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Preface

Greening is not merely a trendy concept, but is becoming a necessity to bolster social,
environmental, and economic sustainability. Naturally, green communications have
received much attention recently. As mobile network infrastructures and mobile devices
proliferate, an increasing number of users rely on cellular networks for their daily lives.
As a result, mobile networks are among the major energy hogs of communication net-
works and their contribution to global energy consumption is increasing fast. Therefore,
greening of cellular networks is crucial to reducing the carbon footprint of Information
and Communications Technology (ICT). As a result, the field is attracting tremendous
research efforts from both academia and industry.

This book is intended to provide a technical description of state-of-the-art devel-
opments in greening of mobile networks from a networking perspective. It discusses
fundamental networking technologies that lead to energy-efficient mobile networks.
These technologies include heterogeneous networking, multi-cell cooperation, mobile
traffic offloading, traffic load balancing, renewable energy integrated mobile network-
ing, device-to-device networking, and mobile content delivery optimization. The text
is suitable for graduate courses in electrical and computer engineering and computer
science. The authors have adopted some materials presented in this book for their grad-
uate courses at New Jersey Institute of Technology' and University of North Carolina—
Charlotte?. This book also includes many results and patented algorithms from our
research, which makes this book a valuable reference for graduate students, practicing
engineers, and research scientists in the field of green communications and networking.

The material is structured in a modular fashion with chapters being reasonably inde-
pendent of each other. Individual chapters can be perused in an arbitrary order to the
liking and interest of the reader, and they can also be incorporated as part of a larger,
more comprehensive course. The first chapter provides an overview of existing net-
working technologies and solutions for greening mobile networks. The second to fourth
chapters cover three major networking technologies in detail: multi-cell cooperation,
green energy enabled mobile networking, and spectrum and energy harvesting. The
fifth to ninth chapters present green mobile networking solutions including mobile traf-
fic offloading, optimizing green energy enabled mobile networks, traffic load balancing,
device-to-device networking, and content delivery optimization.

L ECE 639 Principles of Broadband Networks and ECE 788 Advanced Topics in Broadband Networks.
2ECGR 6120/8120 Wireless Communications and Networking.
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Fundamental Green Networking Technologies

As cellular network infrastructures and mobile devices proliferate, an increasing num-
ber of users rely on cellular networks for their daily lives. Mobile networks are among the
major energy guzzlers of information communications technology (ICT) infrastructure,
and their contributions to global energy consumption are accelerating rapidly because
of the dramatic surge in mobile data traffic [1, 2, 3, 4]. This growing energy consump-
tion not only escalates the operators’ operational expenditure (OPEX) but also leads
to a significant rise of their carbon footprints. Therefore, greening of mobile networks
is becoming a necessity to bolster social, environmental, and economic sustainability
(5, 6, 7, 8]. In this chapter, we give an overview of the fundamental green networking
technologies.

1.1 Energy Efficient Multi-cell Cooperation

The energy consumption of a cellular network is mainly drawn from base stations (BSs),
which account for more than 50% of the energy consumption of the network. Thus,
improving energy efficiency of BSs is crucial to green cellular networks. Taking advan-
tage of multi-cell cooperation, energy efficiency of cellular networks can be improved
from three perspectives. The first is to reduce the number of active BSs required to serve
users in an area [9]. The solutions involve adapting the network layout according to traf-
fic 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 connect users with green BSs powered by renewable energy.
Through multi-cell cooperation, off-grid BSs enlarge their service areas while on-grid
BSs shrink their service areas. Zhou et al. [10] proposed a handover parameter tuning
algorithm and a power control algorithm to guide mobile users to connect with BSs pow-
ered by renewable energy, thus reducing on-grid power expenses. Han and Ansari [11]
proposed an energy aware cell size adaptation algorithm named ICE. This algorithm bal-
ances the energy consumption among BSs, enables more users to be served with green
energy, and therefore reduces on-grid energy consumption. Envisioning future BSs to
be powered by multiple types of energy sources, for example, the grid, solar energy, and
wind energy, Han and Ansari [12] proposed optimizing the utilization of green energy
for cellular networks by cell size optimization. The proposed algorithm achieves sig-
nificant main grid energy savings by scheduling green energy consumption in the time

Green Mobile Networks: A Networking Perspective, First Edition. Nirwan Ansari and Tao Han.
© 2017 John Wiley & Sons Ltd. Published 2017 by John Wiley & Sons Ltd.
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domain for individual BSs, and balancing green energy consumption among BSs for the
cellular network.

The third aspect is to exploit coordinated multi-point (CoMP) transmissions to
improve energy efficiency of cellular networks [13]. On the one hand, with the aid of
multi-cell cooperation, energy efficiency of BSs on serving cell edge users is increased.
On the other hand, the coverage area of BSs can be expanded by adopting multi-cell
cooperation, thus further reducing the number of active BSs required to cover a cer-
tain area. In addition to discussing multi-cell cooperation solutions, we investigate the
challenges for multi-cell cooperation in future cellular networks.

1.2 Heterogeneous Networking

The energy consumption of mobile networks scales with the provisioned traffic capacity.
On deploying a mobile network, two types of BSs may be deployed. They are macro BSs
(MBSs) and small cell BSs (SCBSs). As compared with SCBSs, MBSs provide a larger
convergence area and consume more energy. SCBSs are deployed close to users, and
thus consume less energy by leveraging such proximity. Owing to a small coverage area,
in order to guarantee traffic capacity in an area, a very large number of SCBSs must
be deployed. The total energy consumption of the large number of SCBSs may exceed
that of the MBSs. Hence, in order to improve the energy efficiency of the network, a
mixed deployment of both MBSs and SCBSs is desirable. In general, there are two SCBS
deployment strategies: deployed at cell edges and at traffic hot spots.

e The users located at the edge of a macro cell usually experience bad radio channels
due to excessive channel fading. In order to provide service to these users, MBSs could
increase their transmit power, but this will result in a low energy efficiency. In a het-
erogeneous network deployment, SCBSs can be deployed at the edge of macro cells as
shown in Figures 1.1-1.4. Depending on the traffic capacity demand, different SCBS
deployment strategies can be adopted. For example, when the traffic capacity demand
is relatively low, one SCBS may be deployed at the edge of a macro cell to serve the
cell edge users as shown in Figure 1.1. As the traffic increases, additional SCBSs can

Figure 1.1 Scenario 1: One SCBS per macro site.
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Figure 1.2 Scenario 2: Two SCBSs per macro site.

be deployed at the cell edge as shown in Figs. 1.2 and 1.3. When the traffic capacity
demand is very high, additional SCBSs should be deployed. For example, five SCBSs
are deployed for enhancing the energy efficiency of serving cell edge users in Figure
1.4. The number of SCBSs that are deployed to enhance the energy efficiency of serv-
ing users located at the edges of macro cells should be optimized based on traffic
capacity demand at the cell edge.

e When the traffic capacity demand in mobile networks is inhomogeneous, deploy-
ing SCBSs at the edges of macro cells may not be optimal. Instead, SCBSs can be
deployed in areas where there is high traffic capacity demand such as shopping areas,
stadiums, and public parks. We define such areas as hotspots. Owing to proximity
to the users, SCBSs can provide very high capacity at hotspots and serve the traffic
demand with low energy consumption. In order to deploy SCBSs at traffic hotspots
to enhance energy efficiency, the distribution of traffic capacity demand should be
understood from network measurements. In addition, the traffic capacity demand
should be localized so that a large portion of the traffic demand can be offloaded to

Figure 1.3 Scenario 3: Three SCBSs per macro site.
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Figure 1.4 Scenario 4: Five SCBSs per macro site.

SCBSs. In the ideal case, MBSs are only serving users with high moving speed while
all the other users are served by SCBSs. If the high traffic demand occurs indoors, the
indoor deployment of SCBSs can significantly enhance the energy efficiency of mobile
networks.

1.3 Mobile Traffic Offloading

Mobile traffic offloading, which is referred to as utilizing complementary network com-
munications techniques to deliver mobile traffic, is a promising technique to allevi-
ate congestion and reduce the energy consumption of mobile networks. Based on the
network access mode, mobile traffic offloading schemes can be divided into two cate-
gories. The first category is infrastructure based mobile traffic offloading, which refers
to deploying SCBSs, for example, pico BSs, femto BSs and WiFi hot spots, to offload
mobile traffic from MBS [14, 15]. SCBSs usually consume much less power than MBSs.
Therefore, offloading mobile traffic to SCBSs can significantly enhance the energy effi-
ciency of mobile networks [6, 16]. However, the lack of cost-effective backhaul connec-
tions for SCBSs often impairs their performance in terms of offloading mobile traffic
and enhancing the energy efficiency of mobile networks. The second category is ad-hoc
based mobile traffic offloading, which refers to applying device-to-device (D2D) com-
munications as an underlay to offload mobile traffic from MBSs. By leveraging Internet
of Things (IoT) technologies, smart devices within proximity are able to connect with
each other and form a communication network. Data traffic among the devices can be
offloaded to the communication networks rather than delivering through MBSs. More-
over, in order to reduce CO, footprints, mobile traffic can be offloaded to BSs powered
by green energy such as sustainable biofuels, solar, and wind energy [17, 12, 10, 18]. In
this way, green energy utilization is maximized, and thus the consumption of on-grid
energy is minimized. In this section, we briefly overview the related research on mobile
traffic offloading and the solutions for user—-BS associations in heterogeneous
mobile networks.



