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1 The static power con-
sumption of a BS refers to
the power consumption of
the BS when there are no
active users in the cover-
age of the BS.

MU LT I C E L L CO O P E R AT I O N

INTRODUCTION
Greening is not merely a trendy concept, but is
becoming a necessity to bolster social, environ-
mental, and economic sustainability. Naturally,
green communications has received much atten-
tion recently. As cellular network infrastructures
and mobile devices proliferate, an increasing
number of users rely on cellular networks in
their daily lives. As a result, the energy con-
sumption of cellular networks keeps increasing.
Therefore, greening cellular networks is attract-
ing tremendous research efforts in both
academia and industry [1]. Meanwhile, it has
been shown that, with the aid of multicell coop-
eration, the performance of a cellular network in
terms of throughput and coverage can be
enhanced significantly. However, the potential of
multicell cooperation on improving the energy
efficiency of cellular networks remains to be
unlocked. This article overviews the multicell
cooperation solutions for improving the energy
efficiency of cellular networks.

The energy consumption of a cellular net-
work is mainly drawn from base stations (BSs),
which account for more than 50 percent of the
energy consumption of the network. Thus,
improving the energy efficiency of BSs is crucial
to green cellular networks. Taking advantage of
multicell cooperation, the energy efficiency of
cellular networks can be improved from three
aspects. The first one is to reduce the number of
active BSs required to serve users in an area [2].
The solutions are to adapt the network layout
according to traffic demands. The idea is to
switch off BSs when their traffic loads are below
a certain threshold for a certain period of time.
When some BSs are switched off, radio coverage
and service provisioning are taken care of by
their neighboring cells. The second aspect is to
associate users with green BSs powered by
renewable energy. Through multicell coopera-
tion, off-grid BSs enlarge their service area while
on-grid BSs shrink their service area. Zhou et al.
[3] proposed the handover parameter tuning
algorithm and power control algorithm to guide
mobile users to associate with BSs powered by
renewable energy, thus reducing on-grid power
expenses. Han and Ansari [4] proposed an ener-
gy-aware cell size adaptation algorithm named
ICE. This algorithm balances the energy con-
sumption among BSs, enables more users to be
served with green energy, and therefore reduces
the on-grid energy consumption. Envisioning
future BSs to be powered by multiple types of
energy sources (e.g., the grid, solar energy, and
wind energy), Han and Ansari [5] proposed to
optimize the utilization of green energy for cel-
lular networks by cell size optimization. The pro-
posed algorithm achieves significant main grid
energy savings by scheduling the green energy
consumption along the time domain for individ-
ual BSs, and balancing the green energy con-
sumption among BSs for the cellular network. 

The third aspect is to exploit coordinated
multipoint (CoMP) transmissions to improve the
energy efficiency of cellular networks [6]. On
one hand, with the aid of multicell cooperation,
the energy efficiency of BSs on serving cell edge
users is increased. On the other hand, the cover-
age area of BSs can be expanded by adopting
multicell cooperation, thus further reducing the
number of active BSs required to cover a certain
area. In addition to discussing the multicell
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much attention. Cellular networks are among
the major energy hoggers of communication net-
works, and their contributions to the global
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nications technology. In this article, we overview
the multicell cooperation solutions for improving
the energy efficiency of cellular networks. First,
we introduce traffic-intensity-aware multicell
cooperation, which adapts the network layout of
cellular networks according to user traffic
demands in order to reduce the number of active
base stations. Then we discuss energy-aware
multicell cooperation, which offloads traffic from
on-grid base stations to off-grid base stations
powered by renewable energy, thereby reducing
the on-grid power consumption. In addition, we
investigate improving the energy efficiency of
cellular networks by exploiting coordinated mul-
tipoint transmissions. Finally, we discuss the
characteristics of future cellular networks, and
the challenges in achieving energy-efficient mul-
ticell cooperation in future cellular networks.

ON GREENING CELLULAR NETWORKS VIA
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cooperation solutions, we investigate the chal-
lenges for multicell cooperation in future cellu-
lar networks.

TRAFFIC INTENSITY AWARE
MULTICELL COOPERATION

There are two reasons traffic demands of cellu-
lar networks experience fluctuations. The first
one is the typical day-night behavior of users.
Mobile users are usually more active in terms of
cell phone usage during the day than during the
night, and therefore, traffic demands during the
day are higher than those at night. The second
reason is the mobility of users. Users tend to
move to their office districts during working
hours and come back to their residential areas
after work. This results in the need for large
capacity in both areas at peak usage hours, but
reduced requirements during off-peak hours.
However, cellular networks are usually dimen-
sioned for peak hour traffic, and thus, most of
the BSs work at low work load during off-peak
hours. Due to the high static power consump-
tion,1 BSs usually experience poor energy effi-
ciency when they are operating under a low
work load. In addition, cellular networks are typ-
ically optimized for the purpose of providing
coverage rather than operating at full load.
Therefore, even during peak hours, the utiliza-
tion of BSs may be inefficient regarding energy
usage. Adapting the network layout of cellular
networks according to traffic demands has been
proposed to improve the energy efficiency of cel-
lular networks. The network layout adaptation is
achieved by dynamically switching BSs on/off.
Figure 1 shows several scenarios of network lay-
out adaptations. Figure 1a shows the original
network layout, in which each BS has three sec-
tors. For the green cell, if most of the traffic
demands on it are coming from sector three, and
the traffic demands in sectors one and two are
lower than a predefined threshold, the green cell
could switch off sectors one and two to save
energy, and the users in the sectors that are
switched off will be served by the neighboring
cells. In this case, the network layout after the
adaptation is shown in Fig. 1b. If traffic demands
from sector three of the green cell also decrease
below the threshold, the entire green cell is
switched off, and the network layout is adapted,
as shown in Fig. 1c. Under this scenario, the
radio coverage and service provisioning in the
green cell are taken care of by its active neigh-
boring cells. When a BS is switched off, the
energy consumed by its radio transceivers, pro-
cessing circuits, and air conditioners can be
saved. Therefore, adapting the network layout of
cellular networks according to traffic demands
can save a significant amount of energy con-
sumed by cellular networks. 

While network layout adaptation can poten-
tially reduce the energy consumption of cellular
networks, it must meet two service requirements: 
• The minimum coverage requirement
• The minimum quality of service (QoS) require-

ments of all mobile users
Therefore, in carrying out network layout adap-
tation, multicell cooperation is needed to guar-

Figure 1. Illustrations of network layout adaptations for macro cellular sites: a)
original network layout; b) BS partially switched off; c) BS entirely switched
off.
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antee service requirements. Otherwise, it will
result in a high call blocking probability and
severe QoS degradation. For example, two adja-
cent BSs both experience low traffic demands.
However, only one BS can be switched off to
save energy, and the other BS should be active
to sustain the service provisioning in both cover-
age areas. In this case, if both BSs are switched
off according to their own traffic demands, their
subscribers will lose connections. Therefore,
cooperation among BSs is essential to enable
traffic-intensity-aware network layout adapta-
tion. 

COOPERATION TO ESTIMATE TRAFFIC DEMANDS
Network layout adaptation is based on the esti-
mated traffic demands at individual cells. The
traffic demand estimation at individual cells
requires the cooperation of their neighboring
cells. To avoid frequently switching BSs on/off,
they are switched off only when their traffic
demands are less than a predefined threshold for
a minimum period, T. Therefore, the estimated
traffic demands should represent the traffic
demands at individual cells for at least a time
period of length T. Hence, traffic demands at a
BS consist of three parts: traffic demands from
users who are currently attached to the BS, traf-
fic demands from users who will hand over to
other BSs, and traffic demands from users who
will hand over to the BS from its neighboring
BSs. While the first two components can be
measured and estimated by individual BSs, the
estimation of the third component requires
cooperation from neighboring cells. Two factors
contribute to the handover traffic from the
neighboring cells. The first one is the user mobil-
ity. A user’s motion, including the direction and
velocity, can be measured by various signal pro-
cessing methods. Therefore, individual BSs can
predict:

• How many users will hand over to other cells
in the near future

• To which cells these users are highly likely to
hand over

Such information is important for their neigh-
boring BSs to estimate their traffic demands.
The second reason for handover traffic is the
switching off of neighboring BSs. If one of the
neighboring cells is switched off, the users under
its coverage will be handed over to its neighbor-
ing cells, thus increasing traffic demands of the
neighboring cells. Therefore, cooperation among
radio cells is important for the traffic demand
estimation at individual cells. 

COOPERATION TO OPTIMIZE THE
SWITCHING OFF STRATEGY

With the traffic demand estimation, cellular
networks optimize the switching on/off strate-
gies to maximize the energy saving while guar-
anteeing users’ minimal service requirements.
Currently, most existing switching on/off strate-
gies are centralized algorithms, which assume
that there is a central controller that collects
the operation information of all BSs and opti-
mizes network layout adaptations. Three meth-
ods have been proposed to determine which
BSs are to be switched off. The first one is ran-
domly switching off BSs with low traffic loads.
This method mainly applies to BSs in the night
zone, where few users are active. The method
randomly switches off some BSs to save energy,
and the remaining BSs provide coverage for
the area. The second method is a greedy algo-
rithm, which enforces BSs with higher traffic
loads to serve more users and switches off BSs
with no traffic load. The third method is based
on the user–BS distance. The required trans-
mission power of BSs for serving users depends
on the distance between users and BSs. The

Figure 2. Energy utilization of the cellular network: a) on-grid energy consumption; b) renewable energy consumption.
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longer the distance, the greater the transmis-
sion power required in order to meet users’
minimal service requirements. Therefore, the
user–BS distance can be an indicator of the
energy efficiency of cellular networks: the
shorter the average user–BS distance, the high-
er the energy efficiency. Hence, the algorithm
tends to switch off BSs with the longest
user–BS distance to improve the energy effi-
ciency of cellular networks.

Centralized algorithms, however, require the
channel state information and traffic load infor-
mation of every cell. Collecting this information
centrally may impose tremendous communica-
tion overheads, and thus reduce the effectiveness
of centralized algorithms in improving energy
efficiency. Therefore, distributed algorithms are
favored, especially for heterogeneous networks
that consist of various types of cells such as
macrocells, microcells, picocells, and femtocells.
To enable distributed algorithms, individual cells
may cooperatively form coalitions, and share the
channel state information and traffic load infor-
mation. Based on the shared information, indi-
vidual BSs optimize their operation strategies to
minimize the total energy consumption of the
BS coalition. 

ENERGY AWARE MULTICELL COOPERATION

With the worldwide penetration of distributed
electricity generation at medium and low volt-
ages, it is proved that renewable energy such as
sustainable biofuels, and solar and wind energy
can be effectively uti l ized to substantially
reduce carbon emission. Therefore, researchers
have proposed to power BSs with renewable
energy to save the on-grid energy consumption

and reduce the carbon footprint.  Nokia
Siemens Networks [7] has developed off-grid
BSs that rely on a combination of solar and
wind power supported by fuel cell and deep
cycle battery technologies. Compared to on-
grid BSs, off-grid BSs achieve zero carbon
emission and save a significant amount of on-
grid energy. However,  due to the dynamic
nature of renewable resources, renewable ener-
gy generation highly depends on environmental
factors such as temperature, light intensity, and
wind velocity. In addition, because of the limit-
ed battery capacity, generated energy should
be util ized well  to avoid energy overflow.
Therefore, how to optimize the utilization of
renewable energy in cellular networks is not a
trivial problem. One intuitive solution for this
problem is the energy-aware cell breathing
method. Here, “energy-aware” pertains to two
perspectives. The first one is the awareness of
energy sources such that users are guided to
draw energy from off-grid BSs rather than on-
grid BSs. This can be achieved by enlarging the
cell sizes of off-grid BSs and shrinking those of
on-grid BSs [3]. The second perspective is the
awareness of the amount of energy storage
such that off-grid BSs with higher amounts of
energy storage are forced to serve a larger
area. In this way, energy overflow can be avoid-
ed, thus enabling the renewable energy genera-
tion system to harvest more energy from
renewable sources [4]. The energy-aware cell
breathing technique is a step forward to fur-
ther traffic-intensity-aware network layout
adaptations. In addition to the traffic load
information and channel state information,
energy-aware cell breathing requires multiple
cells to cooperatively share the energy informa-

Figure 3. Energy utilization of the cellular network: a) joint transmission; b) cooperative beamforming; c) cooperative relaying; d) dis-
tributed space-time coding.
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tion, including the estimated amount of energy
arrival and the amount of energy storage, and
to coordinate to minimize the energy consump-
tion of cellular networks.

A CASE STUDY
Envisioning future BSs powered by multiple
types of energy sources (e.g., on-grid energy and
renewable energy), we investigate the optimal
energy utilization strategies in cellular networks
with both on-grid and off-grid BSs. In such cel-
lular networks, BSs are powered by renewable
energy if they have enough renewable energy
storage; otherwise, the BSs switch to on-grid
energy to serve mobile users. To optimize ener-
gy utilization, BSs cooperatively determine their
cell size through energy-aware cell breathing
based on the proposed cell size optimization
(CSO) algorithm [5]. By cooperative cell breath-
ing, the on-grid energy consumption of the cel-
lular network over a period of time consisting of
several cell size adaptations is minimized. The
optimal energy utilization strategy includes two
parts: the multi-stage energy allocation policy
and the single-stage energy consumption mini-
mization. The multi-stage energy allocation poli-
cy determines the amount of renewable energy
allocated at individual off-grid BSs during each
cell size update. The single-stage energy con-
sumption minimization involves two steps. The
first step is to minimize the number of active
on-grid BSs by offloading traffic cell breathing.
On-grid BSs shrink their cell sizes to enforce
the associated users to hand over to off-grid
BSs, and the off-grid BSs with higher amounts
of energy storage enlarge their cell sizes to
absorb more users. The second step is to mini-
mize the number of active BSs (both on-grid
and off-grid) by applying the sleep mode check-
ing algorithm. When traffic demands on individ-
ual BSs are lower than a threshold, the BSs seek
to put themselves into sleep mode by cooperat-
ing with their neighboring cells. If the BS is in
sleep mode, its associated users will be handed
over to its neighboring cells. In this case, if the
neighboring BSs have enough energy storage to
serve the handed over users, and the total ener-
gy consumption of the cellular network is
reduced, the BS is switched into sleep mode to
save energy. 

Figure 2 shows the comparisons between the
CSO algorithm and the strongest-signal first
method, which always associates a user with the
BS with the strongest received signal strength.
Figure 2a shows the on-grid energy consumption
at different renewable energy generation rates.

In this simulation, there are 400 mobile users in
the mobile network. As the renewable energy
generation rate increases, the on-grid energy
consumption of the mobile network is reduced.
When the renewable energy generation rate is
larger, more electricity is generated from renew-
able energy. Therefore, more BSs can serve
mobile users using electricity generated by
renewable energy instead of consuming on-grid
energy. When the renewable energy generation
rate is larger than 0.6 kWh/h, the CSO algorithm
achieves zero on-grid energy consumption by
optimizing the cell size of each BS, while the
SSF algorithm still consumes a significant
amount of on-grid energy. When the renewable
energy generation rate is low, the CSO algo-
rithm saves more than 200 kWh electricity than
the SSF algorithm. As the generation rate
increases, the gap between the energy consump-
tion of CSO and that of SSF narrows because
the CSO algorithm has already achieved zero
energy consumption, and the energy consump-
tion of SSF reduces due to increased availability
of renewable energy. Figure 2b shows the renew-
able energy consumption at different energy
generation rates. When the energy generation
rate is less than 0.7 kWh/h, the renewable energy
consumptions of all the simulated algorithms
increase as the renewable energy generation rate
increases. This is because the larger the renew-
able energy generation rate, the more renewable
energy can be used to serve mobile users. In
addition, the CSO algorithm consumes more
renewable energy than the SSF algorithm does
because the CSO algorithm optimizes the cell
sizes of BSs and maximizes the utilization of
renewable energy in order to reduce the on-grid
energy consumption. When the renewable ener-
gy generation rate is larger than 0.7 kWh/h, the
renewable energy consumption of the CSO algo-
rithm does not change much, while that of SSF
keeps increasing. This is because when the
renewable energy generation rate is larger than
0.7 kWh/h, the on-grid energy consumption of
the CSO algorithm is zero, as shown in Fig. 2a.
This indicates that all the users are served by
renewable energy. Therefore, the renewable
energy consumption of the CSO algorithm
reflects the total energy consumption of the net-
work, which is similar under different energy
generation rates in the simulation.

ENERGY EFFICIENT COMP TRANSMISSION

Coordinated multipoint (CoMP) transmission is
a key technology for future mobile communica-
tion systems. In CoMP transmission, multiple
BSs cooperatively transmit data to mobile users
to improve their receiving signal quality. BSs
share the required information for cooperation
via high-speed wired links. Based on the infor-
mation, BSs determine joint processing and
coordinated scheduling strategies. While CoMP
transmission has been proved to be effective in
improving the data rate and spectral efficiency
of cell edge users [8], its potential for improving
the energy efficiency of cellular networks has not
been fully exploited. In this section, we discuss
the potentials of CoMP transmission in greening
cellular networks. 

Figure 4. Cooperation to increase coverage area.
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INCREASE ENERGY EFFICIENCY FOR
CELL EDGE COMMUNICATIONS

BSs usually have lower energy efficiency in serv-
ing the users at the cell edge than in serving the
users within the cell. This is not only because
cell edge users are far away from BSs and
require more transmission power, but also
because cell edge users experience more inter-
ference from neighboring cells. Multicell cooper-
ation can improve energy efficiency for cell edge
communications [6].

Joint Transmission — Joint transmission exploits
the cooperation among neighboring BSs to
transmit the same information to individual
users located at the cell edge [9]. Figure 3a
i l lustrates the joint  transmission scheme.
User 2 associates with BS 2 while user 1 asso-
c iates  with BS 1 .  Instead of  serving their
associated users independently, BSs 1 and 2
cooperatively transmit information to their
users. For example, if both BSs apply time-
division multiple access (TDMA) in the first
time slot, both BS 1 and 2 transmit the same
information to user 2. The user combines the
signals from both BSs to decode the informa-
tion. In the second time slot, the BSs cooper-
atively serve user 1. Due to joint transmission,
cell edge users experience higher receiving
signal strength and lower interference, hence
requiring less transmission power from both
BSs. Thus, joint transmission improves the
energy efficiency of the cell edge communica-
tions. 

Cooperative Beamforming — In cooperative beam-
forming, a BS forms radio beams to enhance the
signal strength of its serving users while forming
null steering toward users in its neighboring
cells. As shown in Fig. 3b, BS 1 forms the radio
beam toward its associated user, user 1, to
increase the user’s receiving signal strength. On
the other hand, in order to reduce the interfer-
ence to user 2 who is served by a neighboring
BS, BS 1 forms the null steering toward user 2.
BS 2 executes the same operation as BS 1.
Therefore, through cooperative beamforming,
the signal-to-noise ratio (SNR) of both user 1
and user 2 is enhanced. Thus, less transmission
power is required for BSs to serve the cell edge
users, and the energy efficiency of cell edge
communications is increased. 

Cooperative Relaying — Taking advantage of cogni-
tive radio techniques, cooperation can be exploit-
ed between a primary cell and a secondary cell
as shown in Fig. 3c. The secondary BS coopera-
tively relays the signal from the primary BS to
the primary user. The primary user combines the
signals from both the primary and secondary BSs
to decode the information. To stimulate cooper-
ative relaying, the primary BS grants the sec-
ondary BS some spectrum that can be utilized
for communications between the secondary BS
and secondary users. By cooperating with sec-
ondary BSs, the transmission power required
from primary BSs to serve the cell edge users is
reduced. Therefore, the cooperative relay
scheme reduces the power consumption of pri-
mary BSs [10]. However, due to the time-varying

Figure 5. Future cellular networks with holistic cooperation.

Coverage area of high-power green BS

High-power BS

Low-power BS

Secondary BS

Users

Coverage area of low-power BS

Coverage area of secondary BS
Coverage area of high-power on-grid BS
Transmission beam of high-power BS
Transmission beam of low-power BS
Transmission beam of secondary BS
Communication link between BSs

Owing to joint trans-
mission, cell edge
users experience
higher receiving 

signal strength and
lower interference,
therefore requiring

less transmission
power from both

BSs. Thus, the joint
transmission

improves energy 
efficiency of the 

cell edge 
communications.

HAN LAYOUT_Layout 1  2/21/13  4:13 PM  Page 87



IEEE Wireless Communications • February 201388

wireless channels, the scheduling delay involved
in the relaying process may increase the outage
probability. Fan et al. [11] showed that the out-
age probability caused by the scheduling delay
can be alleviated by optimizing the transmission
power of the network nodes. 

Distributed Space-Time Coding — Distributed space-
time coding [12] explores the spatial diversity
of both the relay nodes and the mobile users
to combat mult ipath fading,  and can be
applied to improve the spectral and energy
efficiency of cell edge users. As illustrated in
Fig. 3d, the distributed space-time coding
scheme consists of two phases. In the first
phase, the BS broadcasts a data packet to its
destination and the potential relays. In the
second phase, the potential relays that can
decode the data packet cooperatively transmit
the decoded data packet to the destination
using a suitable space-time code. By exploring
spatial  diversi ty ,  distr ibuted spaced-t ime
coded cooperative transmission improves the
diversity gain of cellular networks. However,
the multiplexing gain of the wireless system
may be sacrificed [13]. Zou et al. [13] pro-
posed an opportunistic distributed space-time
coding (O-DSTC) scheme to increase the
multiplexing gain. Taking advantage of DSTC
cooperative transmission, the spectral efficien-
cy is increased. As a result, fewer transmis-
sions are required in order to transmit a given
number of data packets. Therefore, the ener-
gy eff ic iency of  the cel lular  networks is
enhanced.

ENABLE MORE BSS TO ENTER SLEEP MODE
As discussed in the previous subsection, CoMP
transmission (e.g., joint transmission) enhances
the receiving SNR of cell edge users, implying
that BSs are able to cover a larger area with the
same transmission power. Therefore, under low
traffic demands, adopting the CoMP transmis-
sion can reduce the number of BSs required to
cover an area, thus improving the energy effi-
ciency of cellular networks [14]. 

As presented earlier, traffic-intensity-aware
multicell cooperation enables BSs with low traf-
fic demands to go into sleep mode to save ener-
gy. The users in the off cells will be served by
their active neighboring cells. However, due to
the limitation of BSs’ maximal transmission
power, a few BSs should stay awake to provide
coverage in the area. By applying CoMP trans-
mission, the number of required active BSs can
be further reduced. As illustrated in Fig. 4, the
inner circle of BS 1 is the original coverage area,
while the outer circle indicates the coverage area
after cooperation with its neighboring BS, BS 3.
The green area is the additional coverage area
achieved by multicell cooperation. Under the
condition of lower traffic demands, if there is no
cooperation among BSs, three BSs have to stay
awake to cover the whole area. However, if mul-
ticell cooperation is enabled, BS 1 and BS 3 can
provide services to the users in the area by apply-
ing cooperative transmission; thus, BS 2 can be
switched into sleep mode. Therefore, the total
energy consumption of cellular networks is
reduced.

FUTURE CELLULAR NETWORKS WITH
MULTICELL COOPERATION

With advances of cellular networks and commu-
nication techniques, future cellular networks will
be featured as heterogeneous networks in terms
of both network deployments and communica-
tion techniques, as shown in Fig. 5. 

Regarding network deployments, heteroge-
neous networks refer to deploying a mix of high-
power and low-power BSs in order to satisfy the
traffic demands of service areas. High-power BSs
(e.g., macro and micro BSs) are deployed to pro-
vide coverage to a large area, while low-power
BSs are deployed to provide high capacity within
a small coverage area. In addition, based on
energy supplies, BSs can be further divided into
two types: on-grid BSs, and off-grid BSs powered
by green energy such as solar power and wind
power. Therefore, future heterogeneous net-
works consist of four types of BSs: high-power
on-grid BSs, high-power off-grid BSs, low-power
on-grid BSs, and low-power off-grid BSs. In
terms of technology diversity, heterogeneous
networks consist of a variety of technologies
such as multiple input multiple output (MIMO),
cooperative networking, and cognitive network-
ing. Taking advantage of the increasing network
diversity, BSs have more cooperation opportuni-
ties, and thus can achieve additional energy sav-
ings. However, realizing optimal multicell
cooperation is not trivial.

Coalition Formulation — The problem of coalition
formation is to determine the coalition size and
members of the coalition. Although the problem
of coalition formation is well studied in the field
of economics, and some game theory methods
have been applied to solve the coalition forma-
tion problem in wireless networks, few models
can be directly applied to form the coalitions of
BSs for the purpose of reducing the energy con-
sumption of cellular networks. This is because
the original coalition formation problem is to
form a coalition to maximize the benefit of all
the members in the coalition, while the problem
of forming coalitions of BSs is to maximize total
benefits of the coalitions. In addition, due to the
diversity of BSs and radio access technologies, a
successful coalition may consist of BSs and tech-
niques that are complementary to each other to
maximize the energy savings of the coalition.
Hence, novel models or methods of coalition
forming must be developed to facilitate energy-
efficient multicell cooperation. 

Green Energy Utilization — For the sake of environ-
mental friendliness, off-grid BSs powered by
renewable energy are favored over on-grid BSs.
In order to optimize the utilization of off-grid
BSs, the fundamental design issue is to effective-
ly utilize the harvested energy to sustain traffic
demands of users in the network. The optimal
utilization of green energy over a period of time
depends on the characteristics of the energy
arrival and energy consumption at the current
stage as well as in future stages, and on the
cooperation strategies of the neighboring cells or
cooperating cells. 

Taking advantage of
the increasing 
network diversity,
BSs have more 
cooperation 
opportunities, and
thus can achieve
additional energy
savings. However,
realizing optimal
multicell cooperation
is not trivial.
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Incentive Mechanism — Note that in future hetero-
geneous networks, multicell cooperation may
involve cells not owned by the same operator.
For example, the coalition may consist of a BS
from a different operator, a secondary BS oper-
ated via cognitive radio, and a relaying cell
formed by mobile users. To incentivize coopera-
tion among these cells, a simple but effective
incentive mechanism should be exploited. 

CONCLUSION

This article discusses how to reduce the energy
consumption of cellular networks via multicell
cooperation. We focus on three multicell coop-
eration scenarios that enhance energy efficiency
of cellular networks. The first one is traffic-
intensity-aware multicell cooperation, in which
multiple cells cooperatively estimate traffic
demands and adapt the network layout based on
the estimated traffic demands. Through network
layout adaptation, the number of active BSs can
be reduced, thus reducing the energy consump-
tion of cellular networks. The second scenario is
energy-aware multicell cooperation, in which off-
grid BSs powered by green energy are enforced
to serve a large area to reduce the on-grid power
consumption. The third one is energy-efficient
CoMP transmission, in which the overall energy
consumption is reduced by improving the energy
efficiency of BSs in serving cell edge users. In
addition, we discuss the diversity of future cellu-
lar networks in terms of radio access technolo-
gies and BS characteristics, and the challenges to
optimally exploit multicell cooperation by capi-
talizing on diversities.

REFERENCES
[1] L. Correia et al., “Challenges and Enabling Technologies

for Energy Aware Mobile Radio Networks,” IEEE Com-
mun. Mag., vol. 48, no. 11, Nov. 2010, pp. 66–72.

[2] Z. Niu, “Tango: Traffic-Aware Network Planning and
Green Operation,” IEEE Wireless Commun., vol. 18, no.
5, Oct. 2011, pp. 25–29.

[3] J. Zhou et al., “Energy Source Aware Target Cell Selection
and Coverage Optimization for Power Saving in Cellular
Networks,” Proc. 2010 IEEE/ACM Int’l Conf. Green Com-
puting and Commun. & Int’l Conf. Cyber, Physical and
Social Computing, Hangzhou, China, Dec. 2010.

[4] T. Han and N. Ansari, “ICE: Intelligent Cell Breathing to
Optimize the Utilization of Green Energy,” IEEE Com-
mun. Letters, vol. 16, no. 6, June 2012, pp. 866–69.

[5] T. Han and N. Ansari, “Optimizing Cell Size for Energy
Saving in Cellular Networks with Hybrid Energy Sup-
plies,” IEEE GLOBECOM ’12, Dec. 2012, pp. 3–7.

[6] F. Heliot, M. Imran, and R. Tafazolli, “Energy Efficiency
Analysis of Idealized Coordinated Multi-Point Commu-
nication System,” IEEE VTC-Spring ’11, Budapest, Hun-
gary, May 2011.

[7] “E-Plus, Nokia Siemens Networks Build Germany’s First
Off-Grid Base Station,” http://www.nokiasiemensnet-
works.com/news-events/press-room/press-releases/e-
plus-nokia-siemens-networks-build-germany-s-first-off-g
rid-base-station 

[8] R. Irmer et al., “Coordinated Multipoint: Concepts, Per-
formance, and Field Trial Results,” IEEE Commun. Mag.,
vol. 49, no. 2, Feb. 2011, pp. 102–11.

[9] M. Sawahashi et al., “Coordinated Multipoint Transmis-
sion/Reception Techniques for LTE-Advanced (Coordi-
nated and Distributed MIMO),” IEEE Wireless Commun.,
vol. 17, no. 3, June 2010, pp. 26–34.

[10] S. Jayaweera, M. Bkassiny, and K. Avery, “Asymmetric
Cooperative Communications based Spectrum Leasing Via
Auctions in Cognitive Radio Networks,” IEEE Trans. Wire-
less Commun., vol. 10, no. 8, Aug. 2011, pp. 2716–24.

[11] L. Fan et al., “Outage Probability Analysis and Power Allo-
cation for Two-Way Relay Networks with User Selection
and Outdated Channel State Information,” IEEE Commun.
Letters, vol. 16, no. 5, May 2012, pp. 638–41.

[12] J. N. Laneman and G. W. Wornell, “Distributed Space-
Time-Coded Protocols for Exploiting Cooperative Diver-
sity in Wireless Networks,” IEEE Trans. Info. Theory, vol.
49, no. 10, Oct. 2003, pp. 2415–25.

[13] Y. Zou, Y.-D. Yao, and B. Zheng, “Opportunistic Dis-
tributed Space-Time Coding for Decode-and-Forward
Cooperation Systems,” IEEE Trans. Signal Proc., vol. 60,
no. 4, Apr. 2012, pp. 1766–81.

[14] M. Herlich and H. Karl, “Reducing Power Consumption
of Mobile Access Networks with Cooperation,” 2nd
Int’l. Conf. Energy-Efficient Computing and Network-
ing, New York City, NY, May 2011.

BIOGRAPHIES
TAO HAN [S’08] received his B.E. in electrical engineering
and M.E. in computer engineering from Dalian University
of Technology and Beijing University of Posts and Telecom-
munications, respectively. He is currently a Ph.D. candidate
in the Department of Electrical and Computer Engineering,
New Jersey Institute of Technology (NJIT), Newark. His
research interests include mobile and cellular networks,
network optimization, and energy-efficient networking. 

NIRWAN ANSARI [S’78, M’83, SM’94, F’09] received his
B.S.E.E. (summa cum laude with a perfect GPA) from NJIT,
his M.S.E.E. from the University of Michigan, Ann Arbor,
and his Ph.D. from Purdue University, West Lafayette, Indi-
ana. He joined NJIT in 1988, where he is a professor of elec-
trical and computer engineering. He has also assumed
various administrative positions at NJIT. He has been a visit-
ing (chair/honorary) professor at several universities. His cur-
rent research focuses on various aspects of broadband
networks and multimedia communications. He has served
on the Editorial/Advisory Boards of eight journals. He was
elected to serve on the IEEE Communications Society (Com-
Soc) Board of Governors as a member-at-large (2013–2014)
as well as IEEE Region 1 Board of Governors as the IEEE
North Jersey Section Chair. He has chaired ComSoc techni-
cal committees, and has actively organized numerous IEEE
international conferences/symposia/workshops, assuming
leadership roles as Chair or TPC Chair for various confer-
ences, symposia, and workshops. He has authored Compu-
tational Intelligence for Optimization (Springer 1997) with
E.S.H. Hou and Media Access Control and Resource Alloca-
tion for Next Generation Passive Optical Networks (Springer,
2013) with J. Zhang, and edited Neural Networks in
Telecommunications (Springer 1994) with B. Yuhas. He has
also contributed over 400 publications, over one third of
which were published in widely cited refereed journals/mag-
azines. He has been granted over 15 U.S. patents. He has
also guest edited a number of special issues, covering vari-
ous emerging topics in communications and networking.
He has frequently been selected to deliver keynote address-
es, distinguished lectures, and tutorials. Some of his recent
recognitions include a couple of best paper awards, several
Excellence in Teaching Awards, a Thomas Alva Edison
Patent Award (2010), an NJ Inventors Hall of Fame Inventor
of the Year Award (2012), and designation as a ComSoc
Distinguished Lecturer (2006–2009).

The coalition may
consist of a BS from
a different operator,

a secondary BS oper-
ated via cognitive

radio, and a relaying
cell formed by

mobile users. To
incentivize coopera-

tion among these
cells, a simple but
effective incentive
mechanism should

be exploited.

HAN LAYOUT_Layout 1  2/22/13  11:43 AM  Page 89



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus settings for Acrobat Distiller 9)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (Cadmus_Flattener_Presert)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


