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ABSTRACT

Explosive mobile data demands are driving a
significant growth in energy consumption in
mobile networks, and consequently a surge of
carbon footprints. Reducing carbon footprints is
crucial in alleviating the direct impact of green-
house gases on the earth environment and the
climate change. With advances of green energy
technologies, future mobile networks are expect-
ed to be powered by green energy to reduce
their carbon footprints. This article provides an
overview on the design and optimization of
green energy enabled mobile networks, discusses
the energy models for the analysis and optimiza-
tion of the networks, and lays out basic design
principles and research challenges on optimizing
the green energy powered mobile networks.

INTRODUCTION

Mobile networks are among the major energy
guzzlers of the information communications
technology (ICT) infrastructure, and their con-
tributions to the global energy consumption
accelerate rapidly because of the dramatic
mobile data traffic surges [1]. The growing ener-
gy consumption not only escalates the operators’
operational expenditures (OPEX) but also leads
to a significant rise of carbon footprints. There-
fore, greening mobile networks is becoming a
necessity to bolster social, environmental, and
economic sustainability.

Owing to the direct impact of greenhouse
gases on the earth environment and the climate
change, there has been a consensus on limiting
per-nation CO, emissions according to the Kyoto
protocol.! As a result, governments are likely to
regulate CO, emissions of individual industries
in their countries. In this circumstance, mobile
network operators may be given a total per-
month or per-year energy budgets in the term of
CO; emissions. Therefore, the mobile network
operators are driven to reduce their energy con-
sumption.

As the smart grid develops, the penetration
of distributed electricity generation is galvanizing
worldwide. Distributed electricity generators
which capitalize on green energy sources, e.g.,
solar energy and wind energy, can substantially
reduce carbon footprints. Taking advantages of

distributed electricity generators, telecommuni-
cations equipment manufacturers, such as Nokia
Siemens and Ericsson, have designed and built
green energy powered off-grid base stations
(BSs) to reduce the OPEX of mobile networks
in rural areas. However, at the current stage,
green energy is more expensive than grid energy
in term of the cost per watt. Thus, green energy
enabled BSs are not deployed at a large scale.

Continuous advances in green energy tech-
nologies are improving the efficiency of generat-
ing electricity using renewable sources, and are
at the same time driving down the cost of deploy-
ing a green power system. For example, the effi-
ciency of photovoltaic (PV) solar panel is
predicted to be tripled by 2030, and the cost of
per watt generated by the PV solar panel is
anticipated to be at least halved as compared to
the current cost according to the technology
roadmap for solar photovoltaic energy.2 There-
fore, green energy will be a promising energy
alternative for future mobile networks. Piro et al.
[2] evaluated the CO, emission savings and the
cost of green power systems for various network
scenarios and showed that properly powering a
heterogeneous network with green energy can be
a sustainable and economically friendly solution.
Hassan et al. [3] further classified the scenarios
and the objectives on utilizing renewable energy
in mobile networks.

It is, however, not trivial to design and opti-
mize the green energy enabled mobile networks.
As shown in Fig. 1, in addition to radio resource
management, optimizing green energy enabled
mobile networks involves the optimization of the
utilization of green energy from both standalone
power generators and green power farms. Mean-
while, smart grid techniques enable the power
trading among the consumers via smart meters.
As a result, power cooperation, which enables
BSs share their green power with each other, has
been introduced to engineer green energy
enabled mobile networks. The coupling of the
radio resource optimization and the power uti-
lization optimization introduces new research
challenges on optimizing green energy enabled
mobile networks. In this article, we investigate
the design and optimization issues involved in
green energy enabled mobile networks. We first
briefly discuss the green power generation and
prediction models, and the mobile network ener-
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Figure 1. Green energy enabled mobile networks.

gy consumption models. Then, we investigate
how to design and optimize the green energy
powered BSs including provisioning the green
energy system and optimizing resource manage-
ment in BSs. In addition, we provide a discus-
sion on how to optimize green energy enabled
mobile networks under different network power
supply scenarios. This article provides a timely
overview of the research challenges and existing
solutions for green energy enabled mobile net-
works and paves the way for powering mobile
networks with green energy.

GREEN ENERGY MODELS:
GENERATION AND CONSUMPTION

The green power generation, which highly
depends on the power generators’ geo-locations
and weather conditions, is rather dynamic.
Meanwhile, the energy consumption of mobile
networks is also highly dynamic. Thus, under-
standing the characteristics of green power gen-
erations and the dynamics of the energy
consumption of mobile networks are essential
for designing and optimizing green energy
enabled mobile networks.

GREEN POWER GENERATION

Since green power generation is highly dynamic,
a green energy powered system should be
designed and optimized to incorporate the
dynamics of the power generation. For system
implementations, the availability of green energy

is predicted based on statistical data using vari-
ous prediction models [4]. For example, the
availability of solar energy is predicted based on
the statistical data that provide the solar energy
expected under a clear sky condition, and the
cloud coverage estimation that forecasts the per-
centage of the sky is covered by the cloud.
Denote E, E., and B as the amount of predicted
solar energy, the amount of solar energy under a
clear sky condition, and the cloud coverage esti-
mation, respectively. Then, E = E.(1 - B). For
theoretical analysis, the energy harvest process is
modeled as a stochastic process. The first order
Markov stochastic process is an analytically sim-
ple and practically accurate model for solar
energy generation [5].

MoBILE NETWORK ENERGY CONSUMPTION

BSs, which consist of multiple components such
as antennas, power amplifiers, radio frequency
transceivers, baseband processing units, power
supply units, and cooling units, account for the
major energy consumption of a mobile network.
In general, a BS’s power consumption can be
modeled as the sum of its static power consump-
tion and its dynamic power consumption. The
static power consumption is the power consump-
tion of a BS without any traffic load. The dynam-
ic power consumption refers to the additional
power consumption caused by traffic load in the
BS, which can be well approximated by a linear
function of the traffic load or the output radio
frequency power [6]. The BS power consumption
model can be adjusted to model the power con-

Since green power
generation is highly
dynamic, a green
energy powered system
should be designed and
optimized to incorporate
the dynamics of the
power generation.

For system implemento-
tions, the availability

of green energy is
predicted based on sto-
fistical data using vari-
ous prediction models

3 LOLP is defined as the
probability of not being
able to satisfy the energy
demands while LOEP
measures the amount of
energy loss due to the
inability to charging the
battery beyond its maxi-
mum capacity.
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Figure 2. A green energy powered BS.

4 The power grid dynam-
ics refers to the dynamics
of the power generation
and power demand in the
power grid.

sumption of either macro BSs or small cell BSs
by incorporating and tweaking the BS’s static
power consumption and the linear coefficient
that reflects the relationship between the BS’s
dynamic power consumption and its traffic load.

OPTIMIZING THE
GREEN ENERGY POWERED BSS

In order to maximize the green power utiliza-
tion, green energy powered BSs should be prop-
erly designed and optimized to cope with the
dynamics of green power and mobile data traffic.
Figure 2 shows a simplified diagram of a green
energy powered BS. In order to utilize green
energy, five energy related components may be
integrated into a BS. These components are the
green power generator, e.g., solar panel, the
charge controller which regulates the output
voltage of the green power generator, the DC-
AC inverter, the battery, and the smart meter
which enables the power transmission between
BSs and the power grid.

GREEN ENERGY PROVISIONING

By integrating green energy into mobile net-
works, mobile service providers may save on-grid
power consumption and thus reduce their CO,
emissions. However, equipping a BS with a green
energy system incurs additional capital expendi-
tures (CAPEX) which are determined by the
size of the green power generator, the battery
capacity, and other installation expenses. It is
desired to minimize the CAPEX on provisioning
green energy for BSs. Here, the green energy
provisioning is referred to as determining the
maximum capacity of the green power generator
and the battery. Although the green energy pro-
visioning problem for off-grid loads are well
studied [7], the existing solutions do not directly
apply to provisioning green energy for mobile
networks. The process of green energy provi-
sioning involves three basic models: the load
model, the battery model, and the green power
generation model. The existing solutions usually
take the statistical load information as an input
and evaluate the loss of load probability (LOLP)
and the loss of energy probability (LOEP).3
Based on the evaluation results, these methods
adjust the green power generator sizes and bat-

tery capacity until the system performance in
terms of LOLP and LOEP is satisfied. These
methods relying only on the statistical load infor-
mation do not optimize the energy utilization,
and may result in over provisioning.

In a mobile network, a BS’s power consump-
tion can be adapted according to the availability
of green energy. On the one hand, a BS’s trans-
mission strategies can be optimized to reduce
the energy demands without degrading the quali-
ty of service of the network [5]. On the other
hand, owing to seamless deployment of BSs, a
mobile user may be covered by multiple BSs.
The traffic load of a BS can be reduced by
offloading its associated users to neighboring
BSs. In this way, the BS’s power consumption is
adapted. Therefore, by optimizing the BS’s
transmission strategies and mobile network lay-
out, the power consumption of the BSs can be
optimized to minimize the size of the green
energy system.

THE BS’S RESOURCE MANAGEMENT

Since renewable energy is highly dynamic, the
green power may not be able to always guaran-
tee sufficient power supplies to BSs even though
the green power system is well provisioned.
Therefore, the BS’s resource management
including energy management and radio resource
management should be optimized in order to
optimize the BS’s performance with constrained
green energy.

A BS’s optimal resource management
depends on five dynamic processes: the energy
arrival dynamics, the battery dynamics, the
power grid dynamics,* the traffic dynamics and
the wireless channel condition dynamics. Owing
to the complex coupling of the energy allocation
and radio resource allocation, it is challenging to
achieve optimal resource management.

Packet Scheduling Optimization — While it is mathe-
matically intractable to obtain optimal packet
scheduling with consideration of all of these
dynamic processes, several contributions have
provided some insights on solving this difficult
problem. Considering a single user communica-
tion system with energy harvest transmitter,
Yang and Ulukus [8] proposed to optimize the
packet transmission policy to minimize the pack-
et transmission completion time. For this prob-
lem, the most challenging aspect is the causality
constraint: a packet cannot be delivered before
it has arrived and the energy cannot be con-
sumed before it is harvested. This constraint
introduces a tradeoff between the energy harvest
time and the packet transmission time in deter-
mining the transmission rate and power. In gen-
eral, considering a network with a single
transmitter, using more transmission power may
enable a higher transmission rate and thus
reduces the packet transmission time. However,
since the causality constraint is introduced by
green energy, in order to adopt a higher trans-
mission rate, the transmitter has to wait until
enough green energy is harvested.

For a multi-user system, the multi-user diver-
sity in terms of channel conditions can be
explored to enhance the green energy utilization.
Within a given completion time, transmitting a
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packet toward a user with better channel condi-
tion usually requires less transmit power. There-
fore, scheduling different users at a given time
slot may require different amounts of green
energy. By exploring the multi-user diversity, a
packet scheduling algorithm may shape the BS’s
energy demands to match the green power gen-
eration [9]. If a BS’s energy demands perfectly
match the green power generation, no additional
energy sources are required to sustain the traffic
demands in the BS.

Energy Allocation Optimization — Since mobile traffic
shows temporal dynamics, a BS’s energy
demands change over time.

The green power generation varies along the
time horizon. Thus, in order to optimize their
performance, BSs should determine how much
energy is utilized at the current stage and how
much energy is reserved for the future. If more
energy is utilized at the current stage, the BS
may provision a larger capacity. However, the
BS may suffer from the service outage due to
energy shortages in future stages. In order to
satisfy the network’s outage constraint, Farbod
and Todd [10] proposed to reduce the BS’s
power consumption at certain stages by reducing
the BS’s instantaneous capacity to alleviate the
service outages. The proposed on/off proportion-
al capacity deficit algorithm satisfies the outage
constraint with the minimum capacity deficit.

OPTIMIZING THE GREEN ENERGY ENABLED
MOBILE NETWORKS

Green energy enabled mobile networks may con-
sist of BSs with different power supply configu-
rations, as classified in Fig. 3. Based on whether
a BS is connected to the power grid, the BS is
classified as an on-grid BS or an off-grid BS.
The power supplies for an on-grid BS can be
grid power and green power from either the
standalone green power generator or from the
green power farm, e.g., a solar/wind farm. An
off-grid BS may be powered by regular power
(non-renewable energy such as diesel) and green
power from either individual generator or green
power farm. Considering BSs’ various power
sources, optimizing green energy enabled mobile
networks is challenging. In this section, we dis-
cuss the network optimization for off-grid green
mobile network, on-grid green mobile network,
and mobile network consisting of both green BSs
and grid powered BSs.

OFF-GRID GREEN MOBILE NETWORKS

Powered by Standalone Green Power Generator —
When a BS is powered by a standalone green
power generator, the green power generated in
the BS is not shared with other BSs. Under this
scenario, the fundamental design issue is how to
utilize the harvested energy to sustain traffic
demands of users in the network. The optimal uti-
lization of green energy over a period of time
depends on the characteristics of the energy arrival
and power consumption at the current time slots
as well as in future time slots. Optimizing green
energy utilization involves two aspects. The first
aspect is to optimize the energy allocation in mul-

Standalone green power generator

Grid power
On-grid BSs
BS energy Green power farm
AP Regular power (Diesel)
Off-grid BSs

Standalone green power generator

Green power farm

Figure 3. A4 BS’s power supplies.

tiple time slots by determining how much energy
should be used at the current time slot, and how
much energy is reserved for future time slots for
individual BSs. To solve the energy allocation
problem, parameters such as the current energy
arrival and consumption and the estimations of
future energy arrival and consumption should be
considered. The second aspect is to maximize the
utilization of the allocated green energy at individ-
ual time slots. The BSs’ power consumption
depends on the intensity of the mobile traffic
which exhibits spatial diversities. Thus, the power
consumption in BSs may be different. In order to
sustain traffic demand of all users, the green ener-
gy utilization should be optimized by balancing the
power consumption among BSs according to the
availability of green energy. The power consump-
tion of BSs is balanced by balancing the traffic
loads among the BSs [11].

Powered by Green Power Farm — When BSs in the
mobile network are powered by green power
farms, the total amount of green energy is bud-
geted by the capacity of the green power farms.
Given a total power constraint, the network per-
formance can be improved by optimizing the
spatial and temporal power sharing [12]. Since
mobile traffic exhibits spatial diversities, the
mobile user distributions in different BSs are
usually different. Thus, the mobile users in dif-
ferent BSs may experience different signal-inter-
ference-noise ratios (SINRs). In order to save
energy, the BSs whose mobile users have better
SINR may reduce their transmit power. Since
the achievable data rates for users with high
SINR logarithmically decreases as the SINR
decreases, reducing the BSs’ transmit power will
not significantly impair the users’ achievable
data rates. In addition, reducing the BSs’ trans-
mit power may increase the SINR of their neigh-
boring BSs’ cell edge users. As a result, the
neighboring BSs may also reduce their transmit
power to save energy. Therefore, the budgeted
green energy should be properly shared across
the BSs. On the other hand, since mobile users’
channel conditions vary over time, scheduling a
user in different time slots results in different
power consumption in a BS. For example, if a
user experiences severe channel conditions, in
order to save energy, the BS may not schedule
the user until its channel condition is satisfacto-
ry. Thus, for individual BSs, the power consump-
tion in different time slots should be optimized
via user scheduling.

3 The spatial diversity of
mobile traffic implies that
BSs in different locations
experience different traffic

demands.
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In a mobile network
with BSs powered by
hoth on-grid power and
green power, a green
energy and latency
aware user association
scheme is preferred to
achieve a balance
between the green
power utilization and
the network lafency.

6 Each BS may be
equipped with multiple
transmit antennas and
each transmit antenna
can be recognized as a
transmit point.

ON-GRID GREEN MOBILE NETWORKS

On-grid Green Mobile Networks refer to as the
mobile networks whose BSs are not only con-
nected to power grid but also equipped with
standalone green power generators. Green
power is utilized to reduce the on-grid power
consumption while grid power is a backup power
source to compensate for the power demand
which exceeds the green power capacity.

For on-grid green mobile networks, the ener-
gy storage (the battery) is not necessarily located
in individual BSs’ green energy systems because
the BSs are connected to power grid for the
energy backup. Thus, the optimal green energy
utilization strategy is different depending on
whether BSs have energy storage. On the one
hand, when the BSs have energy storage, green
energy can be stored and utilized to shift the
peak power demands, thus reducing the OPEX
as well as alleviating the CO, emissions. For
example, as the smart grid advances, the electric-
ity price is highly correlated to the demands. In
the peak power demand hours, the electricity
price is usually higher than that in off-peak
power demand hours. In this case, in order to
reduce the OPEX, green energy is utilized when
the electricity price is higher than a threshold,
and is stored in the batteries when the electricity
price is low.

On the other hand, when the BSs do not have
energy storage, green energy should be utilized
when it is generated. In this case, in order to
maximize the green energy utilization, traffic
loads are directed to the BSs with larger green
power generation capacity. In other words, the
BSs with larger green energy capacity serve
more traffic loads while the BSs with smaller
green energy capacity serve less traffic load.

Green Energy Aware User Association — Green ener-
gy aware user association is to direct the traffic
loads to the BSs with higher green energy capac-
ity. However, such user association strategies
may result in traffic congestion in BSs with larg-
er green energy capacity. Therefore, a proper
traffic offloading scheme is desirable not only to
optimize the utilization of green energy but also
to avoid excessive traffic congestion in BSs. Han
and Ansari [13] proposed a green energy aware
and latency aware (GALA) user association
scheme which minimizes the sum of the weight-
ed traffic delivery latency of BSs in a heteroge-
neous mobile network. The weight of a BS
reflects the green power capacity of the BS. A
large weight indicates a small green power capac-
ity in a BS.

We evaluate the performance of the latency
aware (LA), the green energy aware (GEA), and
the GALA user association schemes using a sim-
ilar simulation setting as in [13]. The latency
aware user association is achieved by applying
the distributed o-optimal user association algo-
rithm implemented with the latency minimiza-
tion policy [14]. In the energy aware scheme, the
user association scheme is determined to mini-
mize the overall on-grid power consumption.
The simulated network topology is shown in Fig.
4a where the green stars and the red squares
represent the macro and the micro BSs, respec-

tively. The transmit power of the macro and
micro BS are 43 dBm and 21 dBm, respectively.
We adopt COST 231 Walfisch-Tkegami as the
propagation model.

In Fig. 4b, we can see that after these algo-
rithms converge, the GEA scheme minimizes the
on-grid power of the mobile network. As com-
pared to the GEA scheme, the GALA scheme
consumes additional 33 percent on-grid power.
The LA scheme consumes 13 percent more on-
grid power than the GALA scheme does. How-
ever, as shown in Fig. 4c, the GEA scheme
significantly increases the network latency: as
compared to the GALA scheme, the GEA takes
35 percent more time to deliver the same
amount of traffic. The LA scheme minimizes the
network latency at the expense of more on-grid
power consumption. As compared with the LA
scheme, the GALA scheme only increase 1 per-
cent network latency but consumes 13 percent
less on-grid power. Thus, the GALA scheme
achieves a better tradeoff between on-grid power
consumption and the network latency. There-
fore, in a mobile network with BSs powered by
both on-grid power and green power, a green
energy and latency aware user association
scheme is preferred to achieve a balance
between the green power utilization and the net-
work latency.

Green Energy Aware BS Sleeping — Traffic demands
in mobile networks show highly temporal dynam-
ics, thus requiring large capacity in peak usage
hours but reduced requirements during off-peak
hours [1]. Mobile networks are usually dimen-
sioned for peak hour traffic, and thus most of
BSs operate at low work load during the off-
peak hours. Owing to the large static power con-
sumption, these BSs have poor energy efficiency.
In this case, optimally turning some of these BSs
into the sleeping mode will enhance the energy
efficiency of mobile networks while maintaining
sufficient network capacity. When BSs in the
mobile network are powered by green power
generated from their standalone power genera-
tors, the optimal BS sleeping strategies should
take green power into account. If a BS’s green
power cannot be shared with other BSs or be
stored, the BS should keep alive as long as it has
sufficient green power to sustain its operation
even though the BS has low traffic loads. How-
ever, if the BS’s green power can be shared
among other BSs via smart grid, the power trans-
mission efficiency of the power grid also deter-
mines whether the BS should sleep or not. When
the power transmission efficiency of the power
grid is high, the green power can be losslessly
transferred among BSs. Thus, the optimal BS
sleeping strategies are similar to that applied in
mobile networks without green power supplies.
When the power transmission loss is consider-
able, the tradeoff between the power transmis-
sion loss and BSs’ static power consumption
should be examined in determining the optimal
BS sleeping strategies.

Green Energy Aware CoMP — The coordinated
multi-point (CoMP) transmission is a promising
technique that enhances the network efficiency
and overall user quality of services for next gen-
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eration mobile networks. By applying CoMP,
multiple BSs either jointly transmit data to 2
mobile users or coordinately schedule their data
transmissions. There are two basic design issues
in optimizing CoMP. The first one is the cluster *
formation (CF) problem which determines which
transmit points® should be clustered to perform
CoMP transmission. The other issue is the
resource allocation (RA) problem which opti-
mizes the spectrum and power allocation among
multiple transmit points within a cluster. In on-
grid green mobile networks, different BSs may
have different amount of green power. Thus, the
available green power for the transmit points is
different. If the power consumption of a trans- 0.5f -
mit point is larger than the available amount of *
green power, the transmit point consumes on-
grid power. Given the green power in each BS, [ |
optimizing CoMP to minimize the on-grid power 0 , , ,
consumption involves both the CF and RA prob- o Us _ 1 15 2
lem. Considering the green power constraint in Distance (km)
individual BSs, the CF and RA problems are @
highly coupled. On the one hand, if the cluster 200
formation is given, the optimal power allocation ! ! ! S B e
that minimizes the on-grid power consumption ——GALA, 6=0.75

. . . h . . —— Green energy aware
while satisfying the users’ quality of service 350 |
requirements can be derived. On the other hand,
if the power allocation is given, the optimal clus-
ter formation can be obtained. Thus, the optimal
power allocation depends on the cluster forma-
tion, and vice versa. Owing to the coupling of
the CF and RA problems, it is challenging to
solve the CoMP transmission problem.
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MIXTURE OF GREEN BSS AND
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We define a green BS as the BS having green
power supplies from either standalone green 100
power generators or green power farms. A grid
powered BS is defined as the BS without any 50 i ; ; i i
green power supply. When mobile networks Y 50 100 150 200 250 300
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the mobile network optimization is to minimize (b)

the on-grid power consumption and maximize - . . . . .
the utilization of green energy. Therefore, the — Latency aware
mobile network is to guide more data traffic to - — 3;?-97),5aware -
the green BSs. Two approaches have been pro-

posed to encourage mobile users to access the
BSs powered by green energy. The first
approach is to adjust the handover parameters
to prioritize the green BSs [15]. This approach
adjusts the handover parameters of BSs to
enable mobile users more easily to handover to
BSs powered by green energy than to those
powered by grid energy. The other approach
[15] is to increase the transmit power of the BSs 10l |
powered by green energy, thus enlarging the

coverage area of these BSs. As a result, more - L A
mobile traffic will be offloaded to the BSs pow- sl 0

ered by green energy.
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This article discusses the design and optimiza-
tion of green energy enabled mobile networks.
We have briefly discussed the green power gen-

eration and the mobile network power consump- Figure 4. Performance comparison of different traffic balancing schemes: a) the
tion models. We have also investigated how to network topology; b) the on-grid power consumption; and c) the average traf-
design and optimize green energy powered BSs fic delivery latency.
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by provisioning the green power system and
optimizing the BS’s resource management. In
addition, we have analyzed network design and
optimization issues for green energy enabled
mobile networks under different network power
supply configurations. In future mobile net-
works, BSs may be powered by various energy
sources. The joint optimization of the radio
resource utilization and the energy utilization for
green energy enabled mobile networks are chal-
lenging and will be investigated in our future
works.
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