off
approach. In [10]-[12], different approaches for switching
off a specific number of BSs in Universal Mobile
Telecommunications System (UMTS) cellular networks
during low traffic periods are presented. In [10],
Chiaraviglio et al. switched off a randomly chosen
number of BSs, and the energy reduction was computed
by simulating UMTS cellular networks. In [11], the same
authors presented an improvement of their former work.
They proposed a dynamic network planning for switching
BSs on and off and considered an uniform and a
hierarchical scenario. In another work [12], Marsan et al.
showed how to optimise energy savings by assuming that
any fraction of cells can be switched off according to a
deterministic traffic variation pattern over time. In
addition, in [13], two approaches that achieve energy
savings were proposed: (i) a greedy centralised algorithm,
where each BS is examined according to its traffic load to
determine whether the BS will be switched off, and (ii) a
decentralised algorithm, where each BS locally estimates
its traffic load and decides independently whether it is
going to be switched off. Gong et al. [14] proposed a
dynamic switch on/off algorithm based on blocking
probabilities. The BSs are switched off according to the
traffic variation with respect to the blocking probability
constraint. Reference [15] studied the optimal humber of
active BSs that will be deployed based on the trade-off
between fixed power and dynamic power. A recent
finding published in [16] presented a novel optimisation
model that can be used for energy-saving purposes at the
level of a UMTS cellular access network. Bousia et al.
[17] proposed a switch-off decision based on the average
distance between BSs and UEs, where the BS that is at a
maximum average distance will be switched off. Fig. 2
provides a summary of related works that have
investigated the possibility of reducing energy
consumption via the switch-off approach.

50 0%
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Max Energy Saving (%)
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Fig. 2. Studies that have investigated the possibility of reducing energy consumption via the switch-off approach.
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Advantages: The energy savings in this approach
depend on the number cells that will turn off. However,
Switching BSs off is considered an effective way to
improve energy efficiency due to the switch-off power
amplifier (PA), which consumes the largest portion of
energy in a BS (approximately 65% of the total energy
consumption) [18]. A trade-off between the number of
cells that will be turned off and the QoS should be
considered.

Shortcomings: First, the BS maximum power is limited,;
accordingly, there will be some areas without coverage,
which can contribute to the deterioration in the quality of
service. Second, the increase in power of the active cells
reduces the energy savings. Finally, this approach reduces
battery life for users because they require higher receiver
power to connect with the other cells, which can be
located at long distances away from them.

B. Cell Zooming

The principle of this technique depends on the ability
to allow for the adjustment of the size of the cell
according to the traffic load. When congestion occurs at a
cell due to an increase in the number of UEs, the
congested cell could “zoom-in,” while neighboring cells
with a smaller amount of traffic could “zoom-out” to
provide coverage for the UEs that cannot be served by the
congested cell.

If the neighboring cells can provide coverage while the
congested cell does not require zooming-in, then the
congested cell directly enters into sleep mode to reduce
energy consumption. The major component in this design
is a cell-zooming server (CS). A CS performs many
important processes in this approach, such as collecting
network information (e.g., traffic load, channel
conditions), data analysis, and deciding whether to zoom
[19]. However, if the cells that must zoom-out to provide
coverage to the neighboring cells have switched off and
cannot provide this coverage due to the limited maximum
transmission power of the BS, then an increase in energy
consumption occurs because the neighboring cells are
unable to switch off, resulting in areas without coverage.
To solve this problem, [20] proposed deploying more
small cells to further improve energy consumption, i.e.,
more cells can be switched off compared to the traditional
scheme. Reference [21] highlights a small cell
deployment, which designed to serve a limited coverage
area—approximately 100 times smaller than a traditional
macro cell. Where that the small cells target a coverage
radius of 50—150 m and radiate at low power (0.1-10 W),
thereby increasing energy efficiency and reducing the
path loss. Interested readers can find more details in [22].
However, the cell zooming approach reduces the energy
consumption of BSs by up to 40% [23].

This technique can improve the throughput and
lengthen the UE’s battery. However, the major challenge
in these approaches is 'inter-cell interference." Inter-cell
interference in cellular networks is influenced by two
major factors—path loss and cell size. Shrinking the cell
size decreases the distance between the neighboring BSs
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and therefore increases inter-cell interference. Designing
energy-efficient networks that balance energy savings
and inter-cell interference is still an ongoing issue. Based
on the traffic load, some cells are zoom-in and others are
zoom-out; therefore, when the zoom-out cells increase
their transmission power to address areas covered by the
zoom-in cells, two problems will emerge. First, the BS
maximum power is limited; accordingly, there will be
some areas without coverage, which can contribute to the
deterioration in the quality of service. Second, this
approach reduces the battery life for the users because
they require higher transmitting power to connect with
the other cells, which can be located at long distances
away from them.

C. Heterogeneous Network Deployment

In [24], the authors presented a comprehensive
overview on heterogeneous networks. These networks are
intended to improve both the throughput and energy
consumption through the deployment of small size cell
networks, such as micro, pico, and femto. The
mechanism of these networks is further discussed in [25].
In the following sections, we will discuss the energy
efficiency of downlink two-tier heterogeneous networks.

C.1. Macrocell-Microcell Deployment
The power consumption is accumulative. Therefore,
the overall power consumption Pc (in Watt) can be
expressed as follows,
P. =R

Macro

+ N PMicro (5)

where Ppacro @and Puicro denote to macrocell power
consumption and microcell power consumption,
respectively. Npicro refer to the number of microcells
within macrocell.

However, in green cellular radio networks, a trade-off
between the power consumption and the coverage is an
important factor. The overall coverage (in %) can be
expressed as follows [26],

micro

C_

tot

Nmicro Amicro Cmicro + (1_ Nmicro Anicro ) Cmacro (6)

acro acro

where Anacro 1S the area of macrocell and Apicro i the area
of microcell; Cpacro @and Cricro are the coverage of
macrocell and microcell.

References [27], [28] investigated the impact of both
homogeneous (pure micro and macro) and heterogeneous
networks, consisting of a varying number of micro sites
based on the traffic load conditions and on energy
efficiency. The result of the study indicated that the
homogeneous micro deployment offers improved energy
efficiency compared to a heterogeneous network. With an
increase in both the throughput and number of users in
the network, the best method to improve the energy
efficiency is by deploying more micro sites. The energy
efficiency of heterogeneous networks in LTE-A has been
investigated in [29] for both homogenous and
heterogeneous networks, by reducing the number and size
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of active macro-cells following traffic load conditions. In
[26], a joint deployment strategy was investigated
utilizing micro-cells within the macro-cell network, and
the impact on energy consumption was determined. In
addition, the authors considered the power consumption
area as a performance metric. The results showed, a
moderate energy savings can be achieved for full-load
scenarios. The same authors, in [30], investigated the
same issue in more detail. They evaluated and optimized
the average number of micro sites per macro cell.
Reference [31] investigated on the impact of random
micro site deployment with varying density on the energy
efficiency. In addition, they further introduced a traffic
model that allows for taking into account the co-channel
interference and non-full load scenarios.

C.2. Macrocell-Picocell Deployment
The power consumption is determined by Eq. (7) in
Watt, and the coverage in Eq. (8) in %,

P. = Po+ NP )

Macro pico’ pico

A A
CtOt = (N e C + (1_ N = ) Cmacroj (8)

pico pico pico
A‘nacro A\nacro

where Ppico, Npicor Apicor and Cpico denote to picocell the
power consumption, the number of picocells within
macrocell, the area of picocell, and the coverage of
picocell.

Reference [32] examined the impact on energy
efficiency of the deployment of different pico-cell sizes
in the macro-cell. Simulations indicated that this
approach can reduce the energy consumption by 60%
when used by 20% of customers within the pico-cells’
coverage area. The numerical results in [33] confirmed
that there exists an optimal pico-macro density ratio that
maximizes the overall energy efficiency. Reference [34]
demonstrated that both the cell energy efficiency and area
energy efficiency can be improved by deploying low
power pico stations combined with a reduction of macro
transmission power. The authors in [35] proposed an
energy saving strategy for an LTE heterogeneous network
with overlapping picos that uses the remaining resources
of the neighboring pico-cells and macro-cell to accept the
users of pico-cells that are to be switched off. Simulations
showed that the proposed approach has an improved
performance in increasing the energy efficiency of the
system. A recent study in reference [36] evaluated the
Energy Efficiency of 3GPP LTE-A relay and pico-cell
Deployments. The results showed that the relay nodes
and pico-cells achieve a significant gain in the throughput
power consumption in the uplink. Similar gains are
achieved by pico-cells in the downlink as well, whereas
relay nodes provide similar throughput power
consumption in the downlink as macro-cell deployments.

C.3. Macrocell-Femtocell Deployment

Femto-cells are the closest to the users in terms of the
network size, i.e., the distances are shorter, which leads to
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a decrease in the power transmission, thereby increasing
the energy efficiency and reducing the path loss [37].
Femto-cell deployment has a 7:1 operational energy
advantage ratio over the expansion of the macro-cell
network to provide approximately similar indoor
coverage [38]. Reference [39] provided an overview of a
joint femto-macro deployment. Zheng et al., in [40],
corroborated that femto-cell technology is an energy-
efficient solution for indoor coverage in LTE-A cellular
networks. Reference [41] described how femto-cells
impact the capacity and the energy efficiency of LTE-A
networks.

A recent study in reference [42] offered analytical
models of the power consumption in macro-cells, micro-
cells, pico-cells and femto-cells. This paper discussed the
five classes of networks. In Class A, they have considered
a femto based network where, instead of macro, an area is
fully covered by femto. The results show a reduction in
energy consumption by 82.72-88.37%. Class B network
divides the whole area into three parts: urban area,
suburban area and rural area, which are covered by femto,
macro and portable femto, respectively. Simulation
results show a reduction in the total transmitted power
between 78.53-80.19%. In Class C, femto, pico, micro
and portable femto are allocated in densely populated
urban area, sparsely populated urban areas, suburban
areas and rural areas, respectively, which leads to a
reduction in the total transmitted power between 9.19—
9.79%. In Class D, micro, pico and femto are allocated to
border regions and macro in the rest of the region of an
area. Simulation results demonstrate a reduction in total
transmitted power between 5.52-5.98%. In Class E
network, femto-cells are allocated at the boundary region
of the macro and turned on in that region when the
received signal from the macro BS is too low to
successfully receive or generate a call. When all the
femto-cells are kept on, the macro shrinks in coverage
area. Simulation results present 1.94-2.66% reduction in
power consumption.

However, recent research [43], [44] are mostly focused
on the main challenge of inter-cell interference
coordination, which is still an open issue that needs to be
addressed.

Advantages: Lower transmission power, higher SINR,
higher spectral efficiency, lower loss paths, prolonged
handset lifetime, and smaller cells that have lower costs.

Shortcomings: The major challenge is the interference
management between the heterogeneous environments,
which may lead to dead zone problems. However,
reference [45], presented an overview on Inter-cell
Interference Coordination for Heterogeneous Networks.
Additionally, the network capital expenses increase due
to an increased number of sites; moreover, the operation
and maintenance becomes more complex.

IV. PRINCIPLE OF COOPERATION MANAGEMENT
TECHNIQUE TO AN ENERGY SAVING SOLUTION

The philosophy behind the all approaches of reducing
energy consumption based on traffic load is that if traffic
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is low in a given area, several cells can be switched off,
and the radio coverage and service can be provided by the
remaining active cells, according to the operator’s
deployment policy. The cells switch off can be applied in
both single layer network and multi-layer network such
as a heterogeneous network (HetNet). In HetNet, not all
the cells scattered in the network have the capability to
execute switch off/on operations. Accordingly, the
network has classified into coverage sites and capacity
sites. Capacity booster cells have the capability to execute
switch off/on operations, while the coverage will be
guaranteed by coverage cells.

Both BS and operation, administration, and
maintenance (OAM) system can initiate cell switch off/on
operations based on different trigger mechanisms. The
BS depends on the real-time traffic load of its cells, while
OAM system depends on the historical statistics to the
traffic load of a wide range of cells.

TABLE Ill: TECHNIQUES OF COOPERATION MANAGEMENT AMONG BSs
IN THE NETWORK.

OAM trigger

Features BS trigger

Local real-time
traffic load
monitoring of the

eNB’s cells

Historical statistics to the
traffic load.

Trigger
mechanism

Explicit OAM command
of cell deactivation shall
be transmitted via Itf-N,
cell status notification to
the neighbouring eNBs
via X2 interface is
necessary.

Explicit OAM command
of cell activation shall be
transmitted via Itf-N, cell
status notification to the
neighbouring eNBs via
X2 interface is necessary.

Enhancement to the
current X2 interface
signalling message
of eNB
configuration
update or X2 setup

Switch-off

Explicit X2
signalling message
of cell activation is
expected to request
for the eNB in cell
deactivation state

Switch-on

1) Cell switching-off:

During the operation time, the BS is monitoring the
traffic load and is able to switch off when the traffic load
drops below a certain threshold and stays below the
threshold for a certain period. At this time, the BS will
notify its neighbouring BSs by X2 signalling to inform
that this cell will be switched off. Neighbouring BSs will
care about the coverage for this area, and resident UEs in
the cell that switched-off will inter-handover to
neighbouring cells based on a stronger UE-BS path.

For OAM, cell deactivation is initiated by explicit
OAM command of cell deactivation shall be transmitted
via Itf-N and then set down to the BS. When the BS
successfully or unsuccessfully switches off the cell, it will
return a response signal to the OAM system.

2) Cell switching-on:

Cell activation is initiated by the neighbouring BS’s
trigger mechanism which are still monitoring the traffic
load in the same area. If the traffic load increased above a
certain threshold and stayed for a certain period, an
explicit X2 signaling message of cell activation is
expected to request for the BS which in the cell
deactivation state to switch on to the original state again,
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i.e. active. Therefore, the neighbouring BSs will allow its
resident UEs to handover to this recovered cell again,
based on a stronger UE-BS path.

For OAM, cell activation is similar to that of cell
deactivation which is initiated by the OAM’s trigger
mechanism. When the BS successfully or unsuccessfully
switches on the cell, it will return a response signal to the
OAM system.

Table 111 summarizes the differences between both of
the principles of the BS and OAM.

V. MOBILE OPERATION COOPERATION FOR ENERGY
EFFICIENCY CELLULAR WIRELESS COMMUNICATION

Recent studies [46], [47] have proposed the
cooperation between different operators (particularly in
dense urban centers), which leads to substantially
improved energy efficiency of cellular systems. Most of
the previous studies focused on the energy-aware
management of individual cellular access networks,
estimating the amount of energy that can be saved by an
operator by reducing the number of active cells in a
network during decreased traffic.

Cooperation between mobile network providers in the
same geographical area can be an effective way of
reducing operating expenditures, as stated in [47]. The
basic idea of cooperation among mobile operators is to
switch off one or more BSs when the traffic load is low,
managing coverage with a subset of the remaining active
BSs through either the same operator network or another
operator, with both networks covering the same
geographical area. The idea was inspired by roaming.

The amount of energy that can be saved by using two
cellular access networks in high-traffic conditions has
been investigated in [48]. One of the two networks can be
switched off during low traffic, and service can be
supplied with just one network. This has achieved energy
savings of 15-25%. The same authors, in [46], improved
their idea by introducing more than two operators in a
metropolitan area (a typical case) and assuming that their
networks were designed with different QoS targets. The
results showed that it was possible to save between 20-
40% in energy costs. The fairness and stability between
cooperating providers, with the objective of minimizing
overall energy consumption/monetary costs, has been
investigated in [47], based on the concepts of game
theory. Evaluating cross-operator cooperation using a
game theoretic approach is an interesting area of research
that is beneficial in designing energy-efficient operation
policies. For interested readers, [46] has presented a
mathematical analysis of this approach.

Advantages: This approach can save a huge amount of
energy with an energy-aware cooperative management of
networks and suggests that, to reduce energy
consumption and thus the cost to operate the networks,
new cooperative attitudes of the operators should be
encouraged with appropriate incentives or enforced by
regulatory authorities.

Shortcomings: Many practical challenges remain that
must be addressed through additional research to realize
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the potential benefits of cooperation between mobile
operators. Some of these challenges include the complex
network operation due to the roaming traffic from other
operators’ users, the high bandwidth backhaul to support
increased traffic, the handover process, the switch-off
transients due to the transfer of users from a network that
is switched off to a network that remains on, and the type
of services that are provided by the network that remains
on. In addition, if there is ongoing VolIP calls or video
streaming, there must be compatibility among the channel
capacity with signaling loads. Finally, there will be cross
operator authentication and billing concerns.

VI.

This article provides an overview of the energy
efficiency of cellular communication systems, which is
becoming a major concern for network operators to not
only reduce the operational costs, but also to reduce their
environmental effects. However, research on energy
efficient or “green” cellular network is quite broad; this
paper highlighted on the cooperative techniques among
cells and network operators as effective ways to improve
the energy efficiency. We began our discussion with
energy-aware cooperative BSs power management,
where certain BSs can be turned off depending on the
load which called 'switching cells. Minimizing the
number of BSs with a better network design and bringing
minor architectural changes can be beneficial in achieving
energy efficiency, which is a concept of “Cell zooming”.
Another way to significantly reduce the power
consumption is a heterogeneous network deployment
based on smaller cells such as micro, pico and femtocells
is another significant technique. We also discussed
cooperative mobile operator’s power management. Table
IV shows summarize the energy savings that can be
obtained through of the techniques that discussed in this

paper.

TABLE IV: ENERGY SAVING OBTAINED BY THE DISCUSSED

CONCLUSION AND OPEN RESEARCH ISSUES

TECHNIQUES.
Energy efficient Technique Energy Savings (%)
solutions g 9y g
Cell Switching ~ Cneray-aware by cell 5 5,
switching
Macrocell-microcell 44%
deployment
-Di 0,
HetNet Macrocell-picocell 60%
deployment
Macrocell-femtocell 78-88%
deployment
i i 0,
Cell Zooming Sziggmmg in/out of cell up to 40%

Cooperation among cellular operators
Switch off of the 15%-40% Depends
network according to a on the number of
deterministic traffic operators.

Cooperative
Mobile
Operators

Lastly, we briefly introduce some of the open research
issues related to BS cooperation
In the switching cell and cell zooming techniques,
issues, such as coverage, inter-cell interference,
compatibility between signaling load and channel
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capacity, and impact on the battery life of users, are
still open for investigation in future studies.

In heterogeneous networks, the energy efficient
resource management, the inter-cell interference as
well as the coverage, and the impact of high
frequency reuse on the network are all issues that
need to be further studied and must be thoroughly
analyzed.

In the collaboration between mobile operators, there
are issues that need additional investigation in future
studies, such as resource management; increasing the
load on the host network (due to its own customers
plus the roaming customers) and the ability to provide
good service as well as handling traffic data, for
example, VoIP calls or video streaming with no delay;
compatibility between the signaling load and channel
capacity; and communication overhead due to
handovers. Other important issues are the coverage of
mobile operators being different from one area to
another and the types of services being different.

In cooperation between mobile operators, the issue
that should be further studied is complexity and
communication overhead. The trade-off analysis of
the computational complexity versus savings in the
transmit power requirement is an important issue. The
complexity increases with an increase in the number
of networks. Emphasis should be given to designing
low complexity schemes, resulting in easy, viable
implementations as well as gain in the overall
network level energy efficiency.
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